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Introduction: Deep Learning plays an important role in machine learning and artificial intelligence. It is widely applied in many 
fields with high dimensional data, including natural language processing and image recognition. High dimensional data can lead 
to problems in machine learning, such as overfitting and degradation of accuracy. To address these issues, some methods were 
proposed to reduce dimensions of the data and computational complexity simultaneously. The drawback of these methods is 
that they only work well on data distributed on the  plane. In the case of the data distributed on the  hyper-sphere, such as objects 
moving in space, the processing results are not so good as expected. Purpose: The use of Conformal Geometric Algebra  in order to 
extract features and simultaneously reduce the dimensionality of a dataset for  human activity recognition using Recurrent Neural 
Network. Results: Human activity data in a 3-dimensional coordinate system is pre-processed and normalized by calculating de-
viations from the mean coordinate. Next, the data is transformed to vectors in Conformal Geometric Algebra space and its dimen-
sions are reduced to return the feature vectors. Finally, we use the Recurrent Neural Network model to train feature vectors. Em-
pirical results performed on the Motion Capture dataset with eight actions show that the Conformal Geometric Algebra combined 
with Recurrent Neural Network can give the best test results of 92.5 %. Practical relevance: In human actions, some actions such 
as jump or dance will not move in motion and other actions, such as run, walk, will move in space. Therefore, we need a method 
to standardize actions. In the case of the data distributed on the hyper-sphere, the developed method can help us to extract fea-
tures and simultaneously reduce the dimensionality of a dataset for human activity recognition using Recurrent Neural Network.

Keywords — activity recognition, Principal Components Analysis,  Conformal Geometric Algebra, Deep Learning.

For citation: Nguyen Nang Hung Van, Pham Minh Tuan, Do Phuc Hao, Pham Cong Thang, Tachibana Kanta. Human action recognition 

method based on conformal geometric algebra and recurrent neural network. Informatsionno-upravliaiushchie sistemy [Information 

and Control Systems], 2020, no. 5, pp. 2–11. doi:10.31799/1684-8853-2020-5-2-11

Introduction

Deep Learning (DL) is a new research trend in 
recent years for many applications, such as image 
processing, object detection, and remote control [1–
4]. DL has two main models: Convolutional Neural 
Network (CNN) used to feature extraction in image 
processing [5, 6], and Recurrent Neural Network 
(RNN) used to handle sequence identification (se-
quence/time-series) [7].

The drawback of the Neural Network (NN) model 
is that each input x event is handled independently 
and gives the corresponding output y without the ex-
change of information collected at each input x [8]. 
The RNN contains internal loops that are able to save 
the exchanged information and the saved information 
can be transferred from one step to another of NN. So 
RNN can be used to input data from image and video 
converted into sequences for recognition or prediction 
problems. However, the most challenging problem of 
DL is still the selection process of data preprocessing 
and feature extraction techniques for training models.

Some commonly used machine learning mod-
els, such as Principal Components Analysis (PCA) 
[9, 10], Principal Components Regression (PCR) 
[11], and Multi-class Linear Discriminant Analysis 
(MLDA) [12], were proposed to reduce dimensions 
of the data and computational complexity simulta-
neously for training models. These machine learn-
ing method sonly work well with data distributed 
on a plane, such as face recognition or image clas-
sification [13]. In the case of data distributed on 
hyper-sphere, eg. moving objects in space, it is dif-
ficult to calculate accurately with the above meth-
ods. To address this issue, in this paper, we propose 
to use the Conformal Geometric Algebra (CGA) to 
extract features and reduce the number of data di-
mensions during the training of the RNN models.

In recent years, there have been a number of 
studies that have successfully applied Geometric 
Algebra (GA) for dimensionality reduction in some 
applications, such as color image processing, signal 
processing, and time-Series analysis [14–16]. CGA 
is part of GA, and a vector in CGA space is called a 

Articles
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conformal vector. Each of conformal vector is rep-
resented for m2 dimensions of hyper-plane and 
hyper-spheres (see [17–20] for more details).

In this work, we propose to use principal compo-
nents in m2 dimensional CGA space. The feature 
vectors are gotten by eliminating the less relative 
components. We propose to transfer data from re-
al space Rm to conformal vectors as a set of points 
in CGA space 2 1, .mP   The selection of principal 
components determines the eigenvalues and eigen-
vectors. The eigenvectors of A (conformal vector) 
are arranged in descending order. Then, k smallest 
eigenvectors are removed to reduce the data dimen-
sions. It leads to receive the conformal vectors B 
with m – k main components. These conformal vec-
tors B are used to train an RNN model.

Related works

A growing interest in human action recognition 
using the DL model has recently arisen. To build a 
training model, we need to collect data via sensors 
or cameras [21, 22]. Next, it is important to use 
some preprocessing and machine learning methods 
for object feature extraction. Finally, we use the 
RNN model for action recognition.

Some methods are used in feature extraction for 
data dimensionality reduction such as PCA, LDA, 
and PCR. However, these methods are linear and 
it is hard to perform 3D relationships like linear 
motion or rotation. For example, a joint moves and 
rotates around the parent joint. Hence, motion da-
ta will be distributed on a sphere (or hyper-sphere) 
with the center coordinates of the parent joint.

Next, we present some feature extraction methods.

Principal Components Analysis 
Principal Components Analysis algorithm [9, 

10] is usually used to convert dataset from a mul-
ti-dimensional space into a less dimensional space, 
but the method still ensures that the variance of the 
input data on each new dimension is the largest.

Given training set  ,d
i i x x RX  i{1, …, n}, 

where xi is a vector in d-dimensional space, and n 
is the number of vectors in the set X. PCA will per-
form a linear transformation to convert data into a 
new coordinate system. The linear transformation 
is defined by the scalar product of the vector x and 
the unit vector of the weight wRd where ǁw1ǁ. 
The problem is transformed into finding weight 
vectors so that the covariance of the linear trans-
formation wTx is the largest. We need to solve the 
problem:

 

 2
1

1 T Tmax
n

i
in 


w

w x w  s.t ǁwǁ21,  (1)

where the average of all vectors in the X dataset is 
defined as follows:

 1

1
.

n

i
in 

 x   (2)

Equation (2) is the average of all vectors of the X 
dataset. To solve this optimal problem, this paper 
introduces the Lagrange coefficient   0 for the 
Lagrange function as follows:

 

     2 2

1

1
 1T T, .

n

i
i

L
n 

    w w x w w   (3)

Then, calculate the derivative of L(w, ) with w 
going to zero will get the following formula:

 

  
1

1 T .
n

i i
in 

    x x w w     (4)

So the optimization problem solved by decom-
posing Eigen is as follows:

 Cww,  (5)

where

 

  
1

1 T.
n

i i
in 

  C x x     (6)

Equation (5), C is the variance matrix of the X 
data set. Finally, PCA uses a decrease in the number 
of dimensions of the data using the first k eigenvec-
tors. These vectors are one that corresponds to the 
value of the maximum eigenvalues. This means that 
the original data set is approximated by data with 
less dimensionality and overview than the original 
data. The feature f(x) can be extracted from vector 
x using the first k eigenvector as follows:

 fPCA(x)((x – μ)Tw1, …, (x – μ)Twk)T,  (7)

where wi is the ith eigenvector, 1  i  k.
The extraction feature method using PCA uses 

a linear transformation for the input data. Hence, 
it is only possible to represent accurately the data 
distributed on the plane. However, the feature ex-
traction results are not good with data distributed 
on the sphere. Furthermore, PCA mainly uses 3D 
coordinates during data collection, but it does not 
go in-depth into an analysis of 3D relationships of 
objects.

Conformal Geometric Algebra
Given training set X{xi|xiRd}, i{1, …, n} 

represented in real d-dimensional space. A C GA 
space is extended from the real Euclidean vector 
space Rd by adding 2 orthonormal basis vector. 
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Thus, a CGA space is defined by d2 basi s vectors 
{e1, …, em, e, e–}, where e, e– and  ei, i{1, …, d} 
are defined as following: 

2 1;    e e e
2 1;     e e e

 e·e–e·eie–·ei0, ∀i{1, …, d}.  (8)

Thus, a CGA can be expressed by d1,1. This 
paper then defines the converted basis vectors e0 and 
e as

 
 0

1
2

,  e e e  e(e–e).  (9)

From Eq. (8) and (9), it is easy to see that:

e0·e0e·e0; 

e0·ee·e0–1;

 e0·eie·ei0, ∀i{1, …, d}.  (10)

This training set is re-represented by the set of 
points 1 1,dP   in CGA space [23, 15] as follows:

 

2
0 1 1

1
2 , .i i i d    P x x e e 

 
 (11)

Hence, a sphere in CGA space is represented as a 
conformal vector

 Ssses0e0.  (12)

The estimating process is performed by using 
the least squares d2(Pi, S). The error function is de-
fined as follows:

 

 
2

22
0

1 1

1
 

2
, .

n n

i i j j i j
i i

E d s
 

     
 

 P S x s xs  (13)

This means that when minimizing the error E 
function, s can be limited by ǁsǁ21. In this case, 
the optimization problem becomes as follows:

 

2 22
0

1

1
1

2
min . .

n

i j j i j
i

s s s t


    
 

 x s x s
 

 (14)

Following [14], the optimal problem is solved by 
the Eigen decomposition as follows:

 Ajsjjsj,  (15)

where A is the variance matrix of the ith training 
set in CGA space:

 

   T

1
.

n

i i
i
f f


 A x x   (16)

The function f(xi) is defined as follows:

 f(xi)x – f – ǁxǁ2f0Rm,  (17)

where

 
 

2
4 1 2 1

2

2 4

;
n n

i i ii i

n

 


 




   
 

x x x
f   (18)

 
 

2
2 1 1

0 2

2 4

,
n n

i i ii in

n

 




  
 

x x x
f   (19)

2
2 1

n
ii  x  and the sum of the four powers 

4
4 1 .n

ii  x
An eigenvector sj is an conformal eigenvector of 

a subset Xj defined in hyper-plane or hyper-sphere 
Sjsjsjes0je0 and eigenvalues j are variance; 
s and s0 are the scalar coefficient of the basis vectors  
e and e0.

Recurrent Neural Network
Recurrent Ne ural Network models [7] are mostly 

used in the fields of natural language processing, 
speech recognition, and action recognition. The 
learned model always has the same input size, be-
cause the input of each state is the output of the pre-
vious state. It allows to use same transition function 
with same parameters at every step. These proper-
ties make it possible to learn the model executing on 
all steps and all sequence lengths. Hence, RNN is 
able to generalize the sequence lengths not being in 
the training set. Therefore, the learned model will 
be estimated with much fewer data.

In this study, we will introduce RNN with data 
as human action videos (Fig. 1). These actions will 
go through PCA and CGA to create the feature vec-
tor x of size n. The calculation will take many to one 
form of the RNN model, with multiple input and 
output predicting actions in the data set.

Each input v alue xt is of size n, after passing 
RNN, there will be an output value y of size c (num-
ber of clustering), for each circle called a state, the 
input of each state is xt and st–1 (which is the output 
of the previous state). Now output st is calculated in 
the following formula:

 sttanh(UxtWst–1),  (20)

where si of size m; U and W is hyperparameter [24]: 
U of size (m  n) is a coefficient matrix between xt–1 
and xt; W of size (mn) is a coefficient matrix c on-
necting st and st–1. In Fig. 1, a V of size (cm) is a co-
efficient matrix converting xt to y.

Because there is only one output value, y can be de-
termined through the activation function is softmax:
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ysoftmax(Vsn).  (21)

From (21) from the input sequence x, we also de-
termine the output value quite simply.

Deep Learning has two big models that are 
CNN and RNN. CNN is a processing model in the 
problem of image input, and very common applica-
tions in computer vision are classification, object 
detection, and segmentation. However, in human 
action recognition, the input data of the models is 
different actions and the model needs to predict 
the appropriate output action (predict time series). 
Therefore, in this paper, we choose the many to one 
model in RNN to apply.

The proposed method

The proposed method is to analyze data of mov-
ing objects and human actions with markers with 

coordinates in 3D space. Specifically, the proposed 
use of the CMU (Carnegie Mellon University) [25] 
motion capture dataset consists of 08 different ac-
tions, each action consisting of multiple files and 
each file consisting of corresponding frames. In 
each frame there are 41 markers (41 joints), each 
marker is each coordinates are represented in 3D 
space.

In this paper, we propose a technique to normal-
ize data by moving the coordinate axes of all joints 
back to their original coordinates, then using PCA 
and CGA to extract features. Finally, use these 
feature vectors to create input values for the RNN 
(Fig. 2).

Transformation method of coordinates
In human actions, some actions such as jump

or dance will not move in motion and other actions 
such as run, walk will move in space. Therefore, 
we need a method to standardize actions to be 
similar. In this study, we propose to transform 
all markers to new coordinates by calculating de-
viations from the mean coordinate to extract fea-
tures.

Give a data set:

  {i|iRt(i)m3}, i{1, …, n},  (22)

where  
  3

1   
T

T T
, ,, ..., t i m

i i i t i
       

R  is a vector 

of the ith action; t(i) is frame number of the ith

action; 
3

1   
TT T

, , , , ,, ..., m
i j i j i j m

      R is a vector 

corresponding to the ith frame of action and 

1
3

2

3

ijk

ijk ijk

ijk

 
 

    
  

R  is the coordinates of the ith

marker of the jth frame of the ith action.

Then, we convert action i to the set of vectors 
as follows:

 X{xij|xijRm3}, j{1, …, t(i)},  (23)

where xij is a vector corresponding to features the 
jth frame, and the ith action:

 xij[ɡT(jj1), …, ɡT(jjk), …, ɡT(jjm)]T,  (24)

where ɡ(jjk) is a transformation of coordinates of 
the kth marker of the jth frame of the ith action.

In this paper, we can use the function

ɡT(jjk)jjk  (25)

or transformation method of coordinates

a)

b)

… 
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 Fig. 1. Illustrate the many to one problem of the RNN 
model: a — short RNN model; b — RNN model for appli-
cation
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 Fig. 2. The overview of proposed RNN model
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  ˆ ,jjk jjk ij    ɡ   (26)

where 1
1ˆ .m

ij jjkkm   
So, we have the new set of vector for the training 

set of PCA and CGA_PCA.

Model combining PCA with RNN
Recurrent Neural Network can combine well with 

other models to predict in time series (predict time 
series). However, RNN uses many parameters on 
each state, which can lead to over-fitting. By combin-
ing PCA with RNN, PCA is capable reduce feature 
dimensions so that network nodes can be reduced but 
retain the original properties (original information).

The PCA algorithm uses orthogonal transfor-
mations to convert the data set from a multi-dimen-
sional space to a new space with less dimension. 
This transformation is based on finding the axis of 
the new space so that the method of data projected 
on that axis is greatest. From Eq. (22) and (23), we 
have Xnew as follows:

X{xij|xijRm3}; j{1, …, t(i)}, i{1, …, n}. (27)

Now, we need to solve the problem:
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w x w   s.t ǁwǁ21, (28)

where

 
 

 

1 11

1
.

t in

ijn
i ji t i  

 


x   (29)

Equation (28), to the optimal problem, this pa-
per introduces the Lagrange coefficient   0 for 
the Lagrange function as follows:
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Then, calculate the derivative of L(w, ) with w 
going to zero will get the following formula:
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x x w w     (31)

Then, the eigenvalues can be obtained via the 
following function:

 Cww,  (32)

where

 
 

  
 

1 11

1 T
.

t in

ij ijn
i ji t i  

  


C x x     (33)

Equation (32), C is the variance matrix of the 
X data set. Finally, PCA uses a decrease in the 
number of dimensions of the data using the first 
k eigenvectors. The feature fPCA(x) can be extract-
ed from vector x using the first k eigenvector as 
follows:

 fPCA(x)((x – )Tw1, …, (x – )Twk)T,  (34)

where wi is the ith eigenvector, 1  i  k.
Now, we use the transform fPCA(x) to apply 

the learning model by converting the data set T
{fPCA(xij), yi|xiRm3, yi{1, …, c}}, i{1, …, n}, 
where fPCA(xij) and yi are label and feature vector 
after applying PCA.

Then, we use the data set T to initialize the input 
data for the RNN model. From Eq. (20), the formula 
is rewritten as follows:

 sitanh(UxijWsi–1).  (35)

Because there is only one output value, yi can be 
determined through the activation function is soft-
max and Eq. (21) is rewritten
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1 11
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, .
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y softmax   (36)

From Eq. (36) we get the clustering result of 
each action. Because PCA uses linear methods and 
assumes that the data is distributed on the plane, 
in cases where the data is distributed in the hy-
per-sphere, the PCA will not give a high result. The 
study further suggests using CGA to combine with 
the RNN.

Model combining CGA with RNN
This proposal will proceed to build the RNN 

model on CGA space. From Eq. (22) and (23) data is 
converted into points in CGA space as follows:

 

2
0 3 1 1

1
2 , .ij ij ij m     P x x e e    (37)

The process of estimating using least squares 
d2(Pi, S). The error function E as follows:
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This means that when minimizing the error E 
function, s can be limited by ǁsǁ21:

  2
2

0
1 1

1
2

min .
t in

ij ij
i j

s s
 

   
 

 x s x   (39)

Therefore, we might be tempted to express the 
previous problem using a non-negative Lagrange 
multiplier  as the minimization of
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The optimal result can be solved using Eigen 
problem

 Ass,  (41)

where A is the variance matrix of the ith training 
set in CGA space:
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ij ij
i j

f f
 

 A x x  (42)

The function fCGA(xi) is defined as follows:

 fCGA(xi)xij – f – ǁxijǁ2f0  Rm,  (43)

where
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Similar to the PCA model, RNN uses input data 
is fCGA(xi) after using the CGA to extraction fea-
ture. From Eq. (20), (21) and (43) can be rewritten as

 
 

 
CGA

1 11

1
, .

t ik
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t i  

 


y softmax   (46)

This model is implemented on CGA space, 
i. e. data in real space is transferred to CGA space. 
With the characteristics of CGA, it is possible to 
represent objects in space and geometric relation-
ships very well. So movements with complex distri-
butions like human joints use CGA very reasonably.

Experimental

Experimental data
The database of motions of CMU, USA [25] is 

free for all uses. Motions are captured in a work-
ing volume of approximately 3 8 m. In this model, 
humans wear a black jumpsuit having 41 markers 
taped on (Fig. 3). The Vicon cameras see the mark-
ers in infrared. The images picked up from the var-
ious cameras are triangulated to get 3D data.

 Table 1. Database experiment

Action
Number frame

Training Testing Total

Dance 3.305 1.577 4.882

Jump 1.198 846 2.044

Kick 1.605 1.163 2.768

Placing Tee 1.487 1.096 2.583

Putt 1.534 974 2.508

Run 452 322 774

Swing 1.324 977 2.301

Walk 1.074 928 2.002

Total 11.979 7.883 19.862
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 Fig. 3. Illustration model of markers on the body
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This study uses 8 kinds of human action. They 
are dancing, jumping, kicking, placing tea, putt, 
running, swing, walking. This paper uses the ware-
ho use file format .c3d and data include total frame 
is 19.869 frames, divide the number of frames 
of each action into 2 parts (train — 60 % and the 
test — 40 %). Details are presented in Table 1.

Figure 3 shows the labels of markers, which have 
3D coordinates (x, y, z).

Predict with RNN
 This experiment is conducted with the original 

data set on the RNN model with the non-transfor-
mation using Eq. (25) and with the proposed trans-
formation using Eq. (26). The parameters of the 
RNN network are the number of neural  200, ep-
ochs  20, and classes  8 (8 kinds of human action), 
batch_size  5, and activation function is Tanh. 

The results from Table 2 show that when the 
coordinates are moved closer to the original coor-
dinates, the result is 84.45 %. This result is much 
higher than when keeping the coordinates is about 
70.97 %. However, to improve as well as increase 
efficiency when using the RNN. In this study, we 
propose to use many methods of dimensional reduc-
tion before putting into the RNN to predict.

Predict with PCA_RNN
In this experiment, we will conduct coordinate 

transformation before using PCA to extract fea-
tures. Results Fig. 4 shows that as the number of di-
mensions increases, the result gradually increases.

When the number of dimensions is 13, the Train 
result is 93.12 % and the Test is 78.2 %, the result 
will not increase and can be considered to have con-
verged at the number of dimensions equal to 14. 

Next, research should continue to experiment with 
the use of CGA to extract features.

Predict with CGA_RNN
In this experiment, we will conduct preprocess-

ing before using CGA to extract features. Fig. 5 
shows that the result when using CGA will converge 
most when receiving the full attributes of the ob-
ject. At the same time, the results clearly show that 
if you remove some key attributes, the result will 
decrease.

The highest train result was 98.1 % with a di-
mension is 2 and the highest test was 92.52 % with 
a dimension is 5.

Evaluation of results
The experiment was conducted with 5 times of 

implementation on the proposed method with the 
number of neural200, epochs20, the results 
achieved in Table 3. The results of using CGA_
RNN are much higher than PCA_RNN, this is also 
true. when using CGA to represent moving objects 
in space.

In the previous study [26], we used PCA and 
CGA to extraction feature and predict on data set 
[25]. The best result is 88.86 %. However, when we 
use PCR to classify and predict the results, we en-
counter some limitations such as calculation speed 
and complexity. So we propose a method of combin-
ing CGA with RNN.

Currently, some studies are using ML models 
[27–29] and DL in human action recognition [5, 30, 
31]. However, these studies only focus on developing 
RNN and Long Short Term Memory (LSTM) mod-
els to predict but do not care about the character-
istics of the object and extraction feature methods 

  Table 2. Comparison results of two data sets using 
RNN, %

Part non-Transformation Transformation

Train 72.57 87.11

Test 70.97 84.45
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  Fig. 4. Results of combining PCA and RNN

  Table 3. Compares the results of the two proposed 
methods, %

Part PCA_RNN CGA_RNN

Train 85.24 95.59

Test 72.83 88.50
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  Fig. 5. Results of combining CGA and RNN
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of the data (object). In the study [32], the authors 
used Android phones to collect actionable data and 
then used the LSTM-RNN model to train and the 
research results were quite high at 96 %. Although 
the number of markers (joints) is only 3, this study 
has the number of markers is 41.

The results of Figs. 4 and 5, the maximum re-
sults are achieved by the PCA method with the 
number of dimension 13, and by the CGA method 
with the number of dimension 2.

Figure 6 shows that as the number of epochs 
increases, the recognition accuracy will increase. 

When epoch increases, the recognition results can 
also increase, and when epoch reaches a certain val-
ue, the results cannot increase (a straight line or 
descending). 

Figure 7 shows the output loss in each step of 
RNN. The loss rate decreases, the recognition re-
sults increases. This figure also shows that the loss 
rate of the CGA method is lower than that of PCA 
during each epoch.

Conclusion

In this paper, we proposed a normalization 
method for input data by calculating deviations 
from the mean coordinate, before using PCA and 
CGA to reduce the number of dimensions and cre-
ate input data for the RNN network. Experimental 
results show that the proposed method CGA_RNN 
has 88.50 % higher results than 72.83 % of PCA_
RNN. Theoretically, RNN can learn distant states. 
However, in reality, RNN only brings the previous 
states to the later stages.

However, the RNN model only carries a certain 
number of states after that, it would be vanishing 
gradients, and this model can only be learned from 
near states (short term memory). Therefore, it is 
necessary to apply the proposed model with LSTM 
to improve the research results. Researching CGA 
to apply to DL is a direction, creating a basis for 
analyzing large data of moving objects in space 
and other applications such as image processing, 
action recognition, and automatic control in the 
future. 
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Постановка проблемы: глубокое обучение играет важную роль в машинном обучении и искусственном интеллекте. Оно нахо-
дит широкое применение во многих областях, где приходится оперировать большими массивами данных, например в обработке 
естественных языков или распознавании изображений. Высокая размерность данных ведет к таким проблемам машинного об-
учения, как   чрезмерное обучение или падение точности. Для их преодоления предлагаются методы одновременного снижения 
размерности данных и вычислительной сложности. Недостаток этих методов состоит в их ориентированности на данные, распре-
деленные по плоскости. В случае данных, распределенных по гиперсфере,  таких как передвигающийся в пространстве объект, 
результаты обработки показывают качество ниже ожидаемого. Цель: применение конформной геометрической алгебры для одно-
временного снижения размерности массива данных, необходимых для выделения признаков и распознавания действий челове-
ка с использованием рекуррентной нейронной сети. Результаты: данные о действиях человека в трехмерной системе координат 
подвергаются предобработке и нормализации путем вычисления отклонений от средних координат. Далее данные преобразуются 
в векторы в пространстве конформной геометрической алгебры, а их размерность снижается для извлечения векторов признаков. 
Наконец, применяется модель рекуррентной нейронной сети для обучения векторов признаков. Опытные результаты, получен-
ные на массиве данных захвата движений для восьми действий, показали, что комбинация конформной геометрической алгебры 
с рекуррентной нейронной сетью обеспечивает наилучший результат в 92,5 % случаев. Практическая значимость: некоторые 
действия человека, например прыжок или танец, не сопряжены с перемещением в пространстве, в отличие от таких, как бег или 
ходьба. Поэтому необходим способ стандартизации действий. В случае данных, распределенных по гиперсфере, разработанный 
метод позволяет выделять признаки с одновременным снижением размерности массива данных для распознавания действий че-
ловека посредством рекуррентной нейронной сети.

Ключевые слова — распознавание действий, анализ принципиальных компонент, конформная геометрическая алгебра, глу-
бокое обучение.
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Постановка проблемы: защита цифровых данных представляет важную задачу для владельцев мультимедийных 
продуктов. Одним из эффективных путей ее решения является использование цифрового маркирования видеопосле-
довательностей. Проблема заключается в необходимости повышать устойчивость цифровых водяных знаков к транс-
кодированию при передаче информации по незащищенным каналам связи. Цель: разработка метода встраивания 
информации в  видеопоследовательности, обладающего повышенной устойчивостью к  транскодированию. Методы: 
новый метод встраивания и извлечения текстовых цифровых водяных знаков основан на штрихкодировании и преоб-
разовании Арнольда. Результаты: разработаны схемы слепого маркирования цифровых видеопоследовательностей 
в хроматических компонентах на основе дискретного вейвлет-преобразования и дискретного косинусного преобразо-
вания. Проведено экспериментальное исследование на устойчивость предложенного метода с использованием кодеков 
x264 (AVC/H.264) и x265 (HEVC/H.265). Выполнена оценка влияния транскодинга, которая показала высокую степень 
устойчивости частотного метода на основе вейвлет-преобразования. Экспериментально установлено, что для случа-
ев транскодирования методом однопроходного сжатия видеопоследовательностей при значении параметра Constant 
Rate Factor, не превышающем 26, удается полностью восстановить встроенную текстовую информацию. Практическая 
значимость: разработанный метод позволяет надежно встраивать и извлекать текстовую информацию из видеопо-
следовательностей, подвергающихся сжатию методами высокоэффективного кодирования, при их передаче по неза-
щищенным каналам связи, что является защитой авторских прав владельцев мультимедийных продуктов.

Ключевые слова — цифровой водяной знак, цифровое маркирование видеопоследовательностей, штрихкодиро-
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Введение

Защита мультимедийных данных, передавае-
мых по незащищенным каналам связи, является 
важной задачей для владельцев мультимедий-
ных продуктов. Она включает два основных на-
правления — шифрование и сокрытие информа-
ции. Шифрование подразумевает использование 
криптографических методов защиты, а сокрытие 
данных включает стеганографические методы и 
цифровое маркирование. Основным назначени-
ем методов цифрового маркирования являют-
ся аутентификация и защита авторских прав. 
Цифровое маркирование подразумевает внедре-
ние в изображение или видеопоследовательность 
скрытого цифрового водяного знака (ЦВЗ), по-
зволяющего обнаружить изменения видеомате-
риала, а также получить встроенную метаинфор-
мацию из мультимедиаконтента. Встраивание 
ЦВЗ в видеопоследовательности используется 
для защиты авторских прав, контроля целост-

ности, а также для скрытой передачи служебной 
информации. Так, в случае защиты авторских 
прав в ЦВЗ встраивается информация об авторе, 
используемом программном обеспечении и иная 
информация, характеризующая авторство.

Подходы к встраиванию информации 
в видеопоследовательности

От передачи несжатого видеоматериала по не-
защищенным каналам связи отказались практи-
чески сразу ввиду чрезвычайно большого инфор-
мационного объема и избыточности. Это привело 
к активному развитию технологий цифрового 
сжатия видеосигнала. В настоящее время ши-
рокое распространение получил стандарт H.264, 
или AVC (Advanced Video Coding), менее распро-
страненным является формат H.265, или HEVC 
(High Efficiency Video Coding). При этом потребо-
валась защита изображений от несанкциониро-
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ванного копирования. С 1990-х годов начали ак-
тивно развиваться методы цифрового маркирова-
ния. Причем исследования продолжаются до сих 
пор, что вызвано появлением новых кодеков для 
передачи изображений и видеопоследовательно-
стей с высоким и сверхвысоким разрешением, а 
также выявлением факторов искажения визу-
ального контента в больших наборах данных, 
предназначенных для обучения глубоких сетей.

Процесс встраивания ЦВЗ в видеопоследо-
вательность можно рассматривать с различных 
точек зрения. В одном из подходов видеоинфор-
мация рассматривается как последовательность 
битов. При этом в случае сохранения или пере-
дачи видеоинформации с использованием кон-
тейнеров будут формироваться соответствующие 
пакеты, зачастую имеющие избыточную инфор-
мацию. Данная избыточная информация может 
быть использована в целях внедрения информа-
ции в форме ЦВЗ [1, 2].

Другой подход интерпретирует видеопоследо-
вательность как множество последовательных 
кадров, отображаемых с высокой скоростью. 
При такой интерпретации можно использовать 
любой метод встраивания ЦВЗ, разработанный 
для статических изображений. При этом предпо-
лагается независимая обработка каждого кадра 
видеопоследовательности как во время встраива-
ния, так и в ходе извлечения ЦВЗ. В рамках дан-
ного подхода реализуются известные алгоритмы 
встраивания ЦВЗ без модификации модулей, от-
вечающих за кодирование/декодирование видео-
последовательности. Однако применение алго-
ритмов для каждого кадра возможно только для 
цифрового маркирования видеопоследовательно-
стей, не подвергающихся сжатию.

Также известен подход встраивания ЦВЗ, ис-
пользущий временную характеристику видео-
последовательности и особенности кодирования, 
состоящие в том, что множество кадров интер-
претируется как набор макроблоков, включаю-
щих I-кадры (ключевые кадры), P-кадры (коди-
рование с предсказанием) и B-кадры (кодирова-
ние с предсказанием и бинаправленным коди-
рованием). При этом возможны разные формы 
реализации механизма встраивания, которые за-
висят от используемого кодека. Так, существует 
ряд алгоритмов, позволяющих встраивать ЦВЗ 
в сжатый поток MPEG напрямую, без процесса 
кодирования и декодирования [3, 4]. Однако у та-
ких алгоритмов имеется значительное ограниче-
ние на объем встраиваемой информации, которое 
зависит от битрейта (количества бит, использу-
емых для передачи/обработки данных в едини-
цу времени). Помимо этого используется подход 
к встраиванию ЦВЗ, в рамках которого придется 
вносить изменения в модули кодирования/деко-
дирования информации, в частности, при ис-

пользовании форматов сжатия AVC/HEVC [5, 6]. 
Метод встраивания визуальных ЦВЗ в I-кадры 
видеопоследовательностей предложен в статье 
[7]. Более полный обзор по цифровому маркиро-
ванию видеопоследовательностей приведен в ра-
боте [8].

Методы цифрового маркирования 
визуальной информации

Методы цифрового маркирования разделяют-
ся на пространственные и частотные. При марки-
ровании в пространственной области встраива-
ние ЦВЗ происходит непосредственно в пикселы. 
Пространственные алгоритмы внедряют ЦВЗ 
в исходное изображение посредством изменений 
параметров яркости или цветовых компонентов. 
Например, при встраивании могут изменяться 
младшие биты — метод наименьшего значаще-
го бита (Least Significant Bits — LSB). В методе 
Куттера — Джордана — Боссена отдельные биты 
водяного знака многократно внедряются в изо-
бражение путем изменения значения синего ка-
нала в пикселе. Само изменение пропорциональ-
но яркостной компоненте пиксела и может иметь 
как положительные, так и отрицательные зна-
чения в зависимости от значения встраиваемого 
бита водяного знака [9]. Недостатком простран-
ственных методов является низкая устойчивость 
к нелегитимным операциям обработки изобра-
жения (например, зашумлению, изменению раз-
мера, фильтрации, сжатию).

Частотные методы обладают более высокой 
устойчивостью, так как ЦВЗ внедряется в частот-
ные коэффициенты контейнера (изображения или 
кадра), которые вычисляются с использовани-
ем определенных преобразований. К частотным 
преобразованиям относят: дискретное преобра-
зование Фурье (Digital Fourier Transform — DFT) 
[10], дискретно-косинусное и дискретно-синусное 
преобразования (Digital Cosine Transform — DCT 
и Digital Sine Transform — DST) [11], дискрет-
ное вейвлет-преобразование (Digital Wavelet 
Transform — DWT) [12], дискретное преобразо-
вание Адамара (Digital Hadamard Transform — 
DHT) [13] и др. Одним из методов, использующих 
дискретно-косинусное преобразование, является 
метод (алгоритм) Коха — Жао [14].

Процесс маркирования включает две основ-
ные операции: внедрение ЦВЗ в изображение или 
кадр на стороне отправителя и его извлечение 
на стороне получателя после передачи по неза-
щищенным каналам связи. В алгоритме Коха — 
Жао внедрение бит встраиваемого сообщения 
осуществляется за счет изменения двух псевдо-
случайно выбранных коэффициентов среднеча-
стотной области, сформированных в результате 
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применения дискретно-косинусного преобразо-
вания для неперекрывающихся блоков изобра-
жения размером 8 8 пикселов. Предполагается, 
что битовое представление встраиваемой инфор-
мации меньше количества потенциально воз-
можных блоков размером 8 8 пикселов. При 
этом желательно, чтобы исходное изображение 
имело размеры, кратные восьми пикселам.

Метод встраивания ЦВЗ 
с применением штрихкодирования

Из-за того, что сжатие видеопоследовательно-
стей часто происходит автоматически с помощью 
кодека достоверно неизвестно типа, целесообразно 
выполнять цифровое маркирование I-кадров, от-
части учитывая движение в кадре. Отметим, что 
при формировании P- и B-кадров сохраняется не 
только информация о новых участках кадров, но 
и данные о перемещении блоков. Соответственно, 
чем больше группа кадров (Group Of Pictures — 
GOP), тем больше изменяется структура текущего 
кадра относительно ключевого кадра и сказывает-
ся эффект сжатия. По умолчанию в большинстве 
общедоступных AVC- и HEVC-кодеков максималь-
ный размер GOP составляет 250 кадров, но может 
изменяться пользователем [15, 16]. Поскольку на 
уровне API кодеков не представляется возмож-
ным жестко установить ключевой кадр и управ-
лять размером GOP в процессе кодирования, то 
первичным этапом маркирования видеопоследо-
вательности будет выбор кандидатов на роль клю-
чевых кадров [17].

Далее проводится оценка смежных кадров, 
расположенных за потенциально ключевым кад-
ром, с целью определить потенциальные зоны 
движения. Кодирование видеопоследовательно-
стей выполняется отдельно для яркостной ком-
поненты и хроматических компонент в цветовом 
пространстве YCbCr. При этом в зависимости от 
разрешения кадра применяются различные цве-
товые схемы согласно рекомендациям сектора ра-
диокоммуникаций Международного союза элект-
росвязи (International Telecommunication Union 
Radiocommunication Sector — ITU-R). В случае 
стандартного вещания (SD) применяется схема 
BT.601, для телевидения высокой четкости (HDTV) 
с разрешением 1920 1080 пикселов применяется 
схема BT.709, а для видеопоследовательностей, со-
ответствующих стандарту сверхвысокой четкости 
(UHDTV), когда разрешение кадра достигает 4K 
(3840 2160 пикселов) или 8K (7680 4320 пиксе-
лов), используется схема BT.2020 [18].

В качестве меры изменения блоков взята сред-
няя абсолютная разница с учетом 50 % доли яр-
костной компоненты (Y) и 25 % на каждую хро-
матическую компоненту (Cb, Cr). Расчет метрики 

для блока BL размером N N текущего кадра f 
происходит с учетом предыдущего кадра f – 1 
следующим образом:
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где p — пиксел, принадлежащий блоку BL.
В случае если значение превышает некоторый 

порог Tbc, то считается, что произошли суще-
ственные изменения и, скорее всего, это изменен-
ный блок.

Подготовка встраиваемой 
метаинформации

Обычно извлеченный ЦВЗ содержит искаже-
ния, вызванные непреднамеренными или пред-
намеренными атаками. Поэтому требуются меха-
низмы, которые позволили бы восстановить ЦВЗ. 
Использование обычной графической формы не 
дает такой возможности из-за неизвестного харак-
тера искажений, соответственно, восстановление 
встроенной информации будет затруднительным. 
Для большей устойчивости встраиваемой мета-
информации предлагается использовать штрих-
кодирование. Штрихкод позволяет повысить ве-
роятность корректного считывания информации, 
поскольку при потере части информации возмож-
но восстановление полос штрихкода благодаря их 
известной геометрической форме. Для обеспечения 
наибольшей емкости встраиваемой информации 
решено использовать штрихкод Code 128, который 
учитывает латинские символы, цифры и специаль-
ные знаки: «Символы штрихового кода Code 128 
состоят из трех штрихов и трех промежутков, име-
ющих модульное строение. Размер одного штриха 
и промежутка составляет от одного до четырех мо-
дулей. Каждый кодируемый символ представлен 
11 модулями. Остановочный (стоп) знак состоит из 
13 модулей» [19]. При формировании штрихкода 
для ЦВЗ решено сделать один модуль эквивалент-
ным одному встраиваемому пикселу. Для восста-
новления штрихкода важен вертикальный размер 
полос. Экспериментально выяснено, что высота 
16 пикселов является достаточной для реконструк-
ции извлеченного штрихкода.

В целях лучшего сокрытия встраиваемых 
штрихкодов их отображение изменено следую-
щим образом. Выполняется разделение штрихко-
да на фрагменты размерностью 32 16 пикселов 
и происходит склейка в блоки 32 32 пиксела. 
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Данные блоки изменяются посредством преобра-
зования Арнольда [20]. Для блока размерностью 
N N преобразование Арнольда преобразует ко-
ординаты (X, Y) элемента в новые координаты 
(Xnew, Ynew), используя следующие уравнения:

Xnew(X + Y) mod N;

Ynew(X + 2 Y) mod N.

Особенностью преобразования Арнольда яв-
ляется то, что после определенного количества 
итераций получается его оригинальное значение. 
Для усложнения процесса злоумышленного деко-
дирования информации используется различное 
количество итераций преобразования Арнольда 
для каждого ЦВЗ. Количество итераций опре-
деляется ключом (паролем). После преобразо-
вания блоки собираются в единое целое (слепок 
ЦВЗ). В дальнейшем с учетом информационной 
емкости кадра формируется код ЦВЗ, возможно, 
с циклическим повторением слепка. Пример вы-
полнения этапа подготовки ЦВЗ в кадр размером 
1280 720 пикселов представлен на рис. 1, а–г.

Оценить размер информационного сообщения 
(в битах) можно, используя выражение

V (cntSim 11 + Fpart) LineH,

где cntSim — количество символов; LineH — раз-
мер штриха; Fpart — размер фиксированной ча-
сти, определяемый как сумма блоков начала (11), 
конца (13) и контрольного символа (11).

Встраивание ЦВЗ

Схема внедрения ЦВЗ в предполагаемый клю-
чевой кадр изображена на рис. 2. После перево-

да кадров в цветовую модель YCbCr происходит 
определение потенциальных границ встраива-
ния (количества кадров относительно ключе-
вого кадра). На этом этапе кадр разделяется 
на блоки и выясняется, сколько блоков было 
сформировано в результате перемещения (ма-
лый вектор движения) и сколько новых блоков 
появилось. Данный этап необходим, поскольку 
при формировании P- и B-кадров сохраняется 
информация о перемещении/изменении блоков, 
а не сами блоки.

Разбиение на блоки происходит в зависимости 
от схемы внедрения и выбранного уровня вейв-
лет-преобразования. На основе предваритель-
ных оценок было решено использовать два уров-
ня вейвлет-преобразования. В рамках второго 
уровня формируется энергия, характерная для 
блоков размерностью 8 8 пикселов, которую 
можно интерпретировать как средние частоты. 
Третий уровень дает более низкие частоты, что 
может быть полезно с учетом особенностей коди-
рования видеопоследовательностей. Так, в слу-
чае кодирования кодеками AVC/HEVC информа-
ция о кадре (без специального переопределения 
параметров) передается в виде макропикселов, 
сформированных по схеме YUV420 и YUV420p16 
для 8- и 10-битных режимов соответственно. При 
такой схеме хроматические компоненты имеют 
вдвое меньшее разрешение, чем яркостная ком-
понента. В случае использования схемы YUV444 
разрешение хроматических компонент будет 
полностью соответствовать разрешению яркост-
ной компоненты. Схема YUV422 обеспечивает 
хроматическим компонентам половину гори-
зонтального разрешения и полное вертикальное 
разрешение. На рис. 3 показаны схемы разложе-
ния яркостной и хроматической компонент при 
формировании макроблоков, где X обозначает 
частоту дискретизации яркостного канала, опре-
деляющего ширину макропиксела, a — это число 
выборок хроматических компонет (Cb, Cr) в гори-
зонтальном направлении в первой строке, а чис-
ло b характеризует выборки компонент (Cb, Cr) во 
второй строке.

Вейвлет-преобразование разделяет сигнал 
на два компонента равного размера. Первый 
компонент характеризует низкочастотные обла-
сти — аппроксимацию (approximation), второй 
компонент — высокочастотные области, описы-
вающие детали (detail) или различие (difference). 
Поскольку в программном модуле встраивания 
ЦВЗ выполняются целочисленные вычисления, 
то для осуществления прямого и обратного пре-
образований решено использовать упрощенную 
реализацию вейвлетов Хаара, адаптированную 
для хранения в виде байт. В случае обработки 
одномерного дискретного сигнала S{sj}jZ вы-
числение компонент approximation (L) и detail (H) 

  Рис. 1. Подготовка ЦВЗ: а — сформированный 
штрихкод с делением на блоки; б — слепок ЦВЗ; в — 
слепок ЦВЗ после преобразования Арнольда; г — гра-
фическое представление кода ЦВЗ

  Fig. 1. Preparing of digital watermark: а — barcode 
divided into blocks; б — mask of a watermark; в — mask 
of a watermark after Arnold transform; г — graphic rep-
resentation of watermark code

a)

б) в)

г)
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с учетом целочисленного представления (байт) 
происходит по формулам

2 2 1

2
;j j

j
s s

L 
 2 2 1 128

2
.j j

j
s s

H 
 

Обратное вейвлет-преобразование (восстанов-
ление сигнала) выполняется следующим обра-
зом:

2 128;j j js L H    2 1 128 .j j js L H   

В результате применения вейвлет-преобразо-
вания к изображению путем поочередного одно-
мерного вейвлет-преобразования строк и столб-
цов будут сформированы четыре области LL, HL, 
LH и HH. На рис. 4 показаны схема и пример вы-
полнения вейвлет-разложения изображения для 
двух уровней. Для формирования третьего уров-
ня разложения будет использоваться область 
низкочастотных компонент LL2.

Идея алгоритма встраивания в вейвлет-ко-
эффициенты, полученные на заданном уровне 
разложения L хроматической составляющей Cb, 
расширяет алгоритм Коха — Жао. Встраивание 
кода ЦВЗ происходит на основе пар псевдослу-
чайных элементов областей HLL, HHL, LHL. При 
этом комбинации пар для каждой частотной об-
ласти будут соответствовать определенной схеме 
встраивания, сформированной на основе клю-
ча. Поскольку использована упрощенная схе-
ма представления частотной области (диапазон 
0...255), то для записи бита информации исполь-
зовано следующее правило:

Разложение

YCbCr

Вейвлет-

преобразование

уровня L

Анализ блоков

Информация для 
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преобразование

Формирование 

кода ЦВЗ

Кадр 
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 Рис. 2. Схема внедрения ЦВЗ в кадр видеопоследовательности

 Fig. 2. Flowchart of watermark embedding in a frame of video sequence

 Рис. 3. Схемы разложения яркостной и хроматиче-
ской компонент

 Fig. 3. Schemes of decomposition of intensity and 
chromatic components
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K1 > K2 + St, если Wbit 1;

K1 < K2 – St  0,5, если Wbit 0,

где K1 и K2 — элементы частотной области; St — 
величина, характеризующая силу различия ча-
стотных коэффициентов (значение из диапазона 
1…4); Wbit — бит встраиваемого сообщения.

В предлагаемом способе изменения коэффи-
циентов при записи бита, в отличие от алгорит-
ма Коха — Жао, предлагается изменять сразу 
оба коэффициента на идентичную величину, но 
с разным знаком.

В качестве альтернативной схемы встраива-
ния ЦВЗ, но уже для яркостной компоненты или 
хроматической компоненты Cr, предлагается при-
менить алгоритм Коха — Жао с использованием 
дискретно-косинусного преобразования размером 

4 4 пикселов для первого уровня вейвлет-преоб-
разования. В случае задействования всех доступ-
ных блоков изображения размером (IH  IW) ин-
формационная емкость встраиваемого сообщения 
для классического алгоритма Коха — Жао будет 
определена как (IH IW)/64, поскольку данный ал-
горитм предусматривает встраивание одного бита 
в блок 8 8 пикселов. При использовании только 
вейвлет-преобразования уровня L максимальная 
информационная емкость встраиваемого сообще-
ния определяется следующим выражением:
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где pbit — степень разреженности изменяемых ко-
эффициентов.

 Рис. 4. Схема вейвлет-преобразования с разложением на два уровня

 Fig. 4. Scheme of wavelet transform with two-level decomposition
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Для двух уровней вейвлет-преобразования 
информационная емкость встраивания сообще-
ния при pbit 1 будет в два раза выше, чем у ал-
горитма Коха — Жао, а при pbit 2 будет иден-
тичная емкость. Для трех уровней вейвлет-пре-
образования и степени разреженности, равной 1, 
информационная емкость будет в два раза ниже 
по сравнению с алгоритмом Коха — Жао. В слу-
чае комбинации вейвлет-преобразования с дис-
кретным косинусным преобразованием области 
4 4 пикселов информационная емкость встраи-
вания сообщения вычисляется по формуле
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При вейвлет-разложении первого уровня ем-
кость встраивания сообщения будет полностью 
эквивалентна алгоритму Коха — Жао.

Извлечение ЦВЗ

Извлечение информационного ЦВЗ из кадра 
видеопоследовательности выполняется по схеме, 
представленной на рис. 5.

Декодированный кадр переводится в цвето-
вую модель YCbCr. Далее выполняется вейвлет-
преобразование и считываются коды ЦВЗ из ча-
стотных областей HLL, HHL, LHL. Во время счи-

тывания кода ЦВЗ (KD) происходит оценка пар 
коэффициентов из соответствующей частотной 
области следующим образом: если (K1 > K2), то 
KD 1; если (K1  K2), то KD 0.

На основе полученных кодов формируется 
значение кода полного представления штрих-
кода FKD с учетом количества повторений rpt и 
размера оригинальной встроенной информации, 
вычисляемой функцией size (при помощи специ-
ального маркера) согласно выражению
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На основе кода FKD происходит формирование 
слепка, куда заносится значение 1 в случае, если 
FKDi  rpt 2, и значение 0 в противном случае.

Полученный слепок ЦВЗ трансформируется 
в блочную структуру, для которой выполняется 
преобразование Арнольда. Для полученного пред-
ставления штрихкода осуществляется реконструк-
ция, учитывающая половинную высоту штриха.

Экспериментальные исследования

Эксперименты проводились с использованием 
видеопоследовательностей со следующими разре-

 Рис. 5. Схема извлечения ЦВЗ на основе хроматической компоненты Cb

 Fig. 5. Flowchart of watermark extraction based on chromatic component Cb
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шениями: 1280720, 19201080, 25601440 и 
38402160. Для более достоверной оценки каж-
дая исходная видеопоследовательность обраба-
тывалась в незакодированной форме с представ-
лением цвета по схеме YUV444p16. Для встраи-
вания ЦВЗ использовалось RGB-представление. 
В экспериментальном исследовании были за-
действованы кодеки x264 (AVC) и x265 (HEVC). 
Кодирование с применением x264 выполнялось 
в двух режимах — 8 и 10 бит. В случае кодека 
x265 применялся 10-битный режим. В кодеках 
использовались настройки по умолчанию с при-
менением предустановленных настроек параме-
тров — схема Medium. Для оценки влияния сте-
пени сжатия на устойчивость алгоритма встраи-
вания ЦВЗ был задействован механизм регули-
ровки качества однопроходного кодирования (па-
раметр CRF — Constant Rate Factor), задающий 
переменный битрейт (Quality-controlled variable 
bitrate).

Оценка степени изменений в визуальном ото-
бражении кадров выполнялась с использова-
нием метрик PSNR (Peak Signal-to-Noise Ratio), 
PSNR-HVS (Peak Signal-to-Noise Ratio taking 
into account Contrast Sensitivity Function), SSIM 
(Structural Similarity), MS-SSIM (Multiscale 
Structural Similarity) и UIQI (Universal Image 
Quality Index). Оценка устойчивости предложен-
ного метода встраивания ЦВЗ выполнялась с ис-
пользованием метрики BER (Bit Error Rate):

1

1 åñëè 1 2
1  2

0 åñëè 1 2
, ;
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i ii
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где B1 и B2 — последовательности бит до встраи-
вания и после извлечения; N — размер последо-
вательности.

Оценка максимального объема встраиваемой 
информации для рассматриваемых алгоритмов и 
используемого видеоматериала приведена в табл. 1. 

Для оценки работы алгоритмов встраивания 
была подобрана комбинация параметров для 
встраивания ЦВЗ на основе DWT таким образом, 
чтобы объем встраиваемой информации был со-
поставим с алгоритмом Коха — Жао. Так, для 
предлагаемого метода были определены следую-
щие параметры: для уровня L 2 степень разре-
женности измененяемых коэффициентов pbit 2; 
дополнительно в экспериментальных исследо-
ваниях была использована комбинация L 3 и 
pbit 1. Усредненные данные оценок степени ис-
кажения кадра после встраивания ЦВЗ приведе-
ны в табл. 2. 

Среднее время встраивания ЦВЗ для исследу-
емых реализаций представлено в табл. 3. Время 
рассчитано для 30 кадров, по каждому из кото-
рых сделано по 15 замеров. Замер выполнялся 
на компьютере с процессором Intel Core i5 3550 
(3,3 ГГц).

Превосходство в скорости встраивания ЦВЗ 
с применением DWT по сравнению с алгоритмом 
Коха — Жао обусловлено тем, что при осущест-
влении вейвлет-преобразований не требуется 
проводить сложные вычисления. В алгоритме 
Коха — Жао основное время затрачивается на 
вычисление дискретного косинусного преобразо-
вания и обратного дискретного косинусного пре-
образования. 

В ходе экспериментальных исследований с ал-
горитмом Коха — Жао при использовании видео-
последовательностей с разрешением 19201080 
пикселов и выше было выяснено, что после сжа-
тия с помощью кодеков x264 и x265 в случае, 
если показатель CRF выше 20, то восстановле-
ние встроенной информации является затрудни-
тельным и во многом будет зависеть от контента 
исходной последовательности. Это обусловлено 
особенностью кодирования видеопоследователь-
ностей, так как кодек x264 использует макробло-
ки 1616 пикселов, а кодек x265 — блоки с дре-
вовидной структурой кодирования от 6464 до 

  Таблица 1. Максимальный объем встраиваемых данных, бит 

  Table 1. Maximum amount of embedded data, bits

Метод встраивания кода ЦВЗ 

(параметры) 

Размер кадра, пиксел

1280 720 1920 1080 2560 1440 3840 2160

Коха — Жао 14 400 32 400 57 600 129 600

DWT (L 2, pbit 1) 28 800 64 800 115 200 259 200

DWT (L 2, pbit 2) 14 400 32 400 57 600 129 600

DWT (L 2, pbit 3) 9600 21 600 38 400 86 400

DWT (L 2, pbit 4) 7200 16 200 28 800 64 800

DWT (L 3, pbit 1) 7200 16 200 28 800 64 800
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88 пикселов. Также следует учитывать, что 
при декодировании используется фильтр умень-
шения блочности, что влияет на качество восста-
новления кадра.

При оценке устойчивости встраивания кода 
ЦВЗ с применением дискретного вейвлет-преоб-
разования и использования кодека x264 выясне-
но, что в случае если показатель CRF равен 30, 
то показатель BER в среднем имеет значение 0,32 

(рис. 6). Одновременно с этим возможна рекон-
струкция штрихкода, основанная на использова-
нии повторений. В случае если оригинальная за-
пись сжималась с показателем CRF 18 или менее, 
то при транскодировании с применением значе-
ния CRF до 25 удается достичь значения BER, 
не превышающего 0,17, а с учетом циклично-
сти записи слепка ЦВЗ полностью восстановить 
штрихкод. В случае многократного транскоди-

  Таблица 2. Оценка искажения кадра при встраивании ЦВЗ 

  Table 2. Estimate of frame distortion during watermark embedding 

Метод встраивания кода 

ЦВЗ

Компоненты 

встраивания ЦВЗ

Размер кадра, пиксел

1280 720 1920 1080 2560 1440 3840 2160

PSNR

Коха — Жао

Cb 36,941 36,678 36,675 36,677

Y 35,743 35,982 35,971 37,079

RGB 37,851 37,674 37,644 37,659

DWT (L 2, pbit 2) Cb 37,615 37,431 37,865 38,045

DWT (L 3, pbit 1) Cb 34,481 34,468 34,753 35,019

PSNR-HVS

Коха — Жао

Cb 100 000 100 000 100 000 100 000

Y 34,6531 34,4193 34,2877 34,2616

RGB 39,9231 39,3529 39,3681 39,3758

DWT (L 2, pbit 2) Cb 38,1900 37,4128 37,9958 38,0996

DWT (L 3, pbit 1) Cb 34,6241 33,8627 33,1627 34,1285

SSIM

Коха — Жао

Cb 0,9427 0,9600 0,9693 0,9361

Y 0,9534 0,9663 0,9740 0,9451

RGB 0,9719 0,9778 0,9837 0,9665

DWT (L 2, pbit 2) Cb 0,9727 0,9803 0,9838 0,9698

DWT (L 3, pbit 1) Cb 0,9636 0,9720 0,9766 0,9622

MS-SSIM

Коха — Жао

Cb 0,9393 0,9064 0,8902 0,8819

Y 0,9304 0,8875 0,8602 0,8575

RGB 0,9583 0,9272 0,9152 0,9131

DWT (L 2, pbit 2) Cb 0,9685 0,9508 0,9422 0,9388

DWT (L 3, pbit 1) Cb 0,9622 0,9367 0,9332 0,9293

UIQI

Коха — Жао

Cb 0,9970 0,9893 0,9923 0,9934

Y 0,9973 0,9812 0,9866 0,9877

RGB 0,9974 0,9799 0,9879 0,9872

DWT (L 2, pbit 2) Cb 0,9981 0,9894 0,9906 0,9968

DWT (L 3, pbit 1) Cb 0,9964 0,9827 0,9846 0,9861
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рования (2–4 раза) c показателем CRF, не превы-
шающим значения 25, также полностью удалось 
восстановить штрихкод. При этом значение BER 
для кода ЦВЗ составило 0,19.

Заключение

Разработан метод внедрения текстового сооб-
щения в видеопоследовательность с применением 
штрихкодирования и цифрового маркирования 
на основе дискретного вейвлет-преобразования. 
Построены схемы внедрения и извлечения ЦВЗ 
в I-кадр видеопоследовательности, представлен-
ный в цветовой модели YCbCr. Показано, что ал-
горитм Коха — Жао существенно проигрывает 

  Таблица 3. Среднее время встраивания ЦВЗ, мс

  Table 3. Average time of watermark embedding, ms

Метод встраивания кода 

ЦВЗ

Компоненты 

встраивания ЦВЗ

Размер кадра, пиксел

1280 720 1920 1080 2560 1440 3840 2160

Коха — Жао

Cb 4634,04 10 498,31 18 789,35 42 148,45

Y 4616,81 10 483,12 18 862,77 41 969,31

RGB 14 021,37 31 885,08 57 334,18 126 405,21

DWT (L 2, pbit 2) Cb 157,64 298,37 496,57 969,30

DWT (L 3, pbit 1) Cb 150,96 294,76 473,34 954,12

цифровому маркированию на основе штрихко-
дирования по времени для видеопоследователь-
ностей высокого и сверхвысокого разрешения. 
Проведенные эксперименты показали высокую 
устойчивость к транскодированию видеопоследо-
вательности с использованием стандартных па-
раметров кодека. Если оригинальная запись сжи-
малась с показателем CRF 18 или менее, то при 
транскодировании с применением значения CRF 
до 25 значение BER не превышает 0,17, а с уче-
том цикличности записи слепка ЦВЗ штрихкод 
полностью восстанавливается. В случае много-
кратного транскодирования (2–4 раза) c показа-
телем CRF, не превышающим значения 25, также 
удалось полностью восстановить штрихкод. При 
этом значение BER для кода ЦВЗ составило 0,19.

0
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  Рис. 6. Показатель BER извлеченного кода ЦВЗ в зависимости от степени сжатия на основе показателя контроля 
качества CRF

  Fig. 6. BER estimate of extracted watermark code depending on a compression degree based on CRF estimate
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Introduction: Owners of multimedia products face an important problem of protecting their digital data. An effective way to solve 
it is digital watermarking of video sequences. The challenge is the need to improve the digital watermark tolerance for transcoding 
when the data are transmitted via unprotected channels. Purpose: Development of method for embedding data into a video sequence 
which would have a higher tolerance for transcoding. Methods: We propose a novel method for embedding and extracting textual digital 
watermarks based on the bar coding and Arnold transform. Results: Blind marking schemes have been developed for digital video 
sequences in chromatic components, based on the discrete wavelet transform and discrete cosine transform. An experimental study 
has been conducted to check the stability of the proposed method using encoders x264 (AVC/H.264) and x265 (HEVC/H.265). The 
estimation of transcoding impact has shown that the frequency method based on wavelet decomposition has a high degree of stability. It 
was discovered during the experiments that for the cases of video transcoding by single-pass compression with a Constant Rate Factor 



ИНФОРМАЦИОННО
УПРАВЛЯЮЩИЕ СИСТЕМЫ№ 5, 2020 23

ОБРАБОТКА ИНФОРМАЦИИ И УПРАВЛЕНИЕ

not exceeding 26, the embedded textual information is fully restorable. Practical relevance: The developed method allows you to reliably 
embed or extract textual data from video sequences compressed using highly efficient coding methods during their transmission via 
unprotected channels, providing copyright protection for multimedia product owners.

Keywords — digital watermark, digital marking of video sequences, bar coding, Arnold transform, discrete wavelet transform, 
discrete cosine transform.
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Introduction: Due to its advantages, such as high flexibility and the ability to move heavy pieces with high torques and forces, 
the robotic arm, also named manipulator robot, is the most used industrial robot. Purpose: We improve the controlling quality of a 
manipulator robot with seven degrees of freedom in the V-REP program’s environment using the reinforcement learning method 
based on deep neural networks. Methods: Estimate the action signal’s policy by building a numerical algorithm using deep neural 
networks. The action-network sends the action’s signal to the robotic manipulator, and the critic-network performs a numerical 
function approximation to calculate the value function (Q-value). Results: We create a model of the robot and the environment 
using the reinforcement-learning library in MATLAB and connecting the output signals (the action’s signal) to a simulated robot 
in V-REP program. Train the robot to reach an object in its workspace after interacting with the environment and calculating the 
reward of such interaction. The model of the observations was done using three vision sensors. Based on the proposed deep 
learning method, a model of an agent representing the robotic manipulator was built using four layers neural network for the actor 
with four layers neural network for the critic. The agent’s model representing the robotic manipulator was trained for several hours 
until the robot started to reach the object in its workspace in an acceptable way. The main advantage over supervised learning 
control is allowing our robot to perform actions and train at the same moment, giving the robot the ability to reach an object in 
its workspace in a continuous space action. Practical relevance: The results obtained are used to control the behavior of the 
movement of the manipulator without the need to construct kinematic models, which reduce the mathematical complexity of the 
calculation and provide a universal solution.
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Introduction

The use of deep neural networks has been rising 
lately in solving many different technical problems 
in many fields, especially in robotics and automa-
tion control, where the aim is to build intelligent 
systems that can operate without the need of hu-
man experts. The progress of unsupervised deep 
learning has continued to rise in rank, aiming to 
learn intelligent behavior in complex and dynamic 
environments [1, 2]. Therefore, we will review the 
methods of controlling a robotic manipulator using 
kinematic control and machine learning control in 
the field of reinforcement learning and examine 
the problems that can face us in this procedure. 
Learning control policies in different systems’ op-
erations have made reinforcement learning an op-
timal solution where it fits well with various tasks. 
In addition, recent work in this field has progressed 
towards capturing the state of the environment 
through images, something developers are still try-
ing to achieve but in a different context.

Reducing continuous spaces of action would be 
poorly scaled, as the number of discrete actions in-
creases exponentially with the action dimensional-

ity, so deep reinforcement learning operates with 
continuous spaces of action to be convenient with 
real-world control problems. Furthermore, having a 
parameterized policy can be beneficial, since it can 
generalize in the space of action [3].

Reinforcement learning is one of the most popu-
lar areas of machine learning [4–6]. Stimulated by 
human behavior, it allows an agent (the learner and 
decision-maker) to discover optimal performance by 
experiment and failure interactions with its enclos-
ing environment to solve the problems of control. 
The environment is everything outside of the agent 
that can be associated with, while a learning task is 
the complete specification of the environment. The 
first method in the field of reinforcement learning 
is dynamic programming [6]. Dynamic program-
ing uses value functions to structure the search for 
good policies but needs a perfect environment mod-
el. The need to know the complete model of the envi-
ronment limits the dynamic programming method, 
wherein many control problems, knowing the whole 
aspects of the environment, could be impractical 
because many problems give rise to huge state sets. 
The next method is Monte Carlo (MC) one [6]. The 
model-free MC method enables us to learn from the 
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environment’s sample sequences of states, actions, 
and rewards. MC method works by equating the 
sample returns from the environment on an episode 
by episode base, so we do not require the full mod-
el of the environment like in the case of dynamic 
programming, but in MC method the agent must 
consider the exploration-exploitation tradeoff in 
order to get information about the rewards and the 
environment. It needs to explore by analyzing both 
previously unused actions and uncertain actions 
that could lead to negative rewards. A new method 
of reinforcement learning evolves from both dy-
namic programming, and MC method. This method 
is called temporal-difference (TD) learning [6]. TD 
learning combines dynamic programming’s ability 
to learn through bootstrapping and Monte Carlo’s 
ability to learn directly from examples selected 
from the environment without access to the Markov 
decision process. Alternatively, TD method only 
waits until the next time-step by using temporary 
errors to notify us how different the new value is 
from the old prediction. Temporal difference learn-
ing led us to a method called state-action-reward-
state-action (SARSA) [4–6]. SARSA is an on-policy 
TD control algorithm. This name is derived from an 
experience in which the agent starts in certain state 
performs an action, receives a reward, then trans-
fers to a new state, and decides to do a new action. 
Based on SARSA, Q-learning method appeared but 
conversely to SARSA. Q-learning is an off-policy 
TD control algorithm, which directly approximates 
the expected reward independent of the policy be-
ing followed [4–6]. 

The main disadvantage of all of the above-men-
tioned methods is the need for a vast database of 
samples and their need to train them before we 
start to perform the process of control. On the other 
hand, we need an algorithm that can be suitable for 
continuous spaces, where the algorithm can learn 
and perform simultaneously with sensor reading 
and action executions. Deep deterministic policy 
gradient or deep Q-learning was developed to solve 
this problem and to overcome all the mentioned 
methods’ disadvantages by developing the architec-
ture of the agent to consist of a critic deep neural 
network and an actor deep neural network. The crit-
ic and the actor can work in parallel to give us the 
actions and the estimated rewards for these actions 
while the training process continues.

Hence, we study deep reinforcement learning al-
gorithm, namely, deep deterministic policy gradi-
ent [3]. In order for robots to achieve a common ad-
vantage purpose, reaching objects is a fundamen-
tal ability to learn. Traditionally, human experts 
are required to analytically produce an algorithm 
for a particular task under adaptive control using 
kinematic control and supervised learning control, 
but this is a challenging and time-consuming ap-

proach. By applying deep learning, we overcome 
these restrictions in generalizing robotic control 
and demonstrating how building the actor-network 
and the critic-network based on convolution neural 
networks (CNN) increases the quality of the perfor-
mance compared with fully connected neural net-
works. We begin by showing the area of interest, 
machine learning, focusing on deep learning and 
reinforcement learning, and deep deterministic 
policy gradient; we describe how to control a robotic 
arm using deep learning.

Kinematics control of a robotic manipulator

Given the joint rotation angles and the lengths 
of the manipulator’s frames, we represent the for-
ward kinematics [3]

 
 ( , ),kinFX q    (1)

where X is the coordinates vector containing the 
position and orientation of the robot’s end effector; 
q is a matrix of joints’ angels; kin is a vector of 
fixed kinematic linking parameters. It consists 
of parameters describing the robotic manipulator 
lengths and angles, illustrating each joint axis’s 
rotation relative to the previous joint axis.

Closed-form solutions of (1) are favored. 
However, there are manipulator structures, for 
which only iterative numerical solutions are pos-
sible. From equation (1) we get the equation of the 
inverse kinematics given as

 
1   ( , , ),kinFq X C    (2)

where C is a vector containing some information 
used to select a possible solution, and another 
alternative is to let C be the previous solution and 
choose the new solution as the closest solution.

When the robot’s end effector is in a fixed po-
sition, there will always be existing values for the 
joints angles which led the end effector to be in such 
position and direction, so a closed-form solution for 
the forward kinematics problem is always assured 
in comparing with the inverse kinematic making 
it more comfortable to deal. This solution defines 
the workspace of a manipulator. On the other hand, 
there can even exist an infinite number of solu-
tions, like the case of a redundant manipulator [3]. 

When the dimension of the task-space is smaller 
than the dimension of the joint space, the kinematic 
structure is considered redundant. Here the inter-
est is in the inverse problem because we can calcu-
late the angels of the joints that will lead to reach-
ing a point in their workspace. As we can see, the 
kinematic control needs to know the robot’s param-
eters and environment, which makes it a non-uni-



ИНФОРМАЦИОННО
УПРАВЛЯЮЩИЕ СИСТЕМЫ № 5, 202026

ОБРАБОТКА ИНФОРМАЦИИ И УПРАВЛЕНИЕ

versal solution for the controlling problem. Each 
robot needs to rebuild the complete mathematical 
model and recalculate all the inverse and forward 
kinematics metrics, which will take a lot of process-
ing each time. The solution for finding a universal 
solution for the controlling process is by using un-
supervised learning.

Advantages of reinforcement learning 
in controlling a robotic manipulator

In unsupervised learning, we get a lower com-
plexity compared to supervised learning because 
we are not expected to understand and then mark 
the input data. This situation happens in real-time 
so that all the input data must be analyzed and 
marked, which helps us understand the various 
training models and sorting of raw data [4–6]. It is 
easier for us to get unmarked data from a comput-
er than marked data because marked data demands 
human interface and understanding of the catego-
rization of such data to use in the learning process. 
Experts should estimate the target output or part 
of it in order to achieve the learning process. The 
supervised learning makes this way time-consum-
ing and not flexible for various systems where some 
changes to the environment or the robot could hap-
pen. Nevertheless, there are many systems where 
we can not estimate the output, and we can not have 
enough information to build the target output to 
achieve the learning process. 

In supervised learning, we would have a set of 
coordination of some locations in the workspace 
and the corresponding angles of the manipulator’s 
joints. We can then feed those input frames through 
a neural network that, at the output, can produce 
the angles of the motors or joints by training on the 
data set from the previous data of the locations and 
the corresponding angles. Many approaches could 
be used, like backpropagation, so we can train that 
neural network to replicate human manual control 
actions. However, when we want to do supervised 
learning, we have to create a data set to train [6–8]. 
On which is not always a straightforward thing to 
do, and on the other hand, if we train our neural 
network model to imitate the actions of the human 
control well only, then by definition, our agent can 
never be better at executing the right action. When 
we want to train a neural network to perform by it-
self a controlling process on a robotics manipulator, 
where this controlling will take place in different 
environments, it could face many new problems. On 
the other hand, the offered method of unsupervised 
learning achieves this goal [9, 10]. 

However, the only difference here is that now we 
do not know the target label. Therefore, we do not 
know the rotation of the manipulator’s joints in any 

situation because we do not have a data set to train 
on, and in reinforcement learning, the network that 
transforms input frames to output actions is called 
the policy network [11]. The approach in policy gra-
dients is that we start with a completely random 
network, we feed that network the coordinates from 
the environment, and it produces random action. 
Send that action back to the joints motors and then 
produces the next frame and this is how the loop 
continues and the network, in this case, it could be 
fully connected networks, but we can apply convolu-
tion network, in other words, deep neural networks 
and from this, we get the name “Deep learning”. 
Allowing our agent to randomly explore the envi-
ronment and discover better rewards and better be-
havior [12].

Within the task, the learning process is divided 
into episodes. We usually use each episode as a con-
trol for a finite steps model, where it is essential to 
operate in many steps until we reach the time where 
we reset and restart.

When we move from a step to another under 
making an action, the agent receives a reward de-
scribing the effectiveness of this step regarding the 
task. The objective here is to maximize this collec-
tive reward during the learning process for the ro-
bot [13]. The equation of the collective reward R is 
given as

  
1 2 3 1 1

0
,

K

K k
k

R r r r r r 


         (3)

were r1 is a reward for moving from the state 0 to 
the state 1 in the step 1; r2 is a reward for moving 
from the state 1 to the state 2 in the step 2; (K + 1) 
is the number of rewards or steps, which refers to 
the end of the episode; k is a counter for the sum 
sign; (k + 1) is a step number.

As we can see from equation (3), the collective 
reward could increase without any conversion, 
making it not suitable for all the tasks [14, 15]. 
Therefore, we define a factor 0   1 that assures 
the conversion and determines the value of the fu-
ture rewards that the robot might receive. By add-
ing this discount factor to equation (3) we get the 
expected collective reward as

 

2
1 2 3 1 1

0
,

K
K k

K k
k

R r r r r r 


            (4)

where  is the discount factor.
We must take extreme caution when choosing an 

appropriate value of  in equation (4) because it can 
often change the form of the optimal solution where 
different values lead to different performances 
[16]. If  is small, the agent could select cases that 
only increase the reward and lead to lower perfor-
mance in the long-term. In contrast, if  is big, the 
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agent will lose the capacity to differentiate between 
the policies that will get a reward in the future and 
those directly get a big reward [17, 18].

Controlling a robotic manipulator 
using deep learning

Deep learning is a field of reinforcement unsu-
pervised learning involved with deep neural net-
works. We used two types of deep neural networks 
each time, the convolution neural network and the 
fully connected neural network. In convolution neu-
ral networks, the connections are between the neu-
ron and its surrounding neurons from the previous 
layer, and these connections share the same weights 
and bias [19–21]. 

L et’s consider the method of deep deterministic 
policy gradient with using deep neural networks as 
an actor and critic. Set up the following notations 
and variables: (sj) is the actor-network output 
calculated on the basis of the actor neural network 
having the input vector sj and the parameters vec-
tor ; j is the current step; sj is the state vector built 
by the observation in step j;  is the parameters 
vector of the actor-network; Q(sj+1, (sj+1)) is the 
output of the critic network having the input vec-
tor sj+1, which is obtained from state sj after action 
aj of the actor-network, and the parameters vec-
tor . On the basis of the TD learning, the updat-
ed parameters vector  of the critic-network results 
from solving the optimization problem [6,  9]

 

 2
1

1
 ( , | ) min,

M

j j j
j

L Q
M 

   y s a


   (5)

where L is the loss function; M is the maximum 
count in the last step; yj is the value function target, 
output vector of deep neural network, which gives 
the critic signal or the joint angels; aj is the action 
vector in the given state sj. This output vector, 
similar to the solution of the inverse kinematics 
equation (2), is described as

 
  1 1 , | | ,j j j jr Q     y s s      (6 )

where rj is the reward in step j; j is the current step.
We train the network to decrease the mean 

squared error concerning the Q function [22, 23]. 
However, the dependence of the Q targets on Q itself 
can lead to instabilities or even divergence during 
learning. We consider a policy that can be described 
by parameters very beneficial for control because it 
allows for learning when the sensory reading and 
actions executions belong to continuous spaces. The 
target value function yj in (6) is proposed to be a 
permanent value on learning a neural network by 
the back-propagation algorithm. 

After updating the parameters vector  of the 
critic-network, to updat the parameters vector  of 
the actor-network we use the following policy gra-
dient when maximizing the expected discounted 
reward (4) [6, 9]:

 1

1
,

M

j j
j

J
M 


  G G     (7)

 ( , ( | ) | ),j j jQ   G s s   

( | ),j j G s   

where J is the policy gradient; Gj, Gj  are the 
gradient vectors of the critic’s and actor’s outputs 
with respect to an actions and parameters of the 
actor-network respectively;  is the gradient 
ascent with respect to the policy of the action;  is 
the gradient ascent with respect to the parameters 
vector  of the actor-network.

From equation (7), the resulting policy gradient 
increases the expected discount reward, and we use 
it to update the actor-network weights and bias. On 
the other hand, from equation (5), after minimiz-
ing the loss function over all the experiences, we 
use it to update the critic-network weights and bi-
ases. In consideration of the observation, we eval-
uate the gradient of the critic-network output and 
the gradient of the output of the actor-network. We 
perform a smoothing process to update the weights 
and the biases of the target actor-network and the 
critic-network:

1( ) ,          1( ) ,        

where  is a smoothing factor equal to less than 
one;  ,   are the updated parametes vectors of the 
critic and actor networks correspondently.

Finally, we repeat performing equation (6) af-
ter we get the new observation for a new step in the 
training until the end of the episode and the begin-
ning of new training episode. 

The practical experiment of controlling 
the robot manipulator

As illustrated in Fig. 1, the learning process 
starts with taking the coordinates of the end effec-
tor and the cube on the three-axis from the cameras, 
generating the state vector. We send the state vec-
tor to the actor-network. The critic network takes 
both the action generated by the actor-network and 
the state and gives us the expected reward from 
this action or the Q-value. In the next steps to im-
prove the performance, when we are in a state, and 
the actor is proposing a particular action, we take a 
slightly different action and see if the Q-value a lit-
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tle higher we change the action to the new proposed 
action. The robotic manipulator moves when it gets 
the action signal. The cameras make the observa-
tions, generating a new state vector describing the 
new situation of the environment. On each axis, if 
the distance between the end effector and the cube 
gets smaller than before, we add a positive reward. 

On the contrary, if the distance gets bigger, then 
before we add a negative reward. We sum the re-
wards to get the actual reward of the current action. 
We calculate the loss by achieving a TD between the 
actual reward and the estimated reward generated 
by the critic (the Q-value). We use the loss in com-
puting the gradient of the Q-value with respect to 
the action. We back propagate the gradient of the 
Q-value with respect to the action to train and up-
date the neural networks and to evolve our actor in 
the right direction.

The simulation environment is built using 
V-REP program. A robot arm model with seven de-
grees of freedom (7 DoF manipulator) is used. In ad-
dition, three cameras are added in different places 
to use them in determining the state and the val-
ue of the reward function. A linkage library called 
Remote API is used to connect V-REP program with 
MATLAB language. This library provides a way to 
create a connection between the programming lan-
guage and the simulation program, so it becomes 
possible to take pictures from the cameras and pro-
cess them using MATLAB image processing func-
tions. The connection mechanism also allows send-
ing motion commands to the motors on the robot 
joints, which makes the simulation environment so 
close to the real implementation environment. 

We want to enable our agent to learn entirely by 
itself. The only feedback that was going to give it 

is the distance between its end effector and the ob-
ject we want the manipulator to reach. Whenever 
our agent manages to make this distance smaller, it 
will receive a positive reward. If the gap gets bigger 
than before, then our agent will receive a penalty of 
negative reward. The target of the agent is to opti-
mize its policy to earn as much reward as possible. 
To train our policy network, we will collect a bunch 
of experiences by selecting random actions to feed 
them back into the actor and create a whole bunch 
of random movements in the environment. Since 
our agent has not learned anything useful yet, it is 
going to make arbitrary, not accurate movements. 
Sometimes our agent might get lucky while it is go-
ing to random select of action. In this case, when 
a sequence minimizes the distance, our agent will 
receive a reward. We should note that every epi-
sode, regardless of whether we want a positive or 
a negative reward, we can compute the gradients 
that would make the actions that our agent has 
chosen more likely in the future. Therefore, what 
policy gradients are going to do is that for every 
episode where we have a positive reward, we will 
use the normal gradients to increase the probabil-
ity of those actions in the future. Whenever we got 
a negative one, it is going to apply the same gradi-
ent, but we are going to multiply it with minus one, 
and this minus sign will make sure that in the fu-
ture, all the actions that we took in a bad episode 
are going to be less likely. The result is that while 
training our policy network, the actions that lead 
to negative rewards are slowly going to be reduced, 
and the actions that lead to positive rewards will 
increase. 

To make observations of the state for the agent 
of the reinforcement learning (the robotic manip-
ulator), we have used three web cameras that take 
photos of the manipulator workspace from three 
perspectives so we can analyses a 3D vision for the 
environment on the three axes. Because of the lim-
itation of the hardware, we do not have the ability 
to give the images as input to the neural networks, 
so we performed image processing using MATLAB 
to get the coordinates of both the robot and the end 
effector. We added as well the angles of rotation for 
each joint to form the state vector (the observations). 
Thus, using simulated webcams with 128128 res-
olution, the environment was observed. Before each 
action, a picture is taken from each cam. Then using 
image processing methods of segmentation and de-
tection in MATLAB system, we get the coordinates 
of the end effector and the object we want to reach 
to form our state. The original photos from three 
vision sensors in the environment of V-REP with a 
resolution of 128128 showing the robotic arm as 
a whole and the box we want to reach are depicted in 
Fig. 2, a. The images obtained after the photos pro-
cessing in MATLAB and showing two green pints, 
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Q- value
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loss error
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actual  reword

  Fig. 1. The block-scheme of the deep deterministic 
policy gradient used to control the robotic manipulator
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which are the end effector of the robot and the box, 
we aim to reach, are depicted in Fig. 2, b. 

Let us consider the simulation environment. The 
robotic manipulator has seven motors; each motor 
is related to two adjacent digits, respectively. The 
motor rotates in a clockwise direction if the first 
digit is bigger than the second one and vice versa. 
Thus, the number of the action signal parameters 
is 14. After that, we start taking pictures from the 
cameras and discovering the green areas in them, 
because the end effector and the element we want 
to reach are made in green. Then, we determine the 
coordinates of these two elements in the three im-
ages, as seen in Fig. 2, b. The state contains seven 
values that reflect the motors’ angles, and 12 val-
ues reflect a pair of coordinates in each of the three 
images. The total number of the state signal param-
eters is 19.

Tw o kinds of neural networks are chosen to 
build the actor and the critic networks. In the first 
case, the actor and critic networks are designed as 
CNN and, in the second case, as the fully connected 
neural networks. The actor-network includes four 
layers and has a size of 2002003814, where 
every number means the number of neurons in a lay-
er. The actor-network has 14 output signals to give 
the rotation of the joints with two pairs for each of 

the seven joints. The critic-network comprises four 
layers and has a size of 200200101. The out-
put signal is a value of the Q-function.

The training process of the robot consists of a 
maximum number of 600 episodes when using con-
volution neural networks and 1000 when using the 
fully connected networks, where the episode is all 
the actions, and the states that come in between an 
initial-state and a terminal-state and each taken 
action and state is considered to be one step inside 
the episode. The episode consists of a maximum 
number of 600 steps when using the convolution 
neural networks and 1000 when using the fully con-
nected networks. Each episode ends when the robot 
achieves the task of reaching the cube or when it 
reaches its maximum number of steps without be-
ing able to reach the cube. After that, a new episode 
begins with a new initial position for the cube in the 
workspace of the robot. As a start of the training 
process during the first step in the first episode, 
the state vector is constructed by taking the coor-
dinates of the end effector of the robot and the cube 
(the object we aim to reach) from three images in the 
initial observations. We send the state vector to the 
actor-network as its input. The actor-network gen-
erates the first action as an output, and we send it 
to the motors’ joints to perform the first movement. 

  Fig. 2. The original photos from three vision sensors in the environment of V-REP with a resolution of 128 128 to 
simulate real life web cameras (a) and the images obtained after the photos processing (b)

a)

b)
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We take the new observations constructing the new 
state vector, and we send it to the critic-network 
with the action vector. The critic-network takes the 
state vector, and the action vector as an input and 
generates the Q-value is output. At the end of this 
step, the reward of the taken action is demonstrat-
ed by calculating the distance in the three images. 
Depending on the Q-value and the reward, we up-
date the parameters of the actor-network and the 
critic-network entering the next step. In the next 
step, the actor-network gives the new action signal 
for the join’s motor to rotate depending on the cur-
rent state vector, and the new observations are tak-
en constructing the new state vector. The new state 
vector is sent with the action vector to the crit-
ic-network repeating the same process. If the taken 
action in the step leads the robot to move far from 
the cube, the reward takes a negative value in order 
to reduce the repetition of such actions, and if the 
action in the current step reduces the distance mov-
ing the robot towards the cube, the rewards take 
a positive value to ensure repeating such actions. 
The task is considered to be accomplished when the 
distance is reduced to a certain level (very small 
distance) in the three images at the same time. The 
episode ends, and we give the reward a big positive 
value, and the robot returns to its initial position, 
a new position is determined randomly for the 
cube (the element we want to reach). A new episode 
starts, and a new action is taken from the output of 
the actor-network repeating the same process in the 
previous episodes. The training stops in the final 
episode, where the parameters of the actor-network 
always lead the robot to execute the actions, those 
making it reaching the cube.

In our experiment, we achieved two training 
process first using convolution neural networks to 
build the actor and critic networks. The results are 
represented in Table 1. Then, we repeat the training 
using the fully connected neural networks to build 
the actor and critic networks. The results are noted 
in Table 2.

In table 1 is clear that, the larger the network’s 
size, the higher the learning parameters, the high-
er the average reward, which leads the robot to exe-
cute more likely good actions to reach the cube and 
to reaching high accuracy and lower elapsed time 
quickly.

As follows from the analysis of tables 1 and 2, 
the architecture of the convolution neural networks 
gives the character to be more specialized and effi-
cient than the fully connected networks. In the ar-
chitecture of the fully connected neural networks, 
there are connections between all the neurons in 
previous layers with each neuron in the next lay-
er, with a unique weight to each connection. This 
connection pattern increases the network param-
eters and makes no assumptions about the data’s 

features, increasing the expenses of the memory 
and the computation. On the other hand, in the con-
volution neural network’s architecture due to its 
convolutional layers, the connections are between 
the neuron and its surrounding neurons from the 
previous and the next layer, and these connections 
share the same weights. This connection pattern 
decreases the number of the network parameters 
affecting its memory use (less memory use), the 
computation (less time), and increases the accuracy 
by producing more likely actions that increase the 
average reward. 

We trained the networks using back propaga-
tion of the loss error by taking the gradient of the 
Q-value with respect to the input. However, the 
training process time depends on many factors; for 
example, each neural network is initialized with 
random values of biases and weights, giving dif-
ferent starting points per simulation during the 
training process. Due to its architecture, fewer 
connections and weights make convolutional layers 
relatively cheap in memory and computation (less 
time). In other words, CNN has a lower number of 
parameters, making it quicker to achieve the train-
ing target. 

Convolution neural networks have a connection 
pattern that increases its accuracy in comparison 

  Table 1. The number of parameters, average reward 
and elapsed time on learning the actor and critic networks 
in the form of convolution neural networks

Sizes of actor and

critic-networks

Number of 

parameters

Average 

reward

Elapsed 

time, h

2002003814

200200101
3040

412
100.02 5.10

1901903814

190190101
2890

392
99.23 5.24

1801803814

180180101
2740

372
98.01 5.37

  Table 2. The number of parameters, average reward 
and elapsed time on learning the actor and critic networks 
in the form of fully connected neural networks

Sizes of actor and

critic-networks

Number of 

parameters

Average 

reward

Elapsed 

time, h

2002003814

200200101
48 384

42 221
98.01 5.21

1901903814

190190101
44 094

38 211
94.21 5.40

1801803814

180180101
40 004

34 401
90.46 5.59
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with the fully connected network because this pat-
tern provides the characteristic of feature extrac-
tion allowing the data to be represented as spatial 
with the locally and equally possible to occur ex-
tracted features at any input. This feature extrac-
tion quality produces a lower rate of decreasing 
the average reward when reducing the parameters 
of CNN over reducing the parameters of the fully 
connected networks, which lack this property of the 
feature extraction.

Conclusion

In robotic control, we trained the robotic arm, 
using a typical robot with seven joints to move in 
high action space, using deep reinforcement learn-
ing algorithms and deep deterministic policy gra-
dients. These methods have the advantage of allow-
ing our robot to perform actions and train at the 
same moment. Therefore, we used them to control 
our robotic manipulator to reach a cube in its work-
space; since these methods give the robot the ability 
to perform in continuous space action (the sensory 
reading and actions executions belong to continu-
ous spaces).

The results of the investigation show that using 
convolution neural networks for designing the ac-
tor and the critic-networks has the following advan-
tages over the fully connected networks:

— higher accuracy by driving the actor-network 
to perform more likely actions that led the robot to 
increase the average reward during the training;

— the robustness over decreasing the network 
parameters due to the feature extraction property, 
where decreasing the network’s parameters, did not 
affect the convolution neural network in the same 
way it affects the fully connected networks.

— a quicker performance using less computa-
tion power and less memory than the fully connect-
ed neural networks.

The obtained results expand the possibilities of 
reinforced learning used in control systems, in par-
ticular when controlling a robotic manipulator, by 
combining the method of deep deterministic policy 
gradient with deep neural networks. An essential as-
pect of the research results is the demonstrated ef-
fectiveness of using cellular neural networks for re-
inforcement learning on controlling a robotic manip-
ulator. This fact is important because cellular neural 
networks are very popular and they are part of many 
different structures of deep neural networks.
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Система управления на основе нейронных сетей при обучении с подкреплением для робота-манипулятора

Е. Б. Соловьеваa, доктор техн. наук, доцент, orcid.org/0000-0001-8204-6632, selenab@hotbox.ru
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aСанкт-Петербургский государственный электротехнический университет «ЛЭТИ», Профессора Попова ул., 5, 

Санкт-Петербург, 197376, РФ

Введение: в силу высокой гибкости и способности перемещать тяжелые предметы с большими вращающими моментами и 
усилиями роботизированная рука, называемая роботом-манипулятором, является часто используемым промышленным роботом. 
Цель: повысить качество управления роботом-манипулятором с семью степенями свободы, представленным в среде симулятора 
V-REP, применяя метод обучения с подкреплением для глубоких нейронных сетей. Методы: оценка сигнала политики действия 
посредством построения численного алгоритма с использованием глубоких нейронных сетей. Сеть актора отправляет сигнал дей-
ствия в роботизированный манипулятор, а сеть критика выполняет численную аппроксимацию для вычисления оценки функции 
(Q-оценки). Результаты: мы создаем модель робота и его окружающую среду, используя библиотеку обучения с подкреплением в 
MATLAB и направляя выходной сигнал (сигнал действия) к симулятору робота в программе V-REP. Робот обучается достижению 
объекта в рабочем пространстве при взаимодействии с окружающей средой и при расчете вознаграждения за это взаимодействие. 
Модель наблюдения создана с применением трех видеосенсоров. С помощью метода глубокого обучения модель агента, представ-
ляющего собой робот-манипулятор, построена на базе четырехслойных нейронных сетей актора и критика. Модель агента обуча-
лась в течение нескольких часов до момента достижения роботом объекта в своем рабочем пространстве с приемлемой точностью. 
Основное преимущество предлагаемого управления над управлением с учителем заключается в том, что робот одновременно об-
учается и выполняет перемещение в непрерывном пространстве действий. Практическая значимость: полученные результаты 
применяются для управления движением робота-манипулятора без конструирования кинематических моделей, в результате 
уменьшается сложность расчетов и обеспечивается универсальность решения.

Ключевые слова — кинематическое управление, обучение с подкреплением, глубокое обучение, робот-манипулятор, глубо-
кая нейронная сеть, глубокий детерминированный градиент политики.
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Нейросетевое прогнозирование событий для роботов 
с непрерывным обучением
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Введение: большие надежды на существенное расширение возможностей человека в различных сферах деятельно-
сти возлагают на создание и применение высокоинтеллектуальных роботов. Для достижения такого уровня интеллекту-
альности необходимо успешно решать задачи прогнозирования внешней среды и состояний самих роботов. В качестве 
многообещающих нейросетевых систем прогнозирования выступают решения на основе рекуррентных нейронных се-
тей с управляемыми элементами. Цель: поиск новых методов и целесообразных нейросетевых структур для прогно-
зирования событий. Разработка подходов к управлению ассоциативным вызовом информации из памяти нейронных 
сетей. Методы: компьютерное моделирование рекуррентных нейронных сетей с управляемыми элементами с различ-
ными структурами слоев. Результаты: разработан усовершенствованный метод нейросетевого прогнозирования со-
бытий с непрерывным обучением роботов. Метод позволяет прогнозировать события как на длинных, так и на коротких 
выборках временных рядов. Для повышения точности прогнозирования предложены новые правила управления ассо-
циативным вызовом информации из нейросетевой памяти. Разработана программная система, реализующая предла-
гаемый метод и допускающая эмуляцию нейронных сетей с различными структурами слоев. На примере прогнозиро-
вания городских транспортных потоков проанализированы возможности рекуррентных нейронных сетей с линейными 
и спиральными структурами слоев. Выигрыш предложенного метода в сравнении с интегрированной моделью авторе-
грессии — скользящего среднего — по показателю MAPE составил от 4,1 до 7,4 %. Среди исследованных нейросетевых 
структур наибольшую точность показали спиральные структуры, наименьшую — линейные. Практическая значимость: 
результаты исследования позволяют повысить точность прогнозирования событий для интеллектуальных роботов.

Ключевые слова — нейронная сеть, прогнозирование событий, непрерывное обучение, робот.
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Введение

Большие надежды на существенное повыше-
ние эффективности деятельности человека в раз-
личных сферах возлагаются на создание и при-
менение высокоинтеллектуальных роботов. Для 
достижения необходимого уровня интеллектуаль-
ности роботов требуется успешно решать задачи 
прогнозирования их состояний и внешней среды. 
Специфика этих задач такова, что состояние робо-
тов и внешней среды определяется большим коли-
чеством внутренних и внешних постоянно изменя-
ющихся факторов. Перспективные роботы в общем 
случае должны функционировать в условиях с вы-
сокой степенью неопределенности событий [1–4].

Для эффективного прогнозирования среды и 
внутренних состояний роботов в этих условиях 
необходимо наличие соответствующих методов. 
Эти методы на основе обработки временных рядов 
событий, несущих информацию о наблюдаемых 
процессах, должны выдавать в систему управле-
ния роботом точные и своевременные прогнозы. 

В настоящее время для прогнозирования вре-
менных рядов в интересах как роботов, так и 

других систем используют различные методы и 
инструменты [1, 5–6]. Широко применяют ли-
нейные и нелинейные регрессионные, а также 
другие модели [5]. К числу перспективных реше-
ний относятся методы, основанные на использо-
вании искусственных нейронных сетей (НС). Все 
многообразие нейросетевых архитектур можно 
разделить на НС прямого распространения, ре-
куррентные нейронные сети (РНС) и гибридные 
решения. 

Нейронные сети прямого распространения [7–
13] благодаря простоте реализации и обучения 
нашли широкое применение при прогнозирова-
нии. Так, для прогнозирования дорожного тра-
фика в работе [7] использована нейронная сеть 
с двумя скрытыми слоями. В [8] применены ав-
токодировщики, а в [9] использованы медианные 
нейронные сети. Похожие исследования затраги-
вают проблему прогнозирования экономических 
временных рядов [10–13]. Тем не менее возмож-
ности НС прямого распространения существенно 
ограничены по точности и горизонту прогноза. 
В этих сетях при прогнозировании не учитывают-
ся обратные результаты. Такие сети не способны 
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без переобучения адаптироваться к меняющимся 
внутренним и внешним факторам, влияющим на 
динамику анализируемых временных рядов.

Рекуррентные нейронные сети [14–20] облада-
ют меньшими недостатками. Обзор архитектур 
РНС применительно к задаче прогнозирования 
временных рядов приведен в работе [14]. Распрост-
ранено применение нейросетевых структур с дол-
гой краткосрочной памятью [15–17] и с управля-
емыми рекуррентными нейронами [21]. Для про-
гнозирования применяются многослойная огра-
ниченная машина Больцмана [18], сети Эльмана 
[19], ряд других архитектур [20]. Возможности 
РНС значительно выше, чем у НС прямого рас-
пространения. Однако системы прогнозирования 
на основе РНС во многом не проработаны. Для них 
характерны невысокая устойчивость, необходи-
мость прерывания на переобучение для прогнози-
рования временных рядов с изменяющимися за-
конами поведения, трудности при ассоциативном 
вызове ранее запомненной информации [14–21].

Появление гибридных нейросетевых решений 
вызвано желанием преодолеть ограничения от-
дельных архитектур [22–25]. В работе [22] пред-
ложен подход, основанный на комбинировании 
долгой краткосрочной памяти и сверточных ней-
ронных сетей. В [23] используются глубокие се-
ти доверия. Гибрид нейронных сетей состояний 
«эхо» и квантовых сетей предложен в [24]. В [25] 
рассмотрен подход, основанный на объединении 
НС прямого распространения и нечетких систем. 
Объединение нескольких типов НС в единую си-
стему позволяет немного расширить возможно-
сти систем прогнозирования, но это не устраняет 
принципиальных недостатков, характерных НС 
прямого распространения и РНС. Кроме этого, 
усложняется общая архитектура.

В качестве многообещающих нейросетевых 
систем прогнозирования выступают решения на 
основе РНС с управляемыми элементами [26–32]. 
Полученные результаты применения этих систем 
в условиях динамичной обстановки и несовер-
шенства выборок временных рядов свидетель-
ствуют, что по точности и горизонту прогнозиро-
вания они превосходят известные подходы [32]. 
Используемые в этих системах прогнозирования 
РНС с управляемыми элементами [31, 32] облада-
ют расширенными возможностями ассоциатив-
ного связывания и запоминания обрабатывае-
мых сигналов, а также извлечения их из памяти. 
Их возможности во многом зависят от видов ло-
гических структур слоев РНС, реализуемых пра-
вил управления ассоциативной памятью, спосо-
бов применения самих сетей. В настоящее время 
нет однозначного ответа на вопрос, какие струк-
туры слоев РНС с управляемыми элементами 
предпочтительно использовать в интересах ре-
шения задач прогнозирования временных рядов. 

Кроме этого, во многом не исследованы подходы 
к управлению ассоциативным вызовом информа-
ции из памяти этих сетей. Остаются открытыми 
вопросы поиска целесообразных методов приме-
нения этих РНС.

В настоящей статье уточняется предложен-
ный в работе [32] метод прогнозирования вре-
менных рядов с использованием РНС с управля-
емыми элементами, который позволяет получать 
прогнозы с непрерывным обучением этих сетей. 
Раскрывается архитектура реализующей его 
программной системы. Оцениваются возможно-
сти прогнозирования временных рядов этим ме-
тодом с применением РНС с различными струк-
турами слоев. Даются рекомендации по приме-
нению предлагаемого метода в перспективных 
интеллектуальных системах.

Метод нейросетевого прогнозирования

Поясним усовершенствованный метод нейро-
сетевого прогнозирования событий для роботов 
на примере реализующей его системы. В состав 
обобщенной блок-схемы этой системы (рис. 1) вхо-
дят две идентичные двухслойные РНС с управ-
ляемыми элементами, а также блок управле-
ния прогнозированием. На вход РНС1 подаются 
сигналы, преобразованные в последовательно-
сти совокупностей единичных образов (СЕО). 
Поданные в РНС1 СЕО продвигаются вдоль слоев 
согласно заданной схеме [см. 28]. В качестве та-
ких схем могут выступать линейные, спираль-
ные, петлевые и др. Такое продвижение обеспе-
чивается за счет пространственных сдвигов СЕО 
при передаче от одного слоя к другому [30]. При 
продвижении последовательностей СЕО в РНС1 
они связываются. Результаты связывания запо-
минаются на элементах сети. 

В процессе непрерывного обучения в РНС1 
формируются постоянно обновляемые модели 
воспринимаемых сигналов. На правом выходе 
РНС1 можно получать результаты распознавания 
обработанных сетью последовательностей СЕО. 

В интересах предсказания событий для ро-
ботов в системе на рис. 1 блоком управления 
прогнозированием считывается информация о 
состоянии элементов из РНС1 в РНС2. После на-
деления РНС2 этой информацией запускается 
процесс обработки в ней сигналов и ускоренно-
го вызова из ассоциативной памяти результатов 
прогноза в виде выходных СЕО2. Для повыше-
ния эффективности прогнозирования осущест-
вляется усиление такого вызова в направлении 
входа РНС2 собственным блоком управления 
этой сети. Вызванные из ассоциативной памяти 
результаты прогнозирования следуют в РНС2 
за обрабатываемыми СЕО. В случаях обработки 
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малых выборок в РНС2 предлагается сначала их 
удлинять за счет вызова из памяти предшеству-
ющих сигналов, а затем только осуществлять 
прогнозирование. Для этого предлагается сна-
чала усиливать ассоциативный вызов сигналов 
из памяти РНС2 в направлении выхода, а затем 
в направлении входа. После того как результа-
ты прогноза в виде последовательности будущих 
СЕО2 получены, может начинаться очередной 
цикл считывания с РНС1 информации о состоя-
нии ее элементов в РНС2 и прогнозирование ею 
событий относительно очередного момента вре-
мени.

Пример логической схемы применяемой РНС 
со структурой слоев в виде сходящейся, а не по-
стоянной по диаметру [29, 30] спирали, показан 
на рис. 2. 

В рекуррентных нейронных сетях усиление 
ассоциативного вызова сигналов из памяти в тре-
буемом направлении осуществляется за счет из-
менения параметров расходимости единичных 
образов соответствующих совокупностей при пе-
редаче от слоя к слою [26]. В соответствии с более 
ранними исследованиями [27] амплитуда еди-
ничного образа на выходе каждого синапса рав-
на амплитуде входного единичного образа, умно-

женной на вес wij(t) синапса. Веса wij(t) синапсов 
определяются через произведение их весовых ко-
эффициентов kij(t) и функций ослабления (rij(t)), 
(rij(t)) расходящихся и сходящихся единичных 
образов [26, 27]:

wij(t)kij(t) · (rij(t)) · (rij(t)).

Весовые коэффициенты kij(t) изменяются в за-
висимости от воздействий на синапсы единичных 
образов и выступают в качестве элементов долго-
временной памяти сети. Единичные образы, про-
ходя через синапсы, снимают с них информацию 
о предыдущих воздействиях и оставляют ин-
формацию о своем появлении через изменения 
весовых коэффициентов. Для каждого динами-
ческого синапса, связывающего i-й нейрон с j-м 
нейроном, весовой коэффициент kij(t) на момент 
времени t поступления на синапс очередного 
единичного образа может определяться согласно 
правилам [27]

kij(t)(1 exp(gij(t)))/(1exp(gij(t)))

th(gij(t)/2),

gij(t)gij(t t)gij(t),

  Рис. 1. Обобщенная схема системы, реализующей метод нейросетевого прогнозирования событий для роботов 
с непрерывным обучением

  Fig. 1. A generalized scheme of a system that implements the method of neural network event prediction for robots 
with continuous training: SSP is a set of single pulses; RNN1, RNN2 are the first and the second identical recurrent 
neural networks
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где gij(t), gij(t t) — предыстория на моменты 
времени t и t соответственно; gij(0)0;  — неко-
торый положительный коэффициент. Величина 
gij(t) определяется в зависимости от состояний 
i-го и j-го нейронов. Если i-й нейрон сгенерировал 
сигнал и после этого возбудился j-й нейрон, то 
gij(t) присваивается некоторая положительная 
величина. В случае, если возбуждение j-го нейро-
на произошло без участия i-го нейрона, то gij(t) 
отрицательно. В остальных вариантах gij(t)0.

Функции (rij(t)) ослабления единичных образов 
зависят от rij(t) — условной удаленности связывае-
мых через синапсы нейронов (условных расстоя-
ний между ними) на текущий момент времени. Для 
расчета (rij(t)) и rij(t) применимы формулы [26]

(rij(t))1/(1(rij(t))
1/h),

rij(t)((xij(t))
2yij(t)

2)1/2,

где , h — положительные коэффициенты; xij(t), 
yij(t) — проекции связи i-го нейрона с j-м ней-
роном на оси X и Y без учета пространственных 
сдвигов. Полагается, что расстояние между слоя-
ми пренебрежимо мало.

Согласно этим формулам смешение СЕО вдоль 
слоев реализуемо за счет изменения rij(t) путем 
задания значений xij(t) и yij(t). Расходимость 

единичных образов в РНС управляется измене-
нием коэффициентов . Возможны и другие ва-
рианты такого управления [31].

Функции изменения параметров расходимо-
сти единичных образов в РНС возлагаются на 
блоки управления этих сетей. Однако команды 
на такие изменения предлагается подавать с бло-
ка управления прогнозированием в зависимости 
от условий заполнения РНС1 обрабатываемыми 
совокупностями единичных образов на момент 
считывания с нее информации. В случае запол-
нения РНС1 СЕО не меньше заданного значения 
обрабатываемая выборка временных рядов счи-
тается длинной, в противном случае — короткой. 
С учетом этого для РНС2 задается режим прогно-
зирования на длинных или коротких выборках.

В качестве результатов прогнозирования на 
выходе РНС2 выступают те СЕО, которые следу-
ют за вызывающими их сигналами.

Алгоритм нейросетевого прогнозирования

Принимая во внимание вышесказанное, пред-
лагаемый усовершенствованный метод можно 
представить в виде следующей последовательно-
сти шагов.

 Рис. 2. Структура РНС в виде сходящейся спирали: 1, 3 — направления продвижения СЕО вдоль и между слоями 
РНС; 2 — линии разделения слоев на логические поля; 4 — нейроны первого и второго слоев

 Fig. 2. The RNN structure in the form of a converging spiral: 1, 3 — direction of SSPs promotion along and between 
the layers of the RNN; 2 — the lines of splitting layers into logical fields due to spatial shifts of SSPs during transmis-
sion from one layer to another; 4 — neurons of the first and second layers
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Шаг 1. Ввод в систему нейросетевого прогно-
зирования наблюдаемых сигналов.

Шаг 2. Преобразование этих сигналов в после-
довательность совокупностей единичных образов 
в базисе, согласованном с входом РНС1.

Шаг 3. Ассоциативная обработка в РНС1 пре-
образованных сигналов. Формирование и запо-
минание на элементах сети модели обрабатывае-
мых сигналов с учетом накопленного опыта.

Шаг 4. Считывание информации о состоянии 
элементов из РНС1 в блок управления прогно-
зированием. Определение параметров загрузки 
РНС1 входными сигналами, длины выборки и 
положения выборки на слоях сети. Принятие ре-
шения о режиме прогнозирования. Перенос ин-
формации о состоянии элементов РНС1 в РНС2. 

Шаг 5. Если загрузка РНС1 входными сиг-
налами сосредоточена до середины ее слоев, а 
остальные части слоев свободны или слабо загру-
жены, то осуществляется переход к шагу 7 про-
гнозирования с возможным удлинением корот-
ких выборок.

Шаг 6. Запуск и реализация процесса обра-
ботки в РНС2 сигналов с ускоренным вызовом 
из ассоциативной памяти результатов прогноза 
в направлении входа этой сети в виде совокупно-
стей единичных образов. Переход к шагу 9.

Шаг 7. Запуск и реализация процесса обра-
ботки в РНС2 сигналов с ускоренным вызовом 
информации из ассоциативной памяти в на-
правлении выхода этой сети в течение времени, 
зависящего от длины обрабатываемой выборки 
и ее положения на слоях сети. Результат такой 
частичной обработки — удлинение справа обра-
батываемых коротких выборок. 

Шаг 8. Изменение направленности ассоци-
ативного вызова информации из памяти РНС2 
в сторону входа сети и продолжение реализации 
процесса обработки сигналов с формированием 
прогноза. 

Шаг 9. Обратное преобразование результатов 
прогнозов в РНС2 в соответствующие им исход-
ные сигналы.

Согласно этому алгоритму основное усовер-
шенствование базового метода состоит в прави-
лах ассоциативного вызова информации из па-
мяти РНС2 для прогнозирования сигналов как 
на длинных, так и на коротких выборках. На 
удлинение коротких выборок может тратиться 
не менее ¼ времени, отводимого на всю обработку 
сигналов в РНС2. В случае обработки неоднород-
ных входных выборок с пропусками сигналов и 
ложными выбросами возможно прогнозирование 
с усреднением многошаговых прогнозов, полу-
ченных относительно смещенных моментов вре-
мени.

За счет предлагаемого метода предоставляет-
ся возможность успешно прогнозировать различ-
ные события не только без прерывания обучения, 
но и на различных длинах выборок обрабатывае-
мых временных рядов. 

Программная реализация

Предложенный метод был реализован в про-
граммной системе прогнозирования на языке C
с применением фреймворка Qt [29, 31]. Архитек-
тура этой системы представлена на рис. 3. 
Программная система прогнозирования позво-

  Рис. 3. Архитектура программной системы нейросетевого прогнозирования

  Fig. 3. Architecture of software neural network forecasting system
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ляет конфигурировать любую логическую струк-
туру применяемых РНС, выбирать количество 
и размер логических полей, настраивать другие 
параметры.

Для оценки возможностей предложенного 
метода формировались пять различных конфи-
гураций РНС, входящих в систему прогнозиро-
вания. Конфигурации отличались только типа-
ми реализуемых логических структур РНС при 
768 нейронах в каждом слое. За счет реализуемых 
пространственных сдвигов СЕО слои РНС разби-
вались на 24 поля по 32 нейрона. Направления 
продвижения СЕО вдоль слоев в таких конфигу-
рациях показаны на рис. 4. 

При прочих равных параметрах РНС оценива-
лись возможности прогнозирования предложен-
ным методом и реализующей его программной 
системой в этих пяти конфигурациях.

Исходные данные и результаты 
прогнозирования

Для прогнозирования был выбран эталонный 
набор данных Лаборатории исследования транс-
портных данных (TDRL) [33]. Этот набор содер-
жит информацию о дорожной ситуации в горо-
дах-побратимах Миннесота и Ротчестер, получен-
ную с микроволновых датчиков. Для проведения 
исследования были выбраны данные об объеме 
трафика (файлы *.v30) в период с 12 по 24 янва-
ря 2018 года с детекторов № 51, 56, 61, 77, 80, 90, 
453. Данные за 12–23 января 2018 года исполь-

зовались для обучения РНС, в то время как про-
гнозирование выполнялось на горизонт, равный 
одним суткам (24 января 2018 года). Интервал 
составлял 3 часа, а количество прогнозируемых 
значений равнялось восьми.

На этих исходных данных были получены ре-
зультаты прогнозирования, которые сравнива-
лись с реальными значениями объема трафика за 
24 января 2018 года. Метрики, используемые при 
оценке точности, включали среднюю абсолют-
ную процентную ошибку (MAPE), среднюю абсо-
лютную ошибку (MAE) и среднеквадратическую 
ошибку (RMSE):

MAPEkN
i1(|Rki Fki|/Rki) · 100%/N;

MAEkN
i1(|Rki Fki|)/N;

RMSEk(N
i1((Rki Fki)

2)/N)1/2,

где k1..7; N8; Rki — реальные значения; Fki — 
прогнозные значения.

Результаты оценивания точности прогнози-
рования по этим метрикам для рассмотренных 
пяти конфигураций программной системы пред-
ставлены в таблице. В этой же таблице для срав-
нения приведены оценки, полученные на таких 
же исходных данных с помощью модели Бокса — 
Дженкинса (ARIMA — autoregressive integrated 
moving average).

Результаты показывают, что все пять кон-
фигураций продемонстрировали достаточно 
высокую точность прогнозирования объема до-
рожного трафика. Она выше точности ARIMA. 

а)

б)

в)

г)

д)

  Рис. 4. Логические структуры слоев РНС, реализованных в программной системе прогнозирования: а, б, в — ли-
нейная, петлевая и спиральная структуры; г, д — структуры в виде сходящейся и расходящейся спирали

  Fig. 4. Logical structures of the RNN layers implemented in the forecasting software system: a, б, в — linear, loop 
and spiral structures; г, д — structures in the form of converging and diverging spiral
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Наилучшие результаты характерны для спи-
ральных структур, которые предпочтительнее 
линейных. 

Наблюдаемый результат объясним преимуще-
ством спиральных нейросетевых структур с точ-
ки зрения плотности ассоциативного связывания 
вызываемых сигналов с теми СЕО, которые уже 
находятся на слоях РНС. В то же время линейная 
структура может обеспечить относительно плот-
ное связывание только ближайших СЕО, а влия-
ние других единичных образов по мере удаления 
становится пренебрежимо малым.

Заключение

В результате данного исследования был раз-
работан и проанализирован усовершенствован-
ный метод нейросетевого прогнозирования со-
бытий с применением двух экземпляров потоко-
вых РНС с управляемыми элементами. Согласно 
методу первый экземпляр постоянно находится 
в режиме обучения, благодаря чему на его си-
напсах выстраивается и постоянно обновляется 
пространственно-временная модель анализиру-
емых событий. В интересах предсказания блок 

управления прогнозированием считывает эту мо-
дель во второй экземпляр и запускает в нем про-
цесс обработки информации, в результате чего из 
ассоциативной памяти вызываются результаты 
прогнозирования. Усовершенствованный метод 
предполагает прогнозирование не только с непре-
рывным обучением, но и на различных длинах 
выборок. Если выборка признается короткой, 
то при ее обработке вначале в целях получения 
предшествующих значений осуществляется уси-
ление ассоциативного вызова сигналов в направ-
лении выхода сети. Затем блок управления про-
гнозированием усиливает вызов сигналов в на-
правлении входа сети, и выполняется прогноз. 
Наличие возможности управлять направленно-
стью ассоциативного вызова сигналов позволяет 
уменьшить количество ошибок в виде пробелов 
в будущих событиях без искажения последова-
тельности сигналов, которые их вызывают. 

Для поиска целесообразной структуры слоев 
применяемой рекуррентной НС проведено иссле-
дование пяти вариантов (линейной, петлевой, спи-
ральной структур, а также конфигураций в виде 
сходящейся и расходящейся спиралей). Для это-
го на языке программирования Сразработана 
программная система прогнозирования, реали-

  Результаты оценивания точности прогнозирования

  The results of the evaluation of prediction accuracy

Структура РНС Показатель
Датчик 

Среднее
1 2 3 4 5 6 7

Линейная

MAE 1,63 1,39 0,34 0,53 0,30 0,68 0,69 0,79

MAPE 27,90 19,20 22,70 10,00 11,60 30,50 20,40 20,30

RMSE 2,22 2,18 0,44 1,06 0,43 0,98 0,98 1,18

Спираль 

с постоянным 

диаметром

MAE 1,15 1,07 0,47 0,53 0,18 0,68 0,63 0,67

MAPE 18,80 13,80 25,90 10,00 8,90 30,50 11,30 17,00

RMSE 1,80 1,78 0,65 1,06 0,21 0,98 0,96 1,06

Петлевая

MAE 1,29 1,44 0,33 0,60 0,18 0,69 0,63 0,74

MAPE 20,70 24,00 22,30 14,40 8,90 30,50 11,30 18,90

RMSE 2,01 2,37 0,42 1,08 0,21 0,99 0,96 1,15

Спираль 

сходящаяся

MAE 1,29 1,27 0,33 0,59 0,18 0,65 0,63 0,71

MAPE 21,10 16,60 22,30 10,80 8,90 28,50 11,30 17,10

RMSE 1,87 2,04 0,42 1,09 0,21 0,97 0,96 1,08

Спираль 

расходящаяся

MAE 0,97 1,13 0,44 0,55 0,18 0,71 0,63 0,66

MAPE 15,50 14,50 25,80 10,30 8,90 32,40 11,30 17,00

RMSE 1,72 1,95 0,55 1,07 0,21 0,99 0,96 1,06

ARIMA

MAE 1,72 1,34 0,61 0,89 0,36 0,80 0,65 0,91

MAPE 30,10 19,00 30,80 17,40 13,90 41,20 18,70 24,40

RMSE 2,50 2,03 1,12 1,16 0,50 1,19 0,94 1,35
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зующая предложенный метод. Исследование эф-
фективности этих структур проводилось на при-
мере прогнозирования городских транспортных 
потоков. В качестве исходных данных был вы-
бран эталонный набор TDRL. Результаты сравни-
тельной оценки эффективности предложенного 
метода с известной моделью ARIMA на одних и 
тех же исходных данных показали существенное 
преимущество предложенных решений. В част-
ности, выигрыш по показателю MAPE составил 

от 4,1 до 7,4 %. Ошибки по метрике RMSE ниже 
на значения от 0,17 до 0,29 и по MAE — от 0,12 до 
0,2. Среди исследованных структур наибольшую 
точность показали спиральные структуры. Это 
объясняется более низкой плотностью ассоциа-
тивного связывания сигналов в линейной конфи-
гурации. Разработанный метод рекомендуется 
для использования в современных робототехни-
ческих и других интеллектуальных системах 
для прогнозирования различных событий.
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Neural network event forecasting for robots with continuous training
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Introduction: High hopes for a significant expansion of human capabilities in various fields of activity are pinned on the creation and 
use of highly intelligent robots. To achieve this level of robot intelligence, it is necessary to successfully solve the problems of predicting 
the external environment and the state of the robots themselves. Solutions based on recurrent neural networks with controlled elements 
are promising neural network forecasting systems. Purpose: Search for appropriate neural network structures for predicting events. 
Development of approaches to controlling the associative call of information from a neural network memory. Methods: Computer 
simulation of recurrent neural networks with controlled elements and various structures of layers. Results: An improved method of 
neural network event forecasting with continuous robot training has been developed. This method allows you to predict events on either 
long or short samples of time series. In order to improve the forecasting accuracy, new rules have been proposed for controlling the 
associative call of information from the neural network memory. A software system has been developed which implements the proposed 
method and supports the emulation of neural networks with various layer structures. The possibilities of recurrent neural networks 
with linear or spiral layer structures are analyzed using the example of urban traffic flow forecasting. The gain of the proposed method 
in comparison with the ARIMA model for the MAPE indicator is from 4.1 to 7.4%. Among the studied neural network structures, the 
spiral structures have shown the highest accuracy, and linear structures have shown the lowest accuracy. Practical relevance: The 
results of the study can be used to improve the accuracy of event forecasting for intelligent robots.

Keywords — neural network, events forecasting, continuous training, robot.
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Introduction: The implementation of data storage process requires timely scaling of the infrastructure to accommodate the 
data received for storage. Given the rapid accumulation of data, new models of storage capacity management are needed, which 
should take into account the hierarchical structure of the data storage, various requirements for file storage and restrictions on 
the storage media size. Purpose: To propose a model for timely scaling of the storage infrastructure based on predictive estimates 
of the moment when the data storage media is fully filled. Results: A model of storage capacity management is presented, based 
on the analysis of storage system state patterns. A pattern is a matrix each cell of which reflects the filling state of the storage 
medium at an appropriate level in the hierarchical structure of the storage system. A matrix cell is characterized by the real, limit, 
and maximum values of its carrier capacity. To solve the scaling problem for a data storage system means to predict the moments 
when the limit capacity and maximum capacity of the data carrier are reached. The difference between the predictive estimates 
is the time which the administrator has to connect extra media. It is proposed to calculate the values of the predictive estimates 
programmatically, using machine learning methods. It is shown that when making a short-term prediction, machine learning 
methods have lower accuracy than ARIMA, an integrated model of autoregression and moving average. However, when making 
a long-term forecast, machine learning methods provide results commensurate with those from ARIMA. Practical relevance: The 
proposed model is necessary for timely allocation of storage capacity for incoming data. The implementation of this model at the 
storage input allows you to automate the process of connecting media, which helps prevent the loss of data entering the system.

Keywords — data storage system, storage media, multi-level data storage, databank, databank scaling, databank control, 
required storage capacity forecast.
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Introduction

Data storage is a service needed by companies, 
governmental structures or individuals. Banks and 
insurance companies are active users of this ser-
vice, as they keep all the primary documentation in 
scanned format. National security structures also 
have a high demand in data storage [1]. Urban in-
frastructure projects such as “Smart yard”, “Safe 
city”, etc. assume real-time data storage with sub-
sequent archiving. The storage of unstructured 
medical data is often regulated by law. Individual 
users also contribute to the rapid growth of the data 
amount, creating private “clouds” in order to store 
their personal content. 

The tendency of rapid data accumulation is re-
ferred to as “big data”. It is often characterized by 
its “three Vs”:  

Volume, i. e. physical amount of data; 
Velocity, i. e. speed of the data growth; 
Variety, i. e. the capability to process different 

data types in the same time.
Big data is a trend in the modern stage of our 

transition to a digital society. To organize data 
storage, you need special infrastructure [2]. It can 

be provided by a data storage system (DSS) which 
is a software/hardware solution for recording the 
data to be stored, secure storage of this data, and 
reading it by user’s demand [3]. The total capacity 
of a DSS, without going into details about the soft-
ware/hardware solution, is also called data storage 
[4, 5].

A data storage is a complex control object which 
must deal with two types of load: data coming in 
real time, and data whose secure storage requires 
timely procedures of archiving, backuping, etc. 
[6–8]. Thus, the problem of big data is not the lack 
of the storage space but the lack of adequate models 
for controlling this space, in particular, its timely 
extension [9, 10]. Currently, the solution for this 
problem is not automated, being a part of the DSS 
operator’s duties. Implementing such a model at the 
input of a storage would allow us to automate the 
process of linking up the storage media, making 
sure the input data is not lost [11].

The results presented in this article are a con-
tinuation of the work [12]. The model proposed in 
[12] allows you to make short-range forecasts about 
events that require your DSS to be scaled. However, 
data storage systems need mid- and long-range 
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forecasts, as the implementation of scaling takes 
time, including the time for purchasing, installing 
and  setting the equipment.

Description of the research object 
and statement of the problem

A data storage system follows the principle of hi-
erarchical storage. Nowadays, at least three levels 
are specified in the DSS architecture [13–15]:

– RAID (Redundant Array of Independent 
Disks);

– automated libraries;
– long-term storage media.
Increasing the number of the levels is the prob-

lem of vertical scaling. Let us denote the number of 
levels in a DSS as m.

Increasing the number of the volumes/carriers 
at the ith level of a DSS is the problem of timely 
horizontal scaling. Let us denote the number of vol-
umes/carriers in a DSS as n [16]. 

The state of a DSS can be formalized as a ma-
trix B of size m  n [17], whose elements are sets of 
files with assigned parameters    , , ,F t f   where t 
is the time of guaranteed storage determined from 
the file extension *.type; f is the file size;  is the fre-
quency  of requests for the file. Parameters t and f
are metadata analyzed at the DSS input. Parameter 
 is dynamic; it determines the migration of files 
over the DSS levels.

Each cell of the matrix B, in its turn, can be rep-
resented by its own characteristics (Fig. 1).

Thus, the problem of DSS scaling formulated in 
[12] as a forecast problem (estimating the moment 
tlim of an event at which Vcur tends to Vlim and es-
timating the moment tmax of an event at which Vcur
tends to Vmax) is still the same. But our goal is get-
ting mid- and long-range forecasts.

Let us call the DSS state specified by the matrix 
B at the time moment t a behavior pattern B(t) [18, 
19].

Periodic analysis of B(t) patterns allows you to 
adjust the forecast estimations tlim and tmax. The 
structure of the data storage scaling management 
model is given in Fig. 2. 

The forecast model is adjusted automatically if 
the deviation of the pattern parameters from the 
forecast estimations becomes significant.

Proposed solution

In order to estimate the values of tlim and tmax, 
let us use the following machine learning methods:

– Decision trees;
– Random forest;
– Feedforward neural network;
– Support vector machines.
Decision trees are the most popular method of 

numerical forecasting in the case when the fore-
cast variable values are continuous. The method 
is popular due to the tree structure, in which the 
decision-making sequence is reduced to a number 
of vertex transitions, which subsequently makes 
model very comprehensible. The major shortcoming 
of the method is that it often requires retraining, 
which can lead to branchy trees and/or high class 
bias.

Formally, a decision tree is a graph G (V, E), 
where V is a finite non-empty set of vertexes, i. e. 
tree leaves; E is a finite non-empty set of vertex 
pairs, i. e. tree branches. The branches contain var-
ious conditions, and the leaves contain their val-
ues. The main parameter of the method is the tree 
depth, i. e. the distance from the root to the most 
remote leaves. The model of a decision tree is built 
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 Fig. 1. Characteristics of a cell of the matrix B
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following two algorithms: induction and pruning. 
Induction specifies the borders of a hierarchical 
solution, based on the feature space x. Pruning re-
moves less informative structures from the tree, 
preventing retraining. The conditions for splitting 
tree vertices are formed with a feature chosen by a 
greedy algorithm in order to reduce the cost func-
tion. In numerical prediction, this function is mean 
squared error (MSE):

 

 2
1

ˆ ,
N

i i
i

MSE V V


   (1)

where Vi  is real data in the ith point; îV  is a predicted 
value in the ith point; N is the sample size.

The decision tree G breaks all the feature space 
into a certain number of non-overlapping subsets 
{E1, ..., EM}, and in each subset Ej produces a pre-
diction îV
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In the prediction problem to be solved, the tree 
vertices are traffic amounts, and the branches are 
the moments of time when the incoming traffic 
amount is fixed.

Random forest is an ensemble of trees in which 
each tree has its weight when obtaining the final 
prediction estimation. The randomness is intro-
duced into the ensemble of trees at the induction 
stage. The most common way of building an ensem-
ble of trees is called bagging (abbreviated bootstrap 
aggregation). It is based on artificial creation of 
several samples V{V1, V2, …, VC} from the train-
ing set, uniformly and with replacement. On each 

sample, a decision tree , 1  ,i i CG  is built. Bagging 
is normally used in order to avoid retraining, i. e. 
saving the training dataset indiscriminately. The 
algorithm is characterized by two main parame-
ters: number of the trees and their depth.

In addition to bagging, you can randomly select 
a subset of features in each vertex in order to make 
the trees more independent. The final prediction is 
chosen by averaging:
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Using neural networks for time series prediction 
is based on the assumption that a regression prob-
lem can be replaced by a recognition problem. As a 
matter of fact, a neural network cannot predict. It 
can only recognize, in the current parameters of a 
time series, a familiar situation, reproducing a re-
action to it as precisely as possible. Thus, the state-
ment of a prediction problem as applied to a neural 
network can be formulated as follows: to find the 

best approximation to a function defined by a finite 
set of a training sample.

In time series prediction, a multilayer percep-
tron, i. e. a feedforward neural network can be use-
ful, as a feedback network uses short-term memory.

The inputs of a multilayer perceptron are fed 
with parameters reflecting the function of the da-
ta stream (t) to the DSS, and the outputs are the 
predicted values of tlim and tmax. This method was 
dubbed “sliding windows”, as its implementation 
requires two windows: the input window corre-
sponds to the values of the input layer of the neu-
ral network; the output window corresponds to the 
expected values of its output layer. In the course of 
a prediction, both these windows move along the 
function (t) with a step which corresponds to the 
time series interval. Like in all regression problems 
solved by neural networks, supervised training 
method is used.

Support vector machines solve the prediction 
problem through classification, taking the initial 
data vector to an n-dimensional space and search-
ing for (n – 1) dimensional hyperplane with a max-
imum Euclidean distance between the borders of 
areas separating one class from another. The initial 
data vector is a time series describing the amount 
of traffic coming to the storage to be stored. In 
fact, support vector machines solve an optimization 
problem where the target function is maximizing 
the Euclidean distance between the decision planes 
or minimizing the average value of the MSE clas-
sifier. During the training, “volume-time” classes 
of the function (t) are determined; and during the 
prediction, the classes are revealed to which the fu-
ture values of (t) can be assigned, and the values 
tlim(t) and tmax(t) are calculated.

Linear optimization assumes that a system of 
equations is written as a scalar product; non-linear 
optimization assumes that it is written as a non-lin-
ear kernel function. In this work, Gaussian radial 
basis function is chosen.

Discussion of the results

To estimate the accuracy of a short-term predic-
tion, we used LTE traffic data for 6 days (August 20–
25, 2018) provided by MTS mobile operator in Saint-
Petersburg, Russia (Fig. 3). The time series consists 
of 144 observations averaged by 1440 values of the 
service amount V. 

Since most machine learning methods are sen-
sitive to scaling, the data should be pre-processed, 
using the procedures of data normalization if the 
nominal features can be put into the range from 0 
to 1, or standardization if each feature has a mean 
value equal to 0 and dispersion equal to 1. In Fig. 4, 
you can see standardized LTE traffic from Fig. 3.
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The short-term prediction was built for 
August 25, 2018. Fig. 5, a–d contains graphs de-
monstrating the difference between the real traffic 
and the predicted one, obtained through machine 
learning. Table 1 contains the values of MSE from 
which you can judge the prediction error, along with 
the key parameters selected during the training.

In [12] it was shown to be possible to obtain 
MSE0.04 by using ARIMA, an integrated model 

of autoregression and moving average. Fig. 6 shows 
graphs demonstrating the difference between the 
real traffic and predicted one obtained through 
ARIMA. The results do not contradict the state-
ments that autoregression models are currently the 
best tool for time series prediction.

For obtaining medium- and long-term predic-
tions, we need long records of traffic traces [20]. This 
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  Fig. 5. Real traffic () and traffic short-term prediction (---) through machine learning: a — decision tree; b — ran-
dom forest; c — support vector machines; d — neural network

  Table 1. MSE values and key parameters of machine 
learning

Machine 

learning 

method

MSE Key parameters

Decision 

tree
0.54 Depth of the tree is 15

Random 

forest
0.525

Bagging, and randomly generated 

subsets from the training set with 

repetitions

Support 

vector 

machines

0.41
Gaussian kernel with radial basis 

function

Neural 

network
0.62

Architecture (А) is a multilayer 

perceptron with 3 hidden layers. 

The number of the hidden layers h 

is chosen experimentally: 

0 9
( ) min( )lim

h
A h MSE
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seemingly unsatisfiable demand was satisfied due 
to the open publication of internet traffic data by a 
Japanese MAWI research group, WIDE project. The 
training set has 24-hour traces for September 05, 
2018 and September 04, 2019, 48-hour traces for 
September 01, 2007–November 01, 2007, 72-hour 
routes for March 18–20, 2008, and 96-hour traces 
for March 30, 2009 and February 01–04, 2009.

Figure 7, a–d contains graphs demonstrating 
the difference between the real traffic and predict-
ed one obtained through machine learning. 

The values of MSE in ARIMA model, as applied 
to long records of traffic traces with medium- and 
long-term predictions do not significantly change, 
being equal to 0.035. 

Table 2 shows the predicted values of tlim, tmax for 
the storage at RAID0, RAID3 and RAID5 levels with 
the following parameters: capacity of one 2.5SSD is 
3840 Gbytes; number of the discs is 50; total capacity 
is 192 Tbytes; time of switching between the discs at 
RAID3 level is 1 minute for taking into account the 
difference in performance between RAID3 and RAID5; 
time given by the administrator for scaling is 9 hours.

After applying different machine learning 
methods to the analysis and prediction of filling up 
the storage, we can make the following conclusions:

1. In spite of the fact that ARIMA model shows 
good results when its parameters are properly set 
up, it should be noted that the parameters are cho-
sen through auto-correlation analysis which can 
take an order of magnitude more time as compared 
to machine learning.

2. There is no commonly accepted model for the 
prediction of filling up a data-storage system in or-
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  Table 2. Predicted values of the onset of time of the 
maximum and real storage capacity

RAID 

level

Capacity, 

Tbytes

Efficient 

capacity, Tbytes

tlim, 

days

tmax, 

days

RAID0 192 192 14.27 14.57

RAID3 192 188.16 14.06 14.36

RAID5 192 188.16 13.98 14.28
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der to make a decision about timely scaling of the 
system. However, based on the obtained results, we 
can recommend the following:

— ARIMA model for short-term predictions;
— machine learning models for long-tern predic-

tions.
3. Although any prediction is an extrapolation 

of data, machine learning methods actually solve 
an interpolation problem. This allows us to restore 
the amounts of data written in the storage which 
are not fixed in time.

Conclusion

The article discusses the importance of timely 
scaling of a data storage system. A model of hori-

zontal scaling is proposed which presumes that the 
number of volumes/carriers at any hierarchical 
storage level is differentially increased.

Planning the scaling of storage capacity is based 
on predicting the amount of the incoming data traf-
fic and the moment when the limit or maximum ca-
pacity of the storage medium is reached.

We have discussed various methods of machine 
learning applied to the analysis and long-term pre-
diction of filling up a data storage system. The meth-
od of support vector machines provided predictive 
estimates three times higher by MSE value than 
those obtained through ARIMA which is currently 
considered the best model for time series prediction.

The prediction of storage capacity scaling is nec-
essary for timely allotment of memory resources 
and reduction of the incoming traffic loss.
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Постановка проблемы: хранение данных требует своевременного масштабирования инфраструктуры для размещения дан-
ных, поступающих на хранение. С учетом стремительного накопления данных необходимы новые модели управления емкостью 
хранилища, которые должны учитывать иерархическую структуру хранилища данных, разные требования к хранению файлов 
и ограничения на объем носителей. Цель исследования: предложить модель своевременного масштабирования инфраструктуры 
хранения данных, основанную на прогнозных оценках наступления того момента, когда заполнится емкость носителей данных. 
Результаты: разработана и приведена модель управления емкостью системы хранения данных, основанная на анализе паттер-
нов состояния системы хранения. Паттерн представляет собой матрицу, каждая ячейка которой отражает состояние заполнения 
носителя системы хранения данных на соответствующем уровне иерархической структуры системы хранения. Ячейка матрицы 
характеризуется реальным, предельным и максимальным значениями емкости носителя. Задача масштабирования системы хра-
нения данных заключается в прогнозной оценке наступления событий достижения предельной емкости и максимальной емко-
сти носителя данных. Разница между прогнозными оценками есть время, которое выделено администратору для подключения 
дополнительных носителей. Предложено вычислять значения прогнозных оценок времени программным способом, применяя 
методы машинного обучения. Показано, что при построении краткосрочного прогноза методы машинного обучения проигрывают 
в точности ARIMA — интегрированной модели авторегрессии и скользящего среднего. Однако при построении долгосрочного про-
гноза методы машинного обучения дали результаты, соизмеримые с теми, что обеспечивает ARIMA. Практическая значимость: 
предложенная модель управления масштабированием системы хранения данных необходима для своевременного выделения ем-
кости для поступающих на хранение данных. Реализация этой модели на входе хранилища позволяет автоматизировать процесс 
подключения носителей, что предотвращает потерю входящих в систему данных.
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Introduction: Monitoring the learning process usually involves an analysis of the higher mental functions of the student: 
imagination, memory, thinking, attention, etc. Currently, there are wide opportunities for objective monitoring and evaluation of 
these characteristics based on the achievements of modern neuroscience. Analysis of the personal characteristics of the student 
allows to perform personalization of educational process. In this context, the approaches based on the electroencephalography 
analysis are particularly promising. Currently, one of the main barriers to the widespread introduction of EEG based systems in the 
school educational process is the lack of ready-made solutions to such systems for use in the learning process of schoolchildren, 
as well as scenarios for their application. Purpose: Development and initial testing of the system for monitoring and adjusting the 
learning process, as well as strategies for its use for primary school students. Methods: EEG analysis, wavelet analysis of recorded 
multichannel EEG data, analysis of changes in the energies of the main rhythms of the neural activity of the brain, the feedback 
provided by the system. Results: The concept and diagram of the developed system for monitoring and adjusting the learning 
process and the strategy for its use for elementary school students are described in detail. An increase in the efficiency of learning 
process with developed system was demonstrated as a consequence of feedback based on the assessment of changes in the 
energies of the characteristic rhythms of the student’s brain activity. Practical relevance: The use of EEG systems for an objective 
analysis of the personal characteristics of students and the personalization of the learning process through the implementation 
of feedback based on the data obtained will increase the quality of the educational process and the efficiency of learning new 
material.

Keywords — personalized learning, EEG, elementary school students, brain-computer interface, learning process control, 
electroencephalography, EEG signal analysis, brain activity, neural activity.
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Introduction

The control of the learning process on the all lev-
els of education has always been an demanded top-
ic. The control has been considered in the context 
of the evaluation the learning process efficiency by 
teacher as well as by the students. The pedagogical 
control implies correction of the learning process 
based on the analysis of the data obtained by the 
teacher. The procedure of adjustment itself can be 
carried out at each step of the learning process, but 
it has the most important value at the completion 
of the learning new material. Thus, the pedagogical 
control is a certain way to assess information about 
the quality of the learning process and the readi-
ness of the student.

Traditionally, the Russian and foreign pedago-
gy of XX century was focused on the quality of the 
learning, skills and attitudes. Various forms and 
methods of control were able to not only to verify 

learning, skills and attitudes, but also change the 
system of teaching in the process of learning, which 
allows to individualize and differentialize it [1–5].

Introduction of competency approach in the 
school education highlighted certain dissatisfac-
tion with the traditional methods of learning pro-
cess control. The search for the new methods and 
techniques was initiated for verifying not only tra-
ditional learning, skills and attitudes, but also per-
sonal and mental features of the student.

Since the works of L. S. Vygotskiy, the educa-
tional psychology implied the analysis of the de-
velopment of the higher mental functions, such as 
imagination, memory, thinking, attention, etc. [2, 
6] Russian and foreign teachers and psychologists 
tried to consider corresponding neuropsychological 
knowledge in the process of the learning and con-
trol [5, 7]. Recently, the great opportunities for ob-
jective control and evaluation of such features were 
discovered based on the achievements of modern 
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neuroscience. In [8, 9] the relationships between 
academic progress, cognitive abilities and features 
were studied. The modern techniques of neuroim-
aging (EEG, MEG, fNIRS, fMRI) have broad po-
tential to consider the development of memory and 
attention of preschoolers [10], as well as to visual-
ize the cognitive processes while solving the spa-
tial reasoning mathematical tasks [11], arithmetic 
tasks [12], or the tasks that require auditory pro-
cessing during reading and spelling [13].

Introduction of the digital learning devices and 
remote educational technologies, as well as tran-
sition of the learning in the digital environment, 
highlighted the issue of relevance of the learning 
process quality control. On the one hand, the an-
alytics of a large amount of data obtained in the 
process of mass training and, on its basis, the per-
sonalization of the learning process has become in 
demand [14]. On the other hand, personalization 
became possible based on the analysis of the cogni-
tive characteristics of the students [15]. EEG based 
research on the analysis of brain activity seems to 
be especially promising. First of all, this is due to 
the fact that EEG, being a relatively inexpensive, 
affordable, easy-to-use and safe technology, allows 
obtaining objective information about the brain’s 
work with good time resolution [16]. Moreover, when 
using EEG, preliminary analysis and optimization 
usually allows to significantly reduce the number 
of electrodes, as well as the duration of recordings 
of EEG signals when solving a specific problem [17]. 
For example, in [18], it was shown that the state of 
the subject upon perception of an ambiguous visual 
stimulus can be identified with high accuracy using 
signals recorded with only two EEG channels.

Electroencephalogram studies have shown [19] 
that children with lower math skills need more 
careful monitoring and processing of resources. In 
[20], it was revealed how the type and complexity of 
the task affect the information processing mecha-
nism and how the approaches to solving linguistic 
and visual-spatial tasks differ in individuals of dif-
ferent intelligence levels. However, such works are 
rather in the nature of scientific research and are 
not intended for the direct introduction of EEG in-
to the learning process. The 2018 survey mentions 
only 22 examples of publications on this topic [16].

At the same time, it became clear that the use 
of EEG for an objective analysis of the cognitive 
characteristics of students and personalization of 
the learning process through the implementation of 
feedback based on the data obtained will significant-
ly improve the quality of the educational process 
and the efficiency of learning new material [16]. It 
is expected that the proposed approach will give the 
best results when used on primary schoolchildren. 
This is due to the higher lability of children and the 
presence of simpler scenarios for using such a sys-

tem on the relatively simple and easily systematized 
educational material of primary school.

Currently, there are two main barriers that pre-
vent the widespread introduction of EEG systems 
into the school educational process. Firstly, the 
technical difficulties of using EEG, which include 
the relatively long process of mounting electrodes 
on the head and the need to use special gel and 
paste. Secondly, the lack of ready-made solutions 
for systems based on EEG to use in the learning 
process of schoolchildren, as well as scenarios for 
their use. However, the development of compact and 
relatively inexpensive electroencephalographs and 
“dry” electrodes already makes it possible to over-
come the first barrier [16].

In present paper, we took a step towards over-
coming the second barrier by describing the con-
cept and scheme of the developed system for mon-
itoring and adjusting the learning process and the 
strategy of its use for primary schoolchildren. The 
results of the first tests of the implemented system 
are also given.

 General description of the system for 
monitoring and adjusting the learning 
process

Functional diagram and main blocks 
A diagram of the proposed prototype (briefly — 

a learning control system, LCS) is shown in Fig. 1. 
It includes three main blocks.

1. Electroencephalograph for recording the elec-
trical activity of the student’s brain in the process 
of solving cognitive tasks.

2. A tablet with a developed electronic educa-
tional environment (EEE). EEE provides an inter-
face for the student to interact with the LCS using 
a tablet, solving the proposed tasks, studying the 
proposed educational material, or perceiving other 
accompanying information.

3. Control computer (personal computer or lap-
top) with a software module for reading and prima-
ry processing of data coming from the electroen-
cephalograph and a software module of the control 
system that processes all incoming information, 
controls the effectiveness of the learning process 
and develops a strategy for its correction.

There are three main streams of information or-
ganized in LCS.

1. The EEG data are transmitted to the control 
computer (to the software module for reading EEG 
data and then to the software module of the control 
system) via wireless communication channel (for 
example, Bluetooth).

2. The results of the students’ testing are trans-
mitted from the tablet with EEE to the control com-
puter (to the software module of the control sys-
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tem). The results can be both the correctness and 
speed of the solution, as well as the reaction time, 
the number of errors and any other behavioral spec-
ifications; a wireless communication channel is 
used for data transmission.

3. Feedback in the form of control commands 
transmitted via wireless channel from the soft-
ware module of the control system to the tablet with 
EEE. Feedback is necessary to adjust the tasks and 
educational material (their level of difficulty, type, 
rest time and other parameters) offered to the stu-
dent through the EEE. The control system deter-
mines the direction of changing the task param-
eters based on the analysis of incoming informa-
tion (see items 1 and 2) using original algorithms. 
Moreover, control or adjustment can be carried out 
by an operator (teacher, psychologist) in manual 

mode based on information displayed in real time 
on the monitor of the control computer.

Figure 2 shows an illustration of the developed 
system for monitoring and adjusting the learning 
process of primary schoolchildren based on the 
analysis of EEG data, which schematically demon-
strates the variant of its use.

The principle of functioning of the developed 
system

Let’s consider the principle of operation of the 
proposed LCS system on a simple example of its use 
during one student control session. In this case, the 
student is invited to pass a set (battery) of tests in 
the EEE on a tablet, consisting of mandatory and 
variable parts. The obligatory part includes tests 
for assessing the student’s cognitive resource, in 

 Fig. 1. Functional diagram of the proposed system
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particular, Schulte tables, memory test, proofread-
ing test, etc. These tests allow assessing the stu-
dent’s current cognitive resource, as well as his psy-
cho-emotional and psychophysiological state and 
the level of cognitive fatigue. The variable part of 
the tests includes subject-oriented test assignments 
in the frames of the taught discipline. Tests can be 
both input and intermediate, or final verification 
tests for the chosen topic.

A fundamental feature of the developed system 
is the feedback (see Figs. 1 and 2), based on contin-
uous monitoring and analysis of the student’s brain 
activity and adjusting the complexity of test tasks 
based on the aggregate information about the cor-
rectness of tasks and the characteristics of brain 
activity. The latter allows to objectively and con-
tinuously assess such components of the cognitive 
resource as the level of attention, cognitive fatigue, 
and working memory. Thus, the following main sce-
narios of feedback have been implemented:

— The student successfully copes with the cur-
rent test task (the success criterion is set by the 
teacher) — the feedback commands EEE to increase 
the complexity of the task. For example, the student 
copes well with the implementation of the Schulte 
table consisting of 25 digits, then the feedback will 
lead a Schulte table of 36 digits, on the next step of 
testing.

— The student does not cope with the current 
test task, the analysis of EEG data shows a high 
level of cognitive fatigue — the student is given the 
rest necessary to reduce cognitive fatigue, for ex-
ample, an educational game or cartoon is offered. 
The test then continues.

— The student does not cope with the current 
test task, the analysis of EEG data shows a low level 
of attention, while cognitive fatigue is at a normal 
level — the student is given comments that moti-
vate him to perform the test more attentively.

— The student does not cope with the current 
test task, while the analysis of the EEG data shows 
that cognitive fatigue and the degree of attention 
are at normal levels. This means that the student is 
trying to solve the task proposed to him, effective-
ly using his cognitive resource. However, the com-
plexity of the task is too high for him. As a result, 
the feedback gives the EEE command to reduce the 
level of task complexity.

The described adaptive adjustment of the com-
plexity of the test tasks based on the analysis of the 
student’s EEG data, allows to determine the max-
imum task complexity for each student, which is 
determined by his cognitive resource and abilities. 
This adjustment is carried out both for mandatory 
and optional tests. In the first case, feedback al-
lows to assess the most correct and objective state 
of the cognitive resource of the student, as well as 
his psychoemotional and psychophysiological state. 

In the second case, it is possible to determine the 
current level of the student on the topics covered by 
the tests.

Relationships between EEG and cognitive 
resources 

As mentioned in the previous subsection, the 
feedback in LCS based on a continuous assessment 
of the components of a student’s cognitive resource, 
which are attention level, cognitive fatigue, work-
ing memory load, using recorded EEG in the pro-
cess of passing test tasks. It is well known that 
M/EEG signals reflect the activity of the brain 
in different frequency ranges [17, 21, 22], mainly 
-rhythm (1–4 Hz), -rhythm (4–8 Hz), -rhythm 
(8–12 Hz), -rhythm (13–30 Hz) and -rhythm 
(> 30 Hz). The ratio of given frequency ranges re-
flects various cognitive processes in the human 
brain [23–26]. To assess the cognitive resource (in 
particular, indicators of attention and cognitive fa-
tigue), the most important is the ratio of the ener-
gies of the - and -rhythms [27–32]. For example, 
an increase in the level of attention and concentra-
tion on solving a problem in most cases is accompa-
nied by a significant decrease in the energy of the 
-rhythm with a simultaneous increase in activity 
in the -range [29, 31, 33]. Note that it is not the 
absolute values   of the energies of different rhythms 
that matter, but how they change relatively to a cer-
tain basic level (for example, the corresponding en-
ergies at rest), or their dynamics in the process of 
solving problems. Thus, when using EEG signals to 
assess the cognitive characteristics of a student, a 
necessary step is to calibrate the system for a par-
ticular student, which is carried out during resting 
state [34]. Further, the system monitors changes in 
various rhythms of brain activity in the process of 
performing test tasks by students, as well as dur-
ing rest between tasks. To assess the energies of 
various rhythms in EEG signals, wavelet analysis 
is used [35].

The methodological basis of the algorithms that 
establish the relationship between the levels of the 
main components of the student’s cognitive re-
source and changes in rhythm energies in EEG sig-
nals is described in more detail in [31, 36, 37] and 
presented in registered computer programs [38, 
39].

The strategy of using the developed system 
to control and adjust the learning process

The developed system in the educational process 
monitors and adjusts the learning process at cer-
tain points in time.

Suppose that some educational course consists 
of N topics (Fig. 3), and the level of complexity of 
the taught material within each of the topics may 
vary. For simplicity, let’s assume that there are only 
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three difficulty levels (the dashed horizontal line in 
Fig. 3 corresponds to the average level), and each 
topic is two weeks long. Then, a possible effective 
scenario for using LCS would be testing each stu-
dent using this system twice during one topic: con-
ducting an entrance test before the beginning of a 
new topic (white circles in Fig. 3) and an intermedi-
ate test in the middle (in this case, a week after the 
start topics; gray circles in Fig. 3).

As mentioned, entrance testing with the help of 
LCS allows to objectively determine the current lev-
el of a student according to the topics covered by the 
tests, which makes it possible to choose the most 
suitable level of complexity of the material planned 
for teaching. During intermediate testing (in this 
case, after a week), the difficulty level is adjusted 
based on the test results. Thus, an “educational 
trajectory” personalized for a particular student 
is built in the chosen discipline (see the thick line 
with arrows in Fig. 3). The described adaptive ad-
justment of the complexity of the material taught 
to the student in accordance with its current level is 
aimed at increasing the efficiency of the education-
al process and the success of mastering the neces-
sary material.

Let’s take a closer look at the structure of EEE 
tests. The variable part of the tests should consist 
of several blocks (usually from three to five), which 
allows to change the difficulty level from block to 
block in accordance with the feedback commands 
and, thus, to implement adaptive adjustment. A set 
of related tasks can act as a block. Also, the block 
structure turns out to be convenient for the man-
datory part of the test. In this case, for example, 
one Schulte table or a proof test can act as a block. 
Moreover, the cognitive characteristics of the stu-
dent, as well as the success of his solution of tasks, 
is assessed throughout the block, and not when solv-
ing individual tasks. Such averaged characteristics 

are more objective and less susceptible to random 
fluctuations.

Note that when completing tasks from the first 
block of the variable part, the difficulty level is se-
lected based on the assessment of the components of 
the cognitive resource based on the test results for 
the mandatory part and the difficulty level deter-
mined in the previous testing session, if the current 
test is intermediate. The result of testing for the 
variable part is an assessment of the level of com-
plexity of the material that will be most appropriate 
for a given student at a given period of time, taking 
into account his current training and abilities. Thus, 
the level of complexity of the taught material is set in 
accordance with the test results in the period from 
the next lesson to the next reevaluation, adjusting 
the level of complexity using the LCS.

For the system to work successfully, it is neces-
sary to foresee in advance the possibility of chang-
ing the level of complexity of the taught material 
for different students, for example, by combining 
students into different subgroups according to the 
level of difficulty. Also, blocks of tasks of various 
difficulty levels must be included in the base of LCS 
tests.

Note that the number of difficulty levels can be 
more than three. Also, instead of difficulty, anoth-
er scale can act, for example, the type of material 
taught, the strategy of material presentation, etc. 
Moreover, the scale can consist of several parame-
ters, i. e. be multidimensional.

Algorithm of functioning of the developed 
system for monitoring and adjusting 
the learning process

Let us consider in more detail the algorithm un-
derlying the functioning of the developed system 
for monitoring and adjusting the learning process 
of a primary school student. Algorithm consists of 

  Fig. 3. A qualitative illustration of the principle of application of the developed system for monitoring and adjusting 
the learning process: Ti symbols and circles indicate reference points in time at which testing is performed using the 
learning control system, while white circles correspond to entrance tests, and gray circles correspond to intermediate 
ones; a thick line with arrows shows the “educational path” in terms of changes in the complexity of the taught material 
over time, while the arrows indicate the direction of the change in complexity at reference points in time
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two main parts, preparatory and main, shown in 
Fig. 4, a and b, respectively. The first step is to cal-
ibrate the system, which consists in assessing the 
base levels of the basic rhythms of neural activity 
using EEG data under rest condition. This cali-
bration must be done for every new user; then the 
calibration information is saved in users’ profile. 
To improve the accuracy of the system, it is neces-
sary to periodically recalibrate it (for example, once 
in a month) for already registered users. Based on 
the calibration information, the parameters of the 
time-frequency analysis of EEG signals are also ad-
justed.

The next step starts the obligatory part of 
the test, which is implemented using feedback 
based on the analysis of changes in the energies 
of the rhythms of neural activity according to 
the recorded EEG data. As a result of the test, 

the levels of the components of the student’s cog-
nitive resource are determined, and on the basis 
of these data, the initial level of difficulty and 
other settings of the tasks of the variable part of 
the test. Then control is transferred to the block 
with the variable part of the test (see Fig. 4, b). 
Here, the student is asked to solve a number of 
test tasks, grouped into separate blocks, while 
the complexity of the tasks varies from block to 
block in accordance with the principle of feedback 
implementation (for more details, see subsection 
“The principle of functioning of the developed 
system”). As a result, the system generates a 
summary of the test results, the level of the com-
ponents of the student’s cognitive resource and 
recommendations on the optimal parameters (for 
example, the level of difficulty) of the material 
planned for teaching on the test topic.

 Fig. 4. The algorithm for the functioning of the learning control system: a — the preparatory part related to the cali-
bration of the system and passing the required tests; b — the main part associated with the passage of tasks from the 
variable tests
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 Description and testing of the implemented 
system to control and adjust 
the learning process

System was implemented with electroencephalo-
graph “ActiCHamp” (Brain Products, Germany), a 
tablet with a stylus and a laptop as a control com-
puter. EEG signals were recorded from 31 channels 
using active electrodes “ActiCap” (Brain Products) 
based on high-quality Ag/AgCl-sensors, while the 
electrodes were placed using a special cap in accord-
ance with the “10-10” scheme with a ground elec-
trode on the position “Fpz” and one reference elec-
trode in the area of the right mastoid. An abrasive 
“NuPrep” gel was used to increase the conductivity 
of the scalp, and the “SuperVisc” conductive gel was 
applied to the EEG electrodes.

Electroencephalogram recordings were sampled 
at 250 Hz and filtered with a bandpass filter from 
0.016 to 70 Hz and a notch filter at 50 Hz. An illus-
tration of the learning process using developed LCS 
is shown on Fig. 5.

To interact with the student in the process of 
passing the tests, an EEE was developed in an in-
teractive form familiar to the child, in which a spe-
cial fictional character conducts communication 
with the child (Fig. 6). The type and character of 
this character were developed in cooperation with 
psychologists in terms of the best communication 
with a primary school child.

Working process with EEE consists of three 
stages:

1) the procedure for calibrating and configuring 
the system (Fig. 6, a);

2) the obligatory part of the test (in Fig. 6, b
and c, the task with the Schulte table is shown as an 
example);

3) the variable part of the test. In the developed 
EEE it consists of logic tasks (an example is shown 
in Fig. 6, d).

 Fig. 5. The learning process with the developed system

 Fig. 6. Screenshots of the developed e-learning envi-
ronment: a — the stage of calibration and tuning of the 
system; b and c — an example task with a Schulte table 
from the mandatory part of the test; d — an example of a 
logical problem from the variable part of the test

b)

a)

c)

d)
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The system gives out test results, an assessment 
of the cognitive resource and individual recommen-
dations for teaching material for the student who 
passed the tests. 

We now consider its functioning when a student 
completes an assignment with a Schulte table, which 
is a simplified version of the Zahlen–Verbindung-
Test [40]. The completion of this task allows to de-
termine the effectiveness of the student’s work and 
his ability to work, as well as resistance to external 
distractions. By default, the Schulte table is a 55 
matrix with randomly located numbers from 1 to 25. 
However, its size can be increased or decreased 
by the system as the student passes the test. By 
default, the student should select numbers from 
25 to 1 in the table in descending order by clicking 
on them on the tablet. The system registers time in-
tervals tm between two consecutive clicks on adja-
cent numbers. For example, t1 is the time interval 
between the moment the task starts and the moment 
you press the digit “25”, t2 is between pressing the 
non-digit “25” and “24”, etc.

The participants in the experiment were 
10 schoolchildren aged 7 to 10 years (grades 1–3 of 
the school). Each student completed N  5 Schulte ta-
bles, the execution of 1 table took from 50 to 90 s, we 
denote the execution time as t1, t2, ..., tN. Between 
the tables there was a short break of 10–20 s. As a 
result, the following individual cognitive character-
istics of schoolchildren can be determined: 

1. Efficiency of work, which is the arithmetic 
mean of the execution times of all tables: WE  (t1 + 
+ t2 + … + tN) / N. It characterizes consistency of 
attention and productivity.

2. The indicator of working capacity, which is 
the ratio of the time of execution of the first table 
to the efficiency of work: WU  t1 / WE. WU < 1 indi-
cates good working capacity, otherwise, it indicates 
that the student needs a longer preparation for the 
main job.

3. Psychological stability (a person’s ability 
to maintain work activity for a long time) PS  
 tN – 1 / WE. If PS < 1, then this indicates good 
psychological stability. 

Let’s consider the main steps that the developed 
LCS takes, and the results and conclusions obtained 
in the process of executing the Schulte table. First, 
the system analyzes the dependence of the time re-
quired for a student to search for each subsequent 
number on its number: tm(m). An example of such 
a dependence is shown in Fig. 7. Its analysis allows 
to draw conclusions about the efficiency and speed 
of execution of a given table.

Second, according to EEG data, the dependenc-
es of the energy values of - and -rhythms on the 
number m, averaged over the corresponding in-
tervals tm: E,(m), are estimated for each of the 
31 channels. Analysis of these dependencies allows 

you to determine the level of concentration on solv-
ing the problem when choosing each of the num-
bers. Thus, an increase in the -rhythm with a si-
multaneous decrease in the -rhythm relative to the 
activity of the brain in a calm state, recorded dur-
ing the calibration process, indicates an increase in 
the level of attention and concentration on solving 
the problem [41].

However, more objective assessments are giv-
en by the values of the energies of the correspond-
ing rhythms averaged over one table (in the general 
case, one test block). Fig. 8 shows the values of the 
efficiency of each of the five Schulte tables, which 
is the inverse to the time spent on its execution 
(effn  1/tn), and the corresponding ratios of the - 
and -rhythm energies (E/E) in the temporal brain 
area, averaged over period of execution of each of 
the tables. The task consisted of five 55 Schulte 
tables in total. Fig. 8, a corresponds to the typical 
case when LCS is used in the process of completing a 
task. One can see that for the second table, the effec-
tiveness of solving the assigned task decreases (solid 
line). This is accompanied by a decrease in the - and 
the -rhythm energies ratio (dashed line), which in-
dicates a decrease in the level of attention and con-
centration. LCS reveals this feature and, in accord-
ance with the described above algorithm, gives the 
student a feedback, motivating him to perform the 
task more attentively. This leads to an increase in 
the efficiency of the task, starting from the fourth 
Schulte table. As a result, the efficiency of the last 
table exceeds the efficiency of the first one.

On the contrary, Fig. 8, b corresponds to a sit-
uation when LCS is not used in the process of a 
schoolchild’s fulfillment of an assignment. In this 
case, starting from the fourth table, the efficiency 
of task performance is significantly reduced, and 
for the last table it becomes much lower than for the 

  Fig. 7. The time tm required for the student to search 
for each subsequent number on his number m
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first one. This is due to a decrease in the level of at-
tention and concentration of the student on solving 
the task (see the dependence E/E in Fig. 8, b).

Comparing the Fig. 8, a and b, we demonstrate 
that in case with Schulte tables the LCS increased 
the efficiency and the stability of the results of the 
student’s performance due to the presence of feed-
back.

Additionally, the analysis demonstrated that the 
tendency towards a high /-rhythms ratio is most 
pronounced in the occipital and temporal areas of 
the brain. Excitation of high-frequency -activity 
and a decrease in the -rhythm in the occipital re-
gion indicates an increased load on the visual cor-
tex, while a similar trend in the temporal cortex 
indicates the activity of the brain associated with 
learning and processing new information [42, 43].

In conclusion, note that in order to reliably con-
firm the effectiveness of the proposed system and 
demonstrate the statistical significance of the dif-
ferences obtained, it is necessary to conduct its 
versatile testing on a group of schoolchildren, in-
cluding various types of tasks and scenarios. The 
results of such testing will be presented in our sub-
sequent works.

Conclusion

We described in detail the concept and scheme 
of the developed system for monitoring and adjust-
ing the learning process, as well as the strategy its’ 
application for primary schoolchildren. The func-
tional diagram and the main blocks of the system, 
the principle and algorithms of its functioning are 
described. The relationship of the characteristics 
of EEG signals with the components of the cogni-
tive resource and the implementation of this con-
cept in the LCS system are discussed. The strategy 
of using the developed system for monitoring and 

adjusting the learning process in the educational 
process is described. A description of a specific im-
plemented system along with an electronic educa-
tional environment is given. The results of the first 
tests of the implemented system are presented when 
schoolchildren perform a simple task consisting of 
N Schulte tables. The results of comparing the ef-
fectiveness of solving the proposed tasks with and 
without active LCS system demonstrated using a 
specific example of the increase in the efficiency of 
a schoolchild’s work when using LCS system. This 
is a consequence of the influence of feedback and 
personalization of the testing process, based on the 
assessment of changes in the energies of the charac-
teristic rhythms of the student’s brain activity.
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Введение: контроль процесса обучения обычно подразумевает анализ развития высших психических функций обучающегося: 
воображения, памяти, мышления, внимания и др. В настоящее время открываются широкие возможности объективного кон-
троля и оценки данных характеристик благодаря достижениям современной нейронауки. Персонализация становится возмож-
ной на основе анализа личностных характеристик обучаемых. Особенно перспективными представляются подходы с использо-
ванием электроэнцефалографии. Одним из главных барьеров, препятствующих широкому внедрению ЭЭГ-систем в школьный 
образовательный процесс, является отсутствие готовых решений таких систем для применения в ходе обучения школьников, а 
также сценариев их приложения. Цель: разработка и тестирование системы для контроля и корректировки процесса обучения, 
а также стратегии ее использования для школьников младших классов. Методы: ЭЭГ-анализ, вейвлет-анализ регистрируемых 
многоканальных ЭЭГ-данных, анализ изменений энергий характерных ритмов нейронной активности головного мозга, а также 
реализуемая системой обратная связь. Результаты: детально описана концепция и схема разработанной системы для контроля 
и корректировки процесса обучения, стратегия ее использования для школьников младших классов. Продемонстрировано су-
щественное повышение эффективности работы школьников при применении разработанной системы, что является следствием 
влияния обратной связи и персонализации процесса тестирования и обучения, базирующихся на оценке изменения энергий ха-
рактерных ритмов мозговой активности школьника. Практическая значимость: использование ЭЭГ-систем для объективного 
анализа личностных характеристик обучаемых и персонализации процесса обучения путем реализации обратной связи на осно-
вании получаемых данных существенно повысит в перспективе качество образовательного процесса и эффективность усвоения 
нового материала.

Ключевые слова — персонализированное обучение, ЭЭГ, младшие школьники, интерфейс мозг-компьютер, контроль процес-
са обучения, электроэнцефалография, анализ сигналов ЭЭГ, мозговая активность, нейронная активность. 
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Introduction: The olfactory system in chronic animal experiments is studied according to the records of bioelectric activity 
recorded with microelectrode arrays located on the dorsal surface of the olfactory bulb. It is believed that the response of the 
olfactory bulb bioelectric activity to the odorant presentation is associated with fluctuations synchronized by respiration and 
belonging to the range of so-called gamma rhythms. Purpose: To develop a method of automatic search for time boundaries of 
odor-induced gamma rhythm patterns in the bioelectric activity of an olfactory bulb. Results: The complexity of automatic search 
for odor-induced patterns are due to masking them by spontaneous oscillations of gamma rhythms unrelated to the olfactory 
system activity. Besides, the modal frequency of the patterns is a priori unknown and changes dynamically during an experiment 
on an anesthetized animal. The Hausdorff distance is used as a cost function of the search. In order to increase its sensitivity, 
an adaptive band-pass filter was synthesized based on a multichannel singular spectrum analysis. Its passband in the analyzed 
time sample corresponds best to the spectrum of the required patterns. The results of experiments on rats are presented. The use 
of band-pass filters based on the Fourier transform with parameters unchanged during the experiment due to the non-stationary 
nature of the frequency characteristics of the desired patterns does not ensure their effective search. In particular, when using the 
Butterworth band-pass filter in the search algorithm, significant errors were observed in determining the time boundaries of the 
epochs of patterns, and omissions of patterns. But the use of a synthesized adaptive band-pass filter provided reliable automatic 
search for patterns and determination of their time boundaries with a high accuracy. Algorithm failures in this case were observed 
only in rat motion artifacts. Practical relevance: The developed method extends the existing tools used to study the olfactory 
system of a living organism. 

Keywords – olfactory bulb, bioelectric activity, odor-induced patterns, Hausdorff distance, multichannel singular spectrum 
analysis.
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Introduction

Experimental studies of the olfactory system in 
chronic animal experiments presume the analysis of 
multidimensional time records of bioelectric activ-
ity (BEA) of the olfactory bulb (OB), recorded with 
microelectrode arrays. The observed BEA reflects 
the averaged aggregates of synaptic, neuronal, and 
axonal activities of neuron groups which represent 
the functioning of the neural network in the volume 
of tissue [1, 2]. The difficulties of the research in 
this case are mainly due to the fact that the appli-
cability of the event-related potentials (ERPs), a 
well-proven method in studying other sensory sys-
tems, is fundamentally limited here. Classically, 
the ERPs method is based on a dogma that there is 
a certain synchronizing factor, a stimulus label. In 
experimental studies of the somatosensory, visual 
or auditory system of a living organism, the time 
moments of their external influences are known 
quite accurately. This allows us to reasonably sum-
marize a large number of EEG fragments which 

immediately follow the presentation of a stimulus, 
reflecting a weak BEA response from the organ-
ism. Thus, averaging the selected epochs by their 
implementations makes it possible to pick out ERPs 
components in the EEG against the background of 
other oscillations unrelated to the BEA response of 
the sensory system under study.

In the olfactory system, the main synchronizing 
factor is the moment of inhalation. Normally, respira-
tion is characterized by variability in frequency and 
depth of inhaling [3]. Respiratory activity patterns 
affect the temporal structure of the sensory input and 
subsequent processing in the brain [4], amplifying 
the modulation of the incoming sensory signals [5]. 
Such variability, especially taking into account the 
weak reaction of the olfactory system to a low concen-
tration of odorants makes it impossible to accurately 
determine the initial moment of the organism’s reac-
tion and, thus, to perform multiple summation of the 
response ERPs. Besides, the latency (duration) of a 
reaction to the presentation of odorants in the BEA 
structures of an OB is still unclear; this reaction is 

Articles



ИНФОРМАЦИОННО
УПРАВЛЯЮЩИЕ СИСТЕМЫ№ 5, 2020 63

УПРАВЛЕНИЕ В МЕДИЦИНЕ И БИОЛОГИИ

determined both by changes in the air concentration 
of the odorant and by the adaptation of the olfactory 
system to the presented odorant at different levels of 
its organization, or by other reasons.

The activation mechanisms and information 
coding principles used in the olfactory system are 
not fully understood yet, unlike the other sensory 
systems. At present, it is generally accepted that an 
OB, when an odorant is presented, produces a BEA 
response associated with fast gamma oscillations 
synchronized with the respiration and related to the 
frequency range 30–150 Hz [1, 2, 6]. The difficulties 
in the automatic search for epochs containing such 
odor-induced gamma rhythm patterns are caused 
by the following reasons. The activity pattern has 
a narrow-band spectrum within 30–150 Hz, and 
at certain moments of observation the spectrum 
width can be only 20–35 Hz. Moreover, its modal 
frequency is not only a priori unknown; it is also not 
constant, dynamically changing during the experi-
ment, in particular, on an anesthetized animal. The 
pattern duration is 20–25% of the respiration peri-
od, falling on the final phase of the inhalation, and 
the amplitude is only 10–30% of the recorded BEA 
record amplitude. Thus, odor-induced patterns are 
masked by other rhythms of a close frequency range 
which have a significantly higher amplitude, and by 
spontaneous gamma oscillations of a strong intensi-
ty with close frequency spectra.

The existing approaches to solve similar prob-
lems of search and time-axis localization of a pri-
ori undefined structures of unknown frequency 
oscillators are well developed. For example, there 
is a widely used technique which, through win-
dowed Fourier transform, or through discrete or 
continuous wavelet transforms, turns a temporal 
representation into a time-frequency one, and runs 
a search based on various entropy criterion func-
tions. Such methods were used in the problems of 
identifying the effects of alcohol on EEG [7], as-
sessing cardiac rhythm irregularities by ECG [8], 
diagnosing epilepsy [9], and others. 

However, it is the temporal non-stationarity in 
the frequency characteristics of gamma rhythm 
patterns that makes it impossible to use many of 
the existing approaches for their search. For exam-
ple, the authors of [10, 11] discuss methods which 
allow you to detect low-intensity gamma oscilla-
tions in EEG when their frequency spectra are al-
so unknown and close to the characteristics of the 
noise components. But the additional criterion 
functions introduced here in order to select the fre-
quency range most suitable to the spectrum of the 
sought patterns can be used only if the frequency 
characteristics of the patterns are stationary over 
the observation interval.

Therefore, in order to expand the available tools 
for studying the olfactory system by a recorded 

BEA, we need a method of automatic search for the 
time boundaries of odor-induced gamma rhythm 
patterns.

Formalization of the problem 

Using the microelectrode array on the dorsal sur-
face of an OB, at time moments t[t0; T] we record 
a multidimensional time series of BEA S(t)(S1(t), 
S2(t), …, SJ(t))T, where t0 is the initial moment equal 
to zero by default; T is the current sampling inter-
val; J is the number of electrodes in array; and T is a 
transpose operator. Thus, for a sampling interval T 

at each jth  1  ,j J  channel of array, the observed 

BEA can be presented as a one-dimensional time se-

ries     1,
K

j j k k
S T s


  as large as KT t numbers, 

where t is the discretization interval. At short 
time intervals significantly smaller than the sam-
pling interval T, the presence of periodic odor-in-
duced BEA is assumed, manifested in the form of 
low-amplitude patterns. The frequency spectrum of 
the narrow-band patterns is unknown beforehand; 
it refers to the range of 30–150 Hz, changing dy-
namically during the experiment. The problem is to 
find temporal epochs in the recorded signal which 
would contain such patterns.

Synthesis of an adaptive narrow-band 
band-pass filter

To solve the problem, it is reasonable to use the 
traditional approach when the search is performed 
within a certain sliding time window, much smaller 
than the sampling interval T. The criterion function 
for that should reflect the presence or absence of the 
desired gamma rhythm patterns in the current win-
dow. Apparently, ensuring a sufficient sensitivity of 
such a function when searching for low-amplitude 
patterns is possible on the basis of preliminary fil-
tering of multidimensional BEA records in order to 
select the frequency range of interest. Experimental 
studies have shown that due to the presence of noise 
in the BEA records with frequency spectra close to 
the spectra of the sought patterns, the use of band-
pass filters (BPF) with a priori specified parameters 
does not ensure that the criteria search functions 
are sensitive enough. In the multidimensional signal 
S(t), we need to pick out a narrow frequency range 
which would most closely match the spectrum of the 
sought patterns. Besides, it should be taken into ac-
count that the synthesized BPF must be adaptable to 
temporary fluctuations in the frequency character-
istics of the sought patterns.

In order to synthesize a BPF that meets the for-
mulated requirements, it is a good idea to apply 
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the technique of Singular Spectrum Analysis of 
time series (SSA), also called “Caterpillar” in its 
Russian version [12–14] or, in the multidimension-
al case, MSSA (Multichannel SSA). It allows you to 
synthesize a set of one low-frequency filter (LFF) 
and (M – 1) linear BPFs. After applying the MSSA 
technique at a sampling interval T (see Appendix), 
we can use a set of M filters to split a multidimen-
sional record S(T) into M time series, so-called re-
constructed components (RCs), of the same dimen-
sion JNk as the original record S has:

   T1 1 1 2 1 1 ,, , ,... JT S S SS     ..., 

    T1 2 ., , ,...M M M J MT S S SS      (1)

The frequency spectra F1, …, FM of the RCs 
(1) are sorted in ascending order, and the upper 
boundaries of the spectra satisfy the inequality 

â â â
1 2 ,Mf f f    where â 0 5 ;,M sf f  fs1t is the 

sampling frequency. The sum of the narrow-band 
RCs is the initial multidimensional time series

 
       1 2   .... MT T T T   S S S S     (2)

Varying the number of filters M leads to chang-
es in their passbands. The frequency spectra F1, 
…, FM of the RCs change in a similar way (1). 
Therefore, when varying M based on the features 
of the signal under study and selecting the required 
RCs (1), we can separate the harmonic components, 
even those which intersect in the time-frequency 
space [15–18]. 

In order to simplify the synthesis of the required 
BPF, let us restore the narrow-band signal by just 
one multidimensional reconstructed component 

 m TS   1  ,m M  from (1). In [12, 17, 18] it is 

shown that the number M can be constrained by an 
upper limit Mmax  0,5Nk. Since it is known that the 
largest possible width of the sought patterns cannot 
exceed 35 Hz, we also can find a lower limit Mmin. 
The following reasoning will help us reach our goal.

It is known that MJ counts of the eigenvector Vm 
of the averaged sample correlation matrix C (A.2) 
formed from the trajectory matrix X(T) (A.1) for 
S(T) are MJ counts of the impulse response func-

tion hm of the non-recursive mth  1  ,m M  fil-

ter [13]. The frequency response Hm is a Fourier 
transform of the impulse response function 

  1 22
0 ,,

MJ j f nj f
m m nnH e h e   

  where f[0; 0,5] 

is a reduced frequency, and the frequency response 
of this mth filter is a function of the number of fil-
ters M used in the MSSA:

 
   2  .,j f

m m mA H e A f M     (3)

Since for a given M the width of the effective 
passband Fm(M)fm

u – fm
l is the same for all the 

BPFs [12–14], where fm
u and fm

l are the upper and 
lower cut-off frequencies of the frequency response 
(3), the value of Mmin can be found from the condi-
tion

  35 .min argmax m
M

M F M    

With the reduced frequency step f1fs chosen 
in (3), we can calculate the values of the frequen-
cy response Am(f, M) in the actual frequency range 
f[0; 0.5fs] with 1 Hz resolution. Thus, when M is 
selected in the range Mmin M Mmax, the effec-
tive passband width of each BPF will approximately 
correspond to the a priori known width of the gam-
ma activity pattern spectrum.

Due to the fact that the components S1(T), …, 
SJ(T) of a multidimensional BEA S(T) measured on 
a living organism on J channels in array at the same 
time moments are produced by the same physiolog-
ical process, it would be permissible to average the 
corresponding counts of the power spectrum (PS) 
for the channels in the frequency range of interest:

 

   
1

1
;

J

j
j

f P f
J 

 P  f[30; 150] Hz,  (4)

where Pj(f) are PS values of a one-dimensional 

signal   1,
K

j k k
s


 for each count of frequency f. It 

should be noted that averaging over J channels of 
the similar on time kth counts of the components 

  1,
K

j k k
s


 with the subsequent calculation of the PS 

function is incorrect since, as we know, some of the 
J one-dimensional time series of the BEA can be 
recorded inverted.

Frequency responses of the BPF (3) have a Gaus-
sian shape [13]. Apparently, for an adaptive BPF, 
the frequency fm

max corresponding to the maximum 
of its frequency response Am

max at every moment of 
the observation should be close to the current mod-

al frequency    30 150max argmax ;
f

f f f   P  

of the sought gamma activity pattern. Hence, the 
characteristics of the required mth BPF should be 
such that the averaged PS function 

 

   
1

1
,

J

m m j
j

f P f
J 

 P    (5)

of the RC  m TS  comes nearest to the PS function 
P(f) (4), where f[30; 150] Hz. 

Based on the presented reasoning, we can make 
a final conclusion that if the optimal values of Mopt 
and mopt should be chosen from the condition 
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    2

30 150
 ;

min max

min ,m
M M M f

f f M
   

     
  

 P P

 

 max max,mf f
 

 (6)

then the spectrum of the BPF output signal  m TS  
most closely matches the spectrum of the sought 
gamma activity patterns.

Criterion function and algorithm 
of search for gamma activity epochs

Within the reconstructed narrow-band compo-
nent  m TS , the search for epochs with gamma ac-
tivity patterns can be based on the comparison of 
two adjacent non-overlapping time samples N and 
N + 1 (where N1, 2, …, Kn is the sample num-
ber), equal in volume and each containing n << K 

similar on time counts     1,

N n
m j k k N n
s



  
  and 

   1

,

N n
m j k k N n
s

 

 
  from each jth channel. If a pattern 

is present in any of these samples, this fact should 
be reflected by a corresponding criterion function. 
Thus, with the resolution of n counts, you can de-
termine the time boundaries of a pattern begin-
ning or end. The choice of a criterion function is 
determined by the choice of a metric. For example, 
Hausdorff distance (HD) dH [19–21] is used quite 
efficiently for the purposes of this kind. We will use 
this metric here.

The algorithm for search and time-axis local-
ization of epochs containing low-amplitude nar-
row-band BEA patterns will finally be as follows.

1. On the sampling interval T with a sampling 
frequency fs on J channel in array, we observe BEA 

        T1 21 1 1
,, , ,

K K K
k k J kk k k

T s s s
  

S   which 

is a multivariate time series of the dimension JK. 
The interval T is chosen to satisfy the hypothesis 
that the frequency characteristics of the sought 
patterns are stationary. Then we calculate the cur-
rent modal frequency f

max(T) of the gamma activity 
pattern.

2. With MSSA technique and a solution of the op-
timization problem (6), from the original record we 
extract a narrow-band signal  m TS  of the same di-
mension JK counts, whose spectrum most closely 
matches the spectrum of the sought patterns.

3. The multidimensional series  m TS  is divided 
into Kn non-overlapping time samples of the same 
dimensions Jn, and for all the adjacent time sam-
ples the Hausdorff distance dH is calculated. The 
size n << K of the sliding time window is chosen so 
that the a priori known duration of the gamma ac-

tivity pattern is guaranteed to exceed the value of 
nt. Then, if any of the adjacent samples contains 
an initial or final pattern border, the criterion func-
tion dH will have a local maximum.

4. Next, the subsequent K measurements of the 
BEA S(T) are accumulated on the same interval T, 
and the algorithm is repeated.

Experiments on rats

The experiments are carried out on sexually ma-
ture adult rats about 10 months old and 300–400 g 
of weight, under xylazin-zoletil anesthesia at the 
rate of 0.6 and 30 mg/kg respectively. 10–14 days 
before the experiment, in the course of a surgical 
operation, J16 microelectrodes are implanted 
into their olfactory analyzer structures. The mi-
croelectrodes are made of glass-insulated tungsten 
alloy with a tip diameter of about 5 μm and resist-
ance 0.5 M. The BEA is recorded with respect to 
two reference electrodes which are microscrews in 
the skull bones. The microelectrode matrix is fixed 
with six 0.7 mm bolts screwed into the skull bones.

The experiments are started after a complete 
postoperative rehabilitation of the animal. Under 
anesthesia, it is placed in a shielding chamber 
eliminating background electromagnetic interfer-
ence. The BEA is recorded by a 32-channel MAP 
(Multichannel Acquisition Processor) from Plexon 
Inc. with a recording frequency of 10 KHz. After 
that, the records are decimated by a factor of 10 to 
the sampling frequency fs1 KHz. The duration of 
the experiment is about 2 hours, during which the 
16-channel BEA is continuously recorded. Olfactory 
stimuli are given by spraying various odorants at 
the animal’s nose. After the experiments are com-
pleted, the animal is carried back to the vivarium 
for recovery.

Two time samples of BEA were obtained during 
the same experiment but at its different stages and 
their fragments for some of the J16 channels are 
shown in Fig. 1, a and b. Each time sample contains 
4 patterns associated with the activity of the olfac-
tory system structures. The graphs of dH search 
functions calculated using the developed BPF or us-
ing the Butterworth BPF (BBPF) for the both time 
samples of BEA are shown at the same figures. The 
interval for analysis and the sliding time window 
size are chosen equal to T6 s, n100 ms.

Results and conclusions

Figure 1 show s that the sought patterns are 
masked by spontaneous oscillations of the gamma 
rhythm range and by high-amplitude alpha and be-
ta rhythms similar in their frequency spectra and 
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unrelated to the olfactory system activity. These 
facts, as well as the inversion of the multichannel 
BEA signal in some channels, explain the low sensi-
tivity of the search function.

The research has confirmed that the use of band-
pass filters with parameters unchanged during the 
experiment does not provide an effective search, 

because the frequency characteristics of the sought 
patterns are non-stationary in time. For example, 
in Fig. 1 (the graphs “HD with BBPF”) you can see 
that when the BBPF is used in the search algorithm, 
there are gaps in patterns, and errors in determin-
ing the epoch boundaries. BBPF parameters (its 
order and cut-off frequencies) were chosen in the 

 Fig. 1. Two time samples (a) and (b) of the bioelectric activity of an olfactory bulb and Hausdorff distances using BPF 
and BBPF calculated for the both samples
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beginning of the experiment. The “best on average” 
BBPF in the experiment under discussion, using 
which the time boundaries of the gamma rhythm 
patterns were found with the least number of er-
rors, had an order 6 with cut-off frequencies 50 and 
120 Hz.

For the two samples of the original BEA shown 
in Fig. 1, a and b we calculated PS function P(f). 
In Fig. 2, a the solid line shows the graph of PS 
function calculated for the time sample of the BEA 
from Fig. 1, a and in Fig. 2, b the solid line shows 
the graph of the same PS function calculated for the 
time sample of the BEA from Fig. 1, b. The graphs 
show the PS components caused by the above-men-
tioned spontaneous gamma rhythms which are not 
associated with the olfactory system activity. It can 
also be seen how much, during the same experiment, 
the modal frequencies f

max(T) of odor-induced pat-
terns differ, equal to 106 and 83 Hz respectively for 
the considered time samples.

On the other hand, the use of a developed adap-
tive BPF provides a reliable automatic search for 
odor-induced patterns (see, for example, the graphs 
“HD with the developed BPF” in Fig. 1). The time 
boundaries of the gamma rhythm epochs are de-
termined with an accuracy not worse than 0.5nt. 
Algorithm failures in the experiments are observed 
only in cases of motor artifacts, which significantly 
distort the BEA records and are usually excluded 
from the analysis.

The obtained effect can be explained by the fact 
that a developed BPF provides filtering of S(T) so 

that the output signal  m TS has a spectrum on the 
analyzed time sample which most closely matches 
the current spectrum of the sought patterns. In 
Fig. 2, a the dotted line shows the graphs of PS func-
tion  m fP  calculated for the BEA from Fig. 1, a
and in Fig. 2, b the dotted line shows the graphs 
of the same function calculated for the BEA from 
Fig. 1, b. You can see that the developed BPF ad-
justs itself to the current spectrum of odor-induced 
patterns and excludes the signal components unre-

lated to the olfactory system activity. Due to this, 
the search function has the required sensitivity.

A final conclusion can be drawn that the devel-
oped method provides a reliable real-time automatic 
search for the time boundaries of odor-induced pat-
terns in a recorded BEA of an OB. The method can 
be used in the studies of information coding in an 
animal’s olfactory system.

Appendix. MSSA algorithm

1. By a measured multidimensional time series 

      T1 21 1 1, , ,
k k kN N N

k k J kk k k
s s s

  
S  of the di-

mension dim(S)J Nk, you build a block trajecto-

ry matrix

 1 2 ,j JX X X XX     (A.1)

where 
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j j j k j K

j j j k j K
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j M j M j M k j N
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is a Hankel matrix of the dimension dim(Xj)M K, 
built for each jth component separately; M is the 
caterpillar length (embedding dimension); K
Nk  – M + 1. 

2. You calculate the restored matrix 

   
1

M

m
m

T T


 X X  ,  (A.2)

where 

 1 1 1 1 2 1 ,, , ,JX X XX   

 2 2 1 2 2 2 ,, , ,JX X XX     …., 

 1 2, , ,M M M M JX X XX   

 Fig. 2. Functions P(f) (solid lines) and  m fP  (dashed lines) both calculated for the bioelectric activity shown in 
Fig. 1, a (a) and for the bioelectric activity shown in Fig. 1, b (b) 

а) b) 
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are block Hankel matrices generated by the 
corresponding eigenvectors Vm of an averaged 
sample correlation matrix С1 K(XXT); V(V1 … 
Vm … VMJ) is an orthogonal matrix of eigenvectors 
Vm (dim(Vm)(MJ) 1) of the matrix C, built as a 
result of ordering the eigenvectors Vm in descending 
order of their eigenvalues 1 2 … MJ 0; 
CVVT is a singular value decomposition of 
the matrix C; diag(1 2 … MJ) is a diagonal 
matrix of eigenvalues. The blocks Xm,j of the 
restored matrices from (A.2) are calculated as 
follows:

 

T
1 1 1 1

2 1 2 1
1 1

1 1
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, ,
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, ,M K

v p

v p
X T

v p

   
   
       
      
   


 

 

...; 

 

T
1 1 1 1

2 1 2 1
1

1 1

;

, ,

, ,
,

, ,

MJ M MJ M MJ M

MJ M MJ M MJ M
J

MJ MJ M K MJ M

v p

v p
X T

v p

     

     

   

   
   
       
      
   


 

 

...;  

T
1 1

2 2 ,

, ,

, ,
,

, ,

MJ M MJ MJ

MJ M MJ MJ
M J

MJ MJ K MJ

v p

v p
X T

v p

 

 

   
   
       
      
   


 

 

where p1,1, p2,1, …, pk,MJ are elements of a non-
centered principal components matrix.

3. The application of antidiagonal averaging 
procedures to each of the matrices 1X , …., MX  
(A.2) allows you to form M multidimensional nar-
row-band RCs  1 TS , ...,  M TS  (1). 
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Метод автоматического поиска одорологически вызванных паттернов в биоэлектрической активности 
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Введение: изучение обонятельной системы в хронических экспериментах на животных проводится по записям биоэлектри-
ческой активности, регистрируемой с использованием микроэлектродных матриц, расположенных на дорзальной поверхности 
обонятельной луковицы. Считается, что ответная на предъявление одоранта биоэлектрическая активность обонятельной луко-
вицы связана с колебаниями, синхронизированными дыханием и относящимися к диапазону так называемых гамма-ритмов. 
Цель: разработать метод автоматического поиска временных границ подобных одорологически вызванных паттернов гамма-рит-
мов в биоэлектрической активности обонятельной луковицы. Результаты: сложности автоматического поиска одорологически 
вызванных паттернов обусловлены маскированием их спонтанными осцилляциями гамма-ритмов, не связанными с деятельно-
стью обонятельной системы. Кроме того, модальная частота паттернов априорно неизвестна и динамически изменяется в ходе 
эксперимента, в частности, на наркотизированном животном. В качестве критериальной функции поиска использована метри-
ка Хаусдорфа. В целях увеличения ее чувствительности на основе аппарата многомерного сингулярного спектрального анализа 
синтезирован адаптивный полосовой фильтр, полоса пропускания которого на анализируемой временной выборке максимально 
соответствует спектру искомых паттернов. Представлены результаты экспериментов на крысах. Применение полосовых филь-
тров на основе преобразования Фурье с неизменяемыми в ходе эксперимента параметрами в силу нестационарности во времени 
частотных характеристик искомых паттернов не обеспечивает эффективного их поиска. Так, при использовании в алгоритме по-
иска полосового фильтра Баттерворта наблюдались значительные ошибки в определении границ временных эпох паттернов, про-
пуски паттернов. Использование же синтезированного адаптивного полосового фильтра обеспечило надежный автоматический 
поиск паттернов и определение их временных границ с высокой точностью. Сбои алгоритма в этом случае наблюдались лишь при 
двигательных артефактах крыс. Практическая значимость: разработанный метод расширяет существующий инструментарий, 
применяемый для изучения обонятельной системы живого организма. 

Ключевые слова – обонятельная луковица, биоэлектрическая активность, одорологически вызванные паттерны, метрика Ха-
усдорфа, многомерный сингулярный спектральный анализ.
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Introduction: Information overload and complexity are characteristic of decision-making in medicine. In these conditions 
information fusion techniques are effective. For the diagnosis and treatment of pneumonia using x-ray images and accompaniyng 
free-text radiologists reports, it is promising to use text-image fusion. Purpose: Development of a method for fusing text with 
an image in the treatment and diagnosis of pneumonia using neural networks. Methods: We used MIMIC-CXR dataset, the SE-
ResNeXt101-32x4d for images feature extracting and the Bio-ClinicalBERT model followed by ContextLSTM layer for text feature 
extracting. We compared five architectures in the conducted experiment: image classifier, report classifier and three scenarios of 
the fusion, namely late fusion, middle fusion and early fusion. Results: We got an absolute excess of metrics (ROC AUC 0.9933, 
PR AUC 0.9907) when using an early fusion classifier (ROC AUC 0.9921, PR AUC 0.9889) even over the idealized case of text 
classifier (that is, without taking into account possible errors of the radiologist). The network training time ranged from 20 minutes 
for late fusion to 9 hours and 45 minutes for early fusion. Based on Class Activation Map technique we graphically showed that 
the image feature extractor in the fused classification scenario still learns discriminative regions for pneumonia classification 
problem. Discussion: Fusing text and images increases the likelihood of correct image classification compared to only image 
classification. The proposed combined image-report classifier trained with the early-fusion method gives better performance 
than individual classifiers in the pneumonia classification problem. However, it is worth considering that better results cost 
the training time and required computation resources. Report-based training is much faster in training and less demanding for 
computation capacity.
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Introduction

The richer the information flow is, the more po-
tential opportunities it provides for the organization 
of effective control, but at the same time, the more 
difficult it is for the decision-maker to review it and 
bring it together into a single whole. Therefore, in 
conditions of information overload and complexity, 
information fusion techniques are increasingly used. 
At the substantive level, information fusion can be 
described as combining complementary information 
from different sources concerning the same object or 
scene to obtain complex information representation 
providing more effective control. In the literature, 
fused sources are often in different modalities, and 
the process itself is called multimodal fusion. 

A number of definitions of information fusion 
are presented in the literature [1–6], emphasizing 
various aspects of this process. In the context of 
this article, it is vital to highlight the following as-
pects:

— information fusion aims to maximize the de-
cision maker’s or expert systems performance;

— sources of information for information fusion 
can be not only physical sensors but also social media 
and human intelligence reports (expert knowledge);

— information fusion is a hierarchical process 
and can occur at multiple abstraction levels (meas-
urements, features, decisions).

Multimodal fusion is widely used in various prac-
tical tasks, such as web-search [7], image segmenta-
tion [8–10], image and video classification [11, 12], 
emotion recognition [13, 14], analysis of social media 
content [15], audio-visual speech enhancement [16], 
etc. With the development of high-tech diagnostic 
tools, multimodal fusion is becoming increasingly 
prominent in medicine. Here, such areas are actively 
developing as predicting the patient’s health based 
on genomic, transcriptomic, and lifestyle informa-
tion of one [17] as well as predicting the development 
of certain diseases [18, 19]. For instance, multimod-
al fusion in neuroimaging is actively developing 
these days [20–24]. It combines data from multiple 
imaging modalities, like positron emission tomogra-
phy, computed tomography, and magnetic resonance 
imaging, to overcome the limitations of individual 
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modalities. In this case, an artificially combined im-
age of the zone of interest in the brain is constructed 
as subject to further visualizing. In the clinical pro-
cess, the attending physician acts as an analyst and 
interpreter of those images.

It is vitally important to make the right decision 
as fast as it is possible, but this is implementable on-
ly if there are adequate diagnostic tools. As we are 
trying to solve the classification of pneumonia pres-
ence problem we have to build on the diagnostic tools 
used in these cases. Chest x-ray (CXR) is mandatory 
for lung diseases, so it is hard to overemphasize its 
importance. Developing multimodal fusion-based 
technologies may improve such concerns of the CXR 
as the time gap from getting the image to taking the 
clinical decision and accuracy of the image interpre-
tation. Both these possible improvements should be 
based on the experience of interpreting CXR’s gained 
by professional radiologists because they are carriers 
of context and highly specialized knowledge. 

Here it is impossible to diminish the significance 
of the interpretations performed by radiologists. 
They are carriers of context and highly specialized 
knowledge that the attending physician does not 
have. Their interpretation is presented in the form of 
a textual report. However, like any human opinion, 
these reports are subjective and error-prone [25, 26].

On the other hand, today, a large and growing 
role in interpreting medical images is assigned to 
machine learning-based tools. The results of their 
work can be, for instance, segmented images with 
highlighted malignant zones or other areas of in-
terest, the manifestation of the alleged diagnosis, 
etc. However, the use of machine learning in medi-
cine encounters well-known problems, including the 
small volumes of available datasets, which do not 
allow to form a full-fledged context for learning, 
and the uninterpretable conclusions (the so-called 
black-box problem). Hence, medical image process-
ing results with machine learning-based tools can-
not be regarded as objective and error-free.

In this regard, for the diagnosis and treatment 
of pneumonia presence, it is promising to use 
text-image fusion in order to provide the attending 
physician with information for making a decision 
in the most reliable, visible and at the same time in-
terpretable (not “black-box”) form. The article dis-
cusses the emerging challenges, and also proposes 
an approach to their solution based on the specific 
problem , namely the classification of pneumonia 
presence using x-ray images and accompaniyng 
free-text radiologists reports.

Background and related works 

The analysis of reviews [6, 17, 20, 21, 27, 28] de-
voted to the problem of multimodal fusion allows us 

to highlight the main aspects that determine spe-
cific technological solutions for the fusion of imag-
es and texts in medicine: 

— features the fusion is based on;
— IT architecture;
— and fusion level.
With regard to images, [21] divides features the 

fusion is based on into three groups: based on spa-
tial domain, based on transform domain, based on 
deep learning. Features of the first group are the 
result of spatial (per-pixel) image segmentation, 
which can be performed according to various rules. 
For example, in [29, 30], the characteristics of in-
tensity, hue and saturation are used for this. The 
selected features can be semantically labelled using 
anatomical brain atlases [31], special visual indexes 
[31] or ontologies [32]. The ontology describes the 
medical terms via a controlled vocabulary, where 
the conceptualizations of the domain knowledge are 
constructed as an OWL (Ontology Web Language) 
model. 

Features of the second group are the result of 
transforming the source image to spatial-frequency 
domain which gives subband images with different 
scales and directions [33–35]. For example, in [35], 
sparse representation algorithm is used for merg-
ing low frequency subbands.

Features of the third group are formed directly 
by the neural network during the learning. As we 
approach the network’s output layers, they reflect 
the image’s structure with an increasing degree of 
generality, thereby constituting its multi-level ab-
stract representation [36]. Nevertheless, as a rule, 
they stay semantically uninterpretable up to the 
last (decision) network level [7]. 

As for the text, the components of the text it-
self (words, terms, phrases, etc.) [37] or embed-
dings which transfer text information into a dense 
representation of the semantic space [38, 39] can 
be used as features. However, the texts of medical 
reports demonstrate the high syntactic and termi-
nological complexity and the ambiguity in word us-
age. As shown in [40], embeddings perform signifi-
cantly better in natural language processing tasks 
for such texts. 

As the analysis of literature sources shows and 
as confirmed by the practice of radiologists [41], 
it is challenging to establish a formal correspond-
ence between any fragments of medical images 
and fragments of medical reports describing them 
without involving semantic interpretation in both 
domains. Attempts to use external structures for 
this (such as visual indexes [31] or ontologies [32]) 
lead to significant losses in context, which in many 
cases decreases the benefits of multimodal fusion. 
Therefore, in recent publications, approaches relat-
ed to the use of features that preserve contextual 
domain dependencies dominate [18, 19, 21–23], and 
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the deep learning methods are used as a technolog-
ical base. 

In tasks of semantic processing of medical texts, 
contextual word embeddings, primarily BERT [38], 
consisting of multiple layers of transformers which 
use self-attention mechanism, show the best results 
[40, 42, 43]. For example, for fusing text and speech 
in depression detection [19] features were extract-
ed by BERT-CNN and VGG-16 CNN in combination 
with Gated Convolutional Neural Network (GCNN) 
followed by a LSTM layer. Additionally, [42] shows 
that BERT performs better than traditional word 
embedding methods in feature extraction tasks, 
and the BERT pre-trained on the clinical texts 
shows itself better than pre-trained on the general 
domain texts.

Thus, as the analysis shows, today, the CNN + 
BERT bundle is a popular architecture for joint 
processing of information from semantically loaded 
images and texts, a typical medicine case. However, 
the question of the fusion level remains open.

In a semantic sense, the information fusion can 
be performed at various levels of abstraction: meas-
urements, features, decisions [1]. In [44], these lev-
els correspond to various technological (architec-
tural) solutions: recognition-based (also known as 
early fusion), decision-based (also known as late 
fusion), and hybrid multi-level. 

In [45], feature map (DenseNet) and embeddings 
(BERT) are fused in an intermediate level using 
cross attention mechanism and afterward are sup-
plied to fully connected layers. [12] compares the 
effectiveness of three fusion options: early fusion 
and late fusion combine information on the first 
convolutional layer and the first fully connected 
layer respectively, and slow fusion is a balanced mix 
between the two approaches such that higher layers 
get access to progressively more global information 
in both dimensions. The third option revealed some 
advantages and a strong dependence of efficiency 
on the context (the content of the dataset). In [46] 
and [8], the identical structures of late fusion with 
different weighting options are implemented, with 
opposite efficiency estimates obtained.

The work [9] explores several options for merg-
ing information of different modalities to highlight 
objects in an industrial landscape, including late 
sum fusion, late max fusion, late convolution fu-
sion, and early fusion. Early fusion showed the best 
results; simultaneously, it was revealed that perfor-
mance is highly problem dependent. Similar results 
were obtained in [10].

Authors of the work [23] implement a hybrid 
multi-level fusion based on a particle swarm search 
method to obtain optimal results. In [47], the au-
thors propose a specialized module for intermediate 
fusion. The module operates between CNN streams 
and recalibrates channel-wise features in each mo-

dality. This module is generic and, in principle, 
suitable for any task, but, аs the authors themselves 
note, the optimal locations and number of modules 
are different for each application.

Late fusion is rather popular in different appli-
cations [7, 18, 19, 37]. However, as noted in [47], 
this can be mainly due to resource reasons: the 
network for each unimodal stream can be designed 
and pre-trained independently for each modality. 
At the same time, late fusion can give rise to losing 
cross-modality information [27]. On the other hand, 
as the literature review reveals, the implementation 
of early and, even more so, multi-level fusion is a 
complex technological task and highly dependent 
on the subject area.

In conclusion of the review, it should be said that 
there are few works devoted directly to the fusion 
of texts and images for the diagnostics of particu-
lar diseases [18, 48] — this emphasizes the urgency 
of the problem.

Considering that the formation and training of 
deep learning models that implement multimodal 
merging for medical applications is a complex and 
resource-intensive process, the authors set them-
selves the task of experimentally assessing the effect 
of the fusion level on the effectiveness of the сlassi-
fication of pneumonia presence using x-ray images 
and accompaniyng free-text radiologists reports.

Method and materials

Datasets and data preprocessing
We used MIMIC-CXR [49–51] — the extensive 

publicly available chest radiographs dataset with 
free-text radiology reports. The dataset contains 
more than 300,000 images from over 60,000 pa-
tients. Labels were made with CheXpert labeler 
[50]. We used p10 and p11 data split folders.

We have performed the data preprocessing as fol-
lows. For images, pixel values were normalized to 
the range [0.0, 1.0]. Then, according to the DICOM 
field “Photometric Interpretation (0028, 0004)” im-
ages pixel values were inverted such that air in the 
image appears white (highest pixel value), while 
the patient’s body appears black (lower pixel value). 
Then, the scikit-image library [52] was used to histo-
gram equalization of the image to enhance contrast. 
Histogram equalization involves shifting pixel val-
ues towards 0.0 or 1.0 such that all pixel values have 
approximately equal frequency. All images were re-
sized to 224 224 px size. For reports, we excluded 
all the text punctuation, and then used tokenizer 
from the pretrained BERT model (see next section).

Models and training procedure
We consider the model’s architecture as a combi-

nation of feature extractors for image and text da-
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ta, and the fusion network appended to combine the 
extracted features. Training pipeline describing 
our training approach is shown in Fig. 1.

For images feature extracting we used the SE-
ResNeXt101-32x4d [53] which is the ResNeXt101-
32x4d model with added Squeeze-and-Excitation 
[54] module. In order to get word embeddings to 
feed the report feature extractor we used the pre-
trained Bio-ClinicalBERT Model [55]. The Bio-
ClinicalBERT model was trained on all notes from 
the MIMIC III database containing electronic 
health records from ICU patients at the Beth Israel 
Hospital in Boston  [51]. 

The report feature extractor prepares report-lev-
el embeddings, which we train with the network we 
called the ContextLSTM layer. The ContextLSTM 
includes two-layer stacked LSTM network, and one 
fully connected layer. As input, ContextLSTM takes 
the sequence of word embeddings from the report. 
Then, each embedding vector from the sequence is 
stacked (concatenated) with the next N neighbours 
in the sequence, forming the context vectors for 
each entry of the sequence. We used context size 
N2.

We compare five architectures in the reported 
experiment.

Image classifier. To classify pneumonia using 
only x-ray images, on top of the image feature ex-
tractor, we placed a fully connected classification 
layer followed by the softmax activation.

Report classifier. To classify pneumonia using 
only reports, on top of the report feature extractor, 
we placed a fully connected classification layer pre-
pended by the ReLU activation and followed by the 
softmax activation.

Fused classifier. As a fusion model we used the 
model consisting of the both feature extractors, fol-
lowed by the single fully-connected classification 
layer. We consider three scenarios of the fusion:

Late Fusion: fully-connected classifier is train-
ing on top of completely frozen pre-trained image 
and report feature extractors.

Middle Fusion: fully-connected classifier is 
training on top of the pre-trained image and text 
feature extractors with unfrozen last block of the 
SE-ResNeXt101-32x4d image feature extractor and 
the entire unfrozen ContextLSTM report feature 
extractor.

Early Fusion: the entire network is trained 
(except the BERT word embedding extractor) in-
cluding SE-ResNeXt101-32x4d feature extractor, 
ContextLSTM report feature extractor, and the last 
fully-connected classification layer.

To compare the model quality we use the met-
rics: accuracy, model sensitivity and model spec-
ificity (at 0.5 probability threshold), area under 
ROC curve, area under precision-recall curve. Of 
these, the ROC AUC and PR AUC metrics — in-
tegral metrics for all possible decision thresh-
olds — are key to conclusions. Metrics accuracy, 
specitifcity and sensitivity, typical for the medi-
cal literature, are auxiliary in this case. They are 
indicated at a typical threshold value of 0.5; the 
task of selecting the optimal threshold value was 
not posed here.

Training procedure we used looks as follows. 
First, we pre-trained each feature extractor as a 
separate classifier with the same task of classify-
ing the presence of pneumonia. Then we trained 
late- and middle-fusion scenarios on the top of 
the pre-trained feature extractors. Finally, we 
trained the early fusion scenario network. All ex-
periments were conducted with Adam optimizer 
(betas0.9, 0.999), learning rate was optimized 
with the Cosine Annealing scheduler [56] with the 
following hyperparameters of the scheduler: base_
LR1e-8, T_050, T_mult2, eta_max1e-4, 
GAMMA0.1. We used batch size16, image 

Image feature extractor: 
SE-ResNeXt101_32x4d

Class activation map

Image features

Report features

concatenation

Fully-connected 
classifier

Fully-connected 
classifier

Fully-connected 
classifier

A: Image classifier

B: Report classifier

C: Fused classifier

Pneumonia
presence
probability

Pneumonia
presence
probability

Pneumonia
presence
probability

Report-level feature 
extractor
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Bio-ClinicalBERT

X-Ray image
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  Fig. 1. Training pipeline of the network
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  Fig. 2. Curves ROC (left) and PR (right) for: a — model of the image classifier; b — report classifier models; c — re-
port classifier models for the Late-fusion classifier; d — Middle-fusion classifier; e — Early-fusion classifier
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size(224, 224). During training, images were 
augmented with random flips, shifts, scales, rota-
tions, and small elastic transforms. NVIDIA RTX 
2080Ti was used for training.

Results and discussion

We present the obtained metrics values for all 
types of classifiers in the Table, using the follow-
ing abbreviations: ROC AUC — area under the 
ROC curve, PR AUC — area under precision-re-
call curve. These curves for each type of classifier 
is illustrated by Fig. 2, a–e. The last column in the 
Table shows training time comparison. 

Figure 3 shows examples of Class Activation 
Maps [57] for results of image classifier and image 
feature extractor in early-fusion model indicating 
the most distinctive areas used by each classifier to 
determine the category to which the image belongs: 
0 — no pneumonia, 1 — pneumonia. Areas with 
higher activation values have more impact on the 

network decision. Color graduations correspond to 
the level of activation of the image features on the 
last convolution layers. Lighter areas are more crit-
ical for the network to gain the decision than the 
darker ones. Here we can see that the image feature 
extractor in the fused classification scenario still 
learns discriminative regions for pneumonia clas-
sification problem.

Analysis of the results obtained allows us to 
draw the following statements. 

Though the values of all metrics for the image 
classifier (see Table) are relatively poor compared to 
the report classifier, they entirely correspond to the 
current world level [58–60]. Note that during train-
ing the report classifier, only obviously correct text 
reports were used; in reality, it is necessary to con-
sider the human factor associated with errors and 
fatigue of radiologists, which reduces the received 
metrics. Under these conditions, fusing text and 
images increases the likelihood of correct image 
classification. Besides, Table shows that we got an 
absolute excess of metrics when using an early fu-

 Metrics values for different classifiers

Сlassifier type Accuracy Sensitivity Specificity ROC AUC PR AUC Training time

Image classifier 0.6823 0.5718 0.7637 0.7195 0.6438 6 h 14 min

Report classifier 0.9590 0.9696 0.9511 0.9921 0.9889 20 min

Late-fusion classifier 0.9484 0.9558 0.9430 0.9876 0.9800 15 min

Middle-fusion classifier 0.9613 0.9669 0.9572 0.9897 0.9838 29 min

Early-fusion classifier 0.9579 0.9684 0.9504 0.9933 0.9907 9 h 45 min

 Fig. 3. Class Activation Map for different classifiers: a — early fusion classifier; b — image classifier 
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sion classifier even over the idealized case of text 
classifier.

Comparing Figures 3, a and b shows that in the 
case of the image classifier, the network learns on-
ly from those areas of the image that are directly 
affected by pneumonia. Simultaneously, in the case 
of the fusion classifier, the network takes into ac-
count not only these areas but also the surrounding 
context, which is more consistent with the approach 
of a radiologist to the medical images classifica-
tion. Besides, as shown in Table, the report classi-
fier learns much faster than all other classifiers. 
However, Fig. 3, b indicates that introducing a text 
classifier into the fusion pipeline does not lead to 
training only on the textual data, i.e., image feature 
extractor in the fused network model still learns 
correct semantic image areas for classification.

Comparing the results of the Table for three 
types of fusion shows an exchange ratio between 
the classification and training efficiency metrics: 
the higher the desired classification efficiency met-
rics, the more computing resources are required to 
train the network. This circumstance must be taken 
into account when choosing the proposed models in 
a real clinical process.

Conclusion

We have presented that combining x-ray images 
and accompanying free-text radiologists reports in 
neural network model training improves the quali-
ty of the model’s decision in the classification task.

In the experiment, we have compared five train-
ing scenarios for the pneumonia classification task. 
Two individual classifiers based on each modality 
and three fused classifiers differ in training meth-
ods: late, middle, and early fusion. The proposed 
combined image-report classifier trained with the 
early-fusion method gives better performance than 
individual classifiers in the pneumonia classifica-
tion problem. However, it is worth considering that 
better results cost the training time and required 
computation resources. Report-based training is 
much faster in training and less demanding for 
computation capacity.
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Введение: в медицине при принятии решений характерны информационная перегрузка и сложность. В этих условиях эф-
фективны методы слияния информации. Для диагностики и лечения пневмонии с использованием рентгеновских снимков и их 
текстовых описаний, выполняемых радиологами, перспективно использовать слияние текста с изображением. Цель: разработка 
моделей слияния изображения и текста при диагностике пневмонии с помощью нейронных сетей. Методы: использовался датасет 
33 MIMIC-CXR; для обработки изображений использована сеть SE-ResNeXt101-32x4d; для обработки текста использована модель 
Bio-ClinicalBERT в сочетании со слоем ContextLSTM. Проведено экспериментальное сравнение пяти архитектур нейронной сети: 
классификатор изображений, классификатор текстов и три классификатора на основе слияния, а именно позднего, раннего и 
промежуточного слияния. Результаты: при использовании классификатора раннего слияния получено абсолютное превышение 
показателей (ROC AUC 0,9933, PR AUC 0,9907) даже по сравнению с идеализированным (т. е. без учета возможных ошибок 
радиолога) случаем текстового классификатора (ROC AUC 0,9921, PR AUC 0,9889). Время обучения сети варьировалось от 
20 минут для позднего слияния до 9 часов 45 минут для раннего слияния. С использованием карты активации классов наглядно 
показано, что во всех классификаторах на основе слияния действительно выделяются наиболее характерные для классификации 
пневмонии области изображения. Обсуждение: слияние текста и изображений увеличивает вероятность правильной классифи-
кации изображений по сравнению с классификацией только изображений. Показано, что в задаче классификации пневмонии 
классификатор изображений и текстов, обученный с помощью метода раннего слияния, дает лучшую производительность, чем 
классификаторы изображений и текстов по отдельности. Однако стоит учесть, что лучшие результаты требуют затрат времени на 
обучение и вычислительных ресурсов. Обучение на основе текстовых отчетов проходит намного быстрее и требует меньших вы-
числительных ресурсов.

Ключевые слова — слияние текста и изображения, медицинская диагностика, позднее слияние, раннее слияние, промежу-
точное слияние, рентгеновское изображение.
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