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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. 

Objective. 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 
CNN is a convolutional neural network; 
CSV are comma separated values; 
CV is a computer vision; 
FN is a false negative; 
FP is a false positive; 
HSV are hue, saturation, value 
RBC is a red blood cell; 
RGB is a red, green, blue; 
RNN is a recurrent neural networks 
TP is a true positive; 
WBC is a white blood cell. 

 
NOMENCLATURE 

(a,b) is a Kronecker delta; 
 is a standard deviation of the Gaussian distribution; 
Acc ia accuracy of cell recognition; 
B is a blue component in the RGB model; 
C is a most common contour in the image; 

Cnt is a contour, found in the image; 
Gf  is a Gaussian filter; 
G is a green component in the RGB model; 
G(u,v) is a Gaussian distribution at position (u,v) ; 
H is hue is a component in the HSV model; 
F1 is a harmonic mean between precision and recall; 
I is an image;  
I(x,y) is a value of a pixel in the image I at position 

(x,y); 
M(x,y) is a value of the pixel on the mask at position 

(x,y); 
Pr is a precision of cell recognition; 
R is a red component in the RGB model 
Rec is a recall of recognition; 
r is a blur radius; 
S is a saturation is a component in the HSV model; 
T is a threshold value; 
V is a value component in the HSV model; 
(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. 

 
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). 

 
Figure 2 – Time management for machine learning specialists 

 

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”, “уmax” 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. 

 

 
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-

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). 

 

 
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. 

 
Figure 5 – Classes of machine vision problems 

 
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]. 

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): 

 

     2 2 2/ 2

2

1
,

2

x y
G u v e

  



, (1)

 
where r is a blur radius; 2 2r x y  ; 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 value , 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 33 or 55 cores are often used. An example of a 
Gaussian filter with a standard deviation 1.4  , is calcu-
lated using the kernel: 

 

2 4 5 4 2

4 9 12 9 4
1

5 12 15 12 5
159

4 9 12 9 4

2 4 5 4 2

fG

 
 
 
 
 
 
  

. 

 
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. 

 
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 
interpretation 

In the HSV model, each parameter (hue, saturation, 
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 
processing 

Switching from RGB to HSV can make it easier to 
process colors and perform a variety of color 
operations, such as changing hue, increasing or 
decreasing saturation, adjusting brightness, and 
more. 

Operations 
with colors 

Converting to HSV allows us to perform color-
related operations, such as filtering by specific 
colors, finding color ranges for specific effects, and 
more. 

Color seg-
mentation 

Since the HSV model is closer to how humans per-
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 
and contrast 
control 

Changing the values in the HSV model allows for 
better control of image brightness and contrast, 
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 0 to 1 range: 

 

max( , , ),

min( , , )
, if 0,

0, otherwise,

60( ) / ( min( , , )), if ,

120 60( ) / ( min( , , )), if ,

240 60( ) / ( min( , , )), if ,

0, if .

V R G B

V R G B
V

S V

G B V R G B V R

B R V R G B V G
H

R G V R G B V B

R G B



  


  
         
  

 

(2)

If 0H   then 360H H  . On output 0 1V  , 
0 1S  , 0 360H  . 

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

 
255 , 255 , / 2 (to fit to [0, 255])V V S S H H   . 

 
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 I . 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): 

 

 255, if , ,
( , )

0, otherwise,

I x y T
M x y

  


 (3)

 
where ( , )M x y is the value of the pixel in the mask at the 

position ( , )x y ; ( , )I x y is the value of a pixel in the im-

age I 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 180T  . 
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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 256 256 256_count hsv    to count the number of pixels of 

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

 
      

,

_ , ,

, & , & , ,

i j k

H i S j V k
x y I

count hsv H S V

I x y H I x y S I x y V




   
 

(4)

where  ,HI x y ,  ,SI x y  and  ,VI x y  are values of 

hue, saturation and brightness of a pixel  ,x y  in the im-

age I ; , ,i j kH S V  are current values of hue, saturation 

and brightness; , , [0,255]i j k ;  ,a b – the Kronecker 

delta (5): 
 

 
1, if ,

,
0,otherwise.

a b
a b


  


 (5)

 
Finding the most common combination of H, S and V 

is represented by formula (6): 
 

 

   , ,

, ,

arg max _ , , .
i j k

i j kH S V H S V

С H S V

count hsv H S V
  

 
 (6)

 
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 

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  ,i ix y , 1,2, ,i n  , 

hat form a line or a closed shape of an object. We 

have     1 1 2 2, , ,Cnt x y x y . 

Mathematically, a bounding box consists of coordi-
nates  1 1,x y  of upper left corner and  2 2,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): 
 

          min ,min , max , max ,

1,2, , .

i i i iCnt x y x y

i n



 
(7)

 
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”, “уmax” 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 360×363 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 

A total of 2159 RBCs, 177 WBCs, and 148 platelets 
were detected and localized, as shown in Fig. 8. 

 

 
Figure 8 – Share of cells of each type of cells in the total number 

of detected objects 
 

As a result, we receive a file in csv format, in which 
the coordinates of the bounding boxes, cell types on cer-
tain images are stored (Fig. 9). 

 

 
Figure 9 – Structure of the annotation dataframe 

 
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 
RAM, and an AMD Rizen 5 4500U processor using Py-
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. 

 
Figure 10 – Сases 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. 
 
 
 
 

Table 2 – Quality of recognition of blood cells 
Cell type  

Leukocytes Platelets Erythrocytes 
Correctly 
Recognized (TP) 

160 127 2161 

Incorrectly 
recognized (FP) 

14 20 170 

Not Recognized 
(FN) 

1 13 178 

 
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). 

 
Figure 11 – Quality of cell recognition by type 

 
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). 

 

 
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

  (7)

 
– 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




 (9)

 
– 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): 

 

1 2 .
Pr Rec

F
Pr Rec

    
 (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 

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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АНОТАЦІЯ 

Актуальність. Розглянуто проблему автоматизації створення анотованого набору даних для його подальшого викорис-
тання в системі виявлення, локалізації та класифікації клітин крові на зображенні з використанням глибокого навчання. 
Об’єктом дослідження є процеси обробки цифрових зображень для виявлення та локалізації об’єктів. 

Мета роботи – розробка пайплайну із послідовності методів обробки цифрових зображень для автоматичного створення 
анотованого набору зображень мазків крові з подальшим використанням для навчання та валідації моделей глибокого на-
вчання, що має суттєво скоротити час спеціалістів з машинного навчання. 

Метод. Запропонований підхід для виявлення та локалізації об’єктів базується на методах обробки цифрових зображень: 
методах фільтрації, порогової фільтрації, бінаризації, знаходження та заливки контурів тощо. Пайлайн по виявленню та 
локалізації складається з наступних кроків: приглушення шумів; перетворення в HVS кольорову модель; визначення маски 
для лейкоцитів та тромбоцитів; визначення контурів лейкоцитів та тромбоцитів; визначення координат верхнього лівого та 
правого нижнього кутів лейкоцитів та тромбоцитів; обчислення площі області всередині обмежувальної рамки; збереження 
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отриманих даних; визначення найпоширенішого кольору на зображенні; заливка цим кольором контурів лейкоцитів та тро-
мбоцитів; визначення маски для еритроцитів; визначення контурів еритроцитів; визначення координат верхнього лівого та 
правого нижнього кутів еритроцитів; обчислення площі області всередині обмежувальної рамки; занесення до датафрейму 
даних про знайдені об’єкти; збереження в файлі .csv для подальшого використання.  

Результати. Розроблений підхід був впроваджений у програмне забезпечення для створення анотованого набору даних 
зображень мазків крові. 

Висновки. В дослідженні запропоновано та обґрунтовано підхід для автоматичного створення набору анотованих да-
них. Пайплайн протестовано на наборі нерозмічених даних та отримано набір розмічених даних, що складається з зобра-
жень клітин та файлу в форматі .csv, що має ознаки «назва файлу», «тип клітини», «xmin», «ymin», «xmax», «ymax», що є 
координатами обмежувальної рамки для кожного об’єкту. Підраховано кількість правильно, неправильно та нерозпізнаних 
об’єктів та розраховано метрики для оцінки точності та якості виявлення та локалізації об’єктів. 

КЛЮЧОВІ СЛОВА: комп’ютерний зір, визначення об’єктів, локалізація об’єктів, обробка цифрових зображень, кла-
сифікація. 
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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. 

Objective. 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 

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. 

 

  
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 

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, 

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. 

 
Figure 2 – structure of the Faster R-CNN network 

 
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 

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 YOLOv8 [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 YOLOv8, 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 

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 

 

 
Figure 3 – YOLO algorithm flow 

 

 
Figure 4 – SSD network structure 

 

143



p-ISSN 1607-3274   Радіоелектроніка, інформатика, управління. 2024. № 1 
e-ISSN 2313-688X  Radio Electronics, Computer Science, Control. 2024. № 1 

 
 

© Lysechko V. P., Sadovnykov B. I., Komar O., Zhuchenko О. S.,  2024 
DOI 10.15588/1607-3274-2024-1-13  
 

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. 

 

 

 
Figure 5 – Diagram of the accuracy of algorithms 
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Figure 6 – Algorithms speed chart 

 

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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AНОТАЦІЯ 
Актуальність.  У статті представлено огляд сучасних методів розпізнавання та класифікації візуальних образів на статичних 

зображеннях або у відеопотоці. Будуть розглянуті різні підходи, включаючи машинне навчання, поточні проблеми цих методів та 
можливі вдосконалення. Обговорюються найбільші проблеми пошуку та класифікації візуальних зображень. Основний акцент 
зроблено на огляді таких перспективних алгоритмів, як SSD, YOLO, R-CNN, огляді принципів роботи цих методів, мережевих 
архітектур. 

Мета. Метою роботи є аналіз існуючих досліджень та пошук найкращого алгоритму розпізнавання та класифікації візуальних 
зображень для подальшої діяльності. 

Метод. Основним методом є порівняння різних факторів алгоритмів з метою вибору найбільш перспективного. Існують різні 
показники для порівняння, такі як швидкість обробки зображень, точність. 

Існує ряд досліджень та публікацій, в яких пропонуються методи та алгоритми розв’язання задачі пошуку та класифікації 
образів на зображенні [3–6]. Слід зазначити, що найбільш перспективні підходи базуються на методах машинного навчання.  

Варто зазначити, що запропоновані методи мають недоліки, пов’язані з недосконалою реалізацією алгоритмів Faster R-CNN, 
YOLO, SSD для роботи з потоковим відео. Вплив цих недоліків можна суттєво зменшити шляхом застосування наступних рішень: 
розробка комбінованих методів ідентифікації, обробка крайніх випадків – відстеження положення ідентифікованих об’єктів, вико-
ристання різниці між відеокадрами, додаткова попередня підготовка вхідних даних. Іншим важливим напрямком вдосконалення є 
оптимізація методів для роботи з відеоданими в реальному часі, оскільки більшість сучасних методів орієнтовані на зображення. 

Результати. В результаті проведеного дослідження було знайдено оптимальний алгоритм для подальших досліджень та 
оптимізацій.  

Висновки. Аналіз існуючих робіт та досліджень показав найбільш перспективний алгоритм для подальших оптимізацій та 
експериментів. Також існуючі підходи все ще мають певний простір для розвитку. Наступним кроком є робота над обраним алго-
ритмом та дослідження можливостей його вдосконалення. 

КЛЮЧОВІ СЛОВА: машинне навчання, комп’ютерний зір, обробка зображень, згорткові нейронні мережі, розпізнавання 
візуальних образів, класифікація візуальних образів, алгоритми, телекомунікаційні системи.  
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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 AI 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. 

Objective. 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 OpenAI GPT-3.5, OpenAI 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 
API 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 AI; 
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; 

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; 
Ai is a possible answer span from context C; 
C is a context represented as a sequence of words; 
ILANG is a 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; 
qi is an i-th word of question Q; 
SPOSITIVES is a number of matching pairs where both 

predicted and true answers are not empty. 
TGEN_NEG is a number of generated question-answer 

pairs with unanswerable questions used for training; 
TGEN_POS is a number of generated question-answer 

pairs with answerable questions used for model training; 
TOKTOTAL is a total number of tokens used for both 

input and generated output; 
TUA-SQUAD is a number of training samples from the 

UA-SQuAD dataset used for model training; 
wi 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-

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 = (w1, w2, …, wn), and Q denote a question rep-
resented as a sequence of words Q = (q1, q2, …, 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: 

 

 
).,|(maxarg

,1,
CQAPA i

kiiA 
  

 

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

This problem involves modeling the conditional prob-
ability distribution P(Ai|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 

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. 

 

 
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 

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. 

 

 
 
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: OpenAI GPT-3.5 
Turbo, OpenAI 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 OpenAI, 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 OpenAI API in two variations: with a maximum 
input of 4098 and 16386 tokens. 

2. GPT-4 – the latest generation LLM from OpenAI. 
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 
OpenAI API with a maximum input length of 8192 and 
32768 tokens, while GPT-4 Turbo – the latest model re-
leased by OpenAI 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 LLMs, 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. 

 

 
 

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 OpenAI, 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 0 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 

* – OpenAI has not disclosed hyperparameters for GPT-3.5-turbo, GPT-4, and GPT-4-turbo models 
Architecture Prompt Pricing, $ per 1000 tokens 

Id Model 
L P, bn Context N Instruction language Temperature Input tokens 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 0.5 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 up to 96* up to 175* 4096 0 UA 0.0 0.0015 0.002 
12 GPT-3.5-turbo-06.13 up to 96* up to 175* 4096 0 UA 0.5 0.0015 0.002 
13 GPT-3.5-turbo-06.13 up to 96* up to 175* 4096 0 UA 0.9 0.0015 0.002 
14 GPT-3.5-turbo-06.13 up to 96* up to 175* 4096 2 UA 0.0 0.0015 0.002 
15 GPT-3.5-turbo-06.13 up to 96* up to 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 up to 96* up to 175* 4096 4 UA 0.0 0.0015 0.002 
18 GPT-3.5-turbo-06.13 up to 96* up to 175* 4096 4 UA 0.5 0.0015 0.002 
19 GPT-3.5-turbo-06.13 up to 96* up to 175* 4096 0 EN 0.0 0.0015 0.002 
20 GPT-3.5-turbo-06.13 up to 96* up to 175* 4096 0 EN 0.5 0.0015 0.002 
21 GPT-3.5-turbo-06.13 up to 96* up to 175* 4096 0 EN 0.9 0.0015 0.002 
22 GPT-3.5-turbo-06.13 up to 96* up to 175* 4096 2 EN 0.0 0.0015 0.002 
23 GPT-3.5-turbo-06.13 up to 96* up to 175* 4096 2 EN 0.5 0.0015 0.002 
24 GPT-3.5-turbo-06.13 up to 96* up to 175* 4096 2 EN 0.9 0.0015 0.002 
25 GPT-3.5-turbo-06.13 up to 96* up to 175* 4096 4 EN 0.0 0.0015 0.002 
26 GPT-3.5-turbo-06.13 up to 96* up to 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 0 UA 0.0 0.01 0.03 
30 GPT-4-turbo-preview N/A N/A 128000 0 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 page1 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. 

Table 2 – Parameters for extractive models training 
 

Id Model P, mln TUA-SQUAD TGEN_POS TGEN_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-SQUAD 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 TUA-SQUAD equal to 0, 
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, TOKTOTAL 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 ILANG 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 ILANG TOKTOTAL 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 
GPT-4-turbo-preview 0 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 

SQuAD Metrics N-gram Metrics Index-based Metrics 
Id Model 

EM F1 Pos EM Pos F1 Neg F1 BLEU-1 ROUGE-1 SPOSITIVES 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 31.47 48.34 4.74 0.42 0.48 1048 0.60 0.73 
8 Command 27.48 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 SPOSITIVES 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 
SQuAD Metrics N-gram Metrics Index-based Metrics 

Id Model 
EM F1 Pos EM Pos F1 Neg F1 BLEU-1 ROUGE-1 SPOSITIVES 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 54.58 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 OpenAI 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 

question-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 

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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AНОТАЦІЯ 
Актуальність. Відповідь на запитання за контекстом, фундаментальне завдання обробки природної мови, вимагає глибокого 

розуміння мови. Будучи складною задачею, вона є невід’ємною частиною сучасних пошукових систем, інтелектуальних 
помічників, чат-ботів і всієї сфери розмовного штучного інтелекту. У той час як англійська, китайська та інші широко поширені 
мови налічують велику кількість наборів даних, алгоритмів і тестів, українська – з її багатою лінгвістичною спадщиною та склад-
ним синтаксисом залишається серед малоресурсних мов, що ще більше ускладнює задачу відповіді на запитання за контекстом.  

Мета роботи. Мета роботи полягає у розробці та оцінюванні методів на базі великих мовних моделей, об’єднаних у фреймворк 
для вирішення проблеми низькоресурсності задачі відповіді на запитання за контекстом в українській мові. 

Метод. Простий, але гнучкий фреймворк для використання великих мовних моделей, розроблений в рамках цієї дослідницької 
роботи, висвітлює два ключові методи для вирішення проблеми даних у задачі відповіді на запитання за контекстом, запропоновані 
та оцінені в цій статті. Перший метод використовує Zero-shot і Few-shot learning – дві основні гілки N-shot learning, де N відповідає 
кількості тренувальних прикладів, для побудови двомовної стратегії підказок на основі інструкцій для роботи з мовними моделями 
у екстрактивний спосіб (пошук сегменту відповіді у контексті) замість їхньої природної генеративної поведінки (генерація 
відповіді на основі контексту). Другий запропонований метод базується на першому, але замість простої відповіді на запитання 
мовна модель розмічає вхідний контекст шляхом генерації пар запитання-відповідь. Отримані синтетичні дані використовуються 
для тренування екстрактивної моделі. У цій статті розглядається як навчання на основі аугментації даних, коли вже є деякі 
розмічені дані, так і повністю синтетичне навчання, коли дані відсутні. Ключовою перевагою запропонованих методів є можливість 
отримати якість передбачень на рівні натренованих екстрактивних моделей навіть без дорогого та довготривалого процесу 
розмітки даних людьми. 

Результати. Два запропонованих методи для розв’язання проблеми недостатньої кількості тренувальних даних у задачі 
відповіді на запитання за контекстом для української мови було реалізовано та об’єднано в гнучкий фреймворк для роботи з вели-
кими мовними моделями . 

Висновки. Дана робота демонструє результати всеосяжного дослідження рівня розуміння мови моделями OpenAI GPT-3.5, 
OpenAI GPT-4, Cohere Command і Meta LLaMa-2 на прикладі вирішення задачі відповіді на запитання за контекстом для низькоре-
сурсної української мови. Ретельна оцінка запропонованих методів за різноманітним набором показників доводить їх ефективність, 
розкриваючи можливість побудови компонентів пошукових систем, інтелектуальних чат-ботів та автономних систем відповіді на 
запитання з підтримкою української мови та близькою до нуля кількістю розмічених тренувальних даних. Перспектива подальших 
досліджень полягає у розширенні сфери застосування від завдання відповіді на запитання за контекстом, розглянутого у цій статті, 
до усіх основних задач розуміння природної мови з кінцевою метою встановлення повного тесту для оцінювання можливостей 
великих мовних моделей в українській мові.  

КЛЮЧОВІ СЛОВА: велика мовна модель, відповідь на запитання, few-shot learning, генеративна розмітка даних. 
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АНОТАЦІЯ 
Актуальність. Оброблені великі дані мають соціальне значення для розвитку суспільства та промисловості. 

Інтелектуальна обробка великих даних є умовою створення колективного розуму соціальної групи, компанії, держави та 
планети в цілому. При цьому економіка великих даних (Data Economy) виходить на перше місце в оцінці механізмів оброб-
ки, оскільки дуже важливими є два параметри: швидкодія обробки даних та енерговитрати. Тому механізми, орієнтовані на 
паралельну обробку великих даних усередині центру зберігання даних, будуть завжди затребувані на IT-ринку. 

Мета. Мета дослідження – підвищення економіки великих даних (Data Economy) завдяки аналізу даних як адрес таблиці 
істинності для ідентифікації патернів виробничих функціональностей на основі метрики подібності-відмінності. 

Метод. Пропонуються архітектури Intelligent computing для управління кіберсоціальними процесами на основі моніто-
рингу та аналізу великих даних. Пропонується обробка великих даних, як адрес таблиці істинності, для вирішення завдань 
ідентифікації, кластеризації, класифікації патернів соціальних та виробничих процесів. Пропонується сімейство автоматів 
для аналізу великих даних, як адрес. Розглядається таблиця істинності як розумна форма явних структур даних, що мають 
корисну константу – стандартний порядок прямування адрес. Мета обробки великих даних – зробити їх структурованими за 
допомогою таблиці істинності для подальшої ідентифікації до ухвалення актюаторних рішень. Таблиця істинності 
розглядається як механізм паралельної структуризації та пакування великих даних у її стовпці для визначення їх подібності-
відмінності та еквівалентування даних за однаковими адресами. Подання даних, як адрес, пов’язане з унітарним кодуванням 
патернів двійковими векторами на знайденому універсумі примітивних даних. Механізм орієнтований на безпроцесорну 
обробку даних на основі read-write транзакцій за технологією in-memory комп’ютингу з суттєвою економією часу та енергії. 
Метрика обробки великих даних на таблиці істинності – це паралелізм, технологічна простота та лінійна обчислювальна 
складність. Платою за такі переваги є експоненційні витрати пам’яті зберігання явних структурованих даних. 

Результати. Запропоновано паралельні алгоритми in-memory комп’ютингу для економічних механізмів перетворення 
великих неструктурованих даних, як адрес, корисні структуровані дані. Запропоновано архітектуру in-memory computing із 
глобальним зворотним зв’язком та алгоритм матричної паралельної обробки великих даних, як адрес. Вона включає струк-
туру матричного аналізу великих даних для визначення подібності між векторами, які надходять на входи матричного сек-
венсора. Векторний аналіз даних перетворюється на матричний комп’ютинг для обробки великих даних. Швидкодія пара-
лельного алгоритму аналізу великих даних на матриці MDV дедуктивних векторів ставиться в лінійну залежність від числа 
бітів вхідних векторів або потужності універсуму примітивів. Розроблено метод ідентифікації патернів ключовими словами. 
Він характеризується використанням унітарно-кодованих компонент даних для синтезу таблиці істинності бізнес-процесу. 
Це дозволяє застосовувати read-write транзакції для паралельної обробки великих даних, як адрес.  

Висновки. Наукова новизна полягає у розробці наступних інноваційних рішень: 1) запропоновано нову векторно-
матричну технологію паралельної обробки великих даних, як адрес, що характеризується використанням read-write транзак-
цій на матричній пам’яті без використання процесорної логіки; 2) запропоновано архітектуру in-memory computing з глоба-
льним зворотним зв’язком та алгоритм матричної паралельної обробки великих даних, як адрес; 3) запропоновано метод 
ідентифікації патернів ключовими словами, який характеризується використанням унітарно-кодованих компонентів даних 
для синтезу таблиці істинності бізнес-процесу, що дає можливість використовувати транзакцію read-write для паралельної 
обробки великих даних, як адрес. Практична значимість дослідження полягає в тому, що будь-яке завдання штучного 
інтелекту (подібність-відмінність, класифікація-кластеризація та розпізнавання, ідентифікація образів) можна технологічно 
просто та ефективно вирішувати за допомогою таблиці істинності (або її похідних) та унітарно кодованих великих даних. 
Перспективи дослідження пов’язані з імплементацією цієї технології моделювання цифрових пристроїв на ринку EDA. 

КЛЮЧОВІ СЛОВА: Intelligent Computing, Cloud, fog, and edge computing, Big data computing, In-memory computing, 
Cyber social compiting, Hadoop Map-Reduce техніка, великі дані, як адреси, таблиця істинності, логічний вектор, подібність-
відмінності, еквівалентність даних, універсум примітиви, патерни як двійковий вектор. 

 
АБРЕВІАТУРИ 

EDA – Electronic Design Automation; 
VVV – volume, velocity, variety; 
AI – Artificial Intelligence; 

NN – Nueral Network; 
QC – Quantum Computing;  
OCR (optical character recognition) – оптичне розпі-

знавання символів;  
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GMM – модель гаусової суміші; 
LR – логістична регресія; 
RFC – класифікатор довільного лісу; 
TF-IDF (TF – term frequency, IDF – inverse 

document frequency) – статистична міра, яка викорис-
товується для оцінки важливості слова в контексті 
документа; 

HDFS – розподілена файлова система Hadoop; 
MDV – матриця дедуктивних векторів; 
MIV – матриця вхідних векторів; 
MOV – матриця формування стовпців; 
HPC (High-performance computing) – система висо-

копродуктивних обчислень; 
ТІ – таблиця істинності. 
 

НОМЕНКЛАТУРА 
D – дедуктивна матриця; 
D1, D2 – відмінності щодо кожного входу секвен-

сора; 
S12 – подібність між входами; 
T – матриця вхідних даних (Data as Address), 
F – матриця функціональності (Deductive Matrix 

L), 
M – матриця-результат аналізу (Result Matrix); 
U – універсум примітивів; 
Uj – рядок універсуму примітивів; 
Mj – стовпчик матриці аналізу примітивів; 
F – несправність, 
T – тест; 
L – логічний вектор; 
Z – якості розпізнавання кейсів; 
Qi – інтегральна оцінка якості розпізнавання кей-

сів 
Y – середня оцінка якості розпізнавання кейсів; 
Li – ідеальний кейс (патерн); 
Tj – актуальний кейс (патерн); 
n – кількість входів схеми або функціональності; 
b1, b2 – компоненти паттерна;  
X – кількість входів двигуна; 
Xi – екран; 
Yi – кількість виходів двигуна; 
k – потужність універсуму; 
P – число патернів чи екранів; 
Q =kP/x – швидкодія векторної технології обробки 

великих даних, як адрес; 
N=P/x – апаратурні витрати (кількість восьмивхо-

дових елементів) на реалізацію каскадного секвенсо-
ра. 

 
ВСТУП 

Цікаві науково-практичні результати завжди 
виходять на стику наук шляхом інтеграції сучасних 
моделей, методів, алгоритмів та технологій. Так 
створюються нові наукові напрями, які вирішують 
практичні завдання для IT ринку. Очікуване 
об’єднання трьох просторів – соціального, фізичного, 
інформаційного – ініціювало створення нової 
парадигми Intelligent Computing (Інтелектуальний 
комп’ютинг) [1] для вирішення завдань моніторингу 

та управління кібер-соціально-фізичними процесами 
та створення мозку людства. 

Intelligent Computing – галузь знань, що займається 
теорією, практикою та економікою детермінованого 
та ймовірнісного (AI) комп’ютингу за метрикою час-
ресурси-якість для управління процесами та явищами 
на основі моніторингу оцифрованих та розумно-
пов’язаних між собою соціального, фізичного та 
інформаційного простору. Intelligent Computing [1] – 
нова парадигма обчислювальних архітектур, яка 
з’єднує людину з комп’ютером, традиційні 
обчислення з перцептивним, когнітивним та 
автономним інтелектом та сприяє цифровій революції 
в епоху великих даних, штучного інтелекту та 
Інтернету речей за допомогою нових обчислювальних 
теорій, архітектур, методів, систем та додатків. Intelli-
gent Computing [1] включає в тому числі: 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.  

 

 
Рисунок 1 –  Інтелектуальний комп’ютинг для трьох 

просторів 

На рис. 2 позначено: Enterprise Systems – 
корпоративні системи; Smart IoT device – розумний 
пристрій IoT; Gateway – шлюз; CLOUD – ХМАРА: 
High computational resources – високо обчислювальні 
ресурси; Long-term storage – Тривале зберігання 
Global predictive models – глобальні прогнозні моделі; 
Global network management – управління глобальною 
мережею;   FOG   –   ТУМАН:   Distributed   storage   – 
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Рисунок 2 – Cloud, fog, and edge computing глобальна 

архітектура Intelligent Computing [1] 

розподілене сховище; Data transformation – перетво-
рення даних; Communiccation mediator – комунікацій-
ний посередник; Distributed network management and 
control – управління та контроль розподіленої мережі; 
EDGE – КРАЙ: Low latency – низька затримка; Re-
duced connectivity costs – зменшені витрати на під-
ключення; Improved security and privacy – покращена 
безпека та конфіденційність; On-device processing and 
analitycs – обробка та аналітика на пристрої; Overall 
improvement of system (autonomy, responsiveness, and 
adaptability) – загальне покращення системи (автоно-
мність, відклик, адаптивність). 

Big Data – великі дані – кількість та форма 
інформації, що важко сприймаються свідомістю 
людини. Метрика великих даних VVV: volume, veloc-
ity, variety (обсяг, швидкість генерування та 
різноманітність). Data Science – наука, що вивчає 
життєвий цикл та форми даних з метою отримання 
актуальної інформації для прийняття рішення. 
Використовуються підходи: дискретна математика та 
статистика, штучний інтелект та хмарні обчислення 
для аналізу великих обсягів даних під час вирішення 
завдань класифікації, регресії, кластеризації. Ключові 
інструменти: R, Python, Apache Hadoop, MapReduce, 
Apache Spark, NoSQL Databases, Cloud computing, 
GitHub. 

Machine learning – алгоритми пошуку 
закономірностей у вхідних даних без програмування 
на основі розумних механізмів їх структуризації з 
метою розпізнавання патернів та прийняття рішень. 
«Ніхто машину не навчає». Висловлювання типу «я 
навчаю комп’ютер» або «ми навчили нейромережу», 
звучать щонайменше наївно, на думку авторитетів у 
цій галузі, Daniel Faggella [3]. Відношення 
ієрархічного порядку між механізмами AI-computing: 
Data Science Machine Learning  (AI, NN, QC) 

Smart Data structure Big Data. Структурна формула 
дослідження поєднує такі компоненти Intelligent 

Computing: Cloud-edge computing, Machine learning, 
Design and test computing [2], Cyber social computing, 
In-memory computing, Big data computing. Мета – 
зробити стійкими та моральними всі процеси та 
явища у кіберсоціальному просторі (рис. 3). 

Архітектурно дослідження подано моделлю фон 
Неймана для хмарно-термінальної взаємодії 
механізмів федеративно-прискореного машинного 
навчання, що дозволяє керувати процесами на основі 
моніторингу даних, датчиків, людей та просторів. 
Щоб заощадити на часі і на витратах енергії, було 
запропоновано локально не використовувати 
архітектуру фон Неймана, а перейти на 
енергозберігаючу обробку великих даних у пам’яті, 
де вони зберігаються, використовуючи read-write 
транзакції, без потужної системи команд 
універсального процесора, які замінюють логічні 
вектори пам’яті. 

Розумні (пов’язані) структури даних дозволяють 
без програмування вирішувати завдання 
структуризації корисної інформації шляхом 
суперпозиції таблиць та матриць, векторів. Ця ідея є 
основною в механізмах технічної діагностики, 
машинного навчання, включаючи нейронні мережі як 
тип розумних структур даних. 

Добуток складності структур даних на обчислю-
вальну складність алгоритму є постійною величиною 
(рис. 4).  

 

 
Рисунок 3 – Компоненти цифрового суспільства [1]: 

Socio-technical systems – соціо-технічна система; Intelligence 
at the edge – Інтелект на межі; Integrative AI – Інтегративний 
ШІ; Green Transition – зелений перехід; Sustainable Society – 

стале суспільство; Digital Transformation – цифрова 
трансформація; Digital Finance – цифрові фінанси; Inclusive 

socity – Інклюзивне суспільство; Smart & secure cities – 
Розумне та захищене суспільство; Digital school – цифрова 

школа; Digital services – цифрові послуги; Sustainable 
mobility – стійка мобільність; Circular economy – 

циркулярна економіка  
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Рисунок 4 – Відношення між надмірністю структур даних та 

складністю алгоритму їх обробки: Complexity (С) – складність; 
Constant – константа; Redundancy (R) – надмірність  

Тому платою за найпростіші алгоритми є 
експоненційні витрати пам’яті. Такі витрати будуть 
виправдані, якщо структура даних містить у явному 
вигляді рішення комбінаторних завдань. Найбільш 
універсальною моделлю комп’ютингу на вирішення 
всіх комбінаторних завдань є таблиця істинності, якій 
понад сто років. Її явні структури даних адекватно 
описують такі цікаві об’єкти: логічну 
функціональність, графову структуру, діаграму Хасе, 
бінарні діаграми, двійкове дерево рішень. Таблиця 
істинності перетворює експоненційну складність 
алгоритму розв’язання комбінаторної задачі на 
лінійну. Крім того, таблиця істинності моделює 
життєвий цикл великих даних, які подорожують 
таблицею істинності від его (відмінності) до самості 
(подібності). Питання лише у тому, як підготувати 
великі дані їхньої обробки на таблиці істинності, як 
адрес. 

Чому цього ніхто не робив раніше? 1. Таблиця 
істинності (ТІ) лякає дослідників своєю 
експоненційною розмірністю. 2. Мало хто звертав 
увагу на комбінаторику явних адрес ТІ для вирішення 
перебірних завдань. 3. Найголовніше – це 
представляти великі дані, як адреси ТІ, – простий хід 
у виконанні, але виявляється не дуже простим у 
розумінні. 4. Властивість адресації, закладена у ТІ, 
вважають дослідники, закриває ворота для 
паралельної обробки інформації, хоча це зовсім не 
так. 5. Важко користуватися ТІ, наприклад, на 20 
змінних. 6. Мало хто асоціює логічний вектор з 
компактним записом ТІ, на якій вирішуються 
практично всі завдання синтезу та аналізу 
оцифрованих процесів та явищ, включаючи 
кіберсоціальні та кіберфізичні. 7. Важко було 
припустити ТІ як структуру, якою подорожують 
великі дані від різниці до подібності, від его до 
самості по Карлу Янгу і навпаки, ідентифікуючи 
життєвий цикл даних. 8. Незрозуміло, чому не 
використовувалися адреси ТІ для ідентифікації та 
моделювання комбінацій несправностей та помилок у 
кіберфізичних та кіберсоціальних системах. 

Вже утворився клуб вчених та підприємців (14 
осіб) у галузі IT-індустрії, які мають нагороди Global-
IT, що є аналогом Нобелівської премії. Практично всі 
вони у своїй інавгураційній промові заявляли, що 

майбутнє планети за комп’ютерними рішеннями в 
галузі моніторингу та управління суспільством. На 
цьому шляху людство має пройти такі кроки: 1) 
створення мозку людства до 2050; 2) безпілотне 
вирішення проблеми транспорту до 2030 року; 3) 
генерація запчастин людського організму до 2100; 4) 
вирішення проблеми харчування до 2040 року; 5) In-
telligent Computing загального моніторингу та 
морального управління суспільством до 2080 року. 
Тут має бути добра воля політиків та керівників усіх 
країн та провідних компаній планети. Перший крок 
уже зроблено – IEEE-товариство легалізувало 
використання систем штучного інтелекту для 
рутинної роботи оформлення наукових ідей, 
досліджень та статей. Роботи ведуться зі створення 
стандарту ідентифікації оригінальних ідей у текстах 
та визначення валідності рівнів плагіаризму. Розумні 
контракти-програми, які пропонувалися в блокчейн 
комп’ютингу для управління соціальними групами, 
будуть замінюватись розумними структурами даних 
без програмування, які формують ML-механізми для 
моніторингу та управління соціальними групами, 
університетами, компаніями та державними структу-
рами. 

Об’єкт дослідження – in-memory intelligente 
комп’ютинг, який знижує енергетичні та годинні вит-
рати під час обробки великих даних. 

Предмет дослідження – in-memory аналіз 
елементів або цифрових схем будь-якої розмірності за 
допомогою read-write транзакцій на логічних 
векторах. 

Мета дослідження – підвищення економіки 
великих даних (Data Economy) завдяки аналізу даних, 
як адрес таблиці істинності, для ідентифікації 
патернів виробничих функціональностей на основі 
метрики подібності-відмінності. 

 

1 ПОСТАНОВКА ЗАДАЧІ 
Розглядається задача побудови логічного вектора 

бізнес-функціональності для моніторингу та 
управління бізнес-процесом. Модель синтезу 
логічного вектора L подана адресним відношенням 
між екранами T і таблицею істинності F: L=F(T). 
Розв’язок задачі полягає в обробці великих даних, що 
знаходяться на екранах, як адресів таблиці істинності, 
що формує відповідну кількість ключових слів, з яких 
складається логічний вектор або ідентифікатор групи 
екранів для формування шаблону або логічної 
функціональності. Для представлення ключових слів 
адресами таблиці істинності необхідно їх унітарно 
закодувати на множині дозволених символів, які фор-
мують універсум. Задача побудови логічного вектора 
на таблиці істинності має лінійну складність, завдяки 
експоненціальному характеру надлишковості струк-
тури даних таблиці істинності. Формальне рівняння 
синтезу логічного вектора функціональності бізнес-
процесу подано співвідношенням наступних 
параметрів: L=F(X), L – логічний вектор 
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функціональності, F – таблиця істинності, X – кінцеве 
число змінних-екранів, на яких задана таблиця 
істинності та логічний вектор. 

Нехай задано потік екранів X={X1, X2,…, Xn}, які 
мають OCR-дані, представлені двома множинами: 1) 
headers – заголовки додатків та активних полів екра-
ну; 2) keydata – дані, що заносяться в активні поля 
екрану. Практичне завдання побудови логічної моделі 
бізнес-процесу полягає у формуванні з ключових да-
них, що належать множині {headers, keydata}, 
ідентифікаторів екрану. Сукупність патернів формує 
логічну функцію бізнес-процесу. При цьому патерн – 
будь-яка просторово-часова послідовність елементів, 
що відтворюється, об’єднана смисловою метрикою. 
Патерн або кейс є реалізація бізнес-функціональності, 
яка залишає слід у вигляді даних. Ідентифікація 
патерну виходить шляхом стиснення великих даних у 
стовпцях таблиці істинності. 

Ідея дослідження проста: для перетворення 
експоненційного алгоритму на лінійний, потрібно 
використовувати експоненційні структури явних да-
них, ідеальною формою яких є ТІ. Для обробки 
великих даних, як адрес ТІ, необхідно виконати 
унітарне кодування даних на універсумі примітивів. 
Отриману матрицю двійкових векторів 
перетворювати на адреси у вікні спостереження, що 
дорівнює кількості змінних у ТІ, та запакувати на ТІ. 
Комбінаторні властивості структури ТІ формують по 

стовпцях еквівалентні множини даних при лінійних 
витратах часу. На ТІ вирішуються такі завдання 
аналізу великих даних: 1) еквівалентування даних по 
стовпцям адресам ТІ; 2) визначення подібності-
відмінності за даними у патернах; 3) пошук та 
ідентифікація патернів у великих даних; 4) пошук 
даних за заданими шаблонами; 5) побудова логічної 
моделі процесу чи явища за допомогою унітарного 
кодування патернів двійковими векторами на 
універсумі примітивів; 6) валідація кіберсоціального 
процесу та пошук актюаторних станів та помилок у 
ньому; 7) побудова тесту моделі кіберсоціального 
процесу. 

Поетапно схему синтезу ком’ютингу можна 
подати такими задачами (рис. 5): 1) використання 
властивостей ТІ для ідентифікації екранів, 
еквівалентування ключових даних; 2) знаходження 
патернів виробничих функціональностей на основі 
подібності-відмінності логічних векторів, що 
формують фрагменти кейсу; 3) кластеризація бізнес-
потоку великих даних щодо виробничих 
функціональностей; 4) ідентифікація виробничих 
функціональностей та кейсів у бізнес-потоці даних; 5) 
побудова автоматів пошуку подібності-відмінності 
даних у патернах бізнес-потоку; 6) синтез логічного 
вектора виробничого процесу; 7) синтез логічних 
векторів для моніторингу та управління виробничим 
процесом. 

 
Рисунок 5 – Схема синтезу комп’ютингу бізнес-процесу 

2 ОГЛЯД ЛІТЕРАТУРИ 
Цикл поліпшення структур даних, алгоритмів та 

механізмів становить інтерес з погляду економії 
ресурсів та часу на обробку великих даних. 
Підтвердженням сказаного може бути велика 
кількість публікацій у IEEE Xplore за останні 10 років, 
присвячених темі Data Economy. Спостерігається 
стійкий тренд зниження карт-вузлів в архітектурі Map 
Reduced під час обробки великих обсягів даних [4–8]. 
Великі дані прагнуть використання одного data-
центру з великим обсягом пам’яті для зберігання 
інформації. Це насамперед необхідно для зниження 
витрат енергії і часу обробки даних рахунок 
зменшення транзакцій передачі між 
обчислювальними центрами.  

Проведені експерименти показують, що скорочен-
ня карт має велику цінність при обробці величезних 

обсягів даних у дуже великих кластерах. 
Використовуються також цікаві доповнення до Map 
Reduced, такі як Наївний Байєс, J48 та Random Forest, 
K-Means модель гаусової суміші (GMM), логістична 
регресія (LR) та класифікатор випадкового лісу (RFC) 
для ефективного майнінгу всередині величезних 
обсягів даних, які також економлять енергію. 
Показано, що Spark-технологія у 16 разів швидше, ніж 
обчислення Hadoop Map-Reduce для обробки великих 
даних і більш ефективна з точки зору економії енергії. 
Розглядаються механізми [9] прискорення 
ітеративних алгоритмів машинного навчання, 
реалізовані в Hadoop Map-Reduce (Stock) та Apache 
Spark на основі графічного процесора. Тут все добре 
зі швидкодією, але погано з енерговитратами. 
Розглянуто три алгоритми класифікації [10]: 
класифікатор k-NN, класифікатор центроїдів та 
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наївний байєсівський класифікатор. Емпіричні 
результати показують, що класифікатор Centroid є 
найбільш точним у цьому випадку з точністю до 95% 
порівняно з k-NN, точність якого становить 92%, і 
наївним класифікатором байєсівським з точністю 
91,5%. Пропонується динамічне налаштування слотів 
[11] у процесі обробки даних – Dynamic Hadoop Slo-
tAllocation, що підвищує завантаження кожного 
обчислювального вузла. Пропонується метод [12] 
передачі величезної бази даних від місця зберігання 
до вузла обчислення та індексування для розподілу 
запитів, масштабованості та продуктивності в 
гетерогенних середовищах. Результати свідчать, що 
запропонована робота скорочує час обробки даних на 
30%. Наведено систему [13] обробки даних для 
автоматичної класифікації на основі важливих 
медичних термінів з використанням TF-IDF та 
тематичного моделювання для прийняття валідних 
діагнозів. Розглядається використання додаткової 
обчислювальної потужності [14] для зниження 
комунікаційного навантаження у розподілених 
обчисленнях, що позитивно впливає на швидкодію та 
зниження витрат енергії. Більш конкретно, 
розглядається загальна структура розподілених 
обчислень, заснована на структурах, що часто 
використовуються, таких як MapReduce, де загальні 
обчислення розбиваються на обчислення набору 
функцій «Map» і «Reduce», розподілених за 
сукупністю обчислювальних вузлів. Пропонується 
стратегія віртуального перетасовування [15], що 
дозволяє забезпечити ефективне переміщення даних 
та скорочення кількості операцій введення-виводу для 
перетасовування MapReduce, тим самим знижуючи 
енергоспоживання та зберігаючи енергію. Віртуальне 
перетасовування реалізується за допомогою 
комбінації трьох методів, включаючи трирівневу 
таблицю сегментів, злиття, близьке до вимоги, а 
також динамічне та збалансоване злиття піддерев. 
Економія енергоспоживання програм MapReduce 
склала 12%. Традиційна система високопродуктивних 
обчислень (HPC) є прикладом системи з обмеженою 
пам’яттю. Пропонується нова система MapReduce 
(Mammoth) [16], метою якої є підвищення 
продуктивності за рахунок глобального управління 
пам’яттю, що підвищує швидкодію обробки даних на 
40%. Розвиток цифрової індустріалізації [17–21], 
цифрової економіки великих даних на місцях, досить 
віддалених від центру, представляє велику 
телекомунікаційну проблему, яку потрібно 
вирішувати для того, щоб мати цифрову індустрію 
інваріантну геопозиції будь-якого населеного пункту. 
Підкреслюється важливість великих даних у 
соціальній економіці, розкривається значення 
цифрової економіки промисловості великих даних, і 

навіть аналізуються реформи, викликані великими 
даними та заходи, створені задля їх застосування [21]. 

Таким чином, розподілена комп’ютерна система 
складається з множини взаємопов’язаних вузлів. Вони 
можуть бути фізичними, віртуальними машинами чи 
контейнерами. Коли група вузлів надає клієнту 
послуги та програми, якби це була одна машина, її 
також називають кластером. Hadoop – це платформа 
для виконання завдань на кластерах комп’ютерів, яка 
забезпечує гарну якість базового обладнання та про-
грамного забезпечення. Hadoop3 – це проект, 
написаний на Java з відкритим кодом Apache Software 
Foundation.  

MapReduce – це парадигма програмування, що 
забезпечує масштабування сотень або тисяч серверів 
у кластері Hadoop. Файлова система Google 
використовує методи розподілу, обробки та 
агрегування великого обсягу даних для пошукової 
системи Google. Версія MapReduce з відкритим 
вихідним кодом пізніше була випущена в рамках 
проекту Apache Hadoop з орієнтацією на 
функціональне програмування, яке орієнтоване на 
знання hardware архітектури. Фази виконання завдан-
ня MapReduce: поділ даних на кількох комп’ютерних 
вузлах, застосування функції карти до кожного фраг-
мента даних. Сортування та перемішування даних, та 
розподіл за редукторами. Скорочення даних із 
видачею результату. Чотири етапи: розподіл, 
зіставлення, сортування та перемішування, 
скорочення (split, map, sort & shuffle, reduce) (рис. 6, 
а).  Архітектура Hadoop є пакетом файлової системи, 
механізму MapReduce і HDFS (розподіленої файлової 
системи Hadoop). Кластер Hadoop складається з 
одного головного та кількох підлеглих вузлів. 
Головний вузол включає Job Tracker, Task Tracker, 
NameNode і DataNode, тоді як підлеглий вузол 
включає DataNode і TaskTracker. Проблемне місце тут 
– блок сортування та перемішування даних, який у 
кожній компанії є секретним ключем, який формує 
успіх компанії та позитивну економіку обробки 
великих даних. MapReduce – це макро-виконання 
механізму глибоких нейронних мереж, де від шару до 
шару працюють процедури сортування та 
перемішування даних. 

У метриці Hadoop Map-Reduce техніка та 
архітектура аналізу даних за допомогою ТІ представ-
лена на рис. 6,б. Переваги запропонованого розв’язку: 
1) відсутні канали зв’язку між пам’яттю та процесо-
ром між процесорами-вузлами кластера; 2) відсутній 
блок перемішування та переплутування інформації, 
який замінює розумна структура рядків-адрес таблиці 
істинності; 3) блок розподілу даних за картками-
вузлами замінюється поділом унітарно кодованих 
даних за адресами, що набагато ефективніше за 
швидкодією та енерговитратами.  
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Рисунок 6 – Схема технік та архітектур для обробки великих даних Hadoop Map-Reduce 

 

Оброблені великі дані мають соціальне значення 
для розвитку суспільства та промисловості. 
Інтелектуальна обробка великих даних є умовою 
створення колективного розуму соціальної групи, 
компанії, держави та планети в цілому. При цьому 
економіка великих даних (Data Economy) виходить на 
перше місце в оцінці механізмів обробки, оскільки 
дуже важливими є два параметри: швидкодія обробки 
даних та енерговитрати. Тому механізми, орієнтовані 
на паралельну обробку великих даних усередині цен-
тру зберігання даних, будуть завжди потрібні на IT-
ринку. Великі дані – кількість інформації, що важко 
сприймається свідомістю людини. Метрика великих 
даних VVV: Volume, Velocity, Variety (обсяг, 
швидкість генерування та різноманітність). 1. Об’єм 
означає, що Big Data є великі масиви інформації. 
Сьогодні в кіберпросторі знаходиться 165 зета-байт 
інформації, з них використовується лише 4% 
структурованих даних. 2. Швидкість створення даних. 
Один автомобіль без драйвера генерує сьогодні 4 
терабайти даних за день. 3. Різноманітність – це різні 
джерела інформації та різноманітність форматів 
(аудіо, відео, фото, тексти, символи) даних. Економіка 
великих даних – це довести 4 корисні відсотки до 20 з 
метою отримання штучного розуму або мозку 
людства з мінімальними витратами за часом та 
енергією. Далі розглядаються економічні механізми 
перетворення великих неструктурованих даних, як 
адрес, в корисні структуровані дані, за рахунок 
розробки паралельних алгоритмів in-memory 
комп’ютингу. 

 
3 МАТЕРІАЛИ І МЕТОДИ 

Розглянемо online класифікацію великих даних за 
метрикою подібності-відмінності патернів у бізнес-
потоку екранів. Вихідні дані представлені потоком 
OCR-розпізнаних текстових фрагментів на сотнях зоб-
ражень екранів комп’ютера. Математична модель 
представлена у вигляді дедуктивних векторів, які ви-
конують роль фільтра для визначення подібності-

відмінності екранів бізнес-потоку даних. При цьому 
дані на екранах подані двійковими векторами унітарно 
кодованих примітивів універсуму, які розглядаються 
як адреси для вилучення інформації з дедуктивного 
вектора.  

Паралельний аналіз двійкової вхідної інформації на 
матриці трьох векторів (0100 1101 0001) для отриман-
ня відмінностей по кожному входу (D1, D2) і 
подібності між ними (S12) представлений на рис. 7. 
Адреси формуються комбінацією сигналів з першого 
та другого вхідного вектора output vectors, які склада-
ють стовпець-код для зчитування відповідного сто-
впця (00 01 10 11) векторної матриці, що формує пара-
лельно стовпці output vectors. Природно, що логічне 
множення (&) трьох векторів (D1&D2&S12) = 
000000000000 дає нуль вектор, та їх диз’юнкція у да-
ному випадку дорівнює диз’юнкції (+) вхідних 
векторів: (D1+D2+S12)=1110011111110. Векторний 
аналіз даних перетворюється на матричний 
комп’ютинг для обробки великих даних. Тому нижня 
частина рис. 7, б присвячена структурі матричного 
аналізу великих даних для визначення подібності-
відмінності між векторами, яка надходить на входи 
матричного секвенсора. Кількість входів такого сек-
венсора – число рядків у матриці D – завжди дорівнює 
кількості потоків даних, які необхідно обробляти па-
ралельно. Кожен рядок матриці L своїми одиничними 
значеннями формує деяку функціональність (схожість, 
відмінність) обробки вхідних даних, як адрес. 
Сукупність рядків дедуктивної матриці L формує мет-
рику властивостей, кількість яких дорівнює виходам 
секвенсора (матриці M). Інакше, кількість векторів 
матриць L і M дорівнює між собою. 

Формально можна розглядати запропонований 
комп’ютинг як xor-відношення трьох матриць, що 
дорівнює нулю, де T – вхідні дані (Data as Address), F –  
функціональність (Deductive Matrix L), M – результат 
аналізу (Result Matrix).  
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Рисунок 7 – Матричний паралельний аналіз великих 
даних, як адрес 

 
Швидкодія паралельного алгоритму аналізу вели-

ких даних на матриці MDV дедуктивних векторів ста-
виться в лінійну залежність від числа бітів вхідних 
векторів або потужності універсуму примітивів. 
Універсум (словник) – впорядкована множина (вектор) 
неповторних даних на вибраній кількості екранів. 
Універсум знаходиться шляхом обчислення множини 
всіх примітивних символів (слів) на основі оператора 
збору оригінальних текстів всіх аналізованих екранів 
(рис. 8). 

 
Рисунок 8 – Алгоритм отримання універсуму примітивів 

У процесі створення універсуму як метрики бізнес 
потоку виконується кодування кожного символу де-
сятковим номером (рис. 9). Після цього на отриманій 
метриці виконується унітарне кодування символів 
кожного екрана. 

 
Рисунок 9 – Вектор універсуму примітивів та унітарне 

кодування символів екрану 

Потім кожна множина символів екрану кодується 
двійковим вектором, де одиницею відзначається 
позиція, що відповідає символу, що присутня на 
екрані, що кодується. Отримані вхідні дані, що ста-
новлять вхідну матрицю вхідних векторів (MIV), по-
даються на матрицю векторів дедуктивних MDV для 
подальшого аналізу, де стовпці вхідної матриці роз-
глядаються як адреси для зчитування відповідних 
стовпців MDV для формування стовпців MOV. Якщо 
необхідно проаналізувати n=8 екранів одночасно, тоді 
синтезується наступна матриця для елемента на вісім 

входів і кожен дедуктивний вектор буде розмірності 
2n=256 біт. 

Архітектура векторної технології обробки великих 
даних має структуру (рис. 10), яка виконує функції: 
1) Preprocessing – підготовка текстів до моделювання 
шляхом пошуку універсуму текстових примітивів та 
унітарного кодування екранів двійковими векторами; 
2) M-Computing – memory-based computing – моделю-
вання двійкових векторів даних на пам’яті-матриці 
дедуктивних векторів, що виділяють подібність-
відмінність; 3) Postprocessing – виконується перетво-
рення двійкових вихідних векторів у текстові 
примітиви. 

 

 
Рисунок 10 – Векторна технологія обробки великих даних 

 
Розглянемо аналіз даних, як адрес ТІ, для ідентифі-

кації екранів та патернів-кейсів бізнес-
функціональностей на основі метрики даних, впоряд-
кованих за їх значимістю. Завдання можна зобразити 
схемою векторно-логічного синтезу моделі бізнес-
процесу (рис. 11): 1) використання властивостей ТІ 
для ідентифікації екранів, еквівалентування ключових 
даних-слів; 2) знаходження патернів-кейсів на основі 
подібності логічних векторів, що формують кейси; 3) 
розкладання бізнес-потоку великих даних щодо суттє-
вих функціональностей; 4) розпізнавання функціона-
льностей та кейсів у бізнес-потоці даних та їх іденти-
фікація; 5) побудова online-автомата управління функ-
ціональностями бізнес-процесів; 6) щоб відновити 
функціональність потрібні два компоненти: питання-
headers або вхідні умови, а також відповіді-дані або 
стан виходів, які слід автоматично сконтактенувати: 
F=TxorL – питання-відповідь. Наявність вихідних да-
них не гарантує відновлення функціональності, для 
цього потрібно знати ще й вхідні дані, тобто питання, 
які задає система для отримання, наприклад, кредиту. 
Аналіз питань та відповідей в автоматичному режимі 
дає можливість отримати функціональність бізнес-
процесу, представлену header-data ідентифікаторами 
екранів.  

Для вимірювання відношень між процесами та 
явищами застосовується метрика Similarity-Difference. 
Найбільш адекватною і простою цифровою моделлю 
для опису відношень Similarity-Difference є ТІ. Вона 
поєднує властивості Similarity-Difference у повному 
комбінаторному виконанні для вирішення завдань 
класифікації, кластеризації та ідентифікації патернів 
(екранів). Вирішення завдання ідентифікації екранів 
пов’язане з виконанням наступних процедур: 1) для 
потоку екранів необхідно формувати універсум примі-
тивів із ключових слів; 2) виконується кодування по-
току екранів двійковими векторами у метриці універ-
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суму ключових слів; 3) потік двійкових даних у фор-
маті-вікні з 8-екранів-змінних стискається в ТІ по сто-
впцях, які є упорядкованими адресами ТІ. Вона роз-
ставляє ключові слова згідно з адресами на вісімці 
екранів. Кожен стовпець ТІ формує еквівалентну мно-
жину ключових слів. 

Якість розпізнавання кейсів Z, інтегральна оцінка 
якості розпізнавання кейсів Qi; – середня оцінка 

якості розпізнавання кейсів Y визначаються відповід-
ним чином через ідеальний кейс/патерн Li; актуаль-
ний кейс/патерн Tj; кількість входів схеми або функ-
ціональності n та компоненти патерна a1, a2, b1, b2. 

Потрібно будувати оцінку покриття еталонних кей-
сів, або оцінку максимальних покриттів еталонних 
кейсів відрізками знайдених кейсів. 

 
Рисунок 11 – Схема векторно-логічного синтезу моделі бізнес-процесу 

4 ЕКСПЕРИМЕНТИ 
Взаємодія двигуна з великими даними для отри-

мання результату аналізу показано на рис. 12. Усі три 
компоненти знаходяться у пам’яті. При цьому двигун 
Deductive Matrix Engine (автомат з обробки великих 
даних із зворотними зв’язками) становить 
computational memory, а вхідні Data as address та 
вихідні Result Matrix дані – conventional memory. 
Змінні глобальних зворотних зв’язків враховують 
передісторію подібності-відмінності вже оброблених 
патернів визначення метричних властивостей поточ-
них даних. На першому кроці алгоритму псевдозмінні 
набувають значення L=00…00 на метриці знайденого 
універсуму. Алгоритм закінчує свою роботу після то-
го, як до двигуну будуть завантажені всі дані на шляху 
його руху зверху вниз. Слід зазначити, що матриця 
вхідних даних та результат аналізу повністю ідентичні 
за розмірами. В даному випадку, за розмірами 
збігається кількість входів X і виходів двигуна Y. 

Продуктивність Q даного двигуна з обробки вели-
ких даних визначається добутком потужності універ-
суму та найближчого цілого, що не менше за відно-
шення кількості патернів Р до кількості активних вхо-
дів Х двигуна. Метрика або рівень паралелізму визна-
чається кількістю актуальних входів X. Продуктив-
ність обробки великих даних залежить від розмірів 
матриці вхідних даних, поділеної на кількість актуаль-
них входів X Deductive Matrix Engine. Для підвищення 
швидкодії аналізу даних необхідно збільшувати число 
вхідних логічних змінних X дедуктивної матриці. У 
цьому слід пам’ятати, що функціональні можливості 
дедуктивної двійкової матриці обмежуються просто-
ром 2nx2n, n – число вхідних змінних, у якому вирі-
шуються будь-які комбінаторні завдання з класифіка-
ції та ідентифікації будь-яких унітарно кодованих 
процесів і явищ, включаючи біометричні [23, 24, 26]. 

 

Рисунок 12 – Архітектура in-memory автомата та sliding 
алгоритм матричної обробки даних, де k – потужність 

універсуму, P – число патернів або екранів, що підлягають 
аналізу, X = 7 – кількість активних входів двигуна 

Стовпці між собою створюють порядок Similarity-
Difference (рис. 13), оцінки яких зменшуються від кра-
їв до центру і далі таблиці істинності; 4) тому для іде-
нтифікації екранів необхідно завжди вибирати ключо-
ві слова, що відповідають крайнім правим та лівим 
стовпцям таблиці істинності, що мають максимальні 
значення difference та similarity. Similarity-стовпець 
формуює клас, Difference-стовпець формують 
унікальний ідентифікатор екрану. Метрика TF/IDF 
підтверджує значущість 1-координат стовпців таблиці 
істинності для ідентифікації екранів за допомогою її 
комбінаторної структури метрики Similarity-
Difference. Стовпці таблиці істинності мають однакову 
інтегральну оцінку TF/IDF. Це означає, що Difference-
координати (n=8) у структурі таблиці істинності ма-
ють максимальну оцінку значимості будь-якої функції. 
Для верифікації логічної функціональності ці точки 
обов’язково  мають  бути покриті  тестами  (testbench).  
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Рисунок 13 – Метрика TF/IDF координат таблиці істинності TF/IDF [28] = [ (number 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) 

Перевірка несправностей цих точок гарантує 
перевірку інших несправностей ліній цифрової струк-
тури на 90%. Ці точки вказані як критичні для 
дедуктивної матриці, побудованої для верифікації 
логічної функціональності. Критичні точки (стану) у 
будь-якій логічній функціональності кейсів збирають 
максимальну кількість ключових даних. 

 
5 РЕЗУЛЬТАТИ 

Таблиця істинності якісно та метрично визначає 
еквівалентну множину екранів на координатах 
стовпців [22, 27]. Логічний вектор визначає сигнатуру 
функціональності у кадрі. Щоб розрізняти 
еквівалентні екрани у кадрі, необхідно зробити на-
ступне: 1) виключити екрани, що повторюються; 
2) укласти у дужки еквівалентні ключові слова по сто-
впцях таблиці істинності; 3) similarity зменшується по 
стовпцях праворуч ліворуч, difference зростає по сто-
впцях зліва направо. Ідентифікатор екрана складається 
з крайніх ключових слів. 

Локальні та інтегральні оцінки якості 
розпізнавання кейсів наведено на рис. 14. Потрібно 
будувати оцінку покриття еталонних кейсів відрізками 
знайдених кейсів, або оцінку максимальних покриттів 
еталонних кейсів відрізками знайдених кейсів. 

Швидкодія паралельного алгоритму аналізу вели-
ких даних на матриці MDV дедуктивних векторів ста-
виться в лінійну залежність від числа бітів вхідних 
векторів або потужності універсуму примітивів. 

Таким чином, запропоновано паралельні алгорит-
ми in-memory комп’ютингу для економічних 
механізмів перетворення великих неструктурованих 
даних, як адрес, у корисні структуровані дані.  

Запропоновано архітектуру in-memory computing із 
глобальним зворотним зв’язком та алгоритм 
матричної паралельної обробки великих даних, як ад-
рес. Вона включає структуру матричного аналізу ве-
ликих даних для визначення подібності між вектора-
ми, які надходять на входи матричного секвенсора. 
Векторний аналіз даних перетворюється на матричний 
комп’ютинг для обробки великих даних.  

Розроблено метод ідентифікації патернів ключови-
ми словами. Він характеризується використанням 
унітарно-кодованих компонент даних для синтезу 
таблиці істинності бізнес-процесу. Це дозволяє вико-
ристовувати read-write транзакції для паралельної об-
робки великих даних, як адрес. 

 

 
Рисунок 14 – Локальні та інтегральні оцінки якості розпізнавання 

6 ОБГОВОРЕННЯ 
Завдяки тому, що матриця векторного аналізу ви-

значена в метричному булевому просторі відношень n 
змінних 2nx2n, така модель дозволяє вирішувати прак-
тично будь-яке комбінаторне завдання з ідентифікації, 
мінімізації, класифікації або кластеризації великих 

даних. Паралельність формування всіх рішень для 
заданих великих даних робить пропонований механізм 
на пам’яті привабливим для ринку електронних 
технологій. 

Швидкодія векторної технології обробки великих 
даних, як адрес, за допомогою запропонованого сек-
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венсора визначається потужністю універсуму 
примітивів k (сумарна розрядність вхідних векторів) 
або числа екранів P (загальна кількість входів секвен-
сора), що підлягають обробці: Q=kP/x. При цьому 
апаратурні витрати (кількість восьмивхідних 
елементів) на реалізацію каскадного секвенсора 
визначається числом екранів, що підлягають обробці: 
N=P/x, X=6, нижче наступній схемі. Ця оцінка також 
визначає кількість ітерацій движка, необхідних для 
паралельної обробки кадрів (8 патернів) вхідних да-
них. 

Оцінка значимості координат таблиці істинності 
свідчить про те, що найзначніші координати визнача-
ються стовпцях відмінності символів. Незначні коор-
динати перебувають у шпальтах подібності символів. 
Значимість координат стовпців зменшується зліва на-
право (рис. 15).  

 
Рисунок 15 – Графіки подібності-відмінності по стовпцях 

таблиці істинності 

У таблицях (див. рис. 14) наведено локальні та 
інтегральні оцінки автоматичного розпізнавання 
фрагментів та кейсів у бізнес-потоці даних. Насправді, 
оцінка покриття більше, ніж Y= 90% вважається прий-
нятним результатом ідентифікації знайдених у потоці 
патернів. 

Властивості програмного коду, що реалізує in-
memory computing на логічних векторах за допомогою 
read-write транзакцій: точність ідентифікації патернів-
екранів – 95%, точність ідентифікації класів 
еквівалентностей ключових даних – 97%, точність 
пошуку помилок оператора при виконанні картки 
функціональності – виконанні карти 
функціональності. Вхідний потік великих даних 
містить 10 тисяч екранів. 

 
ВИСНОВКИ 

Зроблено крок на шляху створення векторно-
логічного in-memory комп’ютингу, який використовує 
лише read-write транзакції на адресній пам’яті [23, 26, 
29, 30]. Показано переваги векторної моделі для ком-
пактного опису процесів, явищ, функцій та структур. 

Наукова новизна полягає у розробці наступних 
інноваційних рішень: 

1) запропоновано нову векторно-матричну 
технологію паралельної обробки великих даних, як 
адрес, яка характеризується використанням read-write 

транзакцій на матричній пам’яті без використання 
процесорної логіки; 

2) запропоновано архітектуру in-memory computing 
з глобальним зворотним зв’язком та алгоритм 
матричної паралельної обробки великих даних, як ад-
рес; 

3) запропоновано метод ідентифікації патернів 
ключовими словами, який характеризується викори-
станням унітарно-кодованих компонентів даних для 
синтезу таблиці істинності бізнес-процесу, що дає 
можливість використовувати транзакцію read-write для 
паралельної обробки великих даних, як адрес. 

Практична значимість дослідження полягає в тому, 
що будь-яку задачу штучного інтелекту (подібність-
відмінність, класифікація-кластеризація та 
розпізнавання, ідентифікація образів) можна 
технологічно просто та ефективно вирішувати за до-
помогою таблиці істинності (або її похідних) та 
унітарно кодованих великих даних. 

Перспективи дослідження пов’язані з 
імплементацією зехнології технології моделювання 
цифрових пристроїв на ринку 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. 

Objective. 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. 

Objective. 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; 
 is an input validation operator; 

 is an input data processing operator; 
 is a the search operator for relevant users after 

clustering; 
P is an improved recurrent model of searching for 

validated users; 
 is an user authentication operator; 
 is an input data set formation operator; 
 is an operator of list formation and sentiment 

analysis data; 
 is a validation request resolution operator; 
i1 is a set of authentication data (login, password, set 

of distributed data); 
i2 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; 
o1 is a clustering requests using the elbow method; 
o2 is a set of updates for the user’s profile in the 

selected social network; 
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o3 is a saving at the request of the DMS user; 
r1 is a set of rules of the data saving algorithm; 
r2 is an operating rules of recurrent neural network; 
r3 is a set of rules of operations of a convolutional 

neural network; 
r4 is a set of hierarchical clustering rules; 
r5 is a set of k-means clustering rules; 
u1 is a set of levels of data processing; 
u2 is a set of data processing requirements; 
u3 is a set of text validation requirements; 
u4 is a set of multiple levels of creating a linked list of 

relevant users; 
u5 is a set of LSTM data analysis requirements; 
XUF 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 

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, , ,  >, 
 

where R = {r1, r2, r3, r4}, F = {u1, u2, u3, u4, u5}, 
 I = {i1, i2, i3, i4}, O = {o1, o2, o3}. 

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:  

 

XUF =, 
XUF = (( (i1, i3, i4), r5, u5), u4). 

 

The process of forming lemmatized user data of DMS 
users’ publication analysis will be described by 
superposition: CСU =, so 

 

XUC = (((XUF, i2, i3, i4), r1, u3), r2). 
 

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

 

XUK =, 
XUK = ((((XUC, i4), i2), u5), r3). 

 

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

 

XUM =, 
XUM =((((XUK, i4), i3), u3), r5). 

 

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 

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], namely 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(n2log 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 l, 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 

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. 
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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 

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 0 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. 
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Figure 2 – LSTM neural network algorithm 

 

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 С1 to Сk 
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 Сk is a measure of the magnitude of the 
cluster observation, where one cluster differs from 

another, this is the problem that is solved k-means 
clustering within an intelligent system. 

It is worth noting the importance of the parameter k, 
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 
kn 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. 
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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 

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 
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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 

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

 
Figure 5 – Activity diagram of the intellectual system of 

sentiment analysis and publication clustering 
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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 

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. 

 

 
Figure 7 – An example of the results of determining the 

sentiment of the text by means of LSTM analysis 
 

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 

 

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. 

 

 
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.  

 

 
Figure 10 – Distribution graph of TSNE-type clusters 

 

 
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(n2) 
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 

 
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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АНОТАЦІЯ 
Актуальність. У статті наголошується на необхідності створення системи прийняття рішень, яка може аналізувати 

повідомлення користувачів і визначати настрої, щоб зрозуміти, як новини та події впливають на емоції людей. Така система 
використовуватиме передові методи для аналізу повідомлень користувачів, заглиблюючись у почуття, виражені в тексті. Основна 
мета – отримати уявлення про те, як новини та різноманітні події відбиваються на емоціях людей. 

Метою дослідження є створення системи прийняття рішень, яка зможе аналізувати та визначати настрої повідомлень 
користувачів, розуміти емоційну реакцію на новини та події та розподіляти дані в кластери, щоб отримати ширше розуміння думок 
користувачів. Ця багатогранна мета передбачає інтеграцію передових методів обробки природної мови та машинного навчання для 
створення надійної системи прийняття рішень. Основними цілями є аналіз настроїв, розуміння емоційних реакцій на новини та 
події та кластеризація даних для цілісного уявлення про думки користувачів. 

Метод. Для обробки великих обсягів даних користувача пропонується використання нейронних мереж довгострокової пам’яті 
для аналізу настрою та алгоритму k-середніх для кластеризації даних. Ця стратегічна комбінація спрямована на вирішення 
проблем, пов’язаних із обробкою великих обсягів даних, створених користувачами, у більш глибокий та цілеспрямований спосіб. 

Результати. Виконано дослідження та концептуальне проектування системи прийняття рішень та створено систему прийняття 
рішень. Система включає аналіз настроїв і кластеризацію даних для розуміння думок користувачів і цінності настроїв таких думок, 
розділяючи їх на кластери та візуалізуючи результати. 

Висновки. Розробка системи прийняття рішень, здатної аналізувати настрої користувачів і кластеризувати дані, може надати 
цінну інформацію про реакцію користувачів на новини та події в соціальних мережах. Запропоноване використання нейронних 
мереж довгострокової пам’яті та алгоритму k-середніх вважається придатним для аналізу настроїв і завдань кластеризації даних. 
Підкреслюється важливість вивчення існуючих робіт і систем для розуміння доступних алгоритмів і їх застосування. У статті також 
описано створену та впроваджену систему прийняття рішень та продемонстровано функціональність системи на прикладі набору 
даних. 

КЛЮЧОВІ СЛОВА: обробка природної мови, згорткова нейронна мережа, рекурентна нейронна мережа, LSTM, кластеризація 
k-середніх.  
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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 

MST is a minimal spanning tree; 
ТС is a transitive closure. 

 
NOMENCLATURE 

G  is an undirected weighted graph modeling a 
network object; 

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

E
 
is a set of edges of a model graph G ; 

GS  is a set of edges of a model graph G ;
 

GR  is a matrix of shortest paths of the model graph G ;
 

),( vu  is the graph edge G ; 
),( vuw is a weighting coefficient of some edge

 
),( vu ; 

K  is an arbitrarily selected subset of vertices of the 
model graph G ; 

 KG
 
is an MST, which is created on an arbitrarily 

selected subset of vertices of the model graph G ; 

E  is a set of edges that make up the required graph 

 KG ; 

W is a total weight of the constructed tree; 

ijw  is a weight of the TC between the corresponding 

vertices of the model graph G ; 

iv  is a vertex of the model graph G ; 

n is a number of graph vertices. 
 

INTRODUCTION 
Objects with a distributed structure, so-called network 

objects, have long ago and forever entered the life of 
mankind. Such facilities include transport networks (road, 
rail, water transport, air transport); data transmission 
networks; power grids, water supply networks, gas supply 
networks and others. A distinctive feature of such objects 
is the presence in their composition of nodal elements 
(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. 

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 ),( EVG  , 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 Evu ),( , its weight is known 

),( vuw . In the plural V  the vertices of the initial graph 

are an arbitrarily selected subset of vertices K , so that 
VK  , VK  . Vertices that make up a subset K , will 

be called basic. The task is to create МST 
 EEKG K  ,][ , connecting a selected subset of base 

vertices K , namely:  
 

min),()(
),(

 
Evu

vuwEw ,               (1) 

 
under the conditions: 
 

yxKyx  TC, ,                 (2) 

 
where  yx, – an arbitrary pair of vertices from the 

set K ; yx TC
 – transitive closure between an 

arbitrary pair of vertices  yx, . 

 
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 МST  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  KG , by checking at 

each step whether the tree being built has connectivity 
between all vertices Kvi  . 

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(n2). 

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 ))log(( EEO , 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  KG , may give some error in the final 

result, because in the structure of the initial graph G  
spanning trees may exist  KG

 
with less weight. The fact 

is that at each step of these methods, vertices are needed 
for transitive linking Kvi  , 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, 

but through which the optimal (by the minimum weight 
criterion) transitive closure of the vertices is carried out 

Kvi  .  

For example, there is some communication network 
modeled by an undirected weighted graph G , Fig. 1, а. 

Minimal spanning tree  6,5,4,1G , built according to the 

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

 
 
At the same time, the total weight of five edges 

 21,vv ,  42,vv ,  31,vv ,  53,vv ,  63,vv , which are 

part of the spanning tree  6,5,4,1G , is equal to 

   

18
6,5,4,1,

 
Gji

ijwW . 

But it can be seen that in fact MST  6,5,4,1G   consists 

of four edges  21,vv ,  42,vv ,  52,vv ,  65,vv . 

11 
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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  6,5,4,1G  of the initial undirected 

graph G , built according to Kruskal’s method 
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Herewith 
   

16
6,5,4,1,

 
Gji

ijwW , see Fig. 2. The absolute 

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

 
Figure 2 – A minimal spanning tree

  6,5,4,1G   

of the initial undirected graph G  
 
Considering the above, we will formulate and prove the 

following theorem. 
Theorem. Let  EVG ,  be an arbitrary weighted 

undirected graph. Minimal spanning tree
    EKG K  ,  

on a subset of selected vertices Kvi   of the graph G , 

where VK  , can be created by adding a subset to the 

composition K  of some vertex Kvi  , if the optimal (of 

minimal weight) transitive closure (TC) of some vertices 
is carried out through it Kvi  . 

Proof: It is obvious that is a minimal spanning tree on 
a subset of vertices K , in case 2K  is a shortest path 

connecting these two vertices. If 2K  , there can be 

several such paths. Thus, to obtain the connectivity of 
some vertices s , d , t  to the structure of the required 

 tdsG ,,  can be added 

 1,ds ,  21,dd ,...,  nn dd ,1 ,  ddn ,  and 

 1,ts ,  21,tt ,...,  nn tt ,1 ,  ttn ,  edge. Suppose that in the 

structure of the initial graph G  some vertices is present 
Ktn   and edge  dtn,  for which the following condition 

is true: 
1,, dsdt ww

n
 , 

21,, dddt ww
n

 ,..., dddt nn
ww ,,   

and dtn
w , (

1,dsw +...+
nn ddw ,1

+ ddn
w , ). So, 

considering the edge  dtn,  it is possible to reduce the 

total weight of the required spanning tree  tdsG ,, .  

Therefore, the adjacent edges whose weight 
coefficients are in parentheses can increase the total 
weight of  tdsG ,, . Thus, the problem should be solved 

taking into account the possible addition to the structure 
of the required tree  KG   of additional vertices Kvi  , 

the total weight of the transitive closure through which 

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 Kvi  , can be reduced through some vertices 

Kvi  , starting from 3K . 

Let’s explain the mentioned consequence graphically. 
For example, there are two connected networks with 
lengths L1 and L2, see Fig. 3. 

 

 
 
 

 
 
 

 
 

Figure 3 – Geometric comparison of the total weight of TC in 

networks with 3K  and different organization of the  

structure: 
a – without using an additional vertices – a linear substructure. 

b – using an additional vertices ( 4v ) – a radial substructure. 

c – 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, c is determined as follows: 

c

a 2/
30Cos 0  

3

a
c  . Thus, in an equilateral 

triangle (or close to it), the inequality 21 LL   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 

Kvi   in their various combinations (sets) due to the 

addition of some vertices Kvi   (see Fig. 3, b). If such a 

possibility exists, we will speak of the existence of a local 
minimum, which is ensured by this Kvi  . Vertices 

Kvi  , 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 Kvi  are used to-

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

 
 

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 Kvi  , through which such substructures are 

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 

Kvi  , 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, c) you need to find out 
which of the vertices Kvi   (in this case 1v  or 2v ) will 

ensure a lower weight of the TC of the base vertices 
Kvi  . In the case of the third degree of use of base 

vertices, competition between vertices Kvi   occurs on 

several parallel radial substructures that connect some 
triplet of base vertices Kvi  , see Fig. 4, c. The result of 

such competition is the selection of a single vertex 
Kvi  , 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 Kvi   are the roots of adjacent radial 

substructures that connect different sets of basic vertices 
triples Kvi  . In this case, the result of competition 

between the corresponding vertices Kvi   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 1v ). Both in the first and in the second cases, the 

vertices Kvi  , 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 GS . According to 

the matrix GS  creating a matrix of the shortest paths GR  
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 Kvi   according to the GR  to find the 

weight of the TC with three base vertices Kvi  , for which 

the condition min
1




n

j
ijw

 

is valid. 

The result of the operation: the column indices 
(vertices Kvi  ) are idx1, idx2, idx3; the total weight of 

the TC connecting the given trio of base vertices Kvi   

min 

min 

a  

b  

1 

min 

2 

min 

min 

G 

d  

c  

min 
1 2 

Figure 4 – Degree of compatible use by radial substruc-
tures of base vertices Kvi   (such vertices are marked in 

solid red): 
a – first; b – second; c – third; d – null (no compatible use 

of base vertices)  
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with Kvi  , that is analyzed is   


Kvvv
Kv

idxidxidx

i
w 321 ,, . To 

save the results of the operation.  
Step 3. For each Kvi   by the column index sets 

defined in step 2 (idx1, idx2, idx3) according to the matrix 

GR  to find the weight of the corresponding vertices. The 

result of the operation: the weight of the TC connecting 
the base vertices Kvi   with three base vertices Kvi   

with numbers idx1, idx2, idx3 is   


Kvvv
Kv

idxidxidx

i
w 321 ,, . 

To save the results of the operation. 
Step 4. To remove vertices Kvi   for which the 

condition is valid:  
 

 

    niww Kvvv
Kv

Kvvv
Kv

idxidxidx

i

idxidxidx

i
,1,321321 ,,,,   




 , (3) 

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

Step 5. To carry out a pairwise check of the vertices 
Kvi   remaining after the previous steps for the degree 

of compatible use by the radial substructures of the base 
vertices Kvi  : 

а) 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 Kvi   through 

which the minimum TC of the corresponding trio of base 
vertices is ensured Kvi  . 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 GS 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  EEKG K  ,][  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 
МST  6,5,4,1G  is to be found.  

Step 1. A calculated matrix of shortest paths GR  

between all pairs of graph vertices has the following 
form: 

 
 
 
 
 
 
 

 
 

 

(4) 

 

 
In expression (4), vertices Kvi   are marked in red.  

Step 2. For each Kvi   we define 
  
 min321 ,, Kvvv

Kv
idxidxidx

i
w . For the vertex Kv 2  it 

is   10541

2

,, vvv
vw . For the vertex Kv 3  it is 

  13651

3

,, vvv
vw . For the vertex Kv 7  it 

is    32641

7

,, vvv
vw . 

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

 
Table 1 – The weight of TC of the basic vertices Kvi   

with 

triples of base vertices Kvi  ,  having the indices defined in 

step 2 of the method 

Kvi    
541 ,, vvv

Kvi
w    

651 ,, vvv
Kvi

w    
641 ,, vvv

Kvi
w  

1 2 3 4 

1v  13 17 14 

4v  12 22 15 

5v  15 14 21 

6v
 

25 15 25 

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

received sums of weights   10541

2

,, vvv
vw , 

  13651

3

,, vvv
vw ,

 

   32641

7

,, vvv
vw

 
with sums of weights 

on the corresponding indices for Kvi , which are 

presented in Table 1. The inequality is valid only for the 

vertex 7v , since    32641

7

,, vvv
vw

 
is greater than any 

value in column 4, see Table 1. So, the vertex 7v  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 GS .     

Step 5. Let us perform a pairwise check of the vertices 
Kvi   remaining after the previous steps for the degree 

of compatible use by the corresponding radial 
substructures of the base vertices Kvi  . Such vertices 

are 2v  and 3v  for which respectively   10541

2

,, vvv
vw

 

.

011158161013

1106105119

15607458

81070925

16549074

101152703

13985430

7

6

5

4

3

2

1

7654321

v

v

v

v

v

v

v

vvvvvvv

RG 

 

193



p-ISSN 1607-3274   Радіоелектроніка, інформатика, управління. 2024. № 1 
e-ISSN 2313-688X  Radio Electronics, Computer Science, Control. 2024. № 1 

 
 

© Batsamut V. M., Hodlevskyi S. O., Babkov Yu. P., Morkvin D. A.,  2024 
DOI 10.15588/1607-3274-2024-1-17  
 

and   13651

3

,, vvv
vw . As we can see, the radial 

substructures, the roots of which are these vertices, jointly 
use the base vertices 1v  and 5v . Therefore, we got the 

second degree of joint use of basic vertices by radial 
substructures Kvi   (match by two indices). Since the 

weight of the transitive closure over the vertex 3v  is 

greater than through the vertex 2v  (13>10), the vertex 3v  
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 GS .  

Step 6. On the modeling graph G modified in this way 
(Fig. 5) using the Kruskal method, we will create the 
MST  6,5,4,1G  . 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 2v  , 3v , 7v , not included in the set K . During 

the verification, it was found that the vertex of 7v  does 

not provide a minimum TC between the specified three 
base vertices Kvi  . 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 2v  and 

3v 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 Kvi  . This fact 

led to the need to compare the vertices 2v , 3v , and 

choose the one that provides the local minimum of TC. 
This vertex appeared to be the vertex 2v . Consequently, 

vertex 3v  was also removed from the original graph G  

structure. 
Therefore, the internal tools of the proposed method 

allow testing the structure for the presence of local 

minima in the TC of the base vertices Kvi   through the 

vertices Kvi  , and modifying the structure of the initial 

graph G  to further find MST  KG  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 Kvi  , 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 ( GR ) 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 Kvi  , 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 

Kvi   that provide this minimum. On the other hand, 

those vertices Kvi  , 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 

 KG . 

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 ( 30n ). 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 ))log(( 3 EEnO  . 

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  KG
 

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 Kvi  , through some vertices Kvi  , starting 

from 3K ; 

2) in the proposed approach to vertices selection 
Kvi . The essence of the approach is to compare the 

weights of transitive closures of different radial 
substructures whose roots are vertices Kvi  , combining 

different sets of three basic vertices Kvi  ; 

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 Kvi   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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AНОТАЦІЯ 
Актуальність. Актуальність статті обумовлюється потребою у подальшому розвитку моделей оптимального 

відновлення зв’язності мережних об’єктів, що зазнали фрагментації внаслідок надзвичайних ситуацій різного характеру 
походження. Запропонований у статті метод усуває проблемну ситуацію, що полягає у необхідності мінімізації обсягу 
відновлювальних робіт (загальних фінансових витрат) при оперативному відновленні зв’язності обраної підмножини 
елементів мережевого об’єкту після його фрагментації. 

Мета роботи полягає у розробленні методу побудови мінімального кістякового дерева на довільній підмножині вершин 
зваженого неорієнтованого графу для мінімізації обсягу відновлювальних робіт і/або загальних фінансових витрат при 
оперативному відновленні зв’язності елементів, які мають вищий рівень важливості в структурі фрагментованого 
мережного об’єкту.   

Метод. Розроблений метод заснований на ідеї пошуку в структурі модельного неорієнтованого графа локальних 
мінімумів з використанням вершин графу, що не входять до переліку базових вершин, які потрібно об’єднати мінімальним 
кістяковим деревом. Під час пошуку локальних мінімумів використовується поняття рівностороннього трикутника та 
радіальної структури в такому трикутнику. При цьому розрізняються чотири типи підструктур, які забезпечують  локальні 
мінімуми: перші, ті що мають одну спільну базову вершину; другі, ті що мають дві спільні базові вершини; треті, ті що 
мають три спільні базові вершини; четверті, ті що не мають спільних базових вершин – знаходяться в різних частинах 
модельного графа. Ті вершини, що не входять до переліку базових, але через які забезпечуються локальні мінімуми, 
додаються до складу базових. Інші вершини (небазові) разом з інцидентними їм ребрами видаляються з структури 
модельного графа. Далі, на отриманій таким чином структурі, одним із відомих методів побудови кістякових дерев, 
будується мінімальне кістякове дерево, яке поєднує набір базових вершин.    

Результати. 1) Розроблено метод побудови мінімального кістякового дерева на довільній підмножині вершин зваженого 
неорієнтованого графа. 2) Запропонована сукупність критеріїв для визначення локальних мінімумів в структурі модельного 
графа. 3) Виконано верифікацію методу на тестових задачах. 

Висновки. Проведені теоретичні дослідження та низка експериментів підтверджують працездатність розробленого 
методу. Рішення, що виробляються із використанням розробленого методу, є точними, що дозволяє рекомендувати його до 
практичного використання при визначенні стратегій відновлення зв’язності фрагментованих мережевих об’єктів. 

КЛЮЧОВІ СЛОВА: мережевий об’єкт, зважений неорієнтований граф, зв’язність, транзитивне замкнення, мінімальне 
кістякове дерево, локальний оптимум, критерій оптимізації, метод. 
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АНОТАЦІЯ 
Актуальність. Цифрова обробка сигналів використовується в багатьох сферах науки, техніки та діяльності людини. Од-

ним із шляхів реалізації алгоритмів цифрової обробки сигналів є розробка співпроцесорів, як складової частини відомих 
архітектур. У випадку розробки конвеєрного пристрою такий підхід дозволить використовувати програмні та апаратні засо-
би відповідної архітектури, забезпечити швидше виконання алгоритмів обробки сигналів, скоротити кількість тактів та кі-
лькість звернень до пам’яті. 

Мета роботи – проектування та дослідження характеристик конвеєрного процесора архітектури RISC-V з співпроцесо-
ром цифрової обробки сигналів, що виконує швидке перетворення Фур’є. 

Метод. Аналіз технічної літератури та існуючих рішень дозволяє оцінити переваги і недоліки сучасних розробок та на 
основі них сформувати актуальність обраної теми. Побудова моделей і дані симуляцій дозволяють перевірити працездат-
ність моделі, знайти слабкі ланки компонентів та поліпшити параметри моделі. 

Результати. Спроектовано конвеєрний процесор архітектури RISC-V, який виконує базовий набір інструкцій. Проаналі-
зовано час виконання простої асемблерної програми на конвеєрному та однотактному процесорах. Згідно результатів, тес-
това програма на конвеєрному процесорі виконується за 29 тактів, тоді як на однотактному – за 60 тактів. Розроблено струк-
туру співпроцесора виконання алгоритму швидкого перетворення Фур’є та набір процесорних інструкцій, які дозволяють 
працювати із співпроцесором. Кількість тактів виконання співпроцесором алгоритму швидкого перетворення Фур’є за ос-
новою два для 512 точок складає 2358 тактів, а для 1024 точок – 5180 тактів. 

Висновки. Проведені дослідження та розрахунки показали, що використання розробленого апаратного співпроцесора 
зменшує час виконання алгоритму ШПФ та навантаження на процесор під час обчислень. 

КЛЮЧОВІ СЛОВА: RISC-V, процесор, цифрова обробка сигналів, швидке перетворення Фур’є, конвеєр, співпроцесор, 
FPGA. 

 
АБРЕВІАТУРИ 

ЦОС – цифрова обробка сигналів; 
ШПФ – швидке перетворення Фур’є; 
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. 

 
НОМЕНКЛАТУРА 

CPUe – час виконання алгоритму; 
CPUp  – кількість тактів, необхідних для виконання 

алгоритму; 
CPUt – тривалість одного такту в секундах; 

CPIa – середня кількість тактів для виконання ал-
горитму; 

IС – кількість інструкцій для виконання алгорит-
му; 

M – мільйон операцій за секунду; 
X(k) – вектор частотної складової сигналу; 
x(2n) – вектор дискретних значень (парні індекси 

елементів); 
x(2n+1)  – вектор дискретних значень (непарні ін-

декси елементів); 

NW  – повертаючий множник; 

fn  – частота сигналу за номером ; 
fS  – частота дискретизації; 
N – кількість точок алгоритму ШПФ; 
P – кількість тактів для виконання алгоритму 

ШПФ; 
L – кількість стадій конвеєру; 
K – кількість точок, яку опрацьовує метелик; 
Q – кількість метеликів. 

 
ВСТУП 

При побудові сучасних комп’ютерних систем та 
окремих пристроїв розробники орієнтуються на вико-
ристання відкритих обчислювальних стандартів архі-
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тектур, наприклад, x86–x64, ARM, SPARC. RISC-V є 
однією з таких відкритих і доступних стандартів архі-
тектур з простим та модульним набором ко-
манд (ISA). ISA описує роботу ядра процесора, кіль-
кість регістрів, кожну інструкцію машинного рівня та 
її байт-код. 

Доступна та постійно розширювана архітектура 
дає можливість інженерам проводити різного роду 
дослідження, демонструвати неперевершені результа-
ти в продуктивності та енергоефективності, а також 
робити конкуренцію, як комерційним виробникам, так 
і іншим інженерам. 

Алгоритми цифрової обробки використовуються у 
багатьох сферах: наука, медицина, інженерія, вироб-
ництво, телекомунікації тощо. У залежності від ви-
мог, обчислення алгоритмів ЦОС може виконуватися 
безпосередньо процесором, окремим спеціалізованим 
вузлом чи на базі апаратного співпроцесора, впрова-
дженого у структуру основного процесора. Останній 
підхід суттєво зменшує вимоги до параметрів основ-
ного процесора. 

Одним з найважливіших алгоритмів ЦОС є швид-
ке перетворення Фур’є (ШПФ). ШПФ – це алгоритм 
прискореного обчислення дискретного перетворення 
Фур’є, що зменшує об’єм обчислень з O(n2) до 
O(nlog2(n)). Складність алгоритму говорить про те, що 
для виконання прямого або оберненого перетворення 
необхідно n2 комплексних операцій додавання та мно-
ження для класичного алгоритму, а для ШПФ – 
nlog2(n). Під час виконання алгоритму безпосередньо 
процесором необхідно постійно записувати/читати в/з 
комірки пам’яті, час доступу до якої в кілька разів 
більший за час тактового сигналу процесора. Крім 
того, як до складу універсальних процесорів, так і у 
процесори ЦОС, не входить  повноцінний співпроце-
сор для виконання алгоритму ШПФ. 

Тому, є актуальною розробка структури співпро-
цесора ШПФ та впровадження його у ядро RISC-V 
архітектури.  

Об’єкт дослідження – конвеєрний процесор архі-
тектури RISC-V з співпроцесором цифрової обробки 
сигналів. 

Предмет дослідження – методи та засоби проек-
тування процесора архітектури RISC-V з модулем 
ШПФ та дослідження його характеристик. 

Мета роботи – проектування та дослідження ха-
рактеристик конвеєрного процесора архітектури 
RISC-V з співпроцесором цифрової обробки сигналів, 
що виконує швидке перетворення Фурʼє. 

 
1 ПОСТАНОВКА ЗАДАЧІ 

Для забезпечення функціонування процесора не-
обхідно: 

– розробити модель одноядерного конвеєрного 
процесора; 

– розробити модель співпроцесора ШПФ; 
– розробити набір інструкцій, які дозволяють про-

цесору керувати співпроцесором; 

– перевірити роботу розроблених моделей, вико-
ристовуючи мікросхеми FPGA. 

Процесор повинен відповідати таким вимогам: ча-
стота роботи – не більше 250 МГц, CPI – не більше 2; 
MIPS при частоті 250 МГц – не менше 200. 

Співпроцесор ШПФ повинен відповідати таким 
вимогам: частота роботи модуля – не більше 250 МГц, 
кількість точок ШПФ – 512/1024. 

Оскільки дані вимоги пов’язані із часовими пара-
метрами, розглянемо основні з них. Вираз (1) пов’язує 
найпростіші показники з часом виконання алгоритму 
(кількість тактів та довжина тактового сигналу): 

 
.tpe CPUCPUCPU   (1)

 
Вираз (1) не включає жодних посилань на кіль-

кість інструкцій, необхідних для алгоритму; показує, 
що покращити продуктивність можна шляхом змен-
шення кількості тактових сигналів, необхідних для 
виконання алгоритму, або скороченням довжини так-
тового сигналу [1]. 

Вираз (2) враховує параметр кількості інструкцій, 
необхідних для виконання алгоритму: 

 

ae CPIICCPU    (2)
 
Для одноядерного однотактного процесора архіте-

ктури RISC-V показник CPI складає 4–5, тоді як для 
конвеєрного – 1–1.5. 

Формула (3) вираховує показник MIPS (M), визна-
чає продуктивність, обернену до часу виконання: 

 

.
106


eCPU

IC
M  (3)

 
При розробці інтегральної схеми на FPGA, в да-

ному випадку для RISC-V ядра та співпроцесора 
ШПФ, використовують термін – рівень логіки. Рівень 
логіки означає кількість послідовних логічних елеме-
нтів між початковим (вхідним) вузлом та кінцевим 
(вихідним). Даний параметр є важливим при проекту-
ванні, оскільки від нього залежить частота роботи 
модуля та енергетичні витрати при його роботі. 

 
2 ОГЛЯД ЛІТЕРАТУРИ 

На базі RISC-V архітектури розроблений ряд про-
цесорів і мікропроцесорів, ІР-ядер. Найближчі за за-
дачами та функціями до розроблюваного процесора 
наведені нижче. 

Проект NEORV32 розрахований для мікросхем 
програмованої логіки. Містить дві стадії конвеєру, 
кеш пам’ять для інструкцій та даних, два привілейо-
вані режими ядра, 32 входи переривань, периферія: 
UART, SPI, DMA, CRC і т.д. Мова програмування – 
VHDL [2]. Максимальна частота процесора – не біль-
ше 150 МГц. Це, по-перше, зв’язано з тим, що проце-
сор містить довгі ланцюги логічних елементів на ста-
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дії виконання, які приводять до відчутних часових 
затримок. По-друге, цифрові компоненти процесора, 
як: АЛП, модуль керування, модуль генерації конс-
тант, модуль вирішення конфліктних ситуацій, вико-
ристовують вбудовані функції мови VHDL. З однієї 
сторони компілятор намагається побудувати операції 
множення, ділення, зсуви та ін. на базових комбіна-
ційних елементах LUT (які мають значні транспортні 
затримки). З іншої сторони – алгоритм, що написаний 
операторами, умовними та циклічними блоками мови 
VHDL, не є оптимізований при оптимально налашто-
ваних параметрах. 

The Potato – це проект процесора RISC-V архітек-
тури, який підтримує базовий набір інструкцій та роз-
роблений на мові VHDL. Процесор підтримує один 
привілейований рівень, апаратний таймер, вісім неза-
лежних сигналів переривань, Wishbone шину та кеш 
пам’ять інструкцій та даних. Ядро містить п’ять ста-
дій конвеєру. Проект можна застосовувати на різних 
типах мікросхем програмованої логіки, але робоча 
частота такого процесора буде не більшою за 
150 МГц [3]. 

При обчисленні алгоритму ШПФ, програми вико-
ристовують принцип SIMD, а саме в архітектурі Intel 
це розширення SSE та AVX, в ARM – SVE. Дані роз-
ширення застосовуються при обчисленні арифметич-
них операцій над чотирма-вісьмома числами рухомої 
коми одинарної точності. Проте програмні забезпе-
чення з даними розширеннями мають обмеження, 
оскільки обчислення ШПФ проводиться над комплек-
сними числами, а кількість комплексних чисел, яку 
можна обробити однією інструкцією, становить два-
чотири відповідно до обраного розширення. 

Під час виконання алгоритму ШПФ, процесор зве-
ртається до пам’яті, в якій містяться дані та таблиця 
повертаючих множників. Якщо процесор не містить 
кеш пам’яті, час читання даних із зовнішньої пам’яті 
складає 7–20 нс [4]. При роботі процесора з кеш 
пам’яттю час читання даних складає від 1 до 4 нс [5]. 

У портативних системах, де переважно використо-
вуються дешеві ARM Cortex-M ядра порівняно з Cor-
tex-A, використовують ШПФ для стиснення та деко-
дування аудіо сигналу формату MP3, спектрального 
аналізу сигналу в осцилографах та ін. Такі ядра не 
мають SIMD розширення для чисел з рухомою комою 
та виконують алгоритм ШПФ безпосередньо ядром, а 
час виконання залежить від робочої частоти ядра, об-
раного формату даних та кількості даних. В дослі-
дженнях [6–7] наведено швидкодію програмної реалі-
зації алгоритму на ядрах Cortex-M4 та Cortex-M7. Час 
виконання алгоритму ШПФ для кількості точок 
512/1024 з числами з рухомою комою одинарної точ-
ності для ядра Cortex-M4 при частоті 180 МГц стано-
вить 547 мкс, кількість тактів – 98624, тоді як для Cor-
tex-M7 при частоті 216 МГц час виконання – 339 мкс, 
кількість тактів – 73292. 

У наведених матеріалах [8–10] будова модуля 
ШПФ подібна за структурою: пам’ять, де зберігається 
ціла та уявна частина комплексних чисел; таблиця 

повертаючих множників; схема метелика за основою 
два та контролюючий модуль. Робоча частота модуля 
– не більше 100 МГц. Модуль [9] максимально опра-
цьовує 256 точок на одному метелику за основою два, 
що не є достатнім для більшості прикладних задач. 

Проект модуля Radix-2 FFT [11] представляє реа-
лізацію 16-ти точкового ШПФ, написаний на мові 
VHDL. На вхід даного модуля подаються 32 сигнали у 
форматі IEEE-754, які формують 16 комплексних зна-
чень. Модуль виконує обчислення за один такт. Скла-
дність такої схеми полягає у великих обчислювальних 
ресурсах: для модуля необхідно 64 комплексних по-
множувачів, 128 комплексних суматорів. 

TMS320VC5505/TMS320C5505/TMS320C5515 – це 
процесори ЦОС, які містять вбудований співпроцесор 
для ШПФ (HWAFFT). Дані процесори побудовані на 
ядрі C55x, RISC архітектури, із розрядністю даних 
16 бітів. Показник MIPS складає 800 мільйонів опера-
цій за секунду при частоті 400 МГц [12]. 

Співпроцесор HWAFFT складається з одного ме-
телика за основою два, який виконує алгоритм прорі-
дження за часом. Апаратний модуль підтримує дво-
етапний режим, в якому два яруси ШПФ обчислю-
ються за один прохід. У даному режимі, керуючий 
модуль направляє результати обчислень з першого 
етапу на вхід метелика для обчислення другого етапу. 
Це забезпечує прискорення обчислень для великої 
кількості точок. На вхід модуля надходять 16-ти роз-
рядні числа, формат числа – фіксована крапка. Апара-
тна частина співпроцесора HWAFFT містить дві стадії 
конвеєру. Комплексне множення з повертаючим мно-
жником виконується на першій стадії конвеєра, а 
комплексне додавання та віднімання – на другій. Ре-
зультати отримуються через кілька тактів із моменту 
надходження вхідних даних: п’ять тактів затримки 
для одноетапного режиму, дев’ять тактів для двоетап-
ного режиму. 

Інтерфейс між процесором та співпроцесором реа-
лізований через набір інструкцій, які дозволяють ви-
конувати операції ініціалізації, завантаження/ читання 
результату та виконання самого алгоритму. Вхідні 
дані повинні надходити у біт-реверсивному порядку. 

Процесор виконує перетворення 512 точок за 
3740 тактів, а 1024 – за 7315 тактів [13]. 

 
3 МАТЕРІАЛИ ТА МЕТОДИ 

Для покращення продуктивності процесора необ-
хідно зменшити кількість тактів на виконання про-
грами або скоротити довжину тактового сигналу. 
Конвеєрний підхід проектування процесора дозволяє 
зменшити кількість тактів на виконання алгоритму. 

Розробники RISC-V архітектури пропонують роз-
роблювати конвеєрний процесор, який складається з 5 
стадій: Fetch (читання інструкції з пам’яті програм), 
Decode (декодування зчитаної інструкції), Execute 
(виконання декодованої інструкції), Memory (читан-
ня/запис даних з пам’яті даних), WriteBack (запис ре-
зультату в регістр) [1]. 
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При роботі процесорів із конвеєрною архітекту-
рою виникають конфліктні ситуації, які призводять до 
неможливості виконання чергових інструкцій. Налі-
чують три класи конфліктів: конфлікт між даними, 
конфлікт керування, структурний конфлікт. 

Конфлікт між даними виникає, коли для виконан-
ня інструкції, необхідні дані від попередньо отрима-
ного результату. Існує два методи усунення конфлік-
ту: 

– вставлення NOP операції в конвеєр. При цьому 
збільшується час виконання інструкції; 

– використання методів пересилання. Пересилання 
відбувається зі стадій Memory та WriteBack до стадії 
Execute. 

Конфлікт керування виникає, коли процесор вико-
нує команду переходу, а інструкція, яка йде після неї, 
– залишається в конвеєрі. Щоб вирішити даний конф-
лікт, необхідно передати NOP операцію зі стадії Fetch 
до стадії Decode коли виконується перехід. 

Структурний конфлікт виникає у суперскалярних 
та багатотактових процесорах, коли інструкції вико-
ристовують один і той же апаратний ресурс (пам’ять) 
в однаковий момент часу. Єдиний спосіб уникнути 
такого конфлікту – виконати NOP операцію та дати 
можливість конвеєру, з яким виникає конфлікт, заве-
ршити свою роботу. 

Згідно рекомендацій [1] розробників RISC-V архі-
тектури розроблено функціональну схему конвеєрно-
го процесора (рис. 1). Згідно схеми, конвеєр склада-
ється з п’яти стадій та містить наступні компоненти: 
програмний лічильник (PC), пам’ять інструкцій 
(SRAM), модуль керування (Control Unit), регістрова 
пам’ять для цілих чисел (GPRs), регістрова пам’ять 
для дійсних чисел (FGPRs), модуль генерації констант 
(IMM.GEN), модуль усунення конфліктів при роботі з 
пам’яттю (Hazard Detection Unit), АЛП виконання 
базових команд (ALU), АЛП для команд множен-
ня/ділення (M Extension), АЛП дійсних чисел (FPU), 
модуль керування АЛП (ALU Control Unit), блок ви-
конання порівняння (Branch Unit), модуль пересилан-
ня даних (Forwarding Unit ALU), пам’ять даних 
(DRAM). Процесор виконує 37 базових інструкцій та 
вісім інструкцій множення/ділення. 

При виконанні алгоритмів ШПФ використовують 
алгоритми прорідження за частотою та прорідження 
за часом. Для розкладу дискретних даних в спектра-
льний ряд за алгоритмом ШПФ за основою два, вико-
ристовується наступний вираз [14–15]: 
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Рисунок 1 – Функціональна схема конвеєрного RISC-V ядра 
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Складність обох алгоритмів однакова, але є різни-
ця у порядку вхідних та вихідних даних. Для алгори-
тму прорідження за часом вхідні дані розміщені в біт-
реверсивному порядку, а вихідні – в прямому. Зворо-
тній підхід використаний і для прорідження за часто-
тою. 

Основним елементом ШПФ є метелик (рис. 2). На 
рисунку 2 наведено схеми метелика за основою два, 
які містять дві операції додавання та одну операцію 
множення комплексних змінних. Стрілка на рисун-
ку 2а означає множення повертаючого множника на 
різницю двох комплексних величин, а на рисунку 2б – 

множення повертаючого множника на комплексну 
величину b. 

Результатом виконання ШПФ є вектор обчислених 
даних, який містить номери частот з яких утворена 
функція. Щоб знайти частоту, маючи номер частоти, 
використовують наступний вираз: 
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Рисунок 2 – Схема метелика ШПФ: 
a – з прорідженням за частотою, б – з прорідженням за часом 

 
У рамках дослідження схеми модуля [10], автора-

ми даної статті проведено аналіз, зроблено висновки 
стосовно його працездатності та визначено компонен-
ти, які можна покращити, що в результаті дозволить 
пришвидшити процес обчислень. 

Модуль [10] складається з пристрою генерації ад-
рес AGU (Address Generation Unit); таблиці повертаю-
чих множників Twiddle factor ROM; одного метелика 
за основою два; двох модулів пам’яті для зберігання 
дійсної та уявної частини комплексних змінних; 
з’єднаннями, які з’єднують дані компоненти та утво-
рюють працюючий комплекс. 

Пам’ять для комплексних значень та пам’ять для 
констант повертаючих множників має затримку чи-
тання один такт. Модуль AGU контролює генерацію 
адрес для читання/запису вмісту пам’яті в/з метелика. 

Кількість тактів, яка необхідна модулю, щоб вико-
нати операцію на одному метелику і записати резуль-
тат в пам’ять, рівна десяти [10]. На основі вище опи-
саних параметрів наведено загальну кількість тактів 
для виконання алгоритму (табл. 1). 
 
Таблиця 1 – Кількість тактів виконання алгоритму ШПФ на 

однотактному метелику за основою два 
Кількість точок Кількість тактів 

32 160 
512 23040 
1024 51200 
2048 92160 

 
Схема метелика виконує алгоритм з частотним 

прорідженням, що не є повним функціоналом, оскіль-
ки можуть виникнути випадки, в яких необхідно саме 
алгоритм прорідження за часом. 

Для перевірки працездатності модуля за описаним 
принципом [8–10] побудовано математичну модель у 
системі MathCAD, яка виконує пряме ШПФ над 
16 точками. Дана модель складається з матриці повер-

таючих множників, матриці перестановки повертаю-
чих множників, матриці перестановки точок, функції 
метелика за основою два та основної функції ШПФ. 
Функція метелика має можливість виконувати алго-
ритм, як за прорідженням за часом, так і за частотою. 

На рисунку 3 наведено схему виконання алгорит-
му прямого та оберненого ШПФ (функція FFT16), де 
позначено: X – вхідні дискретні дані; W – матриця 
повертаючих множників; PermXI – матриця переста-
новки точок; PermW – матриця перестановки повер-
таючих множників; InPerm – ознака порядку вхідних 
даних (біт-реверсивний або прямий); OutPerm – озна-
ка порядку вихідних даних (біт-реверсивний або пря-
мий); Inverse – ознака виконання алгоритму (прорі-
дження за часом або частотою). 

Перший крок функції FFT16 – визначення параме-
трів a (збільшення або зменшення ітерацій) та 
s (ітераційний лічильник) за допомогою вхідного па-
раметру InPerm. Основний алгоритм виконується в 
двох операторах циклу. Перший цикл описує ітерацію 
по чотирьом ярусам, другий – обчислення даних на 
одному метелику. Після завершення обчислень функ-
ція повертає вектор з елементами, розміщеними у біт-
реверсивному порядку при OutPerm рівне одиниці, в 
інакшому випадку – повертає обчислений вектор. 

Результати функції FFT16 порівняно із вбудова-
ною функцією MathCAD – fft, яка приймає один па-
раметр – вектор дискретних даних. Для перевірки ви-
користано функцію синуса з такими параметрами: 
значення амплітуди – 16, частота – 5 Гц, початкова 
фаза – 0 радіан. 

Побудовано амплітудно-частотний графік функції 
синуса (рис. 4). Згідно графіку, номер частоти сигналу 
– один, сама частота сигналу за п’ятим виразом – 
5 Гц. Отже, обчислена частота рівна частоті дискрет-
ного сигналу, що підтверджує правильність обчис-
лень. 
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Процес можна прискорити, використовуючи кон-
веєрний підхід. Модуль ШПФ [10] виконує обчислен-
ня двох комплексних значень на одному метелику за 
десять тактів. Для покращення характеристик автора-
ми даної статті пропонується побудувати шести ста-
дійний конвеєр. Тоді загальна кількість тактів для 
виконання алгоритму за даним принципом рівна: 

 

 .log NL
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З виразу 6 обчислено загальну кількість тактів, не-

обхідну для виконання алгоритму, використовуючи 
один конвеєрний метелик (Q = 1) за основою два 
(K = 2) (табл. 2). 

 
Таблиця 2 – Кількість тактів виконання алгоритму на конве-

єрному метелику 
Кількість точок Кількість тактів 

32 110 
512 2358 
1024 5180 
2048 11330 

На рисунку 5 наведено функціональну схему кон-
веєрного шести стадійного метелика. В метелику ви-
конується обчислення, як за алгоритмом з проріджен-
ня за часом, так і з прорідження за частотою. Згідно 
рисунку 5, X та Y – вхідні дані, W – повертаючий 
множник, Ctrl – ознака нормалізації вихідних даних, 
Mode – ознака виконання алгоритму (прорідження за 
часом або частотою) CLK – тактовий сигнал для  
D-тригеру. 

Функціональна схема співпроцесора ШПФ наве-
дена на рисунку 6. Даний співпроцесор складається з 
модуля керування (Control Unit), модуля генерації 
адреси (Address Generation Unit), пам’яті даних (Data 
Memory), пам’яті повертаючих множників (Exponent 
Memory), метелика ШПФ за основою два (Radix-2). 
Обмін інформацією між процесором та співпроцесо-
ром відбувається за допомогою вхідних та вихідних 
сигналів модуля керування. 

 
 
 

 

 
Рисунок 3 – Схема алгоритму ШПФ 

 
Рисунок 4 – Амплітудно-частотний графік функції синуса 
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Пам’ять повертаючих множників має об’єм 4
2


N
 

байти. 
Для керування модулем ШПФ використовуються 

наступні сигнали: Command – шина команд керування 
модулем; User Data WR – шина вхідних даних; User 
Data RD – шина вихідних даних; User Address – шина 
адреси читання/запису, Enable – сигнал активації мо-
дуля. 

Розроблений співпроцесор з одним метеликом за 
основою два та об’ємом пам’яті 4 кБ є невитратним 
рішенням для покращення процесора. Збільшення 
пам’яті співпроцесора або основи метелика збільшить 
складність апаратної розробки та апаратних модулів. 

Модуль можна модифікувати збільшенням розміру 
пам’яті (Data Memory), що дозволить обробити біль-

ше точок. При збільшені розміру пам’яті модифіку-
ється модуль генерації адрес (Address Generator Unit) 
та керуючий модуль (Control Unit). Для більш оптимі-
зованого рішення варто використовувати пам’ять 
розмірністю 2n, n ∈ N. Кількість точок, яку може об-
робити співпроцесор, обмежена розмірністю пам’яті. 

Введення у схему додаткового метелика за осно-
вою два дозволить зменшити час виконання алгорит-
му. При впровадженні додаткового метелика додаєть-
ся один порт до пам’яті, модифікується модуль гене-
рації адрес (Address Generator Unit) та керуючий мо-
дуль (Control Unit). Кількість метеликів, яку можливо 
встановити у автомат, залежить від кількості портів 
входу/виходу, яку підтримує пам’ять. 

 

 
Рисунок 5 – Функціональна схема конвеєрного метелика 

 

 
Рисунок 6 – Функціональна схема автомату ШПФ 
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На рисунку 7 наведено функціональну схему про-
цесора RISC-V архітектури з впровадженим співпро-
цесором ШПФ. Співпроцесор знаходиться у стадії 
виконання (Execute). На вхід мультиплексора 
під’єднані шина User Data RD разом з іншими АЛП. 
Інформація для шин Command, User Data RW, User 
Address, Enable генерується модулем керування ядра 
процесора (Control Unit) та посилається до входу ста-
нового регістра EX/MEM (рис. 1). 

Формат інструкцій процесора для роботи з моду-
лем ШПФ наведено на рисунку 8. Команди схожі до 
формату R-типу, оскільки працюють із двома регіст-
рами і мають певний ідентифікатор інструкції у полі 
func3 та func7. Створення нового формату інструкцій 
призвело б до часткової модифікації архітектури та її 
ускладнення. 

Введено 11 інструкцій, чотири з яких дозволяють 
зчитувати дані з пам’яті дійсної або уявної частини в 
регістри дійсних або цілих чисел. Наступні чотири 
інструкції дозволяють записувати дані у пам’ять дійс-
ної або уявної частини з регістрів дійсних або цілих 
чисел. Останні три команди дозволяють керувати мо-
дулем, а саме: старт виконання алгоритму (fftstart), 
скидання автомату в початкове значення (fftreset), 
отримання інформації про співпроцесор (fftstatus). 

Читання даних з пам’яті та запис їх процесором у 
співпроцесор ШПФ відбувається один раз для одного 
виконання перетворення Фур’є. Індексація запи-
су/читання даних в/з пам’яті співпроцесора є прямою 
або біт-реверсивною при вказанні параметра інструк-
цією співпроцесора завантаження/читання. 

 
 

 
Рисунок 7 – Функціональна схема конвеєрного процесора RISC-V архітектури з впровадженим модулем ШПФ 

 

 
Рисунок 8 – Формат інструкцій процесора для роботи з модулем ШПФ 
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4 ЕКСПЕРИМЕНТИ 
Модель запропонованого процесора розроблена на 

мікросхемі програмованої логіки Xilinx SPARTAN 6. 
Дана мікросхема має достатній набір програмованих 
логічних елементів (LUT), однопортових та багатопо-
ртових елементів пам’яті (RAMB16BWER), тригерів, 
модулів ЦОС (DSP48A1) та інших вбудованих ком-
понентів [16]. 

Для розробки апаратного забезпечення на мікро-
схемі Xilinx SPARTAN 6 використовується програм-
ний додаток Xilinx ISE Suite, який дозволяє розроб-
лювати логічні схеми різної складності, використову-
ючи дві мови опису апаратури: VHDL та Verilog. Да-
ний програмний додаток дає можливість оцінити 
складність моделі, визначити її максимальну частоту, 
переглянути цифрову схему розробленої моделі та на 
цій основі провести удосконалення моделі. Обрано 
мову опису апаратури – VHDL. 

Для знаходження параметру CPI, ядра RISC-V ар-
хітектури, розроблено програму мовою асемблера для 
архітектури RISC-V, яка виконує чотири арифметичні 
операції та одну операцію переходу. Виконуючи про-
граму, необхідно знайти кількість інструкцій та зага-
льну кількість тактів на її виконання. 

Для знаходження параметру MIPS, ядра RISC-V 
архітектури,  розроблено програму мовою асемблера 
множення двох цілочисельних матриць із розрядністю 
елемента 32 біти. По завершенню виконання програ-
ми протягом однієї секунди, необхідно визначити кі-
лькість інструкцій, які виконалися за даний час. 

Для визначення швидкодії виконання алгоритму 
ШПФ, написано асемблерну програму, яка передає 
дискретні дані синуса амплітудою в 3 одиниці, часто-
тою 44100 Гц, початковою фазою – 0 радіан співпро-
цесору ШПФ та виконує прямий розклад 512/1024 
точок у частотний спектр. По завершенню виконання 
даної програми необхідно визначити кількість тактів 
для виконання модулем алгоритму та виконати порів-
няння із готовими результатами досліджень. 

 
5 РЕЗУЛЬТАТИ 

Дослідження проведені у симуляторі ISim, який є 
частиною додатку Xilinx ISE. В симуляторі налашто-
вано тактову частоту процесора на 250 МГц. Знайдено 
параметр CPI ядра RISC-V та порівняно його з одно-
тактним процесором. Програма на конвеєрному про-
цесорі виконалась за 29 тактів, а на однотактному –
 60. Відповідно CPI конвеєрного процесора – 1.6, а 
однотактного – 4.6. 

Алгоритм множення двох матриць розмірами 
10 на 10 виконано за час 14.224 мкс з виконаною кіль-
кістю інструкцій – 3456. Знайдено параметр MIPS 
конвеєрного процесора – 242, тобто 242 мільйонів 
інструкцій за секунду. 

Схема метелика використовує вбудований апарат-
ний модуль DSP на якому створено 64-х бітний по-
множувач [17]. 

Знайдено кількість тактів, необхідну для виконан-
ня алгоритму ШПФ для 512 та 1024 точок (діагра-

ма 3). Для 512 точок модулю необхідно 2358 тактів, а 
час виконання при частоті 250 МГц – 9.4 мкс. Для 
1024 точок кількість тактів складає 5180, а час вико-
нання – 20.7 мкс. 

На діаграмі 1 зображено порівняльну характерис-
тику часу виконання ШПФ для 1024 точок для розро-
бленого співпроцесора ШПФ та існуючих рішень. 
Розроблений співпроцесор виконує алгоритм ШПФ за 
основою два при тактовій частоті  роботи 250 МГц у 
п’ять разів повільніше у порівнянні з модулем [18] 
при частоті 550 МГц; модуль [10] при частоті 50 МГц 
виконує ШПФ за 100 мкс, тоді як розроблений спів-
процесор – за 20.7 мкс при тактовій частоті роботи 
250 МГц.  

На діаграмі 2 наведено порівняльну характеристи-
ку часу виконання алгоритму ШПФ спроектованим 
співпроцесором (Proposed decision) та іншими рішен-
нями (Existing decision) при частотах 50 МГц і 
550 МГц. Кількість точок для алгоритму ШПФ – 1024. 
Згідно діаграми, співпроцесор виконує алгоритм на 
2 мкс повільніше у порівнянні з модулем [18] при так-
товій частоті  роботи 50 МГц та на 0.9 мкс повільніше 
за модуль [18] при частоті 550 МГц. 
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Діаграма 1 – Порівняльна характеристика часу виконання 

(мкс) ШПФ для 1024 точок 
 

 
Діаграма 2 – Порівняльна характеристика часу виконання 

(мкс) алгоритму ШПФ співпроцесором  
 

У таблиці 3 наведено дані використаних ресурсів 
мікросхеми Xilinx SPARTAN 6. 
 

Таблиця 3 – Використані ресурси системи 
LUT DSP48A1 RAMB16BWER DFF 

7232 з 9112 24 з 32 6 з 32 9872 з 18224 

 
6 ОБГОВОРЕННЯ 

Аналізуючи результати досліджень, що проводи-
лися для мікросхеми програмованої логіки, запропо-
нований метод з апаратним співпроцесором ЦОС де-
монструє прискорення в обчисленнях алгоритму 
ШПФ у порівнянні з програмними реалізаціями для 
ядер ARM Cortex-M4 та ARM Cortex-M7 [6–7]. 
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Час виконання запропонованого методу дещо по-
ступається існуючим апаратним рішенням [8–10] із-за 
складності апаратних модулів, які складаються з дов-
гих ланцюгів LUT елементів, апаратних вбудований 
модулів DSP, що збільшують час виконання інструк-
цій розширення. 

Основною перевагою запропонованого методу є 
його модульність, що дозволяє збільшувати кількість 
метеликів, змінювати основу метелика, збільшувати 
кількість точок для опрацювання для зменшення часу 
виконання без модифікації структури. Варто зазначи-
ти, що даний співпроцесор працює з числами з рухо-
мою комою одинарної точності, які забезпечують то-
чність обчислень.  

Таким чином, удосконалено процесор RISC-V ар-
хітектури, впровадженням співпроцесора ШПФ, без 
модифікації самої архітектури. 

 
ВИСНОВКИ 

Розглянуто відкриту архітектуру набору команд 
RISC-V, що дозволяє освітнім, науково-дослідним та 
промисловим організаціям працювати над розробками 
на основі даних процесорів. 

На основі програмованої логіки, використовуючи 
розроблену модель, розроблена схема конвеєрного 
процесора RISC-V архітектури. Використовуючи си-
мулятор Isim, проведено дослідження працездатності 
та продуктивності процесора. Співпроцесор виконує 
алгоритм ШПФ розмірністю 512/1024 точки. Час ви-
конання співпроцесором алгоритму на одному мете-
лику за основою два для 512 точок склав 9.4 мкс, а 
для 1024 точок – 20.7 мкс при тактовій частоті роботи 
250 МГц.  

Проведено дослідження часу виконання алгоритму 
ШПФ розробленим співпроцесором на частотах 
50 МГц і 550 МГц. Згідно результатів, час виконання 
алгоритму співпроцесором з метеликом за основою 
два є близьким до значення, наведеного у джере-
лі [18], тоді як з метеликом за основою чотири, – роз-
роблений співпроцесор виконує ШПФ на 0.9 мкс по-
вільніше. 

Подальші дослідження розробленого процесора 
спрямовані на визначення продуктивності процесора з 
використанням тестової програми Dhrystone. Це 
повʼязано з тим, що параметр MIPS не дозволяє 
обʼєктивно оцінити продуктивность процесорів різ-
них архітектур, тоді як DMIPS є стандартизованим та 
використовується виробниками обчислювальних ма-
шин. Для правильності розрахунків продуктивності 
необхідно при тестуванні використовувати ідентичні 
версії синтетичного тесту. 

Науковою новизною роботи є покращення архі-
тектури RISC-V, розширенням системи команд та 
впровадженням апаратного співпроцесора ШПФ. 

Практичне значення розробленого процесора з 
апаратним модулем ШПФ полягає у зменшенні часу 
виконання алгоритму ШПФ, покращенням архітекту-
ри RISC-V та можливістю використання апаратних 
модулів виконання інших алгоритмів ЦОС.  

ПОДЯКИ 
Роботу виконано в рамках науково-дослідної теми 

кафедри комп’ютерних систем та мереж Ужгородсь-
кого національного університету «Методи і засоби 
апаратної та програмної реалізації високопродуктив-
них комп’ютерних систем та мереж» (номер держав-
ної реєстрації 0121U110031). Автори вдячні Горвату 
Петру Петровичу, доценту кафедри комп’ютерних 
систем та мереж ДВНЗ «УжНУ» за цінні та конструк-
тивні поради під час написання роботи. 
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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; 

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(x,y), IG(x,y), IB(x,y) are the red, green, blue color 

channels of an image; 
°  is an element-by-element product of matrixes; 
fθ  is an inpainting network; 
structfθ  is the architecture of the fθ network; 
paramfθ is the set of parameters of the fθ network; 
Iin(x,y) is an inpainted three-channel color image;  
L2 is a pixel loss; 
LР  is a perceptual loss; 
LD is a competitive loss; 
k, a, b are the coefficients controling the impact of 

each of the losses; 
mr and mg are vectors of mean feature values for real 

and generated image sets, respectively;  
Rr and Rg 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), c (v, w), s (v, w) are the luminance, contrast, 

and structure between images v and w ;  
mv, mw  are the local means of  images v and w ;  
σv, σw are the standard deviations of images;  
σvw  is the cross-covariance for images v and w.  
C1, C2, C3, α, β and γ 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, CNNs 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 

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 

I(x,y)=(IR(x,y), IG(x,y), IB(x,y)}, where x=1, …, n; y=1, …, 
m. Then each pixel of the image is described by three 
features IR(x,y), IG(x,y), IB(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 IМ(x,y)=(IR(x,y)°M(x, y), 
IG(x,y)°M(x, y), IB(x,y)°M(x, y)). It is necessary to 
transform the image IМ(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 fθ={structfθ, paramfθ} was preliminarily 
designed to inpaint the images. The set structfθ includes 
blocks with layers of the designed network. Taking 
IМ(x,y) the inpainting network processes the input in a 
fully-convolutional manner, and produces Iin(x,y) = 
fθ(IМ(x,y)) which approximates the original image I(x,y). 

The problem of the refining CNN architecture is as 
follows. It is necessary to make structural changes to the 
existing architecture structfθ of the  network fθ(•). These 
changes should improve the image inpainting 
performance compared to the initial fθ(•) network after 
training the parameters of the resulting network [5, 6]. 
The training is performed on a dataset of (image I(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  

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. 

 

 
a 

 
b 

c 

         d                            e                                  f 
Figure 1 – LaMa-Fourier network architecture: a – Residual 

Block; b – FFC; c – 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. 
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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 Lfinal combines L2, LР 
and LD to ensure the realism, semantic integrity and 
structural continuity of the inpainted regions, which 
corresponds to the human perception of image [4]: 

 

Lfinal  = kL2 + aLР  + bLD.  
 

The gradient penalty [4] is not used to reduce amount 
of computation. The MSE between the original and 
restored images  was used to estimate L2 pixel loss [20]. 
For perceptual loss of LР, 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 
LD. 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 LD are estimation of the 

error in the global and local textures computed from the 
discriminator output [22]. 

 

 
a 
 

 
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 Lfinal loss 
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 2π 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=|| mr  – mg||

2 + tr(Rr  + Rg –2(Rr Rg)
1/2). 

 
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]. 

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 = 10log10((L – 1)2/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)=l (v, w)α  c (v, w)β  s (v, w)γ, 
l (v, w) = (2mv mw + C1)/(mv

2 + mw
2+C1), 

c (v, w) = (2σv σw +C2)/(σv
2 + σw

2+ C2), 
s (x, y)=(σvw +C3)/(σv σw +C3), 

 
If α=β=γ=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 
training 

set 

FID on 
validatio

n set 

Epoch 
time, 

minutes  

Image 
inpain-

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. 

 
 
 
 
 
 
 
 
 
 
 

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 32.1 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] 
CelebA-HQ images 256x256 pixels  

CNN, reference, 
publication year Narrow 

masks 
Medium 
masks 

Large 
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 
LaMa-Fourier  LaMa-Wavelet  Image 

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, g 24.54 0.90 35.10 0.90 
Fig. 4, j 38.20 0.98 40.01 0.99 
Fig. 4, m 22.91 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. 8 13.61 0.84 15.03 0.85 
 

6 DISCUSSIONS 
Analysing Table 1 it should be noted thе 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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a b c d e f 

     
g h i j k l 

    
m n o p q r 

Figure 4 – Images with random masks: a, d, g, j, m, p – original image and mask; b, e, h, k, n, q – image inpainted with LaMa-
Fourier; c, f, i, l, o, r – image inpainted with LaMa-Wavelet 

 

   
a b с 

   
d e f 

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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a b c 

   
d e f 

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 

 

   
a b c 

   
d e f 

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 
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a b c 

Figure 8 – Image with generation artifacts: a – original image and mask; b – image inpainted with LaMa-Fourier; c – 
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. 

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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AНОТАЦІЯ 
Актуальність. Розглянуто проблему реконструкції зображень в системах комп’ютерної графіки та комп’ютерного зору. 

Предметом дослідження є згорткові нейронні мережi глибокого навчання для реконструкції зображень. 
Мета роботи. Покращення якості реконструйованих зображень в системах комп’ютерного зору та комп’ютерної 

графіки шляхом застосування вейвлет-перетворення в архітектурі нейронної мережі LaMa-Fourier. 
Метод. Базова мережа LaMa-Fourier окремо обробляє глобальний та локальний контекст зображення. Пропонується 

вдосконалити для цієї мережі блок обробки глобального контексту зображення, а саме блок спектрального перетворення. 
Для цього замість Fourier Unit Structure використовується розроблений авторами Simple Wavelet Convolution Block, у якому 
спочатку виконується тривимірне вейвлет-перетворення зображення на двох рівнях. Отримані коефіцієнти розбиваються 
так, що кожна субполоса представляє окрему ознаку зображення. Згортковий шар, пакетна нормалізація та функція 
активації ReLU послідовно застосовуються до субполос коефіцієнтів на кожному рівні вейвлет-перетворення. Отримані 
субполоси вейвлет-коефіцієнтів конкатенуються і до них застосовується зворотне вейвлет-перетворення, результат якого 
передається на вихід блоку. Окрема обробка вейвлет-коефіцієнтів на різних рівнях зменшує обчислювальну складність, 
зберігаючи при цьому вплив контексту кожного рівня на реконструкцію зображення. Отриману нейронну мережу названо 
LaMa-Wavelet. Показники FID, PSNR, SSIM та візуальний аналіз були використані для оцінки якості зображень, 
реконструйованих мережею LaMa-Wavelet. 

Результати. Запропоновану мережу LaMa-Wavelet програмно реалізовано та досліджено для вирішення проблеми 
реконструкції зображень. PSNR зображень, відновлених за допомогою мережі LaMa-Wavelet, перевищує результати, 
отримані за допомогою мережі LaMa-Fourier для малих і середніх масок у середньому на 4,5%, для великих масок – у 
середньому на 6%. Застосування LaMa-Wavelet може збільшити SSIM на 2–4% залежно від розміру маски. Але 
реконструкція одного зображення за допомогою LaMa-Wavelet займає в 3 рази більше часу, ніж за допомогою мережі LaMa-
Fourier. Аналіз конкретних зображень демонструє, що обидві мережі показують схожі результати реконструкції однорідного 
фону. На складних фонах із повторюваними елементами LaMa-Wavelet часто ефективніше відновлює текстури. 

Висновки. Отримана мережа LaMa-Wavelet дозволяє покращити відновлення великих областей зображень за рахунок 
застосування вейвлет-перетворення в архітектурі мережі LaMa. А саме, підвищується якість реконструкції країв зображення 
та дрібних деталей.  

КЛЮЧОВІ СЛОВА: реконструкція зображення, вейвлет-перетворення, мережа LaMa, вейвлет Добеші, початкова 
відстань Фреше, вейвлет-згортка. 
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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. 

Objective. 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 
Cx is a x-th type of computing resource, such as CPU 

time or RAM; 
RCx 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; 

ICx(t) is a a function of the number of deployment in-
stances in the context of the computing resource Cx; 

WCx(t) is a a function of the total workload (actual us-
age) of the resource Cx; 

DUP is an upscaling delay for a deployment; 
DDOWN 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 

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 RCx 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 
Cx while maintaining a given level of service quality, the 
following equality must be satisfied at any time t: 
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Since for the application to work correctly, it must be 
provided with all types of necessary computing resources, 
we obtain the following equality: 
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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 
Dup scaling up. However, when scaling down, resources 
should not be reduced in advance: 
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 Accordingly, to obtain accurate values for the number 

of instances, it is necessary to obtain accurate predictions 
for the workload function WCx(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 IMAX(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 

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 q, 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 {C1, C2, …, Cn}, including CPU time and 
memory. Applications in the form of deployments contain 
information about requests {RC1, RC2, …, RCx} 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 Cx resource than specified in the RCx 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 Dup 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 WСx(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. 

 

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 defaultReplicas 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 

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. 

 

 
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 

a feature of the application. Upscaling occurred ahead of 
time, and downscaling occurred after the peak load was 
passed. 

 

 
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.  
 

 
Figure 4 – Reactive scaling results 

 
Figure 5 compares response times for all three con-

figurations. 
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Figure 5 – Response time comparison 

 
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 DUP and DDOWN 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. 

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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МЕТОД ПРОАКТИВНОГО ГОРИЗОНТАЛЬНОГО МАСШТАБУВАННЯ В KUBERNETES 
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ни «Київський політехнічний інститут імені Ігоря Сікорського», Київ, Україна. 
 

АНОТАЦІЯ 
Актуальність. Інформаційні системи можуть включати велику множину додатків, кожен з яких використовує обчислю-

вальні ресурси та має свої унікальні особливості роботи, що вимагає високого рівня автоматизації задля підвищення ефек-
тивності виконання процесів управління обчислювальними ресурсами. Проблема мінімізації збиткового резервування ре-
сурсів при підтриманні показників QoS на узгодженому рівні є важливою для сучасних інформаційних систем. 

Мета роботи. Метою даної роботи є забезпечення якості ІТ-сервісів на узгодженому рівні в умовах суттєвої динаміці 
запитів користувачів шляхом розробки та використання методу проактивного автоматичного масштабування додатків в 
Kubernetes.  

Метод. В даній роботі пропонується метод проактивного горизонтального масштабування на основі алгоритму передба-
чення часових рядів Prophet. Як джерело даних пропонується використовувати сховище метрик Prometheus. На основі істо-
ричних метрик використання обчислювальних ресурсів отримується модель для передбачення майбутніх об’ємів викорис-
тання за допомогою Prophet. Отримані значення валідуються, після чого застосовуються для обрахунку необхідної кількості 
реплік додатку з врахуванням затримок розгортання подів.  

Результати. Проведені досліди показали ефективність запропонованого методу для проактивного автоматичного масш-
табування додатків у порівнянні з існуючими рішеннями з використанням реактивного методу в обраних сценаріях. Даний 
метод дозволив зменшити резервування обчислювальних ресурсів на 47% без втрати в якості обслуговування у порівнянні з 
конфігурацією без масштабування. 

Висновки. Запропоновано метод автоматизації горизонтального масштабування додатків в Kubernetes. Хоча проведені 
досліди показали ефективність даного рішення, даний метод може бути значно доповнений. Зокрема, необхідно розглянути 
можливість інтеграції реактивної складової для нетипових шаблонів навантаження. 

КЛЮЧОВІ СЛОВА: динамічне виділення ресурсів, Kubernetes, автомасштабування, горизонтальне масштабування, 
проактивне масштабування, 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. 

Objective. 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 

CS is a computer system; 
MDBGO is method for determining bit grid overflow; 
PFNC is a positional feature of a non-positional code; 
PNS is a positional number system; 
SCS is a specialized computer system; 
SRC is a system in residual classes; 
ZC is a zeroing constant. 

 
NOMENCLATURE 

ip  is a base (module) SRC, ( 1, );i n  

X  is a number in the SRC, represented by a set of 
residues ix  modulo ;ip  

Y  is a number in the SRC, represented by a set of res-
idues iy  modulo ;ip  

XR  is a rank of number X; 
( )T
XR  is a true rank of number X; 

( )C
XR  is a calculated rank of number X; 

iB  is a orthogonal basis of the SRC;  

ie  is a weight of the i-th orthogonal basis ;iB  

 P  is a numerical range of CS in the SRC; 
( )C
X YR   is a calculated rank of the sum of two numbers 

X and Y; 
( )iz  is a minimum ZC for module ;ip  

nX  is a zeroing number X (the value of number X as a 

result of the zeroing procedure); 

іq  is a number of additions of type ( )iX z ; 

δi  is a known quantity that is determined sequentially 

in the process of transformation (in the process of zero-
ing) of the original number X into the number nX , 

( 1, ).i n  
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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 ( )C
XR  and ( )C

YR  of the summands X 

and Y are determined, and the calculated value of the rank 
( )C
X YR   of the result X+Y of the operation of adding two 

numbers is also determined. By means of orthogonal 

bases iB  SRC, the true value of the rank ( )T
X YR   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 PFNC can be used [1, 8]. The rank XR  of 

number 1 2( || || ... || )nX x x x  in the SRC, represented by 

the set of residues ix  from dividing number X itself by 

the set of bases ip ( 1, )i n  in the SRC, will be used as 

the PFNC. The SRC defines two types of rank of the 

number: the true ( )T
XR  and the calculated ( )C

XR  ranks of 

number X. The true rank ( )T
XR  is a natural number that 

shows how many times the numerical range 
1

n

i
i

P p


  of 

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 i
i

i

e P
B

p


 ( 1, ),i n  where the value of 

ie  determines the weight of the i-th orthogonal basis iB  

SRC [1, 9].  

Let the SRC be given by its bases ip ( 1, ).i n  This 

SRC uniquely corresponds to a system of orthogonal 

bases iB ( 1, ),i n  for which the equality 

1

mod
n

PNS i i
i

X x B P


 
  
 
  holds. This ratio can also be 

represented as ( )

1

.
n

T
PNS i i X

i

X x B R P


     The rank of 

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 ( )С
X YR   and true 

( )T
X YR   ranks of the number X+Y in the SRC. If the condi-

tion ( ) ( ) ,С T
X Y X YR R  is satisfied then it is considered that 

there is no overflow. Otherwise, i.e. when 
( ) ( ) ,С T
X Y X YR R   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. 

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 numbers 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 ( )C
XR  and ( )C

YR 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 1 2( || || ... || )nX x x x  and 

1 2( || || ... || )nY y y y  are given in the SRC with the corre-

sponding calculated ranks ( )C
XR  and ( )C

YR  of numbers, 

then the calculated rank ( )C
X YR   of the sum of two num-

bers X+Y is determined as follows: 
 

( ) ( ) ( )

1

.
n

C C C i i
iX Y X Y

ii

x y
R R R e

p


 
    

 
  (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: 
 

( )

1

,
n

T
PNS i i X

i

X x B R P


     (2)

 

( )

1

.
n

T
PNS i i Y

i

Y y B R P


     (3)

 

Let’s add two expressions (2) and (3) and get: 
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( ) ( )

1 1

,
n n

T T
PNS PNS i i i iX Y

i i

X Y x B R P y B R P
 

         
 

or 
 

( ) ( )

1

( ) ( ) .
n

T T
PNS PNS i i i X Y

i

X Y x y B R R P


        (4)

 

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: 

 

1 1
1 1 1

1

2 2
2 2 2

2

,

, ...

..., n n
n n n

n

x y
X Y x y e

p

x y
x y e

p

x y
x y e

p

            
  

       
           

 (5)

 
Expression (5) when using expression (2) can be rep-

resented as: 
 

  ( )

1

.
n

Ti i
i i i i X Y

i i

x y
X Y x y e B R P

p 


                   
 (6)

 
Let’s transform expression (6), taking into account the 

fact that the orthogonal basis SRC is represented as 

i
i

i

e P
B

p


 . As a result, the following expression can be 

obtained: 
 

  ( )

1 1

,
n n

Ti i
i i i i i X Y

ii i

x y
X Y x y B e B R P

p 
 

 
         

 
  (7)

 
or 

 

  ( )

1 1

.
n n

Ti i i
i i i i X Y

i ii i

x y e P
X Y x y B e R P

p p 
 

  
         

 
   (8)

 
Let’s compare the right-hand sides of expressions (4) 

and (8) to check the correctness of expression (1): 
 

   

 

(  ) (  )

1

( )

1 1

,

n
T T

i i i X Y
i

n n
Ti i

i i i i X Y
ii i

x y B R R P

x y
x y B e P R P

p




 

     

 
        

 



 
 

 
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.  

It’s obvious that:  
if i i ix y p   then the integer part of the expression is 

equal to 1;i i

i

x y

p

 
 

 
  

if i i ix y p   then the integer part of the expression is 

equal to 0.i i

i

x y

p

 
 

 
 

The procedure for determining the calculated rank 
( )C
XR  of number 1 2( || || ... || )nX x x x  is as follows. First, it 

needs to present the original number 1 2( || || ... || )nX x x x  

to a zeroable number of the form (0 || 0 || ... || 0)nX  . To 

do this, to the initial number 1 2( || || ... || )nX x x x  in the 

SRC, the rank ( )C
XR  of which must be determined, the so-

called ZC, in the form of minimum numbers of the form 
( )

1(0 || 0 || ... || 0 || || || ... || )i
i i nz z z z  ( 1, ),i n  are se-

quentially added. In this case, this value in the PNS is 
equal to the value ( )

1 2 1... .i
PNS iz p p p      

In particular, we find that the ZC has the following 
form: 

 




(1) (1) (1) (1)
1 2

(2) (2) (2)
2 1 2 1

(3) (3) (3) (3)
3 4 1 2 3

1 2 4 1 2

min( || || ... || ) (1|| 1|| ... ||1),

min(0 || || ... || ) (0 || || || ... || ),

min(0 || 0 || || || ... || ) (0 || 0 || (mod ) ||

|| (mod ) || ... || (mod ) ,

n

n i

n

n

z z z z

z z z p p p

z z z z p p p

p p p p p p



 

 

  

 
 

etc., where ( ) (0 || 0 || ... || 0 || ).n
nz z  

Let’s show the procedure for obtaining the value of 
(0 || 0 || ... || 0)nX  . At the beginning of the procedure, let’s 

add the ZC (1) (1) (1) (1)
1 2( || || ... || )nz z z z  to the initial number 

X as many times as necessary to satisfy the condition 

1 0.x   Let this require 1q  additions of type (1) .X z  In 

this case, we get that (1)
1 1 .X X q z    As a result, the 

resulting number 1X  has an intermediate calculated rank 

1

( )C
XR  (the intermediate calculated rank is the calculated 

rank of the number, which is sequentially formed in the 
process of obtaining the value (0 || 0 || ... || 0)nX  ). 

Then, we obtain that 
1

( ) ( )
1δ

C C
X XR R  , where 1δ  is a 

known value. Next, we add 2q  times the value of the ZC 
(2) (2) (2)

2(0 || || ... || )nz z z  with the number 1X  until we ob-

tain a zero residue to the base 2p , i.e. we obtain 2 0.x   

So we have a number (2)
2 1 2X X q z    with an interme-

diate rank 
2 1

( ) ( )
2δ

C C
X XR R  , where 2δ  is a known value. 

The algorithm for obtaining the number (0 || 0 || ... || 0)nX   

can be represented by the following expressions: 
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1

2 1

1

1

(1) ( ) ( )
1 1 1

(2) ( ) ( )
2 1 2 2

( ) ( ) ( )
1

( ) ( ) ( )
1

, δ ;

, δ ;

                        ...

, δ ;

                        ...

, δ .

i i

n n

C C
X X

C C
X X

i C C
i i i X X i

n C C
n n n X X n

X X q z R R

X X q z R R

X X q z R R

X X q z R R









     


    




    


     

 (9)

 
Continuing the procedure for all remainders of the 

number X, the result is the number (0 || 0 || ... || 0)nX P  . 

In accordance with expression (2) we have that: 
 

( )

1

( )

1

( )

1

( )

,

,

(0 || 0 || ... || 0) ,

0 ,

n

n

n

n
T

PNS i i X
i

n
T

n i i X
i

n
T

i i X
i

T
X

X x B R P

X x B R P

x B R P

P R P







   

   

   

  







 

( ) 1.
n

T
XR    (10)

 

Thus, the true rank ( )

n

T
XR  of the zeroable number 

(0 || 0 || ... || 0)nX   is equal to – 1. On the other hand, it 

was shown in expression (9) that the calculated rank ( )

n

C
XR  

of the zeroable number nX  is equal to 
1

( ) δ
n

C
X nR


 . Since 

the value of the calculated rank ( )

n

C
XR  must coincide with 

the true rank ( )

n

T
XR , then the last expression of the ratio (9) 

and (10) must coincide: 
 

( ) ( ) ( ) 1
n n n

C T C
X X XR R R     (11)

 
or expression (11) can be written as: 

 

1 1

( ) ( )δ 1 1 δ .
n n

C C
X n X nR R

 
        (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: 

1. Using the zeroing procedure based on the mini-
mum ZCs ( )iz  SRC, the values of the calculated ranks 

( )C
XR  and ( )C

YR  of numbers are determined. A comparison 

is made between the calculated and true ranks of numbers. 
2. Using the minimum ZCs ( )iz  SRC and calcu-

lated ranks values ( )C
XR  and ( )C

YR  of numbers X and Y, 

according to expression (1), the calculated value ( )C
X YR   of 

the rank of the result X+Y of the operation of adding two 
numbers is determined. 

3. By means of orthogonal bases iB  SRC, the true 

value of the rank ( )T
X YR   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, G06F 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 numbers 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 ( )C

XR  of number 1 2( || || ... || )nX x x x  

presented in a specific SRC. To the initial number 

1 2( || || ... || )nX x x x  in the SRC, the calculated rank ( )C
XR  
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of which must be determined, let’s successively add the 
minimum ZCs ( )iz  until we ultimately obtain the zeroable 
number (0 || 0 || ... || 0)nX  , the intermediate calculated 

rank ( )

n

C
XR , which from expression (11) is equal to 

( ) 1.
n

C
XR    Next, using orthogonal bases, the true rank of 

the number is determined. 
Let’s give examples of determining the calculated 

rank ( )C
XR  of a number X. Table 1 presents the SRC bases 

  ,ip  1, 3,i   orthogonal bases iB  of the bases and its 

weights ie . In Table 2, for a given SRC, the minimum 

ZCs ( )iz  and its ranks ( )iz
R  are given. For the SRC under 

consideration, the volume of the range of representable 

numbers is equal to 
3

1

3 5 7 105.i
i

P p


      

 
Table 1 – Values of the SRC bases and orthogonal bases 

1 3p   2 5p   3 7p   

1 2e   2 1e   3 1e   

1 70B   2 21B   3 15B   

 
Table 2 – Values of minimum ZCs and its ranks 

(1) (1 ||1 ||1)z   (2) (0 || 3 || 3)z   (3) (0 || 0 ||1)z   

(1) 1
z

R   ( 2) 1
z

R   (3) 0
z

R   

 

The ranks ( )iz
R  of the minimum ZCs ( )iz  are calcu-

lated in advance using expression (2). Let’s determine the 
values of the minimum constants for the SRC specified in 
Table 1: 

 

(1) (1)

(1)
1 2 3

1

(1 ||1 ||1) 1 1 1 1 70 1 21 1 15

(70 21 15) mod105 106 mod105

106 106 1 105.
n

i i z z
i

z B B B

z B R P R P


             
    

         

 

 
to comply with the above equality, it comes out to 

(1) 1
z

R  (Table 2). 
 

( 2 ) ( 2)

(2)
1 2 3

1

(0 || 3 || 3) 0 3 3

0 70 3 21 3 15 (0 63 45) mod105 108mod105

108 108 1 105.
n

i i z z
i

z B B B

z B R P R P


       
          

         
 

to comply with the above equality, it comes out to 
(2) 1

z
R  (Table 2). 

 

(3) (3)

(3)
1 2 3

1

(0 || 0 ||1) 0 0 1

0 70 0 21 1 15 (0 0 15) mod105 15mod105

15 105 15 0 105,
n

i i z z
i

z B B B

z B R P R


       
          

         
 

to comply with the above equality, it comes out to 
(3) 0

z
R  (Table 2). 

Example 1. Determine the calculated rank ( )C
XR  of the 

number (2 ||1 ||1) 71.X    

First stage. Determination of the calculated rank of the 
number in the SRC. 

Let’s reset the residue 1 2x   to zero according to the 

first module 1 3.p   Let’s add the number X and mini-

mum ZC (1) (1 ||1 ||1)z   and get:  
 

(1)
1 (2 ||1 ||1) (1 ||1 ||1) (0 || 2 || 2).X X z      

 
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 ( )iz  will be used: 

 

( )
1

( )3
( ) ( )

1

,i
i i

i
i jC C

X X iz
i i

x z
R R R e

p


 
    

  
  (13)

 

where [ ]k  is the integer part of the number k, not less 

than it; ( )iz
R  is the calculated rank of minimum ZC ( )iz  

(Table 2); ( )i
jz  is the value of the j-th residue, 1,j n  (in 

this case 1,3j  ) of the i-th minimum ZC. 

Based on expression (13), the following calculated 
value of the rank of the number 1X  can be obtained: 

 

 

(1) (1)
1

(1)3
( ) ( ) ( )

1

(1)(1) (1)
3 31 1 2 2

1 2 3
1 2 3

( )

( )

2 1 1 1 1 1
1 2 1 1

3 5 7

1 (1 2 0 1

i jC C C
X X i Xz z

i i

C
X

C
X

x z
R R R e R R

p

x zx z x z
e e e

p p p

R

R



 
       

  
                   
       

                             
     



( ) ( )0 1) 1 2 1.C C
X XR R      

 

 
In this case, there was one transition through the first 

base 1p  (expression (9)).  

Let’s reset the residue 2 2x   to zero according to the 

second module 2 5p   of the number 1 (0 || 2 || 2).X   

Let’s add the number 1X  and minimum ZC 
(2) (0 || 3 || 3)z   and get: 

 
(2)

2 1 (0 || 2 || 2) (0 || 3 || 3) (0 || 0 || 5).X X z      
 

The calculated rank of the number 2X  is determined 

as: 
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 ( 2 )
2 1

( 2)

(2)3
( ) ( ) ( )

1

(2)(2) (2)
3 31 1 2 2

1 2 3
1 2 3

1i jC C C
X X i Xz

i i

z

x z
R R R e R

p

x zx z x z
R e e e

p p p



 
       

  
                    
       


 

 ( )

( ) ( )

0 0 2 3 2 3
1 1 2 1 1

3 5 7

1 1 0 2 1 1 0 1 1.

C
X

C C
X X

R

R R

                              
          

 

 

In this case, there was one transition through the sec-
ond base 2 .p  

Let’s reset the residue 3 5x   to zero according to the 

third module 3 7p   of the number 2 (0 || 0 || 5).X   Let’s 

add the number 2X  and minimum ZC (3) (0 || 0 ||1)z   

and get: 
 

(3)
3 2 (0 || 0 || 5) (0 || 0 ||1) (0 || 0 || 6).X X z      

 

The calculated rank of the number 3X  is determined 

as: 
 

 

 

(3)
3 2

(3)

(3)3
( ) ( ) ( )

1

(3)(3) (3)
3 31 1 2 2

1 2 3
1 2 3

( )

( )

1

0 0 0 0 5 1
1 0 2 1 1

3 5 7

1 0 0

i jC C C
X X i Xz

i i

z

C
X

C
X

x z
R R R e R

p

x zx z x z
R e e e

p p p

R

R



 
       

  
                    
       

                              
   



( )0 0 1.C
XR   

 

Since the residue 3 6x   of the number 

3 (0 || 0 || 6)X   has not been reset to zero, let’s add the 

value (3)z  again: 
 

(3)
3 (0 || 0 || 6) (0 || 0 ||1) (0 || 0 || 0).nX X z      

 

The calculated rank of the zeroable number nX  is de-

termined as: 
 

 

 

(3)
3

(3)

(3)3
( ) ( ) ( )

1

(3)(3) (3)
3 31 1 2 2

1 2 3
1 2 3

( )

( )

1

0 0 0 0 6 1
1 0 2 1 1

3 5 7

1 0 0

n

i jC C C
X X i Xz

i i

z

C
X

C
X

x z
R R R e R

p

x zx z x z
R e e e

p p p

R

R



 
       

  
                    
       

                              
   



( )0 1 1 2.C
XR    

 

In this case, there was one transition through the third 
base 3.p  

In accordance with expression (11) we have that: 

( ) ( ) ( )1 2 1 1.
n

C C C
X X XR R R         

 

Second stage. Determination of the true rank of the 
number in the SRC. 

The true rank ( )T
XR  of number X is determined using 

orthogonal bases iB  (Table 1) and expression (2): 
 

1 1 2 2 3 3

1 2 3

( )

1

( )

(2 ||1 ||1)

2 1 1 2 70 1 21 1 15

(2 70 1 21 1 15) mod105 176mod105

176mod105 176

176 1 105 176 105 71.

n
T

PNS i i X
i

T
X

X x B x B x B

B B B

X x B R P

R P



       
            

       

     

    
     


 

 

Thus, the true of the number (2 ||1 ||1) 71X    is 
( ) 1.T
XR   

Third stage. Checking the reliability of obtaining the 
rank of the number in the SRC. 

Let’s compare the calculated ( )C
XR  and true ( )T

XR  ranks 

of the number X. Obviously, ( ) ( ) 1.С T
X XR R   

Conclusions. So, since the calculated ( )C
XR  and true 

( )T
XR  ranks of the number X are equal, then the calculated 

rank ( )C
XR  is determined correctly. 

Example 2. Determine the calculated rank ( )C
XR  of the 

number (1 ||1 || 5) 61.X    

First stage. Determination of the calculated rank of the 
number in the SRC. 

Let’s reset the residue 1 1x   to zero according to the 

first module 1 3.p   Let’s add the number X and mini-

mum ZC (1) (1 ||1 ||1)z   and get:  
 

(1)
1 (1 ||1 || 5) (1 ||1 ||1) (2 || 2 || 6).X X z      

 

The calculated rank of the number 1X  will be deter-

mined by expression (13): 
 

(1) (1)
1

(1)3
( ) ( ) ( )

1

(1)(1) (1)
3 31 1 2 2

1 2 3
1 2 3

( )

( )

1 1 1 1 5 1
1 2 1 1

3 5 7

1 0 2 0 1

i jC C C
X X i Xz z

i i

C
X

C
X

x z
R R R e R R

p

x zx z x z
e e e

p p p

R

R



 
       

  
                   
       

                             
      



( )0 1 1.C
XR  

 

Since the residue 1x  of the number has not been reset 

to zero, let’s add the value (1)z  again: 
 

(1)
2 1 (2 || 2 || 6) (1 ||1 ||1) (0 || 3 || 0).X X z      
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The calculated rank of the number 2X  is determined 

as: 
 

 

 

(1) (1)
2 1

(1)3
( ) ( ) ( )

1

(1)(1) (1)
3 31 1 2 2

1 2 3
1 2 3

( )

( )

1

2 1 2 1 6 1
1 1 2 1 1

3 5 7

1 1 1

i jC C C
X X i Xz z

i i

C
X

C
X

x z
R R R e R R

p

x zx z x z
e e e

p p p

R

R



 
        

  
                   
       

                              
   



( )2 0 1 1 1 1.C
XR      

 

 
In this case, two transitions took place through the 

first base 1p  and through the third base 3.p  
Let’s reset the residue 2 2x   to zero according to the 

second module 2 5p   of the number 2 (0 || 3 || 0).X   

Let’s add the number 2X  and minimum ZC 
(2) (0 || 3 || 3)z   and get: 

 
(2)

3 2 (0 || 3 || 0) (0 || 3 || 3) (0 ||1 || 3).X X z      
 

The calculated rank of the number 3X  is determined 

as: 
 

 

 

( 2)
3 2

( 2)

(2)3
( ) ( ) ( )

1

(2)(2) (2)
3 31 1 2 2

1 2 3
1 2 3

( )

( )

1

0 0 3 3 0 3
1 1 2 1 1

3 5 7

1 1 0

i jC C C
X X i Xz

i i

z

C
X

C
X

x z
R R R e R

p

x zx z x z
R e e e

p p p

R

R



 
       

  
                    
       

                              
   



( )2 1 1 0 1 1C
XR      

 

 

So, since the residue 2x  of the number 3 (0 ||1 || 3)X   

has not been reset to zero, then let’s add the value (2)z  
again: 

 
(2)

4 3 (0 ||1 || 3) (0 || 3 || 3) (0 || 4 || 6).X X z      
 

The calculated rank of the number 4X  is determined 

as: 
 

 

 

( 2)
4 3

( 2)

(2)3
( ) ( ) ( )

1

(2)(2) (2)
3 31 1 2 2

1 2 3
1 2 3

( )

( )

1

0 0 1 3 3 3
1 1 2 1 1

3 5 7

1 1 0

i jC C C
X X i Xz

i i

z

C
X

C
X

x z
R R R e R

p

x zx z x z
R e e e

p p p

R

R



 
       

  
                    
       

                              
   



( )2 0 1 0 1 .C
XR     

 

There are no transitions along the bases. Since the 
residue 2x  of the number 4 (0 || 4 || 6)X   has not been 

reset to zero, let’s add the value (2)z  again: 
 

(2)
5 4 (0 || 4 || 6) (0 || 3 || 3) (0 || 2 || 2).X X z      

 

The calculated rank of the number 5X  is determined 

as: 
 

( 2)
5 4

(2)3
( ) ( )

1

( )

( ) ( ) ( )

0 0 4 3 6 3
1 2 1 1

3 5 7

1 0 2 1 1 1 1 1 2 1.

i jC C
X X iz

i i

C
X

C C C
X X X

x z
R R R e

p

R

R R R



 
     

  
                             

            



 

 

Since the residue 2x  has not been reset to zero, the 

operation of adding two numbers 5X  and (2)z
 
is imple-

mented again: 
 

(2)
6 5 (0 || 2 || 2) (0 || 3 || 3) (0 || 0 || 5).X X z      

 

The calculated rank of the number 6X  is determined 

as: 
 

 ( 2)
6 5

(2)3
( ) ( ) ( )

1

( ) ( )

1

0 0 2 3 2 3
1 2 1 1

3 5 7

1 1 0 2 1 1 0 1 1.

i jC C C
X X i Xz

i i

C C
X X

x z
R R R e R

p

R R



 
       

  
                            

          



 

 

In this case, there was one transition through the sec-
ond base 2 .p  

Let’s reset the residue 3 5x   to zero according to the 

third module 3 7p   of the number 6 (0 || 0 || 5).X   Let’s 

add the number 6X  and minimum ZC (3) (0 || 0 ||1)z   

and get: 
 

(3)
7 6 (0 || 0 || 5) (0 || 0 ||1) (0 || 0 || 6).X X z      

 

The calculated rank of the number 7X  is determined 

as: 
 

 

 

(3)
7 6

(3)

(3)3
( ) ( ) ( )

1

(3)(3) (3)
3 31 1 2 2

1 2 3
1 2 3

( )

( )

1

0 0 0 0 5 1
1 0 2 1 1

3 5 7

1 0 0

i jC C C
X X i Xz

i i

z

C
X

C
X

x z
R R R e R

p

x zx z x z
R e e e

p p p

R

R



 
       

  
                    
       

                              
   



( )2 0 1 0 1 1.C
XR      
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Since the residue 3x  has not been reset to zero, the 

operation of adding two numbers is implemented again: 
 

(3)
7 (0 || 0 || 6) (0 || 0 ||1) (0 || 0 || 0).nX X z      

 

The calculated rank of the zeroable number nX  is de-

termined as: 
 

 

(3)
7

(3)3
( ) ( )

1

( )

( ) ( )

0 0 0 0 6 1
1 0 2 1 1

3 5 7

1 0 0 2 0 1 1 1 2.

n

i jC C
X X iz

i i

C
X

C C
X X

x z
R R R e

p

R

R R



 
     

  
                              

          



 

 

In this case, there was one transition through the third 
base 3.p  

In accordance with expression (11) we have that: 
 

( ) ( ) ( )1 2 1 1.
n

C C C
X X XR R R         

 
Second stage. Determination of the true rank of the 

number in the SRC. 
The true rank ( )T

XR  of number X is determined using 

orthogonal bases iB  (Table 1) and expression (2): 
 

1 1 2 2 3 3

1 2 3

( )

(1 ||1 || 5)

1 1 5 1 70 1 21 5 15

(1 70 1 21 5 15) mod105

166mod105 166

166 1 105 61.

T
X

X x B x B x B

B B B

R P

       
            

      

    
   

 

 

Thus, the true of the number (1 ||1 || 5) 71X    is 
( ) 1.T
XR   

Third stage. Checking the reliability of obtaining the 
rank of the number in the SRC. 

Let’s compare the calculated ( )C
XR  and true ( )T

XR  ranks 

of the number X. Obviously, ( ) ( ) 1.С T
X XR R   

Conclusions. So, since the calculated ( )C
XR  and true 

( )T
XR  ranks of the number X are equal, then the calculated 

rank ( )C
XR  is determined correctly. 

Example 3. Carry out control of the arithmetic opera-
tion of addition of two numbers 1 2 3( || || )X x x x   

(2 || 4 || 4) 74   and 1 2 3( || || ) (2 || 3 ||1) 8Y y y y    

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 ( )C

XR and 
( )C
YR  of the summands of the numbers X and Y. 

First, in accordance with the control method, let’s de-
termine the calculated rank ( )C

XR  of the number 

(2 || 4 || 4) 74.X     

Let’s zero the number X to the first base by adding the 
value of minimum ZC (1) :z   

 
(1)

1 (2 || 4 || 4) (1 ||1 ||1) (0 || 5 || 5).X X z    
 

 
Using expression (13), we obtain: 
 

(1) (1)
1

(1)3
( ) ( ) ( )

1

(1)(1) (1)
3 31 1 2 2

1 2 3
1 2 3

( )

( )

2 1 4 1 4 1
1 2 1 1

3 5 7

1 1 2 1 1

i jC C C
X X i Xz z

i i

C
X

C
X

x z
R R R e R R

p

x zx z x z
e e e

p p p

R

R



 
       

  
                   
       

                             
      



( ) ( )0 1 1 3 2.C C
X XR R     

 

 

So, since the residue 3 5x   has not been reset to zero, 

then let’s add the value (3) (0 || 0 ||1) :z   
 

(3)
2 1 (0 || 5 || 5) (0 || 0 ||1) (0 || 0 || 6).X X z      

 
Using expression (13) let’s determine the calculated 

rank of the number 2 (0 || 0 || 6) :X   
 

 

(3)
2 1

(3)

(3)3
( ) ( )

1

( )

( ) ( )

0 0 0 0 5 1
2 2 1 1

3 5 7

2 0 0 2 0 1 0 1 2.

i jC C
X X iz

i i

C
X z

C С
X X

x z
R R R e

p

R R

R R



 
     

  
                              

          



 

 

So, since the residue 3 6x   has not been reset to zero, 

then let’s add the value (3)z  again: 
 

(3)
2 (0 || 0 || 6) (0 || 0 ||1) (0 || 0 || 0).nX X z      

 

For the zeroable number (0 || 0 || 0)nX   according to 

expression (13) we have the calculated rank equal to: 
 

 

(3)
2

(3)

(3)3
( ) ( )

1

( )

( ) ( )

0 0 0 0 6 1
2 2 1 1

3 5 7

2 0 0 2 0 1 1 1 3.

n

i jC C
X X iz

i i

C
X z

C C
X X

x z
R R R e

p

R R

R R



 
     

  
                              

          



 
Based on expression (11), we can determine the calcu-

lated rank ( )C
XR  of the number (2 || 4 || 4) 74 :X     
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( ) ( ) ( )1 3 1 2.
n

C C C
X X XR R R         

 

Checking. Let’s calculate the true rank ( )T
XR  of num-

ber (2 || 4 || 4) 74X    using orthogonal bases iB  SRC 

(Table 1). We have that in the PNS: 
 

( )
1 1 2 2 3 3

2 70 4 21 4 15 2 105 74.

T
PNS XX x B x B x B R P        
        

 

 

So the true rank of the number (2 || 4 || 4) 74X    is 
( ) 2.T
XR   

Conclusions. So, as the calculated rank ( )C
XR  of the 

number X is equal to the true rank ( )T
XR  of the number X, 

i.e. ( ) ( ) 2C T
X XR R  , then the calculated rank is deter-

mined correctly. 
Let’s determine the calculated rank ( )C

YR  of the second 

summand (2 || 3 ||1) 8.Y    First, as for the first sum-

mand X, let’s reduce the number Y to the form 
(0 || 0 || 0)nY  , i.e. let’s zero the number Y according to 

the first base 1 3,p   adding the minimum ZC (1)z  to the 

original number Y : 
 

(1)
1 (2 || 3 ||1) (1||1 ||1) (0 || 4 || 2).Y Y z      

 
Using expression (13) we determine the calculated 

rank of the number 1 (0 || 4 || 2) :Y   
 

(1)
1

(1)3
( ) ( ) ( )

1

(1)(1) (1)
3 31 1 2 2

1 2 3
1 2 3

( )

( )

1

2 1 3 1 1 1
1 2 1 1

3 5 7

1 1 2 0 1 0 1

i jC C C
Y Y i Yz

i i

C
Y

C
Y

y z
R R R e R

p

y zy z y z
e e e

p p p

R

R



 
       

  
                   
       

                             
        



( ) ( )1 2 1.C C
Y YR R   

 

 

So, since the residue 2 4y   has not been reset to 

zero, then let’s add the value of the minimum ZC 
(2) (0 || 3 || 3) :z   

 

(2)
2 1 (0 || 4 || 2) (0 || 3 || 3) (0 || 2 || 5).Y Y z      

 

 

 

( 2) ( 2 )
2 1

(2)3
( ) ( ) ( )

1

(2)(2) (2)
3 31 1 2 2

1 2 3
1 2 3

( )

( )

1

0 0 4 3 2 3
1 1 2 1 1

3 5 7

1 1 0

i jC C C
Y Y i Yz z

i i

C
Y

C
Y

y z
R R R e R R

p

y zy z y z
e e e

p p p

R

R



 
        

  
                   
       

                              
   



( )2 1 1 0 2 1.C
YR      

 

After carrying out the stage of zeroing the residue 
modulo 2 5,p   we obtain the value 2 2.y   Thus, it is 

necessary to carry out one more time zeroing the residue 

2 2y   of the number 2 (0 || 2 || 5)Y   modulo 2 5.p   

Let’s add the minimum ZC (2)z  again: 
 

(2)
3 2 (0 || 2 || 5) (0 || 3 || 3) (0 || 0 ||1).Y Y z      

 

 

( 2)
3 2

( 2)

(2)3
( ) ( )

1

( )

( ) ( )

0 0 2 3 5 3
1 2 1 1

3 5 7

1 1 0 2 1 1 1 1 2.

i jC C
Y Y iz

i i

C
Y z

C C
Y Y

y z
R R R e

p

R R

R R



 
     

  
                             

          



 

 

Let’s reset the residue 3 1y   to zero according to the 

third module 3 7p   of the number 3 (0 || 0 ||1).Y   Let’s 

add the number 3Y  and minimum ZC (3) (0 || 0 ||1)z   and 

get: 
 

(3)
4 3 (0 || 0 ||1) (0 || 0 ||1) (0 || 0 || 2).Y Y z      

 

 

 

(3) (3)
4 3

(3)3
( ) ( ) ( )

1

(3)(3) (3)
3 31 1 2 2

1 2 3
1 2 3

( )

( )

2

0 0 0 0 1 1
2 0 2 1 1

3 5 7

2 0 0

i jC C C
Y Y i Yz z

i i

C
Y

C
Y

y z
R R R e R R

p

y zy z y z
e e e

p p p

R

R



 
        

  
                   
       

                              
   



( )2 0 1 0 1 2.C
YR      

 

 

After adding four more times with minimum ZC (3)z  
we get the number 8 (0 || 0 || 6).Y   Add to this number the 

value of ZC (3) :z
  

(3)
8 (0 || 0 || 6) (0 || 0 ||1) (0 || 0 || 0).nY Y z      

 
Let’s determine the calculate rank for the zeroable 

number (0 || 0 || 0) :nY   
 

 

(3)
8

(3)

(3)3
( ) ( )

1

( )

( )

( )

0 0 0 0 6 1
2 2 1 1

3 5 7

2 0 0 2 0 2 1 1

3.

n

i jC C
Y Y iz

i i

C
Y z

C
Y

C
Y

y z
R R R e

p

R R

R

R



 
     

  
                             

        

 



 

 

According to expression (11) we have that: 
 

( ) ( ) ( )1 3 1 2.
n

C C C
Y Y YR R R         
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Thus, the calculated rank of the number 
(2 || 3 ||1) 8Y    is ( ) 2.C

YR   

Checking. In the PNS, the value of the second sum-
mand (2 || 3 ||1) 8Y    is equal to the value: 

 

3

1

( )

2 70 3 21 1 15

218 105 218 2 105 8.

PNS i i
i

T
Y

Y y B

R



        

      

  

 

So the true rank of the number (2 || 3 ||1) 8Y    is 
( ) 2.T
YR   

Conclusions. Since the calculated rank of the number 
Y is equal to the true rank of the number Y, i.e. 

( ) ( ) 2,C T
Y YR R   then the calculated rank is determined 

correctly. 
Let’s determine the sum of two numbers X+Y: 
 

(2 || 4 || 4) (2 || 3 ||1) (1 || 2 || 5).X Y     
 

According to expression (1), the calculated rank ( )C
X YR   

of the sum of two numbers X+Y is equal to: 
 

3
( ) ( ) ( )

1

C C C i i
X Y X Y i

i i

x y
R R R e

p


 
     

 
  

( ) ( ) 2 2 4 3 4 1
2 1 1

3 5 7

2 2 1 2 1 1 0 1 1.

C C
X YR R

                             
        

 

 

Checking. ( ) (1 || 2 || 5)SRCX Y   and ( )PNSX Y   
( ) 187 1 105 8 .1 70 2 21 5 15 2T
X YR P           

Conclusion. The true rank ( )T
X YR   of the number 

(1 || 2 || 5)X Y   is equal to the calculated 
( ) ( ) 1.T C
X Y X YR R    Therefore, there was no overflow when 

performing the addition operation. 
Example 4. Check for overflow when adding two 

numbers (2 || 4 || 4) 74.X Y    

Let’s determine the sum of two numbers X+Y: 
 

(2 || 4 || 4) (2 || 4 || 4) (1 || 3 ||1).X Y     

 
Considering that in example 3, the calculated rank 

( )C
XR  of the number (2 || 4 || 4) 74X    was calculated, 

since the numbers X and Y are the same, its calculated 
ranks are also the same: ( ) ( ) 2C C

X YR R  .  

According to expression (1), the calculated rank ( )C
X YR   

of the sum X+Y of two numbers in the SRC is equal to: 
 

3
( ) ( ) ( )

1

2 2 4 4 4 4
2 2 2 1 1

3 5 7

2 2 1 2 1 1 1 1 0.

C C C i i
X Y X Y i

i i

x y
R R R e

p


 
     

 
                             
        



 

Thus, the calculated rank of the sum of two numbers 
X+Y is equal to the value ( ) 0.C

X YR    

Checking. ( ) (1 || 3 ||1)SRCX Y   and ( )PNSX Y   
(T) (T)11 70 3 21 1 1 48 105 1485 X Y X YR P R              

1 105 43.    Thus, (T) 1.X YR    

Conclusion. It is obvious that the true rank ( ) 1T
X YR    

doesn’t coincide with the calculated rank ( ) 0.C
X YR    The 

inequality ( ) ( )С T
X Y X YR 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 I. Ya. 
and Yuditskyi D. I. “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 

positive research results will make it possible to create 
ultra-fast and fault-tolerant real-time specialized CS. 
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AНОТАЦІЯ 
Актуальність. Розглянуто метод визначення переповнення розрядної сітки, а також комплекс прикладів практичного 

застосування процедури ідентифікації переповнення розрядної сітки комп’ютерної системи, що функціонує в непозиційній 
системі числення в залишкових класах. Об’єктом дослідження є процес обробки даних, представлених у системі залишко-
вих класів. Мета роботи – розглянути та проаналізувати приклади визначення переповнення розрядної сітки комп’ютерної 
системи при реалізації операції додавання двох чисел у системі залишкових класів на основі застосування методу визначен-
ня переповнення розрядної сітки, заснованого на використанні поняття рангу числа. 

Метод. Специфіка функціонування комп’ютерної системи у системі залишкових класів вимагає виконання як модульних 
операцій, так й реалізації додатково, так званих, немодульних операцій. До немодульних операцій належить операція визна-
чення переповнення розрядної сітки комп’ютерної системи у системі залишкових класів. У непозиційній системі числення в 
залишкових класах реалізація процесу виявлення переповнення розрядної сітки комп’ютерної системи є важко реалізованим 
завданням. Розглянутий у статті метод визначення переповнення розрядної сітки ґрунтується на використанні позиційних 
ознак непозиційного коду чисел у системі залишкових класів, а саме істинного та розрахункового рангів числа. Досліджено 
процес визначення переповнення розрядної сітки результату операції додавання двох чисел у системі залишкових класів, оскі-
льки саме виконання арифметичної операції додавання є основною, базовою операцією комп’ютерної системи.  

Результати. Наведено приклади використання методу визначення переповнення результату операції додавання двох чи-
сел у системі залишкових класів, в основу якого покладено модульні операції визначення розрахункового та істинного ран-
гів безпосередньо доданків та рангу суми двох доданків. Аналіз отриманих результатів показав практичну застосовність 
розглянутого методу.  

Висновки. Основним перевагою представленого методу є те, що визначення переповнення розрядної сітки можна здій-
снювати у динаміці обчислювального процесу комп’ютерної системи, тобто без зупинки розв’язання задачі. Ця обставина 
дозволяє знизити непродуктивні витрати комп’ютерної системи в системі залишкових класів. Крім цього, цей метод можна 
використовувати для контролю операції додавання двох чисел в системі залишкових класів. Це підвищує достовірність 
отримання істинного результату операції додавання двох чисел в системі залишкових класів.  
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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. 

Objective. 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 '
S ; 

En is a n×n unit matrix; 
J is a quality functional; 
M is a matrix of dimension m×n, 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; 
Omn is a zero matrix of size m×n; 
P is a polynomial matrix of dimension m×m; 
R is an additionally defined weight matrix; 
r0 is a vector of program signals; 

0 0

/

r rS  is a transposed spectral density matrix of the 

vector r0; 
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/

x xS  is a transposed spectral density matrix of the 

vector x1; 

'
xS  is a transposed matrix of mutual spectral densities 

between the generalised input vector ζ and the vector x1; 

'
xS  is a transposed matrix of mutual spectral densi-

ties between the vectors x1 and ζ; 
S'
∆∆ is a 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 ; 
'

obob
S   is a transposedmatrix of spectral densities of 

the disturbing influence; 
S' is a transposed spectral density matrix of the gen-

eralized input vector; 
T0 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; 
W1 is an optimal structure of the matrix is the transfer 

function of the identification object; 
W2 is an optimal structure of the matrix is the transfer 

function of the shaping filter Ψ; 
x0 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; 
xid is an estimate of the vector of the WS movement, 

obtained through the identification process; 
 is an uncorrelated white noise of single intensity; 
Ф is a block matrix of transfer functions of size 

n×(n+m); 
ε is a vector of identification errors; 
φi is a vector of measurement noise; 
 is a transfer function of the shaping filter; 
ob is a vector of centred stationary random distur-

bances in the control object; 
WS 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-

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). 
 

 

 
Figure 1 – Structural diagram of the motion control system of the working surface of Stewart platform 

 
The programme signal vector r0 is received from the 

trajectory and interpolation generator block, i.e. the set 
trajectory of movement of the working surface: 
 

 /0000000 r , 

 
where 0, 0, 0 – given coordinates of the rotation center 
of the working surface relative to the coordinate system 
associated with the base of Stewart platform; 0 is a spec-
ified yaw angle, 0 is a specified pitch angle, 0 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 x0 in the working space, of the form: 
 

 /0 outoutoutoutoutoutx  , 

 
where out, out, out – 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; 
out is a yaw output angle, out is an output pitch angle, 
out is and output roll angle of the working surface. 

Vector of real values of the movement of the working 
surface x0: 
 

WSxx  01 , 

 
where WS is the vector of disturbances affecting the 
working surface, or  
 

 /1111111 x . 

 
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-

tor of control signals r0 and the vector of actual values of 
the motion of the working surface x1, 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 Δ and the vector of control signals r0 to have dis-
tinct physical natures. Therefore, the assumption of their 
independence is typically adopted.  

 

 
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, ob 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 

obob
S  . 

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 r0, ob, and the output x1 (Fig. 2): 
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obMrPx  01 . 

 
The output x1 and one of the inputs r0 can be meas-

ured, but the input ob cannot be measured. 
The vector ob is formed from the noise vector  by a 

linear stable filter with a matrix of transfer functions  
and can be represented as: 
 

ob . 

 
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 r0 and output vector x1, it is necessary to determine 
the order and parameters of the matrices P, M, and Ψ that 
minimize the following identification quality criterion. 

 





j

j

dsRStr
j

J /1
, (1)

 
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 ε, is defined 
as the difference between the vector of measured actual 
values of the movement of the WS x1 and the estimate of 
the vector of the WS movement, xid, obtained through the 
identification process: 
 

idxx  1 . 

 
Similarly, the identification error vector ε, can be ex-

pressed as: 
 

 Фx1 . (2)
 
where Φ represents the block matrix comprising the trans-
fer functions of the identification object, defined as  

Φ = [W1, W2]; 









 0r  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 ε (2) or the identification quality indicator (1) 
by determining the two transfer function matrices W1 and 
W2. 

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 r0 and x1; 

– assessing variations in the variance of the output co-
ordinates vector of the working surface of the Stewart 
platform x1 with random alterations in vectors r0 and ψob. 

 

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-
quate 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': 
 

*
''

*
'''

1111
  SSSSS xxxx , 

 
where S'

 is a transposed matrix of spectral densities of 
the extended vector of input signals: 
 














 SO

OS
S rr

66

66' 00 , (3)

 

where '
1xS  is a transposed matrix of mutual spectral den-

sities between vector random processes  and x1: 
 

 '''
1101 xxrx SSS   . (4)

 

To solve the task, it is necessary to express the matrix 
of mutual spectral densities 

1xS  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: 
 

1000011111

11
xrrrrxxxxx SSSSSSS 



  . (5)

 

To find the function 
1xS , it is necessary to factorize 

the matrix (5), taking into account the specificity of the 
vector ∆ as a vector of unit “white” noises [16]. Knowing 
the matrix 

1xS , we begin to solve the identification 

problem, which is equivalent to minimizing the functional 
(1) over the class of functions Φ physically realizable and 
having analytical variation δΦ only in the right half-plane. 

The task of finding the function Φ that minimizes the 
functional is solved using the Wiener-Kolmogorov meth-
od. The first variation of the identification quality func-
tional δJ is expressed as: 
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







  (6)

 

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: 
 

  1
0

1
0




  DTTR , (7)
 

where 1
0
R  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:  
 

*00RRR  , (8)
 

where the determinant of the matrix R0 has only zeros 
with negative real parts; TT0  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 
 

1
*

'
0 1


  DSTTTT x , (9)

 

where D is the result of the Wiener factorization [17] of 

the transposed matrix '
S : 

'
*  SDD , (10)
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Using algorithm (7), optimal structures of the transfer 
function matrices of the identification object W1 and the 
filter Ψ, which shapes the dynamic characteristics of the 
disturbance brought to the system output, are determined 
– W2. 

Determining the dynamic properties of matrix P by 
applying the single-side pole removal operation to the 
matrices W1 and W2 [16, 18], after which the matrix M is 
found: 
 

1
~

WPM  ; (12)

 
Calculation of the matrix of spectral densities of dis-

turbing influence:  
 

*21
' ~~

PWWPS
obob
 . (13)

 
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 R0 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 

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 I/O 
device based on the NI PCI-7833R with Virtex-II 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 (AI), 8 
channels of analog output (AO), and 96 digital channels 
(DIO) (Fig. 3). 
 

 

 
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 the inertial 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 r0, 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]. 

 

 
Figure 5 – Input program signal r0 values  

 

The experiment was constructed as follows: a realiza-
tion of the vector of program signals r0, 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 x1, was ob-
tained, the graph of which is depicted in Fig. 6. 

 
Figure 6 – Output signal x1 values  

 
As a result of the full-scale experiment, two arrays of 

points were obtained: one for the input signal r0 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 

11xxS , 
00rrS , 

01rxS , 
10xrS  which have already been obtained as a result 

of experimental processing. Measurement disturbances 
are uncorrelated with each other and with the useful sig-
nal, while the disturbance ψob is uncorrelated with the 
control signal r0. As an example, here are some of the 
fractional-rational matrices of spectral and mutual spectral 
densities: 

– spectral density of the input signal
00rrS : 
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– mutual spectral density of the signal 

10xrS : 
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where   09.1215.063.0 22
1  ssssz , 

  1
2

2 04.011.0 zssz  . 

Matrices 
11xxS , 

00rrS , 
01rxS , 

10xrS  were subjected to 

reduction using the method of typical logarithmic fre-
quency characteristics [8]. As a result, estimates of these 
densities were determined.  

The transposed matrix of spectral densities of the ex-

tended vector of input signals '
S  is obtained according 

to the expression (3) of the identification algorithm, using 
Wiener factorization of polynomial matrices, substituting 
the spectral density of the input signal 

00rrS , and assum-

ing 1S . 

Accordingly, with the expression (5), we obtained the 

matrices 
11

1
xx SSS 


 , and by performing its factoriza-

tion, we obtained: 
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where   55.045.03  ssz . 

Subsequently, by inserting '
1xS  and '

10xrS into equa-

tion (4), we derive the matrix containing mutual spectral 
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densities '
1xS . Using the expression (10) of the identifica-

tion algorithm and executing the factorization of the ma-

trix '
S , we have achieved: 
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where    27.16.04  sssz . 

Next, in accordance with expression (9) of the identi-
fication algorithm, by multiplying the fractional-rational 

matrices '

1xS  and D and performing the Wiener separa-

tion, the resulting matrix is obtained: 
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Entering the notation R0=1 and following expression 

(7) of the identification algorithm, multiplying the frac-
tional-rational matrices (T0+T+) and D–1, the matrix 
=[W1 W2] is obtained, where W1 is the optimal structure 

of the matrix of the transfer function of the identification 
object: 
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W2 is the optimal structure of the matrix of transfer func-
tion of the filter, which forms the dynamic characteristics 
of the disturbance brought to the output of the system: 
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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: 
 
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After that, there is matrix M according to (12): 
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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: 
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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 x1 (Fig. 6) measured during the full-scale experiment 
with the sum of the vector formed when the software con-
trol signal vector r0 (Fig. 5) passes through the transfer 
function of the identification object W1 and vector of sta-

tionary random disturbances ψob, which is formed when 
“white noise” signals pass through the transfer function of 
the forming disturbance filter W2. 

A number of relevant blocks are presented on the dia-
gram of the simulation model (Fig. 7), which implements 
this principle. Block r1 is designed to form a set of chang-
es in the control signal r0. At the output of block x1, the 
vector x1 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 ψob, blocks of "white noise" 
generators with unit intensity were used. These generators 
are combined into the ψob 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 W1 and W2. 

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 xid 
compared to the output vector x1 in linear coordinates ξ, 
η, ζ (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 x1 
and the estimates obtained as a result of the identification xid, according to linear coordinates: a – , b – , c –  
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Figure 9 – Graphs of change in the identification error by linear 

coordinates , ,  
 

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 , , , which are 

respectively equal to: 0086.0
id , 0085.0

id , 

00188.0
id  and 510485.7 

 idD , 

5103389.7 
 idD , 4105458.3 

 idD . 

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-

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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AНОТАЦІЯ 

Актуальність. За сучасних вимог до точності процесів керування рухом рухомого об'єкта на заданій або програмованій 
траєкторії руху необхідно синтезувати оптимальні структуру та параметри системи стабілізації (регулятора) об’єкта з ура-
хуванням як реальних контрольованих, так і неконтрольованих стохастичних збурюючих факторів. Також у процесі синтезу 
оптимальної структури регулятора необхідно оцінювати і враховувати багатовимірні моделі динаміки як самого об’єкта, 
його базових частин, контрольованих і неконтрольованих збурюючих факторів, що впливають на об’єкт у його реальному 
русі. 

Мета роботи. Метою дослідження, результати якого представлені у цій статті, є отримання та оцінка точності моделі 
динаміки платформи Стюарта за допомогою обґрунтованого алгоритму ідентифікації динаміки багатовимірного рухомого 
об’єкта. 

Метод. У статті використано метод ідентифікації в частотній області багатовимірних стохастичних систем стабілізації 
рухомих об’єктів з довільною динамікою. Обґрунтований алгоритм ідентифікації моделі динаміки багатовимірного рухомо-
го об’єкта, побудований за допомогою операцій додавання, множення поліноміальних та дробово – раціональних матриць, 
вінеровської факторизації, вінеровської сепарації дробово – раціональних матриць, знаходження дисперсійних інтегралів.  

Результати. В результаті проведених досліджень формалізовано задачу ідентифікації моделі динаміки багатовимірного 
рухомого об’єкта на прикладі дослідного зразока верстата на основі платформи Стюарта. Результати включають ідентифі-
кацію динамічної моделі платформи Стюарта, її передатної функції та передатної функції формуючого фільтра та верифіка-
ція результатів ідентифікації яка підтверджує достатню точність отриманих моделей.  
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Висновки. Обґрунтований алгоритм ідентифікації дозволяє знаходити порядок та параметри лінеаризованої системи 
звичайних диференціальних рівнянь багатовимірного об’єкта та матриці спектральних щільностей збурень, які діють на 
нього в умовах роботи наближених до реального режиму функціонування дослідного зразка об’єкту. Аналіз результатів 
ідентифікації динамічних моделей платформи Стюарта показує, що основний вплив на переміщення центру мас рухомої 
платформи має зміна керуючих впливів. Однак нехтування впливом збурень знижує точність позиціонування платформи. 
Тому для синтезу системи керування слід застосовувати методи, які дозволяють визначити структуру та параметри багато-
вимірного регулятора з урахуванням таких впливів. 

КЛЮЧОВІ СЛОВА: ідентифікація, матриця передавальних функцій, спектральна щільність, функціонал якості, плат-
форма Стюарта. 
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