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Abstract

Objectives. The widespread use of computed tomography (CT) for diagnostic and treatment purposes can lead
to excessive cumulative doses of ionizing radiation received by patients in medical institutions. Currently, there
are no effective methods of visualization and control of cumulative doses of patients in medical institutions. Thus,
there is a need for operational monitoring of the dose load from ionizing radiation. The purpose of this work is to
present a developed algorithm for the creation and functioning of an information and analytical system (IAS) for the
retrospective accounting, analysis and visualization of cumulative doses of ionizing radiation received by patients
undergoing radiation diagnosis and treatment.

Methods. When forming visual output forms for accounting, analyzing and identifying critical values of the dose load
of ionizing radiation and the number of CT scans of patients, structured query language (SQL) was used to select the
necessary data in order to apply them in summary tables and volumetric diagrams.

Results. An algorithm has been developed for the formation and functioning of IAS based on client-server technology
using summary tables and volumetric diagrams in a client application. The algorithm can be used to visualize the
analysis and accounting of cumulative doses of ionizing radiation in patients undergoing treatment and medical
examination in large multifunctional medical research hospitals, identify the types of CT scans for reducing the
number of sessions and limit the growth of cumulative doses of ionizing radiation in patients, as well as to detect errors
in data entry by medical professionals into medical information systems and provide timely correction. In addition,
an unlimited number of forms can be created for viewing, analyzing, and accounting for data.

Conclusions. The developed methodology for the formation of IAS can be scaled up to other multidisciplinary
medical centers for tracking critical values of cumulative doses of ionizing radiation in patients in order to apply the
necessary medical solutions in radiation diagnosis.

Keywords: information and analytical systems, client-server technologies, pivot tables, SQL
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Pe3iome

Llenun. LLnpokoe npumeHeHmne komMmnbloTepHOoM Tomorpadum (KT) B LLeNsx AMarHOCTUKM U IEHEHNS MOXET NPUBO-
ONTb K N30bITOYHLIM KYMYNSATUBHBLIM J03aM MOHU3UPYIOLLEr0 N3Ny4eHUs, NOsly4aeMbIM NaumeHTamMm nevebHbIX yu-
pexaeHnii. B MeguuMHCKNX y4pexXaeHns Ha AaHHbI MOMEHT OTCYTCTBYIOT 9ddEKTUBHBIE METOAbLI BU3yann3aunm
N KOHTPONS 32 KYMYNIATUBHBIMU 03aMU NaumeHToB. CyLLeCcTBYET HEOOXOAMMOCTb ONepaTMBHONO KOHTPOSIA 3a [0-
30BOW Harpy3koi OT MOHN3MPYIOLLEro nanydyeHus. Lienbio gaHHoM paboTbl ABnsieTcs pa3paboTka anroputma dyHk-
LMOHNPOBaHUSA MHDOPMaUNOHHO-aHanuTnyeckon cuctemsl (MAC) ona peTpocnekTMBHOMO yyeTa, aHanmsa n Bu-
3yann3aumm KyMyAsTUBHbBIX 003 MOHU3MPYIOLLEro U3My4eHnsl, Noy4aeMbiX naumeHTamm, NpoxXoaswmmMm yyeByto
OVNAarHOCTUKY U NeYeHne.

MeTopabl. Micnonb3osaHbl SQL'-3anpockl Ans BLIGOPKM HEOBXOANMBIX AAHHBIX C LIENbI0 NMPUMEHEHNS X B CBOAHbIX
Tabnmuax n 06beMHbIX anarpammax npyv GopMrMpoBaHUM BbIXOAHbIX HArNSaaHbIX GOPM yyeTa, aHann3a v BbiiBNEHUS
KPUTUYECKMX BENMYNH AO30BOM HArPy3Ky MOHN3UPYIOLLErO N3ny4eHuns 1 konndectsa KT-nccnegoBaHnii NaumMeHToB.
PesynbTartbl. PazpabotaH anroput™M GopMupoBaHus 1 GyHKUMoHMpoBaHus MAC Ha OCHOBE KIIMEHT-CEPBEPHOI
TEXHOJIOMMM C UCMOJIb30BAaHNEM CBOAHBIX TabnuL, 1 0OBbEMHBIX AMarpaMm B KJIMEHTCKOM MPUAOXEHUN, KOTopas
obecneynBaeT, BO-NEPBbIX, BU3yann3aLmio aHann3a 1 ydeta KyMynsTUBHbBIX 03 MOHU3MPYIOLLEro U3Ny4YeHus na-
LMEHTOB, MPOXOOALMX NEYEHNE U OUCMAHCEPU3ALMIO B KPYMHbIX MHOMOQYHKLMOHAMbHBIX nevyebHo-nccnenoBa-
TENbCKMX CTaumMoHapax. Bo-BTOpbIX, AaHHbIN anropuTM No3BONSIET BbIABASATL BUAbI KT-nccnegosaHunii, no KOTOpbIM
BO3MOXHO YMEHbLUUTb YACO MPUMEHSIEMbIX CEaHCOB C Lefbl0 OrpaHnN4yeHnst pOCTa KYMYNATUBHbIX 003 MOHU3U-
PYIOLLErO M3MyYEHMS NaUMEHTOB. B-TpeTbux, anroputM AaeT BO3MOXHOCTb OOHapyxXvBaTb OWMOKM BBOOA OaH-
HbIX MeVLIMHCKUMU paboTHMKaMn B MeEANUMHCKME MHDOPMALMOHHBIE CUCTEMbI 1 BOBPEMSI UX KOPPEKTUPOBATD.
B-4eTBEPTHLIX, MOXHO HOPMUPOBATbL HEOrPAHNYEHHOE YMCI0 GOPM AJii MPOCMOTPA AAHHbIX C LLefbio NPOBEAEHUS
MX aHanmsa v y4eTa.

BeiBogbl. PazpaboTaHHylo MmeToanky dpopmmupoaHus MAC BO3MOXHO MacluTabupoBaTtb B APYyrve MeauumMHCKne
MHOFONPOGUIIbHBIE LLEHTPbI 419 OTCAEXNBAHUS KPUTUHECKNX BENHNH KYMYNSATUBHBIX 03 MOHU3UPYIOLLEro n3ny4ye-
HUSI NALMEHTOB B LLEeNSX NPUMEHEHNST HEOOXOOUMbIX MEAMLIMHCKUX PELLEHWNIA NPW NTy4eBO ANarHOCTUKE NaLMEHTOB.

KnioueBblie cnoBa: I/IHd)OpMaLI,I/IOHHO-aHaﬂI/ITI/I‘-IeCKI/Ie CUCTEMbI, KIINEeHT-CepBepPHbIe TEXHOI0rM1, CBOAHbIE Ta6J'II/ILI,bI,
SQL-3anpocsl

1 Structured query language — S13bIK CTPYKTYPMPOBaHHbIX 3aMPOCOB.
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Mpo3payHocTb pUHAHCOBOMN AEeATENIbHOCTU: ABTOPbLI HE UMEKDT PUHAHCOBOM 3aMHTEPECOBAHHOCTW B NPELCTaB/EH-

HbIX MaTepmnanax nain MmetTogax.

ABTOPbI 3a5BNSIOT 06 OTCYTCTBUM KOHGMIMKTA MHTEPECOB.

INTRODUCTION

Multidisciplinary medical centers and hospitals
utilize medical information systems (MIS) to record
patient data across various medical procedures
and treatment areas. Due to the inability of MIS to
retrospectively record and analyze data over long time
periods, significant volumes of accumulated information
are not fully utilized. The present work presents an
algorithm for the development and operation of an
information and analytical system (IAS) on the example
of computed tomography (CT). The algorithm is used
for organizing retrospective recording and analysis
of cumulative doses of ionizing radiation received by
patients along with the number of CT sessions during
radiation diagnostics.

Due to the widespread use of CT, the radiation
dose to patients from ionizing radiation has increased
significantly, as reflected in numerous publications on
this topic. In [1], it is noted that higher doses received
from CT in children throughout life lead to an increased
estimated risk of death from cancer compared to adults.
In [2], it is indicated that intravenous administration of
acontrastenhancer during CT for the detection of kidney
stones increases the total radiation dose, which must be
taken into account when determining the radiation dose
to patients. In [3], an increased risk of cancer in children
associated with the use of CT for diagnostic purposes
is identified due to frequent repeat examinations, as
well as the fact that children are more sensitive to the
carcinogenic effects of ionizing radiation than adults
and a longer life expectancy. In [4], an increased risk of
hematological neoplasms in children and adolescents
is identified as a result of CT irradiation along with the
need for careful justification of CT in this age group.
The work [5] provides information on long-term
oncological consequences among residents of the city
of Ozersk (Chelyabinsk oblast), who were examined
using CT for a comprehensive assessment of the effects
of low doses associated with diagnostic exposure in
a cohort study. In [6], an attempt was made to answer
the question of whether patients who were repeatedly
examined with a CT scanner for indications related
to the diagnosis of oncological pathology are at risk
of developing late effects during subsequent years of
observation. In [7], the need for centralized recording

of ionizing radiation doses in the electronic medical
records of patients undergoing diagnostic and radiation
therapy is indicated. The article [8] describes simulation
modeling methods used to determine the organs and
tissues exposed to the greatest radiation exposure
during CT scanning of the chest, abdomen, and head.
In [9], an overview of key Russian and foreign studies
of the possible adverse effects of medical radiation on
human health is presented along with a consideration
of existing methods for assessing the possible harm
to human health as a result of medical radiological
diagnostic procedures. The work [10] indicates that
the impact of ionizing radiation during CT scanning
is a source of potential risk associated with the
development of radiation-induced carcinogenic effects.
In [11], methods of using information technology for
retrospective analysis of the frequency of detection of
neoplasms in patients are described using the example
of a large multidisciplinary medical center. In [12],
the experience of using computer technologies in
visualizing data on the medical examination of patients
who underwent CT diagnostics and radiation therapy
is presented. The work [13] focuses on the need to
develop centralized data warehouses to account for the
accumulated dose load of patients in such a way that
each person knows their load and can make appropriate
decisions on each type of upcoming radiation
diagnostics considering the associated risks. In [14],
the need for strict personalized accounting of the dose
load when using CT is indicated. The article [15]
presents the experience of using summary tables
and volumetric diagrams for data analysis. In [16] it
is asserted that, since the highest doses of medical
diagnostic radiation exposure of patients in Russia
are caused by CT procedures, radiation risk control
becomes especially relevant when using CT.

Since, according to the no-threshold radiation risk
model, any dose of radiation increases the risk of cancer,
it is essential to monitor received doses. Depending
on the location of the exposure, the dose may be
occupational, medical, natural, etc. Recently, diagnostic
imaging using radionuclides to enhance -contrast,
X-rays, and other methods have become widespread
in medicine. For example, radiotherapy (teletherapy
and brachytherapy) is widely used to treat cancer. The
dose received by a patient from a CT scan per session
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varies from 0.3 to 63 mSv depending on the procedure.
However, visualization, analysis, and recording
of patient doses, particularly those undergoing
diagnostic imaging, are not organized to the required
standard. Medical information systems (MIS) used in
healthcare institutions, such as MEDMIS2, Medesk?,
ArchiMed+*, KMIS?, Medialog®, and others, are not
designed to directly implement these functions, as
they operate in online transaction processing (OLTP)
mode, which utilizes highly normalized linked tables
in the database schema. Visualization, analysis, and
accounting of medical data require a different database
scenario—online analytical processing (OLAP). This
requires uploading data entered into the MIS to other
databases, particularly OLAP. Using the example of
the Medialog MIS, a system for exporting from the
MIS to a database was developed at one of the medical
centers of the Federal Medical and Biological Agency
of Russia’, which implements the above-mentioned
functions.

1. ALGORITHM FOR THE FORMATION
AND FUNCTIONING OF THE IAS

The algorithm consists of three stages. In the
first stage, a data request is generated in the MIS,
each record of which corresponds to one CT session
of a specific patient with the corresponding
attributes (characteristics): patient identifier, type
of examination, equipment used, received ionizing
radiation dose, examination date, patient date of birth,
gender, ICD-108nosology code, etc. In the second stage,
the resulting sample for a specified period is exported
from the MIS first to an Excel table, from where it
is imported into a structured query language (SQL)
server database. Figure 1 shows a screenshot of this
Excel table. The 116269-row imported table in the
SQL server database named “Export CT$” and covers
the period from January 1, 2010, to August 31, 2025.
The method has been practically tested using a large
multifunctional medical center as an example.
A total of 50527 patients were examined, including
27333 women, 23181 men, and 13 patients whose

2 https://www.medmis.ru (in Russ.). Accessed May 24, 2026.

3 https://www.medesk.net/ru (in Russ.). Accessed May 24,
2026.

4 https://archimed.pro (in Russ.). Accessed May 24, 2026.

5 https:/k-integration.ru/vendors/kompleksnye-medicinskie-
informacionnye-sistemy/ (in Russ.). Accessed May 24, 2026.

6 https://www.medialog.ru/ (in Russ.). Accessed May 24,
2026.

7 https://fmba.gov.ru/ (in Russ.). Accessed May 24, 2026.

8 The International Classification of Diseases, 10th revision,
is a standard document that provides a generally accepted
statistical classification of medical diagnoses.

gender was not specified. The periodically repeated
addition of data from the MIS to the SQL server
database to Stages 1 and 2 from subsequent time
periods keeps it up-to-date.

At the third stage, in order to visualize data on
the number of CT scans and the dose received for
a given nosology, the Access database management
system (DBMS) is used as a client application to
connect to a SQL server database using an open database
connectivity (ODBC) driver. This client-server approach
can be used simultaneously by an unlimited number of
research clients. In the Access application, a query is
generated to retrieve data from the SQL server table
“Export CT$.” The query is executed server-side,
which speeds up the execution process, and the result
is transferred to the Access DBMS application as a table
view named “Export CT PerDose,” a screenshot of
which is shown in Fig. 2.

2. DESCRIPTION OF THE STRUCTURE
OF THE SQL QUERY USED IN THE IAS

SQL is a structured query language based on the logic
of the relational database model. A relational database
model is a logical system consisting of interconnected
objects that can be manipulated according to specific
rules. The relational database model was founded by
mathematician and IBM? employee E.F. Codd, who in
the 1960s also created relational algebra, in which he
described a number of specific elements and operations
on them. This relational algebra forms the theoretical
basis of SQL. Introducing the concept of a relation (a flat
data table), Codd identified eight relational operations:
union, intersection, subtraction, Cartesian product,
selection, projection, join, and division.

The structure of an SQL query used in the IAS
consists of an outer query and several nested uncorrelated
subqueries. It is presented in the table.

The developed technology proposes using
uncorrelated subquery processing. A subquery in SQL
is defined as a SELECT statement nested within another
SELECT statement. With uncorrelated processing,
the subquery is executed once, and its result (a list of
patients satisfying the specified parameters) is stored in
a temporary table, while the outer query retrieves data
from the generated list of objects. Execution occurs from
the bottom up: the subquery is executed at the bottom
level, while a superstructure of other nested subqueries
that use the resulting subset of objects is built from
below. This enables the use of such SQL structures in
various subject areas [17, 18].

9 International Business Machines is one of the world’s
largest manufacturers and suppliers of hardware and software.
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Table. Structure of an SQL query

Query fragment

Explanation of the query
fragment

SELECT *
FROM

External query

(SELECT PATIENTS_ID,ISNULL(Export_CT$. RESEARCH_TYPE,
RESEARCH TYPE,
Cast (Export CT$.DATE CONSULTATION as datetime) as DATE CONSULTATION, ...,
LABEL, CODE, ISNULL(SA ICD 10 MIT 2021.WHO_ Full Desc,’Not specified’) AS
NameDisease, ...,
CASE
WHEN SA_ICD 10 MIT 2021.ICD10 Code IN

(SELECT SA ICD 10 MIT 2021.ICD10 Code FROM Export CT$ WHERE SA ICD 10
MIT72O21.ICD107Code LIKE ‘A%’ OR SAiICD7107M1T72021.ICD107Code LIKE '‘B%’)
THEN ‘Certain infectious and parasitic diseases (A00-B99)’
WHEN SA ICD 10 MIT 2021.ICD10 Code IN

(SELECT SA ICD 10 MIT 2021.ICD10 Code FROM Export CT$ WHERE SA ICD 10
MIT 2021.ICD10_Code LIKE ‘C%’ OR SA ICD 10 MIT 2021.ICD10_Code LIKE ‘D0%’

‘Not specified’) AS

A nested subquery with
a selection of attributes,
converting data from
symbolic to the format

2 |OR SA ICD 10 MIT 2021.ICD10 Code LIKE ‘D1%’ OR SA ICD 10 MIT 2021.ICD10_ required for pivot tables,
Code LIKE ‘D2%' attaching the category
OR SA_ICD 10 MIT 2021.ICD10 Code LIKE ‘D3%’ OR SA ICD 10 MIT 2021. and name of the disease
ICD10 Code LIKE ‘D4%’) THEN ‘Neoplasms (C00-D48) " ﬁOHlﬂRICI%lOdhECKHy
WHEN SA ICD 10 MIT 2021.ICD10 Code IN .
(SELECT SA_ICD 10 MIT 2021.ICD10 Code FROM Export KTS WHERE sa rcp 10 | Of diseases
MIT 2021.ICD10 Code LIKE ‘D5%’ OR SA ICD 10 MIT 2021.ICD10 Code LIKE ‘D6%’
OR SA ICD 10 MIT 2021.ICD10 Code LIKE ‘D7%’ OR SA ICD 10 MIT 2021.ICD10_
Code LIKE '‘D8%’)
THEN ‘Diseases of the blood and blood-forming organs and certain
disorders involving the immune mechanism (D50-D89)’
WHEN SA ICD 10 MIT 2021.ICD10_Code IN(...
ELSE ‘Not specified ‘
END as Disease Category...,
CASE The name of the equipment
WHEN EQUIPMENT =’0’ THEN ‘PHILIPS INGNUTY' .
3 WHEN EQUIPMENT =’1’ THEN ‘CANON ONE’... 1S programmatlcally
END AS EQUIPMENT Name, ..., assigned
DATEDIFF (yy,Cast (Export CTS.NE LE as datetime), Cast (Export CT$.DATE
CONSULTATION as datetime)) AS Age,
CASE
WHEN DATEDIFF (yy,Cast (Export CT$.NE LE as datetime), Cast (Export CTS.
DATE_CONSULTATION as datetime)) <=20 THEN ‘<= 20’ The “Age” and
4 WHEN DATEDIFF (yy,Cast(Export CT$.NE LE as datetime), Cast(Export CT$. “AgePeriods” attributes are
DATE7CONSULTATION as datetime)) <=30 AND programmatically defined
DATEDIFF (yy,Cast (Export CTS.NE LE as datetime), Cast (Export CTS$.DATE
CONSULTATION as datetime)) >20 THEN ‘> 20 and <=30'"...
ELSE ‘Not specified ‘
END as AgePeriod, ...,
CASE
WHEN Export CT$.GENDER = 0 THEN ‘M’ The value of the
5 WHEN ExportiCT$.GENDER = 1 THEN ‘F’ “GENDER?” attribute is
ELSE ' Not specified * programmatically assigned
END as GENDER2, ...,
The symbolic value is
6 |Try Convert (float,Replace (IsNull (Export CT$.DOSE,0),’,’,’.’)) as DOSE proguunn@ncaﬂyconvened
- - - to a numeric value for the
“DOSE _” attribute
FROM Export CT$ LEFT OUTER JOIN The left outer connection
7 SA ICD 10 MIT 2021 ON Export CT$.CODE = SA ICD 10 of the tables Export CTS$
MIT 2021.ICD10 Code) W and SA ICD 10 MIT 2021
A nested uncorrelated
WHERE W.PATIENTS ID IN (SELECT PATIENTS ID FROM subquaythatmeﬁesahm
(SELECT PATIENTS ID, SUM(Try_Convert(ﬂoat,Replace(IsNull(Export_CT$. ofpaﬁenm\vhosecunnﬂaﬁve
DOSE,Q0),’,’,”."))) SmDs L. ..
8 ionizing radiation dose

FROM Export CT$
GROUP BY PATIENTS_ID) Q
WHERE Q.SmDs >400 AND Q.SmDs <=700)

falls within the specified
range from 400 to 700 mSv
(inclusively)

12
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3. RESULTS

The application uses pivot table mode to display the
data obtained as a result of executing a generated query.
Figure 3 depicts this mode as an empty workspace
with a list of pivot table fields. The locations from
which pivot table fields can be dragged from the field
list are indicated at the edges and in the center of the
workspace.

List of pivot table fields (2]

Drag it to the table
0 Export_CT_PerDose_E
5193 Results
Number of PATIENTS_ID values
Sum_DOSE
@-[Z] PATIENTS_ID
[3... Research_Type
&)-[=] DATE_CONSULTATION
&)-[Z) DATE_CONSULTATION by weeks
(-[Z] DATE_CONSULTATION by months
G)-|=] Year
&-[Z) Month
&-{F Name
[
£
[
E
[
£
[
[

3... Disease_Categories
o-[Z) NE_LE_

0-[F NE_LE_.by weeks
0-[Z] NE_LE_ by months
0[5 Age

7-[Z AgePeriod

+-[F Gender

;- [E DOsE

Rows -

Add to

Colemns
Filter
Data
Details

Fig. 3. View of an empty area of a pivot table

By dragging and dropping selected attributes from
the field list or adding them to specified locations (rows,
columns, filter, data, details), pivot tables can be created
in the format required for research. For example, in
order to find the patient ID who received specified
cumulative doses of ionizing radiation over the past

few years, you would drag the “PATIENTS ID”
attribute from the pivot table field list to the rows
area, “DATE _CONSULTATION” to the columns area,
and “Sum_ DOSE” to the data area. Figure 4 shows
the resulting pivot table with the required data. The
cumulative dose boundaries are specified in the query
text in Section 9 of Table.

If, instead of “Sum_DOSE,” you drag the “Number
of PATIENTS ID values” attribute from the pivot
table field list into the data area, you will get a similar
pivot table, but the intersection of rows and columns
will indicate the number of CT sessions received
by patients in a specific time period. By varying the
cumulative dose value boundaries in the query text (the
last row of item 9 in Table) from 0 to 100 (Fig. 5),
from 100 to 400 (Fig. 6), and from 400 to 700 (Fig. 7),
and examining the frequency structure of CT sessions
by disease category, it is possible to identify differences
in the correlations between the number of CT sessions
and the cumulative dose value. Thus, the order of
disease categories in decreasing order of CT scan
sessions for cumulative doses from 0 to 100 mSv differs
from the order of disease categories for cumulative
doses from 100 to 400 mSv and from 400 to 700 mSv.
Neoplasms (C00-D48) ranks first in terms of the number
of CT scan sessions in these groups based on cumulative
dose load.

In order to view cumulative doses distributed
among selected patients by disease category, the disease
categories should be placed in Rows, patient IDs in
Columns, and the “Sum_ DOSE” attribute in Data area.
Then the desired patients can be selected from the drop-
down list. The resulting pivot table is shown in Fig. §,
while the corresponding 3D diagram appears in Fig. 9.
If the “Number of values” attribute is placed in the
Data area in this case, the intersection of the columns
and rows of the pivot table will yield the corresponding
number of CT sessions.

In order to study the distribution of cumulative
doses of ionizing radiation by year for specific selected
patients, categories can also be expanded by the names
of the diseases they comprise. Figure 10 depicts
a screenshot of the distribution of cumulative doses of
ionizing radiation across all categories by all included
diseases for patient ID 99111, who was found to have the
highest cumulative dose.
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CONCLUSIONS the “Not specified” value in the tables above means
that no data was entered in that column.
The proposed client-server technology using pivot 4. Creation of various pivot tables for data

tables and volumetric charts in the client application analysis. For example, all the data presented in
enables: the report was obtained using just one query,
1. Visual analysis and accounting of cumulative “Export CT PerDose.”
doses of patients undergoing treatment and medical Thus, pivot tables and volumetric diagrams are
examination in large multifunctional treatment and  shown to be a visual and effective tool for analyzing
research hospitals. and studying the processes of disease progression
2. Identification of CT scans for which the number  across time and age series, for example, to determine

10.

11.

12.

13.

of sessions could be reduced to limit the increase  the effectiveness of certain treatment procedures and the
in cumulative patient doses. For example, the  impact of the use of drugs on the results of treatment
maximum number of CT sessions identified for  carried out in multidisciplinary clinical hospitals.

one patient over the entire observation period Authors’ contributions

was 83,' . . V.A. Kadymov—general guidelines for writing the article.
Detection of data entry errors by medical workers in S.M. Dumansky—introduction, sections 1 and 2.
the MIS and their timely correction. For example, E.V. Vasiliev—section 3 and conclusion.
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Abstract

Objectives. In containerized computing infrastructures, workload placement relies on static parameters such
as requests and limits. However, the stochastic nature of actual resource consumption, involving rare but significant
peak bursts, can lead either to excessive resource reservation or an increased risk of overload. Existing approaches
to resource allocation focus on deterministic node selection criteria or point forecasts of workloads, but do not
provide direct probabilistic estimates of critical state thresholds. The probabilistic model for the overload risk
of Kubernetes compute nodes developed in this paper formalizes overload as the first instance of a critical boundary
being reached by a stochastic load process.

Methods. The normalized node load is modeled as a one-dimensional stochastic process, the probability density
of which evolves according to the Fokker—Planck equation. An analytical solution to the boundary-value problem
is derived for constant coefficients and mixed Robin-Dirichlet boundary conditions. For variable coefficients
estimated from telemetry data, a numerical method based on the Crank—Nicolson scheme is employed. The drift
and diffusion coefficients are estimated from monitoring data.

Results. The model was validated using a discrete-event simulator for a 170-node cluster under four workload
scenarios. A verification of the developed numerical solution against an analytical solution on six test cases produced
a discrepancy of less than 0.001. A systematic comparison with four baseline methods (Persistence, Linear trend,
AR(1), and Historical exceedance) across 904800 test windows demonstrates the superiority of the FP model
in terms of the Brier score (0.0245 vs 0.0372 for the best baseline) for all prediction horizons (1, 2, 5, and 10 min).
Conclusions. The proposed model provides a calibrated, probabilistic estimate of Kubernetes node overload risk
over a finite prediction horizon, which outperforms baseline methods in terms of both calibration and discrimination
metrics. These results pave the way for the development of risk-aware node ranking mechanisms and the integration
of probabilistic risk assessment into container cluster management systems.

Keywords: Kubernetes, stochastic dynamics, Fokker—Planck equation, boundary-value problem, overload
probability, first-hitting time, Crank—Nicolson scheme, telemetry
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Pesiome

Llenu. B KOHTENHEPHBIX BbIYUCINTENbHbIX MHDPACTPYKTYpax pasMeLLeHe Harpy3kn OonMpaeTcsa Ha ctaTtuyeckune
napameTpbl — 3anpalumBaemMble pecypchl (requests) n npepeneHble pecypcesl (limits), Toraa kak paktndeckoe no-
TpebneHne pecypcoB HOCUT CTOXAaCTUYECKUIA XapakTepP C PEAKMMU, HO CYLLLECTBEHHBIMU MUKOBLIMU BbiOpOcamu,
4YTO BeLET K N3ObITOYHOMY PE3EePBMPOBAHNIO UK PUCKY neperpy3kn. CyLlecTByoLLME NOAX0Abl OPUEHTUPOBAHDI
Ha [,eTEPMUHNPOBAHHbIE KPUTEPMM BbIOOPA Y312 MM TOYEYHBIN MPOrHO3 HAarpy3Kkn 1 He Aal0T NPSMON BEPOSTHOCT-
HOW OLLEHKM JOCTUMXEHUS KPUTUHECKOrO cocTosHMSA. Llenb paboTbl — MOCTPOEHne BEPOSTHOCTHON MOAENN pucka
neperpyskun BbIMUCANTENLHOMO yana Kubernetes', bopmanuayioLeit cobbiTre neperpysku kak Nepsoe A0CTUXEHNE
KPUTUYECKOW rPaHuLLbl CTOXaCTUYECKMM NPOLLECCOM 3arpy3ku y3na.

MeTopbl. HopMupoBaHHasa 3arpyska y3na OrnmMcbiBaeTCs Kak OOHOMEPHbIN CTOXaCTUYECKMIA NPOLLECC, IBOMOLMS
NAOTHOCTM BEPOSITHOCTM 3az1aeTcs ypaBHeHnem dokkepa — Mnaxka (Fokker—Planck, FP). [nsa kpaeBoii 3apayn no-
JIYYEHO aHANITUYECKOE PELLEHME NPU NOCTOAHHBIX KO3IDOUUMEHTAX N CMELLAHHbIX FPAHNYHbIX YCNOBUSAX POBUHA —
Oupuxne. Ans nepeMeHHbIx KOaDOULNEHTOB, OLLEHMBAEMBIX MO TENEMETPUN, PEANTM30BAH YMUCIIEHHbIA METOL, HA OC-
HoBe cxembl KpaHka — HukoncoH. KoaddurumeHTtsl gperida n andoysmnm oueHMBaoTCs No A4aHHbIM MOHUTOPUHIA.
PeaynbTatbl. YucneHHoe pelleHve BepMOULMPOBAHO HA LUECTUM TECTOBbIX CllydasX C PacCXOXAEHWEeM Me-
Hee 0.001 oTHOCUTENBbHO aHanuTM4yeckoro. Mogens NpoBepeHa Ha AMCKPETHO-COOLITUMHOM NMMUTATOPE Knactepa
13 170 y3n0B B YeTbIpeX CueHapusax Harpy3kn. CucTeMaTnyeckoe cpaBHEHME C YETbIPbMS 6a30BbIMY METOAaMU
(HaMBHBbI NPOrHO3, NIMHENHbIV TPEHT, aBTOPErpeccus NepBoro nopsaka, ncrtopmyeckas yactora) Ha 904800 Te-
CTOBbIX OKHax nokasasno npenmyLiectso FP-moaenu no kputeputo bpariepa (0.0245 npoture 0.0372 y ny4weii 6a3o-
BOW MOAENN) HA BCEX TOPU30OHTax nporHo3mposanms (1, 2, 51 10 MuH).

BeiBoapl. MNpennoxeHHas mMoaenb obecneynBaeT BEPOSTHOCTHYIO OLLEHKY pucka neperpysku ysna Kubernetes
Ha KOHEYHOM rOPU30HTE NPOrHO3a U NPEBOCXOANT 6A30BbIE METOb! MO METPUKAM KaNMOPOBKM 1 AUCKPUMUHALMN.
Pe3ynbTaTbl CO34aI0T OCHOBY 4151 MOCTPOEHWS PUCK-OPUEHTUPOBAHHBIX MEXAHN3MOB PaHXMPOBaHWS Y3/10B U UHTE-
rpaumv BEPOSTHOCTHOW OLEHKN B CUCTEME YyNpaB/iEHNSt KOHTENHEPHBIMU KNnacTepamu.

KnioueBble cnoBa: Kubernetes, ctoxactuieckas amHamuka, ypasHeHne dokkepa — MNMnaHka, kpaeBasa 3agada, Be-
POSATHOCTb NMEPErpy3kn, NePBOE AOCTMXKEHME rPpaHnLbl, cxema KpaHka — HUKONCOH, TenemMeTpus

1 OTKpbITOE NpOrpamMmMHoe obecrnedeHmne AN OPKECTPaLMKN KOHTEHEPU3UPOBAHHBIX NPUIOXEHWIA. https://kubernetes.io/ data
obpaweHns 11.05.2026. [Open-source software for orchestrating containerized application. https://kubernetes.io/. Accessed May 11,
2026.]
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Mpo3payHocTb pUHAHCOBOMN AEeATENIbHOCTU: ABTOPbLI HE UMEKDT PUHAHCOBOM 3aMHTEPECOBAHHOCTW B NPELCTaB/EH-

HbIX MaTepmnanax nain MmetTogax.

ABTOPbI 3a5BNSIOT 06 OTCYTCTBUM KOHGMIMKTA MHTEPECOB.

INTRODUCTION

In Kubernetes? container orchestrators, the
deployment of pods® on compute nodes relies on
declarative values, such as requested resources (requests)
and limiting resources (limits) [1, 2]. However, actual
resource consumption is stochastic and nonstationary.
While this architecture simplifies quality of service
management and application isolation, it also leads
to structural inefficiency: conservative redundancy
reduces the average utilization of the cluster [3], while
aggressive compaction increases the risk of local node
overload [4]. The scale of the problem is confirmed by
analysis of industrial clusters. According to the tracing
data of the Google Borg cluster management system [5],
the average utilization of processor time is 20-35%;
according to the Alibaba Cluster Trace (a publicly
available trace data set published by Alibaba company
that contains records of resource consumption by
containers and tasks on production clusters; it is used
as a benchmark for evaluating the effectiveness of load
planning methods), it is 20—45% [6].

In operational practice, it is essential not only
to forecast (predict) the expected workload but also
to evaluate the likelihood of hazardous conditions
occurring within a specified timeframe. The substantial
risk of reaching a critical workload level at least once
during the forecast period can lead to performance
deterioration, container eviction, and violations of
service-level agreements. Most current approaches,
which focus either on deterministic criteria for selecting
a node or on forecasting the workload value at a specific
time, do not directly provide a probabilistic assessment
of the risk of overload.

In this paper, a probabilistic model of the risk
of overload Kubernetes compute nodes is proposed.
This model is based on interpreting loading as a one-
dimensional stochastic process and overload events as
those surpassing the first critical boundary [7, 8]. The
evolution of the load distribution is described using the
Fokker—Planck equation, which allows for transition

2 Open-source software for orchestrating containerized
application. https://kubernetes.io/. Accessed May 11, 2026.

3 A pod is a group of one or more containers that work
together and use shared resources.

from a point forecast to an estimation of the probability
of reaching the limit [9, 10].

LITERATURE REVIEW

Existing approaches to managing container load
placement in Kubernetes and related orchestrators can
be divided into the following areas.

The first of these is heuristic and combinatorial
container placement methods, which are aimed at
maximizing packing density, balancing node load, and
reducing resource fragmentation [1, 2, and 11]. These
methods use current or estimated residual node resources
as a deterministic selection criterion to formulate the
task as a variant of combinatorial optimization. The
advantages of this class of approaches are computational
simplicity, interpretability, and compatibility with the
standard scheduler cycle. However, such methods
generally do not adequately consider the instability
and random emissions of the load, nor do they provide
a direct probabilistic assessment of achieving the critical
condition of the node. A recent review paper [11]
confirms that, despite the growing number of solutions
using forecasting and automatic scaling, a significant
part of scheduling methods in Kubernetes is comprised
of heuristic and rule-based schemes.

The second area covers work on expanding the
standard Kubernetes scheduler and constructing custom
node ranking mechanisms [2, 12]. Rather than focusing
on anew mathematical load model, the emphasis is placed
on integrating additional decision-making logic into the
existing orchestration infrastructure through scheduler
plug-ins, external decision-making tools, custom
ranking functions and dynamic container reallocation
mechanisms. In recent years, a number of studies have
been published that use the scheduler extension not
only for static node selection, but also for dynamic load
balancing during execution [13, 14]. However, even
in such settings, the decision is typically deterministic
and uncertainty regarding future load dynamics is only
considered indirectly, via current consumption metrics
and empirical rules of choice.

The third area comprises methods for forecasting
load time series that involve the proactive, automatic
scaling of systems [15-18]. These studies employ
classical statistical models, recurrent neural network
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architectures, and hybrid neural network architectures,
as well as adaptive decision-making schemes that
consider service-level requirements. In the context
of Kubernetes, significant development occurs in the
areas of horizontal and vertical scaling. Future demand
values are predicted based on historical observations,
after which decisions are made to adjust the number
of replicas or the allocated resources. Such approaches
are capable of taking trends, seasonality, and short-term
workload dynamics into account. However, since most
of these settings focus on minimizing error in predicting
either the load itself or the scaling quality metric, the
likelihood of an overload is only considered indirectly.
This is not usually associated with reaching the critical
limit first, which may be unacceptable for mission-
critical tasks.

A separate class consists of probabilistic and
risk-oriented approaches to managing distributed
computing systems [4, 19-21]. Within this framework,
the study considers settings that account for demand
uncertainty, the trade-off between utilization and
reliability, excessive resource demand, and interference
between jointly placed loads. The current trend in
container orchestration is characterized by a shift
from reactive scaling to policy-based management and
reinforcement learning, including risk-based economic
formulations [21]. While these results confirm the
potential of a probabilistic interpretation of operational
risk, they typically focus on optimizing cost, delays
or average resource usage rather than considering the
likelihood of the node loading process crossing a critical
threshold at least once within a given timeframe.
Consequently, risk is more frequently modelled as an
aggregated loss function or the probability of service
degradation than as a primary achievement event for
a stochastic loading process.

Such statements are based on the theory of stochastic
differential equations and the Itd integral [22], methods
for analyzing Fokker—Planck equations [9, 10], and
the theory of first-passage processes [7, 8]. These
methods have long been used to describe unsteady
stochastic dynamics for calculating the probability of
a process exceeding an acceptable range. A systematic
description of the modeling approach for stochastic
processes in computing systems is provided in [23],
including the derivation of generalized equations and
solutions to boundary value problems for load models
when balancing data transmission nodes. However,
the problem of first passage within the framework of
the Fokker—Planck equation has not previously been
applied to assess the risk of overload a computing node
in Kubernetes.

Existing approaches either solve the placement
problem based on deterministic heuristics or predict
the future load value. Others consider stochastic effects

without explicitly stating the risk as events of the first
critical boundary. Therefore, the task of constructing
a model that can directly estimate the probability of
node overload at the final time horizon, while being
computationally suitable for integration into the
ranking and management mechanisms of containerized
environments such as Kubernetes, remains open.

MATHEMATICAL MODEL AND SOLUTION
OF THE OVERLOAD RISK ASSESSMENT PROBLEM

Task setup

Let us consider a cluster of N compute nodes. For the
node j, determine the normalized load for the selected
resource (processor time or RAM):

u; (0
xj(t) ¢ xj(t) €[0,1],
J
where uj(t) is the actual resource consumption; ¢ is
continuous time; G is the node capacity. The critical
condition corresponds to reaching the L =1 level. We
denote the forecast horizon by 7} > 0.

Definition 1 (overload event). The overload of
node j at the 7} horizon is defined as the first time the
critical boundary is reached: 1, = inf{z > 0: xj(t) > LY.
The risk of overload is defined as the probability
Rj(Th) =P, <T, | xj(O) =Xp)-

The task is to build a model that can calculate R j(T 9]
given x, T}, and the stochastic dynamics parameters, and
to develop a computational method for determining this
probability. The resulting risk assessment can be used
for node ranking and load placement decision support
mechanisms. However, this work focuses primarily on
the model, the boundary value problem and the methods
for solving it. It is important to note that this setting
differs fundamentally from threshold criteria in that the
same current load value can correspond to both low and
high risk depending on the trend direction and intensity
of fluctuations.

2.1)

Stochastic loading model

In order to describe the evolution of the normalized
node load, we introduce a discrete Markov model
with small increments over a fixed time step. This
formulation formally relates local random load changes
to a continuous equation for the probability density to
calculate the probability of reaching the critical limit.

Let us fix the discrete time step T > 0 and denote
t=kt, k € N,. Let the node be in the state x € [0, L]
at step k. Three possible changes are permitted per time
step: x > x+gx —>x—§& and x — x, where g, § > 0 are
the scales of loading increments. The probabilities of
the three directions satisfy the normalization condition
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w,(x) + w_(x) + wy(x) = 1. The balance of probabilities
is given by the following equation:

Pk+1(x) = W+(x - S)Pk(x —e)+

T (x +HOPx+E) FwgP ). (P

Remark 1. Since the intensity of requests and
task processing typically varies, the asymmetry of
increments (€ # &) is a natural feature of computational
load. Therefore, the general form (2.2) is used below.

By approximating P,(x) with the density p(x, ¢) and
decomposing the right-hand side of equation (2.2) into
a Taylor series with respect to the state variable x up to
second order at &&= O(\/;), T—>0, we obtain the
Fokker—Planck equation:

d__0 1.2
o= @R+ (BGp). (23)

The drift coefficient A(x) and the diffusion
coefficient B(x) are expressed in terms of the conditional
moments of the increments:

A) = lim A g i

2
B 3],
0 T —0 T

For scheme 2.2, the coefficients take the following
form in the first approximation with respect to t:

e, () - 8w ()
~ - ,
5 82W+ (x) +E2w_(x)

A(x)
2.5)

B(x)

In the special case when the directional probabilities
donotdepend on the state and are equal tow, = w_ = 1/2,
w, =0 (symmetric transition scheme), the coefficients
can be simplified as follows:

2 2 _
gt +§& ’bza £
4t 2t

: (2.6)

where a corresponds to the diffusion coefficient (1/2)B
and b to the drift coefficient 4.

While the coefficient A(x) determines the average
trend in load changes, the intensity of random fluctuations
is determined by the coefficient B(x). The consideration
of non-linear effects is based on the dependence of these
coefficients on the state, particularly increased dispersion
near high node load. As fluctuations in processor time
and RAM are often different in nature, the coefficients
for each resource are evaluated independently.

Equation (2.3) corresponds to the Itd stochastic
differential equation [22]:

dX, = A(CX,)dt +[B(X,)dW,, 2.7)

where W, is the standard Wiener process. Equation (2.7)
lends itself well to implementation using the
Monte Carlo method, while equation (2.3) describes

the evolution of the density of the entire ensemble of
trajectories simultaneously and is used to calculate the
probability of overload.

Boundary value problem
for the probability of overload

Letx € [0, L], L = 1. We define the initial condition
as follows:

p(x, 0) = d(x — x,), x, € (0, L), (2.8)

where 3(+) is the Dirac delta function.
The probability flow for equation (2.3) is given by:

J00 = AP0 2 (BOPCD). (2.9

Let us assume the following boundary conditions:
J(0, £) = 0 (reflection) and p(L, ¢) = 0 (absorption). (2.10)

The first condition prevents the process from
entering the region x < 0, while the second condition
means that when the critical limit is reached, the process
leaves the computational area, and the corresponding
probability mass is irreversibly lost.

Let us denote the probability that, by time ¢, the
boundary L has not been reached:

L
Py (0= [ p(x,1)d.

(2.11)
0
Then there is an additional risk of overload:
L
R(t)=1- [ p(x,1)dx. (2.12)

0

Note that R(f) is determined not only by the
current load level, x,, but also by the coefficients,
A(x) and B(x). Therefore, two nodes with the same load
may have different risk estimates. For two resources,
the integral node risk is defined as Rj(t) = max,Rj]r(T),
r € {CPU, MEM}, where CPU represents the central
processing unit, while MEM represents memory (RAM).

Analytical solutions

Consider a special case of constant coefficients that
allows an explicit analytical solution:
2
@=am—ba—p, a>0, beR.
ot ox? ox
The probability flow is expressed as J=bp — ap_,
where p_ is the partial derivative of Op/Oox and
conditions (2.10) are given as:

—ap,(0, ) + bp(0, 1) = 0, p(L, 1) = 0.

(2.13)

(2.14)
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We introduce a substitution that eliminates the
convective term:
CX b
p(x,t)=¢e u(x,t),c:z—. (2.15)
a

Substituting (2.13) into the equation yields the
equation for thermal conductivity with potential:

ou  0%u b?
—=a—5—Yu,y=—-. 2.16
a ‘a2 T (2.16)
The conditions (2.14) become:
u (0, 1) = cu(0, 1), u(L, 1) = 0. (2.17)

The initial condition for u takes the form:
u(x,0) =e”05(x - x;).

By separating the variables u(x, 1) = dp(x)e ™™, we
arrive at the Sturm—Liouville problem:

¢"(x) + K2d(x) =0, L = ak® + y (2.18)
with boundary conditions:
¢'(0) = c¢(0), ¢(L) = 0. (2.19)

Considering the first boundary condition, the general
solution (2.18) can be expressed as follows:

(x) = cos(kx) +%sin(kx). (2.20)
From the condition ¢(L)=0, we obtain
a transcendental equation for the spectrum:
k
tan(kL) = ——. (2.21)
c

Let k, n=1, 2, ..., be the positive roots of
equation (2.21). The eigenfunctions

0, (x) = cos(k,x) + kisin(knx)

(2.22)

are orthogonal on the segment [0, L] and form a complete
basis in L,(0, L).

Decomposing the initial condition by {¢,} and
returning to the variable p using formula (2.15), we obtain:

p(x,1) = ec%0) i %e‘(akﬁ M (2.23)
n=l1 ¢n

L
where ||d>n "2 = I(I),%(x)dx. Equation (2.23) provides an
0
exact solution to problems (2.13), (2.8), and (2.14). In
practice, the series is truncated at n» < M and the roots
of k, are determined numerically.
We also consider an alternative formulation with
Dirichlet conditions on both boundaries:

p(0,5) =0, p(L, H)=0. (2.24)

Here, zero load (x = 0) is considered as limiting
and practically unattainable. This setting is natural for
communication channels and nodes for which zero load
is also a boundary condition.

Substituting p = e“*u and ¢ = b/(2a) results in (2.16)
with homogeneous Dirichlet conditions u(0, ¢) =
=u(L, t)=0. The eigenfunctions v, (x) = sin(nnx/L) and
eigenvalues k, = mn/L are known explicitly. The solution
can be expressed as follows:

b(x—xy)
X,t)=—e 2a x
p(x,1) i

M (2,2 172052
y Zsin[nanOJsin(%Je (r2n%al 2+ /(4a))t.

n=l1

(2.25)

The probability of not reaching the boundary,
along with the associated risk, is calculated using
formulas (2.11) and (2.12). Unlike in equation (2.23),
the spectrum is clearly known, so a numerical solution
to a transcendental equation is not required. The choice
between the two statements depends on the physics of the
problem: if the probability density at x = 0 can be nonzero,
areflective boundary is appropriate, whereas if zero loading
is the limiting mode, the Dirichlet condition applies.

Numerical solution: Crank—Nicolson scheme

Since there is no closed solution for
arbitrary A(x) and B(x), numerical methods must be
applied [10, 24, and 25].

A uniform grid on [0, L] can be introduced:

L
X, =iAv,i=0,N_, Ax=—",
N

X

(2.26)

where Ax is the grid pitch and N, is the number of nodes
in the spatial grid.

The diffusion term is approximated by the central
difference:

02 Bp).., —2(Bp); +(Bp)._
> Bp)| < (Bp)iy — 2 pg, (Bp); 4 . (2.27)
Ox i (Ax)
and the convective term by the difference:
0 (4p);y —(4p),_
-~ A ~ i+1 i 1‘ 228
pC N e (2.28)

To approximate the condition J(0, 7)=0, we
introduce a ghost point, x_;. The derivative on the
boundary is given by:

K (Bp) —(Bp),

= (BP)|x0 ~ v (2.29)
Therefore,

AyPo _l.wo’ (2.30)

2 2Ax
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and the value at the ghost point is:

(Bp)_; = (Bp), — 4AxA4,p,. (2.31)

By substituting this expression into the equation at
node i = 0, we obtain the three-point pattern.

We can then use the Crank—Nicolson scheme to
advance in time. Unconditional stability, second order
in both variables:

pyt —pf
At

where L is a discrete Fokker—Planck operator. Averaging
between two-time layers yields an implicit scheme. Due
to the three-point pattern, a system with a three-diagonal
matrix emerges at each time step:

(L, - LM, @232)

n+l n+l n+l _
apy + bl +epy =d;.

(2.33)

This is solved by the run-through method [26] in
O(N,) operations.

The probability mass flows monotonically over
the absorbing boundary x=L; the P _(7) integral
decreases and R(1)=1 — P (?) increases, reflecting
the accumulation of risk. With grid parameters of
N, =200 and N, = 500, calculating R(T}) takes fractions
of a millisecond, allowing it to be integrated into the
scheduler cycle.

Estimation of coefficients
based on monitoring data

Now, let us turn to the estimation of the
coefficients 4(x) and B(x) from monitoring data*. After
fixing the aggregation step At, the segment [0, 1] is
divided into M, uniform intervals, B, . The estimates are
based on the definition of conditional moments:

E[Ax|xeB, ] E[(Ax)? |xeB, ]
A(x,,) = N ,B(x,) = v ,(2.34)
with linear interpolation between the centers of the
intervals and a lower bound of B(x) > B _. = 1079,
which guarantees the stability of the numerical scheme.
In the experiments, the number of intervals (bins) used
to divide the [0.1] interval is set to M, =20, while the
aggregation step At coincides with the telemetry polling
interval (15 s). The coefficients are recalculated every ten

steps over a sliding window of one hundred observations.

EXPERIMENTAL ENVIRONMENT

The methodology was tested on a discrete-event
Kubernetes  cluster simulator. The environment
parameters are shown in Table 1.

4 Prometheus Documentation. Cloud Native Computing
Foundation. https://prometheus.io/docs/. Accessed May 11, 2026.

Table 1. Configuration of the experimental environment

Parameter Value
Cluster 10 nodes x (8000m CPU,
16GB RAM®)
Number of modeling steps 3600
Number of warm-up steps 100
Number of runs (seeds) 100
N, (x-grid) 200
N, (t-grid) 500
T,, (forecast horizon) 300
Number of pods 40-50
The simulator reproduces the main
Kubernetes mechanisms, including proportional
processor time allocation (the Completely Fair

Scheduler, CFS), Kubelet out-of-memory eviction,
QoS® priority consideration, and the pod lifecycle
finite automaton (pending — starting — running —
— termination). The load is generated using 11 profiles.
These profiles are either stationary, pulsating (Poisson
bursts with lognormal amplitude), returning to the
average (Ornstein—Uhlenbeck), diffusion (a remote-
control system with controlled drift), or a combination
of these. Each experiment is repeated 100 times.

Comparing the model with empirical data

To verify the adequacy of the model, the distribution
function of the time taken to reach critical load was
compared with an empirical estimate (Fig. 1). According
to the Kolmogorov—Smirnov metric, the deviation does
not exceed 0.05 for time horizons of up to several
minutes.

In a scenario involving realistic production
loads (50 pods of six different types, including Poisson
bursts, stationary profiles, and diffusion profiles), the
risk R~0.03 corresponds to single stochastic
displacements, and no system overload occurs. In
contrast, a RAM shortage scenario involving 38 pods
with total memory consumption exceeding the cluster
capacity R ~0.26 demonstrates the impossibility of
providing uninterrupted operation without horizontal
scaling.

3> Random access memory.
6 Quality of service.
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Sensitivity of risk assessment
to model parameters

The stability of the R(7}) estimate has been
investigated by varying the 7} forecast horizon and the
R, .« threshold for acceptable risk.

With fixed drift and diffusion coefficients, the value
of R(T}) remains close to zero with an average utilization
of around 28% (moderate load) across all 7}, values in the
range {100, 200, 300, 500}. This is consistent with the
process being far from the critical boundary. In the pulsating
load scenario (70% stationary and 30% stochastically
pulsating bursts), the R, threshold significantly affects
behavior: at R = 0.1, the model initiates an average of
39.7 proactive migrations per run, whereas at R, = 0.3,
this figure is fewer than 0.1 migrations per run. In both
cases, the frequency of service requirement violations
does not exceed 0.1%. The monotonic decrease in the
number of migrations as the threshold increases confirms
the adequate ranking of states by the model according to
their proximity to overload.

Verifying the numerical solution

Figure 2 shows the evolution of the probability
density p(x, #) at constant coefficients. As # increases, the
distribution spreads under the influence of diffusion and
loses mass at the absorbing boundary x = L = 1, reflecting
the accumulation of the probability of overload.

a=0.008,b=0.015

0.8 X=0.4,L=1.0
. At=0.05
K 0.6
&
l
< 04
g

-- Empirical model (Monte Carlo,
n=50000)
— Fokker—Planck model

0 25 50 75 100 125 150
ts

175 200

Fig. 1. Comparison of empirical (dotted line) and
model (solid line) time distribution functions for reaching
critical load

The accuracy of the numerical method was confirmed 7.3 —t=0(jp=1.00) |
by comparing it with the analytical spectral solution (2.23) = 15.0 —t=10(jp=0.77) ||
across six test cases involving various combinations of & 125{ © - :z 28 82 - 8??;
drift and diffusion coefficients (see Table 2). The initial £ ; 5 t=90 (jp = 0.03)
condition is set as a localized distribution p(x, 0)= é 0.0 % t=120([p=0.01) ]‘
= 8(x—x,), which is approximated by a Gaussian function 2 7.5 % |
with a width parameter 6 = 2Ax, where Ax=L/N_isthe § 545/ _ i

. . x Q : x Driftb >0 :
step of the spatial grid. g ) !

The high accuracy of the implemented scheme is ° 2 4 5 &6
. . . . I —— S |
indicated by the maximum discrepancy between the 0 : ¥, : 3

ical and Ivtical soluti £1 than 0.0007 0 0.2 0.4 0.6 0.8 1.0
numerical and analytical solutions of less than 0.0007. Normalized loading
The simulation confirms a monotonic decrease in Xy =0.4
the probability of not reaching the P, (7) boundary, Fig. 2. Evolution of probability density p(x, t)
fulfilment of the absorbing condition at the right at constant drift and diffusion coefficients.
boundary, and convergence of the solution as the number As tincreases, the distribution loses mass
of spatial grid nodes (V) increases. at the absorbing boundary x =L = 1
Table 2. Comparison of numerical (R, ,,,) and analytical (R,,,) solutions
Ne a b Xy T Rm R, |A|
1 0.005 0.01 0.5 100 0.0498 0.0503 0.0005
2 0.01 0.02 0.3 200 0.4412 0.4419 0.0007
3 0.01 0.0 0.5 150 0.0266 0.0268 0.0002
4 0.005 0.05 0.7 50 0.2877 0.2882 0.0005
5 0.02 0.01 0.4 300 0.4851 0.4855 0.0004
6 0.008 —0.005 0.6 80 0.0115 0.0118 0.0003
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EXPERIMENTAL VERIFICATION
OF RISK FORECASTING

To assess the practical applicability of the proposed
model, a systematic, rolling-window, out-of-sample
evaluation was conducted. This methodology involves
the formation of training windows sequentially to
estimate the model’s coefficients, as well as test
horizons to verify forecasts. Four widely used predictive
approaches in computing cluster monitoring systems
have been considered for basic comparison.

Experimental protocol

The discrete event simulator described above was
used to generate the dataset. The simulator is run in four
different load scenarios, each having a different dynamic
nature. The four scenarios are linear growth (ramp
pressure), RAM load (memory pressure), oscillating
load (oscillating pressure), and a realistic profile that
combines Poisson bursts with stationary and mean-
reverting modes (mixed realistic profile). Each scenario
is repeated with 20 different initialization values.
To simulate real telemetry noise, interference with
normally distributed variances of op;=0.02 and
Opem = 0-015 has been added to all time series.

As a result, a cumulative dataset covering 170 unique
nodes was obtained. Based on the coefficient of variation
criterion (greater than 0.15), 44 of these nodes are classified as
stable, while 126 are classified as nonstationary. The dataset
comprises a total of approximately 500000 observations
taken at 15-s intervals over 3600 simulation steps, which is
equivalent to approximately 15 h.

For each node-resource pair, a series of sliding
windows has been formed. A training window of
240 steps (60 min) has been used to evaluate the
model’s coefficients. The forecast quality has then
been assessed at test horizons of 7} € {4, 8, 20, 40}
steps (1, 2, 5, and 10 min) with a shift of 4 steps. The
label Y= 1 is assigned to the window if the load reaches
the threshold L =0.95 at least once at the horizon.
At this threshold, 904800 windows were formed,
approximately 20.9% of which contained an overload
event. This provides a sufficient balance of classes for
the correct assessment of metrics.

Forecasting methods

The Fokker—Planck (FP) model. In each training
window, the drift coefficients A(x) and diffusion
coefficients B(x) are evaluated first. The segment [0, 1] is
divided into 30 uniform intervals in each of which the
conditional transition moments are calculated. The
resulting profile is then smoothed using the Savitzky—
Golay filter. Next, the local values A(x,) and B(x,) are

extracted for the current load x, using Gaussian
weighting over +2 adjacent intervals. This procedure
increases the stability of estimates in areas where there is
little data. After this, the Fokker—Planck equation is
solved using the constant coefficients found on the
space-time grid (N, = 100, N,=200) according to the
Crank—Nicolson scheme. Since the overload threshold L
may differ from unity, scaling is performed before the
solution is found: x' =x/L, @’ = a/L?, b' = b/L, which
brings the absorbing boundary to the standard value. The
1
risk is then calculated as R(7,)=1- _[ p(x", T}, )dx". To
0
improve calibration, isotonic regression is applied to the
obtained estimates, which are trained using a cross-
validation scheme on two halves of the time series.

Persistence  (naive  forecast). The  simplest
deterministic method is to set P =1 for x(f) > L and P =0
otherwise. This reflects the assumption that the immutable
current state is used as the lower limit of quality.

Linear trend. The linear regression X(¢)=a+bt is
fitted to the training window. The value of *(# + 7}, ) is then
extrapolated to calculate the probability of overload using
the normal distribution function: P=1-®((L-%)/ o),
where o is the standard deviation of the regression
residuals.

Markov process of the first ovder autoregression (AR) (1).
The model x(¢ + 1) = ¢ + @x(¢) + €, where the parameters ¢, @,
and Gg are estimated from the training window. Forecast
for the horizon of h steps: p, =up, + oh (Xast — Moo )s
o =c2(1-¢™M)/(1-¢?), P=1-D((L—p,) /0y ).

Historical exceedance. Empirical estimate: P is
equal to the share of observations in the training window
for which x > L; this is a nonparametric method that does
not use information about the current state of x,,.

Quality metrics

The quality of probabilistic forecasts is assessed
using four metrics:
Brier score:

1
BSZWZ(E‘ _yi)Z’

where p; is the predicted probability, and y; € {0, 1}
is the actual outcome [27]. This measures the overall
quality, including calibration and discrimination ability.
The range is [0, 1], and BS = 0 is ideal.

ROCAUC: the areaunder the <<True Positive Rate —
False Positive Rate>> curve, which characterizes the

7 The area under the ROC curve. The receiver operating
characteristic (ROC) is a graph showing the ratio between the
share of objects correctly classified (True Positive Rate) and the
share of objects incorrectly classified (False Positive Rate).
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Table 3. Comparison of forecasting methods (threshold L = 0.95, all horizons)

Method Brier Score | Log Loss | ROCAUC 1 PRAUC t ECE |
FP model 0.0245 0.0876 0.9915 0.9754 0.0028
Persistence 0.0372 1.2842 0.9139 0.8576 0.0372
AR(1) 0.0383 0.1285 0.9945 0.9824 0.0447
Historical
exceedance 0.0412 0.1606 0.9879 0.9627 0.0376
Linear trend 0.0419 0.1545 0.9908 0.9682 0.0394
Table 4. Brier score of the FP model and the best baseline method over horizons
T}, min FP Best base method ABS Method
1 0.0126 0.0197 —0.0071 Persistence
2 0.0154 0.0272 —0.0118 Persistence
5 0.0261 0.0423 —0.0162 Persistence
10 0.0438 0.0551 —0.0113 Historical exceedance

ability of the model to rank positive examples above
negative ones, and does not depend on calibration.

PR AUCS: the area under the <<Precision — Recall>>
curve. Unlike the ROC AUC, it is sensitive to class
imbalances and penalizes false positives.

ECE (Expected calibration error)’:

n
ECE:ZW’"Iﬁm ~ T b
m
where 7, is the number of observations that fall within the
mthinterval of predicted probabilities, and the summation
is carried out over 10 uniform intervals of predicted
probabilities. This measures the consistency between
predicted probabilities and observed frequencies, where
ECE = 0 indicates perfect calibration.

RESULTS

Table 3 presents the results of an aggregated
comparison across all horizons, where the arrows |/7
indicate the direction of improvement and Log Loss is
a logarithmic loss function.

8 The precision—recall area under the curve is the area under
the PR curve, where P stands for precision and R stands for recall.

9 The Expected Calibration Error (ECE) metric measures the
degree of correspondence between the probabilities predicted by
the model and the actual probabilities of outcomes.

The FP model achieves the best Brier score (0.0245).
The difference with the nearest competitor (Persistence:
0.0372) equates to a 34.1% reduction in error. The
calibration of the model (ECE =0.0028) is an order
of magnitude higher than that of the basic methods,
indicating high reliability of the predicted probabilities.

Table 4 shows the results for different forecasting
horizons.

The FP model outperforms the basic methods on
all four horizons. The greatest advantage is observed at
T, = 5 min (ABS = —0.0162), where the basic methods
fail to cope with nonlinear dynamics. On a short
horizon (7}, =1 min), the FP model achieves a Brier
score of 0.0126, close to ideal accuracy. Even without
post-processing calibration, this model demonstrates
high discriminatory ability (ROC AUC = 0.9840,
PR AUC =0.9582), surpassing all basic methods
except AR(1). However, a noticeable calibration
violation (ECE =0.1526) leads to an increase in
the Brier score up to 0.1013. This is because the
solution to the boundary value problem introduces
a systematic error by approximating the drift and
diffusion coefficients to systematically overestimate
the predicted probabilities at moderate loads. Isotonic
regression corrects this by monotonically rebuilding
the scale of predicted probabilities while maintaining—
and even slightly improving—the ranking (ROC AUC:
0.9840 — 0.9915). Therefore, the FP model’s primary
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Table 5. Brier score by subgroup (resource X node type)

Subgroup EP Best base method Method Is FP better?
CPU / stable 0.0486 0.0677 Historical exceedance Yes
CPU / nonstationary 0.0044 0.0062 Persistence Yes
MEM / stable 0.0546 0.0915 AR(1) Yes
MEM / nonstationary 0.0264 0.0366 AR(1) Yes

contribution consists in its ability to distinguish
between windows with impending overload and
safe ones, while isotonic calibration ensures that the
predicted probabilities are consistent with the actual
frequencies.

Subgroup analysis (Table 5) reveals the advantages
of the model.

The FP model -consistently outperforms the
basic methods across all four subgroups. Even in
the CPU subgroup on nonstationary nodes, where
the Persistence method achieves a high level of
quality (BS = 0.0062), the isotonic-calibrated FP model
still achieves a 29% improvement with BS = (0.0044.
The FP model’s greatest advantage is observed on
stable nodes, where load dynamics do not follow simple

CPU

1.0 1

© o o
IS o ©

Observed frequency

o
N

0 0.2 0.4 0.6 0.8 1.0
Predicted probability
(1) Ideal
(2) -+ FP Model (ECE =0.001)
(3) -+ Persistence (ECE = 0.023)
(4) —+ Linear trend (ECE = 0.033)
(5) =+ AR(1) (ECE=0.038)
(6) = Historical exceedance (ECE = 0.027)

patterns, but can be well described by a stochastic
process. For MEM/stable, ABS=-0.0369 (a 40%
improvement).

Figure 3 shows calibration curves that reflect
the consistency of the predicted probabilities with
the observed frequencies. Figure 4 illustrates the
model’s dynamics by presenting three load scenarios
alongside a combined load time series, x(#), and a risk
assessment, R(#), at a horizon of 7, =5 min. In each
case, R(f) reflects changes in x(#): with an increasing
load, the risk rises in advance to approach =1 at the
L =0.95 threshold; with a fluctuating load, the risk rises
and falls in sync; with a low load, it stays close to zero.
This confirms the alignment of the predicted risk with
the observed data.

MEM

0.8 1

o
o
A

Observed frequency
©
N

0.2 1

T T

0 0.2 0.4 0.6 0.8 1.0
Predicted probability
(7) Ideal
(2) = FP Model (ECE = 0.005)
(3) -+ Persistence (ECE = 0.052)
(4) —+ Linear trend (ECE = 0.046)
(5) =+ AR(1) (ECE=0.051)
(6) —=— Historical exceedance (ECE = 0.048)

Fig. 3. Calibration curves: predicted overload probability and observed frequency (L = 0.95).
The diagonal line represents the ideal calibration
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Fig. 4. Dynamics of node load and risk assessment for three characteristic fragments:
(a) increasing MEM load to the threshold; (b) oscillating CPU load; (c) consistently low load

ANALYSIS OF THE RESULTS

The high performance of the FP model can be

attributed to three factors:

1.

Consideration of the stochastic load structure.
Unlike basicmethodssuchaslineartrendand AR(1),
which reduce uncertainty to Gaussian noise
with fixed variance, the Fokker—Planck equation
clearly distinguishes between two sources of
dynamics: a directional trend (drift 4) and the
intensity of random deviations (diffusion B). Since
coefficients 4(x,) and B(x,) are extracted locally,
the FP model adapts to the specific operating
mode of the node in the vicinity of the current load
level to capture an increase in volatility near full

load, which the basic approaches systematically
underestimate.

Correct formulation of the overload problem. The
fundamental difference lies in the definition of the
estimated value itself. Basic methods calculate the
probability that the load will exceed the threshold
at the fixed point in time P(x(¢+ 7}) > L), whereas
the FP model estimates the probability of at least
one threshold crossing over the entire forecast
horizon: P(3s € (0, 7} ]: x(s) > L). Since even short-term
loads exceeding the acceptable limit are sufficient to
cause performance degradation, the second formulation
corresponds with the practical understanding of risk
by providing more conservative—and, at the same
time, more accurate—estimates.

32
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3. The role of forecast calibration. The practical
value of a probabilistic model is determined both
by its discriminative ability and the extent to
which the predicted probabilities are consistent
with the observed frequencies. By comparing the
results of the FP model before and after isotonic
calibration, the contribution of the actual physical
model (discrimination) can be separated from
that of postprocessing (calibration). Even without
calibration, the FP model demonstrates high ranking
quality (ROC AUC = 0.9840, PR AUC = 0.9582),
surpassing most basic methods in these
indicators. However, the “raw” probabilities are
systematically overestimated (ECE =0.1526),
resulting in a significant deterioration in the Brier
score (0.1013 ws 0.0245). Isotonic regression
corrects the calibration (ECE: 0.1526 — 0.0028)
without altering the ranking order and reduces the
final Brier score by 76%. Particular attention should
be given to the CPU subgroup on nonstationary
nodes, where the persistence method traditionally
produces high-quality results (BS = 0.0062) due to
an almost deterministic two-level loading structure.
Nevertheless, these results also demonstrate the
potential of an ensemble approach. In future work,
it would be promising to enable each node to
automatically select a forecasting method based
on the characteristics of its time series, thereby
combining the advantages of stochastic and
deterministic models.

CONCLUSIONS

This paper proposes a probabilistic model for the
risk of overload Kubernetes compute nodes based on
interpreting overload as the first event of reaching
a critical boundary. Normalized node loading is
described as a one-dimensional stochastic process, while
the evolution of the probability density is formulated
within the framework of the Fokker—Planck equation.
The choice of boundary conditions is justified by the
physics of the container environment.

A boundary value problem is formulated for the
constructed model, for which an analytical solution
is obtained in the case of constant coefficients and
mixed Robin-Dirichlet boundary conditions. An
alternative formulation is considered having Dirichlet
conditions on both boundaries. For the case of
variable coefficients, a numerical method based on the
Crank—Nicolson scheme with ghost-point approximation
for the reflecting boundary is proposed. Over six
test cases, the discrepancy between the numerical
and analytical solutions does not exceed 0.001 at
a computational cost of less than a millisecond
per solution.

The developed method for estimating drift and
diffusion coefficients, which is based on telemetry data,
has a controlled frequency of recalculation. Initial testing
on a discrete event simulator using a cluster of 10 nodes
with realistic load profiles confirms the adequacy of the
model estimates: the value of R ~0.03 corresponds to
isolated incidents under normal load, while
R=0.26 correctly signals a systemic shortage of
resources.

Systematic experimental verification using the sliding
window method on an extended dataset (170 nodes,
4 load scenarios, and 904800 test windows) confirms
the practical advantage of the FP model over four basic
forecasting methods. The FP model achieves the best
Brier score (0.0245), surpassing all the basic methods at
each of the four forecasting horizons (1, 2, 5, and 10 min)
and in all 4 subgroups of nodes. Indicators of discrimination
(ROC AUC=0.9915) and calibration (ECE =0.0028)
confirms the high quality of the probabilistic forecasts,
which are suitable for use in decision-making systems.

The scientific novelty of the work is as follows:

1. The proposed model is suitable for estimating
the risk of overloading a Kubernetes node in
terms of the probability of surpassing the critical
load threshold for the first time. The evolution
of the load distribution is described by the
Fokker—Planck equation. The choice of boundary
conditions is justified by the specifics of the
container environment.

2. A method has been developed for estimating drift
and diffusion coefficients from telemetry data with
a controlled recalculation frequency.

3. The model has been experimentally verified on
a discrete-event cluster simulator with realistic load
profiles.

4. A systematic comparison has been carried out with
four basic forecasting methods using the sliding
window method. This showed the advantage of
the proposed approach in terms of calibration and
discrimination metrics.

These results form a basis for developing risk-
oriented node ranking mechanisms and integrating
probabilistic risk assessment into container cluster
management tools. The adaptive choice of a forecasting
method based on the characteristics of a time series is
a promising area for further research. Promising areas
for further research include the ensemble approach,
multidimensional load modeling for several resources
simultaneously, and model evaluation based on industrial
cluster data using Prometheus telemetry.
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Abstract

Objectives. The work set out to develop diagnostic tools and methods for autonomous robots for the rapid detection
of faults based on the analysis of cause-and-effect relationships between observed manifestations and the sources
of failures.

Methods. The paper presents an analytical review of the current scientific and technical literature on the topic of the
research, which includes ontology construction methods for developing a diagnostic model for autonomous robots,
Boolean algebra methods for generating queries to the ontological diagnostic model, modifications to conditional
and unconditional diagnostic methods for finding cause-and-effect relationships between failures and malfunctions
based on the use of an ontological model, and machine experimentation methods for estimating the processing time
of queries to the ontological diagnostic model.

Results. The presented ontological model and methods for conditional and unconditional diagnostics is used
to establish cause-and-effect relationships between observed failures and the malfunctions that cause them.
Conclusions. Based on an ontological approach and taking into account the availability of advanced tool support,
including ontology description languages, ontology modeling tools, and ontology-based inference and reasoning
technologies, a new paradigm is identified for the development of a promising class of autonomous robotic
systems with increased fault tolerance and, consequently, adaptability. The development of an autonomous robot
presupposes the presence of an onboard intelligent control system built on a hierarchical principle that comprises
executive, tactical, and strategic levels. The results of the ontological model provide an effective basis for activating
and utilizing the intelligent control system’s rich algorithm databases at all levels of the control hierarchy to support
increased adaptability.
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HAYHYHAA CTATbA

JAMArHOCTHKA HEUCNIPABHOCTEH B HHTEJJIEKTYaJbHbIX
CUCTEMAX YNPaBJEeHUSA ABTOHOMHBbIMH pP0o0OTaAMM
HA OCHOBE OHTOJIOTHYECKOI0 MOAX0AA

10.A. BoikoBues ©, B.M. JloxuH,
C.B. MaHbko, M.I. PomaHoB

MUWP3A — Poccuiickuii TexHosIorm4eckuii yHmsepcutet, Mocksa, 119454 Poccus
@ AsTOp A5 nepenvicku, e-mail: bykovcev@mirea.ru

* Moctynuna: 23.12.2025 » flopa6oTaHa: 23.01.2026 ¢ MpuHgaTa k onyonukosaHuio: 24.05.2026

Peslome

LUenun. Llenbio paboThl ABNSIETCA CO3AaHne CPeacTB U METOA0B AMarHOCTMKM aBTOHOMHbIX POOOTOB A1 onepaTus-
HOIO BbISIBNIEHUSI HEMCMPABHOCTEW HA OCHOBE aHann3a NPUYNHHO-CNEeACTBEHHbIX CBA3elr Mexay HabnioaaemMbiMu
MPOSABAEHUAMUN N NCTOYHNKAMU BOSHUKHOBEHNS OTKA30B.

MeTogabl. B xone BbiNoMHEHN paboThbl MICNOMb30BaIMCh METObl aHANIMTUYECKOro 0630pa COBPEMEHHOMN Hay4YHO-
TEXHMYECKON NTepaTypbl No TeMaTMKe NMPOBOAMMbIX UCCNEN0BaHMA; MEeTOObl MOCTPOEHUS OHTONOMNIM Npu pas-
paboTke Moaenn AMarHoOCTUKM aBTOHOMHbIX POOOTOB; MeToabl Oynesoi anredbpbl Npn GOPMUPOBaHUK 3aNpPOCOB
K OHTOJIOrMYeCKON MOAENN ANArHOCTUKN; MoaMdUKaUMM METOA0B YC/IOBHOW 1 6€3YCNOBHOM ANArHOCTUKM B NMPU-
JIOXXEHUU K MOUCKY NPUYMHHO-C/IEACTBEHHbIX CBSI3el Mexay oTkasdamMm 1 HeMCNPaBHOCTAMU HA OCHOBE MCMOJb30-
BaHWS OHTONIOrMYECKOM MOAENN; MeTO bl MALLIMHHOIO 3KCNepUMEHTAa Mpu OLEHKe NMPOoaO0IKUTENBHOCTN 006paboTKuM
3anpoCoB K OHTOJIOrMYECKON MOAENN ANArHOCTUKN.

PeaynbTaTthl. [peanoxeHa oHToONOrn4eckas Moaenb U MeTofbl YC/IOBHOW 1 6€3yCNOBHOM ANArHOCTUKN, MO3BONSA-
owme obecnevynTb YCTaHOBEHWE MPUYNHHO-CNEACTBEHHbIX CBA3EN MexXay HabntaaeMbIMy 0TKa3aMu 1 Bbi3biBa-
IOLLIMMW NX HEUCTMPABHOCTAMM.

BbiBOoAbl. [TOKka3aHo, 4TO HA OCHOBE OHTOJIOMMYECKOr0O NOAX0Aa C yHETOM HamM4msa pa3BUTON MHCTPYMEHTasIbHOMN
NoAAEPXKN, BKITOHAA A3bIKM ONUCAHMUSA OHTONOMMIA, CPpeacTBa UX MOAENNPOBAHUS, a TakxKe TEXHONIOMMN nornye-
CKOro BbIBOJA U PACCYXAEHWIA HA OHTONONMsX, CO34aeTCs HoBas napaaurMma paspaboTky NepcnekTUBHOro Kiac-
Ca aBTOHOMHbIX POOOTOTEXHMHYECKMX KOMMNIEKCOB, 00/1a4aloLLmMX NOBbILLEHHOW CTEMNEHbID 0TKA30yCTOMYMBOCTU U,
COOTBETCTBEHHO, a4anTUBHOCTbIO. [MOCKO/bKY CO3aaHne aBTOHOMHOro poboTa npeanonaraeT Hanmyirue 60pPTOBOM
MHTENNEKTYyalbHOM CUCTEMbI YNPaB/IeHUs, MOCTPOEHHOW N0 MepapXxm4eckoMy NPUHLUMNY 1N COAepP>KaLen NCMOSTHN-
TeNbHbIA, TAKTUYECKNIA N CTPATErMYECKNN YPOBHU, NOBbILLIEHME aaanTUBHOCTU MOXET ObiTb 06ecneyeHo 3a cyeT
3P PEKTUBHOIO MCMNONb30BaHUSA «OoraTbiX» 0a3 anropuTMOB MHTENNEKTYyalbHOM CUCTEMbl YNpaBieHUs Ha BCex
YPOBHSIX Mepapxmm ynpasneHus, KOTopble NOAKI0YAOTCA B 3aBUCMMOCTN OT Pe3ynbTaToB paboTbl OHTONIONMYECKOom
MOOEeNu.

KnioueBble cnoBa: aBTOHOMHbIE POOOThI, UHTENNIEKTYasIbHbIE CUCTEMbI, CaMOANArHOCTMKA, 0TKA30yCTONYMBOCTb,
OHTONOrNsA

Ana umtupoBaHus: beikosues t0.A., JToxuH B.M., MaHbko C.B., PomaHoB M.I1. JuarHoCcTMka HEMCNPaBHOCTEN B UH-
TeNneKTyanbHbIX CUCTEMAX YMNpaBfieHUs aBTOHOMHbIMU POOOTaMM Ha OCHOBE OHTOJIOrMYEecKoro noaxopa. Russian
Technological Journal. 2026;14(4):36—52. https://doi.org/10.32362/2500-316X-2026-14-4-36-52, https://elibrary.ru/
FJRJYK

Mpo3payHocTb GUHAHCOBOW AeATEeNIbHOCTU: ABTOPbI HE UMEIOT (PUHAHCOBOM 3aMHTEPECOBAaHHOCTM B NPeACTaB/IeH-
HbIX MaTepuanax unm metogax.

ABTOpPbI 3a9BASIOT 06 OTCYTCTBUM KOHGMIMKTA MHTEPECOB.
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INTRODUCTION

One of the top priorities for Russia’s technological
advancement in the 2Ist century involves the
development of cutting-edge robotic systems. Intensive
work on the development of remotely controlled, semi-
automatic, and autonomous robots is being carried out by
many teams at academic and industry-specific research
institutes, specialized design bureaus, and the country’s
leading universities. Various types of developed robot
models are beginning to find active application across
a wide range of fields and purposes. However, an
objective assessment of the operational experience
with modern robotic complexes (RC) indicates the
need for significant improvements in the level of their
autonomy, adaptability, reliability, and fault tolerance
when operating under extreme environmental conditions
or in the presence of uncertainty factors and random
disturbances.

One of the most important and pressing aspects of
ensuring the fault tolerance of advanced autonomous
robot prototypes involves the development of onboard
self-diagnostic tools and methods for the rapid detection
of emerging malfunctions to inform appropriate
decisions regarding the full or partial restoration of lost
functionality.

FEATURES OF THE DESIGN
OF INTELLIGENT ON-BOARD CONTROL
SYSTEMS FOR AUTONOMOUS ROBOTS

The autonomous operation of the RC is ensured by
a combination of various factors, the most important
of which is the presence of an onboard control system
equipped with the necessary capabilities to plan
behavior, appropriate actions, and movements based on
the analysis of collected sensor data regarding changes
in its own state and environmental conditions (Fig. 1).
At the same time, the effectiveness of the full-scale
implementation of the system’s functional capabilities
is largely determined by its adaptive properties in terms
of adjusting its parameters or transforming its structure
to maintain the required control quality in the face of
environmental changes, disturbances, and a variety of
other uncertainty factors.

Until recently, developers of robotics systems for
specialized, industrial, and household applications had
focused primarily on various aspects of enhancing the
autonomy and adaptability of their designs through the
comprehensive application of knowledge processing
technologies [1, 2].

Active efforts in this field have led to significant
progress on a number of challenging issues related

l Formulation of an applied task

Strategic control level
¢ Planning actions and behavior;

e Development of an environmental model;
e Summary of operational results
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Fig. 1. Generalized structure of an autonomous robot’s intelligent control system. Numbers 1, 2, and 3 denote data
transmitted from the strategic, tactical, and executive levels to the diagnostic subsystem. Numbers 4, 5, and 6 denote
signals from the diagnostic subsystem to the control system levels
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to the intelligent control of robots operating
autonomously under conditions of uncertainty. Such
achievements include the development of methods for
neural network recognition, intelligent planning, local
navigation and mapping, deep data analysis, and self-
learning.

One of the key features of the modern approach to
developing intelligent control systems for autonomous
robots involves the identification of subsystems at the
information-measurement, behavioral, trajectory, and
actuator levels, the solution of specific tasks at each of
which is ensured by knowledge processing mechanisms
for the selective activation of necessary algorithms
depending on the nature of current situations [3, 4].
However, the range of adaptive capabilities of the
control system at all levels of its hierarchy is determined
by the variety of algorithms used, which are contained
in the corresponding libraries, as well as the possibility
of switching between them and/or effecting situational
adjustment of parameters.

At the same time, it is quite clear that the
reliability—and, ultimately, the effectiveness—of
autonomous robots is determined not only by the sum
of their intellectual and adaptive capabilities, but also
by their resilience to failures inevitably caused by
extreme operating conditions and harsh environmental
factors.

The specific nature of the challenge of ensuring
a high level of fault tolerance and survivability in
advanced autonomous robotic systems stems from the
need to address a set of interrelated tasks: the rapid
detection and localization of failures, fault diagnosis, and
the assessment of the severity of expected consequences,
along with the implementation of active measures to
mitigate or compensate for them.

The main challenges of the comprehensive
diagnostic phase for an autonomous robot stem from
two key factors:

e the wide range of possible causes that can lead to the
failure of a particular functional subsystem;

e the variety of ways in which the same malfunction
can manifest itself, leading to simultaneous failures
in multiple subsystems.

In turn, the success of the diagnostic phase will
largely determine the effectiveness of attempts to
partially or fully restore the robot’s operational
capability through the reconfiguration of the hardware
and software of the intelligent onboard control system,
including changes to operating modes, procedures,
and/or objectives.

Thus, the present work focuses on issues related
to the development of self-diagnostic tools for
autonomous robots based on an ontological model of
causal relationships between observed failures and the
malfunctions that cause them.

MODERN METHODS
OF TECHNICAL DIAGNOSTICS

The results of research actively conducted in the
field of autonomous robot diagnostics in the USA,
Western European countries, and a number of other
nations since the late 20th century, which can be seen as
part of a broader effort to develop fault-tolerant control
systems [5], are beginning to find practical application
in the first experimental designs. A typical example is
the autonomous unmanned RAUVER submersible
vessel (Ocean Systems Laboratory, Heriot—Watt
University Edinburgh, United Kingdom), which is
equipped with self-diagnostic capabilities. Following
the completion of appropriate diagnostic processes, on-
board planners adjust the initial mission objectives as
necessary [6].

The experience in carrying out search-and-rescue
and other special operations using modern robotic
systems (whether autonomous, semi-autonomous,
or remotely controlled) clearly demonstrates that
the effectiveness of their practical application is
significantly limited by an insufficient level of fault
tolerance [7, 8]. However, the malfunctions, failures,
and breakdowns of individual functional subsystems
of robot devices are highly various in nature due
to being caused by random external and internal
disturbances, degradation of components, elements,
and materials, as well as other factors. An analysis
of available statistics allows us to classify observed
such failures as being caused by malfunctions in
actuators, sensor subsystems, control, power, and
communication systems, as well as by a number of
other circumstances, including operator errors and
various external influences (Fig. 2).

Actual mean time between failure (MTBF) values
vary widely, ranging from a few hours to several dozen
hours (depending on the type of robot, the specific tasks
assigned to it, and the conditions under which they are
performed) [7-10]. As an example, Table 1 presents
statistical data from the U.S. Center for Robot-Assisted
Search and Rescue on the assessment of the probabilities
of major failures for two types of special-purpose robots
over a three-year period of operation.!

The generally accepted conceptual interpretation
of fault-tolerant control systems assumes that their
operational reliability must be ensured through
a comprehensive set of functional capabilities designed
to address the following key tasks, diagnosing emerging
faults and either eliminating or compensating for
them [10-12]:

I Carlson J. Analysis of How Mobile Robots Fail in the Field
(2004). USF Tampa Graduate Theses and Dissertations. https://
digitalcommons.usf.edu/etd/980. Accessed April 30, 2026.
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Fig. 2. Classification of faults in robotic systems

Table 1. Probability estimates for major failures in special-purpose mobile robots

Manufacturer Actuators Control system | Power supply system | Communication system Sensor subsystem
Inuktun (Canada) 0.45 0.32 0.00 0.02 0.12
Irobot (USA) 0.22 0.30 0.15 0.22 0.11

o failure detection (i.e., determining that the system is
behaving abnormally);

o fault localization (with the precision to identify the
location and type of the failure that occurred);

e fault identification (i.e., determining the causes
of a failure based on an analysis of its observable
symptoms);

e assessing the severity of the identified faults and
deciding whether to fully or partially restore
functionality.

In the context of developing tools and methods for
the automatic diagnosis of faults and the restoration of
operational capability in autonomous robots, it is also
necessary to distinguish between the following critically
important types of failures:

e total and partial, the former of which result in the
loss of an object’s functionality, while the latter
result in its limitation;

e defects that can be repaired (until the object regains
its original functionality) and defects that can be
compensated for (enabling lost functions to be
restored to a limited extent).

In turn, the severity of the faults identified during the
diagnostic process is assessed on a four-category scale:

e low level—at which the robot, by adjusting certain
operational parameters, can continue to carry out its
assigned mission at the same level of autonomy;

e average level—at which the robot can continue
to perform a shortened version of the specified
target mission while maintaining the same level of
operational autonomy;

e significant level—at which the robot cannot continue
to perform its assigned mission while maintaining
the same level of operational autonomy;

e fatal level—at which the robot cannot continue to
perform its assigned mission.

As a review of the literature [10-21] shows,
three fundamentally different approaches serve as the
conceptual foundation for the development of methods
for fault detection and diagnosis; these approaches
are associated, respectively, with the use of analytical
models [11, 19], data analysis [13, 17], and knowledge
processing [6, 16, 18]. The corresponding classification
of diagnostic methods is shown in Fig. 3.

Model-based diagnostic methods involve identifying
faults based on deviations between the actual observed
behavior of a system and its expected behavior. The main
drawback of this approach stems from the difficulty of
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Methods for fault detection
and troubleshooting

Based
on analytical models

Based on an analysis
of the data

Based on knowledge
processing

Observers

Taking statistics
differences into account

Expert systems

Reference models

Using machine learning

Cause-and-effect models

Fig. 3. Classification of methods for fault detection and diagnosis

creating adequate mathematical models of the diagnostic
objects [15]. Nevertheless, model-based diagnostic
methods are widely used to detect faults that arise during
the operation of RC [11, 14, 18, 19, 22-27]. Within this
class, methods using a reference model and an observer,
which are implemented using various modifications of
the Kalman filter, have become the most widespread due
to their effectiveness.

A fundamentally different approach based on the
analysis of data streams and the rapid detection of
anomalies in the changes of monitored signals is actively
used for the real-time diagnosis of robots, as well as other
types of complex dynamic systems, without requiring
the prior creation of mathematical models of system
behavior [20, 21]. In this case, deviations of current
data from statistically expected values are considered
an indicator of a malfunction. To extract the necessary
features that enable the detection of faults during the
processing of the incoming data stream, various methods
of signal analysis are applied in the time, frequency,
or time-frequency domains, as well as those based on
machine learning [20, 28].

For example, analyzing signals in the time domain
yields a range of statistically significant characteristics,
including the mean and root-mean-square values, the
area under the curve, the slope and shape factor, the
variance, entropy, and so on.

In turn, the analysis of signals in the frequency
domain, performed using Fourier transforms, also
employs relevant statistical characteristics [29, 30], the
main ones being the center frequency, root mean square
frequency, root of the variance frequency, and a number
of others [31].

Time-frequency analysis, performed using the
wavelet transform or the short-time Fourier transform,
provides a detailed picture of the signal’s characteristics
in both the time and frequency domains [32, 33].

A set of features against which current data can be
compared to detect failures or diagnose malfunctions

can be generated through machine learning using
neural networks or Bayesian networks, cluster and
regression analysis, or a number of other alternative
mechanisms, using examples from a pre-labeled
sample or operational observations from a “sliding
window” [20, 34].

The main drawback of data-driven diagnostic
methods is the challenge of processing large volumes of
information in real time.

Knowledge-based intelligent diagnostics assumes
that fault detection can be performed either at the
level of expert representations, which encapsulate the
experience of highly qualified specialists, or using
causal models that describe the diagnostic object
in terms of its structure? and the characteristics of
the applied tasks being performed, as well as the
manifestations of possible failures and their probable
causes [0, 16, 18, 35-44].

The main drawback of intelligent diagnostic
methods lies in their ability to detect and identify only
a limited set of faults from among the types predefined
in the knowledge base.

Various forms of knowledge representation
are used to construct intelligent diagnostic models,
including first-order predicates, production rules,
semantic networks, frame-based structures, ontologies,
etc. [16, 35, 36, 41, 45-48]. The chosen form of
knowledge representation determines the set of tools
and methods required for their logical processing during
intelligent diagnostics. As presented in Table 2, existing
approaches to fault diagnosis are often complementary
in terms of their capabilities [16, 20].

2 GOST R 27.302-2009. National Standard of the Russian
Federation. Reliability in Engineering: Fault Tree Analysis
(approved and put into effect by Order No. 1249-st of the
Federal Agency for Technical Regulation and Metrology dated
December 15, 2009). Moscow: Standartinform; 2011, 22 p.
(In Russ.).
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Table 2. Key features of modern approaches to fault diagnosis

Approaches Benefits

Problems of practical application

Based on models Real-time processing;

The ability to detect unknown faults

Modeling of complex systems;
Modeling of context

. Does not require a model;
Based on data analysis q ’

The ability to detect unknown faults

Real-time processing

Real-time processing;

Based on knowledge Low computational load

Detecting of the unknown faults

For example, model-based diagnostic methods are
used to detect faults in actuators, drives, internal sensors,
and other system components, whose behavior can be
described in terms of analytical models.

In turn, data-driven diagnostic methods are widely
used in the processing of external sensor readings to
detect and locate failures caused by both internal system
malfunctions and environmental factors.

An effective approach to diagnosing faults in
external sensors within multisensor systems involves
the use of various data fusion methods, including
those based on the Kalman or Dempster—Shafer
filters.

The most significant advantage of a knowledge-
based approach to fault detection lies in its ability
to integrate data-driven and model-based diagnostic
approaches within a hybrid monitoring system to
identify causal relationships between observed failure
symptoms and specific malfunctions or emergency
situations.

Diagnosis and troubleshooting of malfunctions
related to various types of software and hardware failures
within the onboard computing system are carried out
using established and proven methods in accordance
with the relevant plan.

A summary of the results of the review leads to
a number of key conclusions:

e The comprehensive use of modern technical
diagnostic methods ensures the prompt detection of
malfunctions that occur during the operation of an
autonomous robot.

e Inorder toreliably identify the types of malfunctions,
the vast majority of which negatively impact
the performance of multiple robot subsystems
simultaneously, specialized diagnostic models
are required for establishing causal relationships
between observed failure symptoms and their root
causes.

e The use of an ontological approach enables the
creation of a self-diagnostic model for an autonomous
robot that captures the full set of cause-and-effect

relationships underlying its potential failures and

specific malfunctions, taking into account the

hierarchical structure of intelligent onboard control
systems.

Depending on the severity of the detected faults,
system recovery can be achieved in several different
ways, including adjusting control algorithm parameters,
reconfiguring hardware and software, dynamically
modifying task execution plans, or adjusting operational
objectives [10].

The development of tools and methods for self-
diagnosis and recovery of intelligent onboard control
systems opens up real prospects for creating a new
generation of robotic systems characterized by a high
degree of fault tolerance, autonomy, and operational
reliability [20, 23].

ONTOLOGICAL MODEL
FOR INTELLIGENT DIAGNOSTICS
OF AN AUTONOMOUS ROBOT

The most promising approach to creating fault-
tolerant control systems for autonomous robots with built-
in onboard self-diagnostic capabilities involves the use
of ontological knowledge representations [45, 46, 48].
Here, an ontology is understood as a formal description
of a conceptual model of a domain within a specific
context [49, 50].

It is important to note that the main advantage of
an ontological representation of knowledge lies in its
applicability to solving various functional and practical
problems, both at the level of an individual robot and at
the level of a robotic group.

Formally, an ontology is defined by the following
tuple:

0=<X,R, F>,

where X is a finite set of concepts in the domain; R is
a finite set of relations between concepts; F is a finite
set of interpretation functions defined on concepts
and/or relations.
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In turn, the ontological model, which allows us to
describe the relationships between ontologies at different
levels, is also defined as a tuple:

7 =<0, P, M>,

where O is a top-level ontology (meta-ontology)
that contains general concepts and relationships
independent of the domain; P is a set of subject-
area ontologies and task ontologies (taking user
preferences into account); M is the inference engine
model of the ontological system (for example,
to modify search relevance criteria or repository
formation criteria).

The use of ontologies enables a wide range of
functional capabilities, the main ones being:

e formalized knowledge representation, including
the organization of general and domain-specific
terminology, the description of domain areas
for use by various intelligent agents, and the
indexing, filtering, and classification of formalized
knowledge;

e acquiring and organizing knowledge;

e semantic integration of information resources
(creation of a unified online knowledge space);

e cnabling users to find the information they
need (indexing, filtering, and classifying formalized
knowledge).

The creation and processing of ontological
knowledge representation models is supported by
a well-developed set of tools, including ontology
description languages (SHOE3, XOL*, OIL’, RDFS®,
DAML’+OIL, and OWL3) [51], ontology modeling
tools (Apollo®, WebOnto'®, WebODE'!, OntoEdit'?,
and Protégé!3) [52], as well as technological
procedures for logical inference and reasoning on

3 Simple HTML ontology extensions is the ontology
description language based on the HTML data markup
language (hypertext markup language).

4 XML-based ontology exchange language is the ontology
description language designed for exchanging ontology
descriptions (XML—eXtensible Markup Language).

3> Ontology interchange language.

6 RDF Schema is the ontology description language,
a semantic extension of the RDF language (resource description
framework).

7 Digital asset modeling language is the open-source smart
contract language.

8 Web ontology language is the language for describing
ontologies for the semantic web.

? https://www.apollographgl.com/. Accessed April 30, 2026.

10 http://kmi.open.ac.uk/projects/webonto/. Accessed April 30,
2026.

11 https://oeg.fi.upm.es/index.php/en/old-technologies/60-
webode/index.html. Accessed April 30, 2026.

12 https://www.softpedia.com/get/Science-CAD/
OntoStudio.shtml. Accessed April 30, 2026.

13 https://protege.stanford.edu/. Accessed April 30, 2026.

ontologies (Racer'®, Pellet'>, FaCT++'%, FOWL',
KAON2'8, Hoolet"?, Jess?0) [50, 53-58].

The effectiveness of ontological knowledge
representation models using in fault detection and
identification tasks is demonstrated by examples of
real-world technical diagnostic systems for complex
electromechanical equipment, CNC machine tools,
forklifts, autonomous robots, and other types of dynamic
objects [36, 48, 50, 59, 60].

Ontological models are also becoming the
foundational framework for the emergence of a new
paradigm in the development of the next generation
of autonomous mobile robots [45, 46, 61-63].
A striking illustration of this trend is the
2015 publication by the IEEE Robotics and
Automation Society Ontologies for Robotics and
Automation Working Group (IEEE Robotics and
Automation Society Ontologies for Robotics and
Automation Working Group, IEEE ORA WG) of
the first-ever special standard, IEEE 1872-20152%!,
which defines a set of ontologies related to robotics
and automation (R&A) [64]. From the perspective
of current trends, this concept aligns with the idea of
integrating intelligent control and diagnostic systems
for autonomous robots.

The development of any ontology, including an
ontological model for the diagnostics of an autonomous
robot, is an iterative process that involves the following
main stages [50], whose sequence is given in Fig. 4 in
the form of a flow diagram:

o identifying the entities
model (decomposition);

e creation of individual entities (identification);

e creationofclassesthatcorrespondto groups ofentities
and assigning entities to classes (classification);

e determining ways to express information
about the characteristics and relationships of
entities (properties description);

e assigning values to  properties,
relationships (values, relationships).
This approach allows the developer to focus

on identifying the core concepts and objects to be
incorporated into the model, and only then to define the
general properties or characteristics according to which
these objects can be grouped into classes to organize

involved in the

creating

14 https://www.chai.uni-hamburg.de/~moeller/racer/. Accessed
April 30, 2026.

15 http://pellet.owldl.com/. Accessed April 30, 2026.

16 http://owl.cs.manchester.ac.uk/tools/fact/. Accessed April 30, 2026.

17 https://fowl.sourceforge.net/. Accessed April 30, 2026.

18 https://km.aifb kit.edu/projects/owltools/. Accessed April 30, 2026.

19 http://owl.man.ac.uk/hoolet/. Accessed April 30, 2026.

20 https://www.ida.liu.se/~hener77/JessTab/. Accessed April 30, 2026.

21 https://standards.ieee.org/ieee/1872/5354/. Accessed April 30,
2026.
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to properties,

creating
relationships

Fig. 4. Stages in the development of a diagnostic model ontology

causal, logical, quantitative, and other relationships
between individual classes. At the same time, the set
of basic concepts will depend directly not only on the
subject area or the specific object under study, but also
on the task that the ontological model is designed to
solve.

One example is the development of an ontological
model for diagnosing the mobile platform of an
autonomous RC, which includes the following main
components:

e actuators that integrate a motor, feedback sensors,
and a dedicated drive control system (CS) controller;

e a control system for the platform’s executive level,
comprising a set of actuators, a machine vision
system (MVS), and a global navigation satellite
system (GNSS), as well as a central computer that
generates control signals (to the actuator control
system);

e power supply system with a controller;

e communication module for the tactical level of the

RC control system.

In this case, the primary entities of the ontological
model being created (Fig. 5) should not be the individual
components of the mobile platform, but rather their
potential failures and malfunctions..

For example, in a drive control system, situations
such as a complete motor shutdown, a loss of power
to the drive, or CS sensor failures can be classified
under the separate category of “Drive Control System
Failure.”

By applying similar reasoning to each specific
component or subsystem of the mobile platform, it is
possible to identify the following set of classes:

e cxecutive-level failure;

e cxecutive level sensor error;
drive control system failure;
drive control unit error;
no power supply;
no orders from the tactical level,;
a mechanical fault;

e failure caused by interaction with the medium;
e overload.

For the identified classes of potential malfunctions
in specific platform subsystems that could lead to errors
in its movement, a more general class, “Error Causes,”
is additionally introduced. At the same time, the errors
themselves, represented by the subclasses “Movement
Blocked” and “Incorrect Movement,” are grouped into
the “Errors” class. The relationships between faults and
their manifestations at the level of observable failures
are defined using the pointer properties “entails”
and “is caused by,” which will determine the
corresponding relationships between the “Errors” and
“Error Causes” classes.

Inthis context, as properties-values characterizing the
possible states of the defined entities (true or false (false))
within the ontological model, two parameters are
considered: “Error State” and “Suspected Error” The
former is defined for objects in both the “Errors” class
and the “Error Causes” class, while the latter applies
only to objects in the latter class.

It is clear that the ontological model (Fig. 5) can be
expanded to account for a broader range of malfunctions
and failures, which occur not only at the level of the
mobile platform, but also within the RC system as
a whole.

ALGORITHMS FOR UNCONDITIONAL
AND CONDITIONAL FAULT DETECTION

Fault diagnosis and analysis of their potential
consequences based on observed failures using
an ontological model requires the formulation of
queries.

In accordance with the unconditional diagnosis
algorithm, when the property-value or property-pointer
of an individual ontology object changes, the logical
inference mechanism processes each query from
its knowledge base independently of the results of
processing previous queries.
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Fig. 5. Ontological model for diagnosing a mobile autonomous RC platform
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Fig. 6. Results of a simulation experiment on processing an “upstream” query regarding
the potential consequences of a malfunction

Direct instances: Platform is not moving

(M SmE | Property assertions: Platform is not moving
X
For: ® Movement is blocked

Platform is not moving

Object property assertions

=caused by Power controller failure
=caused by No power supply to the drive

=caused by Failure of feedback sensors
=caused by Motor is not rotating
=caused by Loss of communication channel with the tactical level
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Negative object property assertions

Negative data property assertions

Inferred

Fig. 7. Results of a simulation experiment on processing a “downstream” query regarding
the possible causes of the observed failure

The general structure of queries formulated
in SWRL?? (as the most feature-rich and widely used
language) is as follows:

Class_1(x) " property-value 1 (x, value 1)
" property-pointer (x, y) * Class 2(y) —
— property-value 2 (y, value 2),

where x and y are the objects of classes 1 and 2,
respectively; property-value 1 and property-value 2
are the values (numeric, string, Boolean, etc.) of certain
parameters associated with the objects of classes 1 and 2,
respectively; property-pointer is the relationship linking
the objects of classes 1 and 2.

This query structure enables drawing conclusions
about changes in the state of an object of one class
based on information about the state of objects of
another class.

Specifically, an “upstream” query type, which
enables tracing the manifestation of a failure at the
platform level back to the occurrence of an error in
a specific component, will take the form of:

Drive CS_failure(?c) ~ Error_status(?c, true) *
~entails(?c, ?7y) — Error_status(?y, true).

The processed query is handled by a logical inference
procedure that sequentially executes a series of relevant
steps, including:

22 Semantic web rule language is the rule description
language for the publicly accessible global Semantic web.

e selecting those components (¢) from the “Drive
Control System Failure” class for which the
“Error Status” is true;

e find all objects () associated with the selected
property-indicator “entails” and set the property-
value “Error Status” for the objects y.

Thus, if for one or more objects belonging to the
“Drive Control System Failure” class (e.g., “Motor
Not Rotating”), the “Error Status” property-value
takes the value “true” (true), then as a result of the
request being processed by the logical inference
mechanism, the property-value “Error Status” for the
object “Platform Not Moving” is also assigned the
value “true” (Fig. 6).

A “downstream” type of query, which enables fault
diagnosis based on its manifestation at the platform
failure level, is generated in the same way:

Movement_blocked(?¢) ” Error_state(?c, true)
~ caused by(?c, ?y) — Suspected_error(?y, true).

The results of a simulation experiment on processing
a “downstream” query regarding the possible causes of
the observed failure are shown in Fig. 7.

While the absence of conditions for processing
queries significantly simplifies the analysis of the results
produced by the ontological diagnostic model, the
increased size of both the ontology itself and the query
database can lead to a critical increase in the diagnostic
system’s response time when a fault occurs. In this regard,
the implementation of conditional fault search appears
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to be highly promising, since enabling the selection of

queries to be processed from the knowledge base at the

current step based on the results of the previous step,
thereby reducing the overall duration of the diagnostic
process.

A distinctive feature of the proposed algorithm is that
it processes only those queries from the knowledge base
that can lead to a change in the state of the ontological
model. Here, the state of the model is understood as the
set of property-value pairs of the ontology’s entities,
while queries are selected based on an analysis of their
antecedent part.

Let X, = (xl.J, Xjgs s xiﬂ) be the status vector of the
ontological model at the current step (here, a “state”
refers to the properties and values of objects);
X = (g1 %90 <o X, Is the status vector at the
previous step; X = (¥X;,X,,...,X,) is the new status associated
with the occurrence of a fault; X=(X; - X, ;) is the
status change vector.

In this case, the formal description of the conditional
fault-finding algorithm will take the following form:

1. Accept X, = X;

2. Calculate X;

3. If X#0, then for each nonzero component of the
vector, find a query in the knowledge base that
contains that component in its antecedent. Otherwise,
the algorithm terminates;

4. AcceptX, =X

5. Generate a new vector X; based on the results of
processing the selected queries using a logical
inference mechanism;

6. Go to step 2.

It is clear that the potential applicability of the
diagnostic algorithms under development is largely
determined by their computational complexity and
average time complexity, which are primarily associated
with processing queries to the ontological model, and
depend not only on its structure and dimensionality,
but also on the characteristics of the logical inference
mechanism.

It should be noted that one of the most effective tools
for constructing semantic reasoning is the Pellet logical
inference engine, which, unlike many well-known
alternatives (HermiT?3, RacerPro®*, FaCT++, etc.),
supports working with ontologies not only at the level
of classes and property-indicators, but also at the level
of individual objects. This is of fundamental importance
for solving diagnostic problems using unconditional and
conditional search algorithms.

Estimates of the computational complexity of
the Pellet logical inference mechanism as presented

23 http://www.hermit-reasoner.com/. Accessed April 30, 2026.
24 https://franz.com/agraph/racer/racer_features.lhtml.
Accessed April 30, 2026.

in a number of studies [65, 66] follow a quadratic
relationship (O(n? + m?)) with respect to the number of
classes n and relations m, and a linear relationship O(k)
with respect to the number of queries k. Based on
these data, it can be argued that the expansion of the
diagnostic model (if necessary) should be carried out
by increasing the number of queries rather than by
refining the structure of the ontology itself, which is
oriented toward finding causal relationships between
observed failures and the malfunctions causing them.
At the same time, monitoring the correct operation of
individual robot components, nodes, and subsystems
should be carried out using local diagnostic tools and
methods based on models and data analysis. A series
of experiments conducted on a personal computer with
a quad-core 15-7200U central processing unit operating
at a clock speed of 2.50 GHz showed that the maximum
processing time for a query to the presented ontological
diagnostic model is 61 ms, which is a perfectly
acceptable figure in the context of fault-tolerant control
of autonomous robots.

CONCLUSIONS

Ensuring fault tolerance, representing one of the most
critical requirements for next-generation autonomous
robots, requires the development of mechanisms for
rapid fault detection and the reconfiguration of the
onboard control system to mitigate the consequences of
such faults. Despite the wide variety of modern technical
diagnostic methods, a comprehensive check of a robot’s
operational capability remains a highly challenging task,
whose complexity stems from the need to identify the
true causes of the observed malfunctions in the behavior
of its functional subsystems.

The ontological model and self-diagnostic algorithms
for an autonomous robot proposed in this article is
designed to identify specific malfunctions based on an
analysis of the cause-and-effect relationships between
a set of actual symptoms and the sources of potential
failures.

Unlike existing approaches based on analytical
models and data analysis, ontological modeling
technology can serve as a constructive basis for
building a comprehensive self-diagnostic system that
reflects the entire set of cause-and-effect relationships
among possible failures and specific malfunctions of an
autonomous robot, taking into account the hierarchical
structure of the intelligent onboard control system and
the specific tasks of each of its levels.

Experimental studies assessing the processing
time for queries to the diagnostic ontology model have
confirmed that the processing time for ten queries is
approximately 60 ms, which is quite acceptable given
the inertial parameters of mobile robots.
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The use of an ontological model also opens up
long-term prospects for improving the survivability
and capability of autonomous robots operating under
extreme conditions by reconfiguring the hardware and
software components of the intelligent control system
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Abstract

Objectives. The study aims to enhance the operational independence and uptime of unmanned aerial vehicles by
developing a ground-based robotic service platform equipped with a unique conveyor system. The key technological
requirement for the system is to create a lightweight, foldable conveyor that has a high throughput capacity to ensure
the synchronization of all processes involved, including alignment after landing, movement, and maintenance
operations.

Methods. Computer simulations and physical modeling approaches were used to evaluate the effectiveness of the
proposed conveyor hardware and software solutions. In order to meet the specified operational requirements of
the conveyor, a suitable system engineering methodology was employed. During the design phase, a comparative
analysis of various kinematic drive systems based on chains, gears, and belts was carried out.

Results. The developed and tested prototype roller conveyor system for a drone port outperforms potential
alternative systems, such as belt conveyors, gear-driven roller conveyors, and chain-driven roller conveyor systems,
across a range of performance criteria. The main roller pulleys and belt support rollers are manufactured using
3D printing of engineering thermoplastics. The roller support bars are produced using 3-axis computer numerical
control milling technology. The design was based on standard aluminum profiles and polymer pipes. Experimental
tests of the toothed-belt-driven roller conveyor prototype under loads of up to 100 kg confirmed stable operation
at speeds of 5-15 cm/s, including on inclines of up to 6°. Power consumption did not exceed 20-25 W at a working
speed of 10 cm/s and a roller working area measuring 1900 X 900 mm.

Conclusions. A new design and manufacturing technology for a folding conveyor was developed and tested
experimentally to meet the requirements of a robotic interflight service platform. Testing successfully confirmed the
reliability of the conveyor, which is now ready to be integrated into the platform as a critical transport module. This
will ensure high platform throughput while minimizing energy consumption.

Keywords: service maintenance, unmanned aerial vehicles, drone, landing, drone port, roller conveyor, ground
mobile platforms, robotics
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Pesiome

Lenu. Llenbio nccnepoBaHns SBNSETCA MOBbILLEHME aBTOHOMHOCTU (DYHKUMOHUPOBAHUSA U OAUTENbHOCTU Bec-
nepeboiHo paboTbl 6ECNUNOTHBIX NeTaTeNbHbIX anmnapaToB 3a CYET Pa3paboTkM HAa3EMHOW POOOTM3NPOBAHHOMN
nnaTdopMbl CEPBUCHOIO 0OCNYXNBAHUSA C OPUTMHANIBHON KOHBEEPHOW CUCTEMOW TPAHCMOPTMPOBKU. KntoyeBbiM
TEXHOIOrM4yecknm TpeboBaHNEM K CUCTEME TPAHCMOPTUPOBKM SBNSIETCA CO34aHNe NEerkoro CkiafHoro KoHBerepa
BbICOKOW MPOMYCKHOW CNOCOBHOCTM, 06ECNEYNBAIOLLENO CUHXPOHM3ALIMIO BCEX MPOLLECCOB: BbIPaBHUBAHWS NOCe
Nocaziku, NepPeEMELLEHMNS U BbINOJIHEHNS CEPBUCHBIX ONepaLmii.

MeToabl. OueHka addeKTUBHOCTM pa3paboTaHHOro KoMMJekca MporpamMMHO-anmnapaTHbIX CPeACTB KOHBee-
pa OCyLLeCTBNANACh C MOMOLLbI0O METOA0B KOMMbIOTEPHOrO M HATYPHOrO MoaennpoBaHus. Pa3paboTka KOHBEN-
epa OCYLLECTBASANACh B paMkax MeTOA0SI0rMM CUCTEMHOIO MHXEHEPHOrO MPOEKTMPOBAHWS MOA 3aaHHble 3KC-
nJiyaTaunoHHble TpeboBaHus. Ha aTane NpoekTMpoBaHUS MPUMEHSICS CPaBHUTENbHbINA aHanm3 KMHEMATUYECKNX
CXeM (NIEHTOYHbIN, LLEMHOWN, LecTepeHYaTbln, 3y64aTo-peMeHHOoN).

PesynbTaTtbl. Co3pgaHa 1 anpobrpoBaHa KOHCTPYKLMS MPOTOTUNA POJIMKOBOrO KOHBEWepa ApoHOMNopTa, KoTopas
MO COBOKYMHOCTU KPUTEPMEB NPEBOCXOAUT BO3MOXHbIE aNbTEPHATMBbI: KOHBEWED C JIEHTOWN, POSINKOBBINA KOHBEN-
ep C WeCcTepeHOYHOM nepeaayein BpalleHus, POJINKOBbI KOHBeep ¢ LienHon nepenadeii. MNpu n3rotosneHmum ob-
pasua ncnosb3oBanack 3D-nevyaTb N3 KOHCTPYKLMOHHbBIX TEPMOMNIACTOB (NonnaTuneHtTepedTanat-rnavkonb, PETG)
OJ1s1 MTPOM3BOACTBA LWKMBOB OCHOBHBIX POJIMKOB M ONOPHBIX POSIMKOB PEMHS, TEXHOIOMMN TPEXOCEBBLIX (PPE3EPHbIX
CT@HKOB C YMCJIOBbIM MPOrpamMMHbIM yrpaBieHNeEM — OS5 U3rOTOBJIEHMS OMOPHbIX MIAHOK AJ1 POJIMKOB, a Takxke
CTaHAAPTHbIE aMtOMUHNEBbLIE NPOPUIN U NONUMEPHbIE TPYObl. DKCNepUMeHTasbHbIE NCCIIEA0BaHNS MPOTOTUNA PO-
JIMKOBOIO KOHBEWepa € 3yb4aTo-pemMeHHbIM NPMBOAOM nog, Harpy3kon Ao 100 kr noaTeepamnu ctabunbHyto paboTy
Ha ckopocTsx 5—-15 cm/c, B T.4. Ha noabemMe 0o 6°. OHepronoTpebneHne He npesbiwano 20-25 BT npu kpencepckom
ckopocTtn 10 cm/c 1 rabaputax pabodein obnactn ponnkos 1900 x 900 mm.

BeiBoabl. Pa3zpaboTaHbl 1 3KCNEPMMEHTANIbHO anpobMpoBaHbl HOBasi KOHCTPYKLIMS U TEXHONOMMSI M3rOTOBIEHUS
CKJ1alHOTO KOHBelepa, oTBevaoLLme TpeboBaHsaM poboTU3MPOBaHHOM NNaTdopPMbl MEXMNONETHOrO 06CNyXMBa-
Hus. Cekums KOHBeepa yCrneLLHO NpoLLia UCNbITaHWS 1 FOTOBA K MHTErpaLmm B nnatdopmMy B Ka4eCTBE KJIIOHEBOIO
TPaHCMOPTMPYIOLLEro Moayns, 06ecneynBaloLLero BbICOKYIO MPOMYCKHYIO CMOCOBHOCTbL MnatdopmMbl NpU MUHKU-
MasnibHOM 3HepronoTpebneHnn.
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MpospayHocTb GMHAHCOBOM AeATENbHOCTU: ABTOPbI HE UMEIOT PUHAHCOBOI 3aMHTEPECOBAHHOCTM B MPEACTAB/IEH-

HbIX MaTepuanax nin Metoaax.

ABTOpbI 329BNASI0OT 06 OTCYTCTBUN KOHDNNKTA MHTEPECOB.

INTRODUCTION

The development of autonomous infrastructure
for their maintenance, as described in studies on
delivery logistics [1], urban transport systems [2], and
automated drone ports [3, 4], is an essential element in
enhancing the operational efficiency of unmanned aerial
vehicles (UAVs).

Recent studies [1-5] have focused on designing
mobile drone ports capable of automatically
servicing UAVs. The process of servicing a UAV on
a ground platform involves three main steps: landing,
maintenance, and take-off. In addition, each step
involves overcoming a set of difficulties related to the
autonomous operation of ground-based and airborne
equipment in three main areas: positioning, control, and
energy [6-8].

To ensure a safe landing, the ground platform is
equipped with additional on-site navigation systems
that utilize optical and radio communication channels
to facilitate data integration and improve reliability in
windy conditions. This is particularly important when
the UAV is running low on propulsive power or the
lift-to-drag ratio is high. Such systems additionally
enhance safety in low visibility scenarios, such as under
evening light conditions [9, 10]. Aspects of physical
interactions involving drones during the docking
process and other aspects of object manipulation are
discussed in [11-13].

The primary means for enhancing the endurance of
UAVsinvolvesthe use of cable-based power transmission
systems [14]. However, such systems are only viable
for limited applications where the operational radius is
restricted and the location of ground-based infrastructure
does not hinder the installation of the cable connecting
the UAV with the ground-based system. In other cases,
approaches that involve charging and replacing UAV
batteries at a ground station equipped with an onboard
generator or connected to the electrical grid may be
more effective.

Automated maintenance on a ground platform
enhances the autonomous operational capacity of
individual UAVs and groups of similar vehicles. To
enable the servicing of multiple UAVs on a platform,

methods for controlling groups of robots that rely on
mass service system theory must be employed [15-19].

The ability to perform such tasks is particularly
relevant when involving groups of multicopters, such
as agricultural drones, where providing increased flight
duration directly impacts the economic viability of
operations. Here the specific nature of an agricultural
drone as a “vehicle” used to carry a payload (e.g., fluids)
stipulates that aimless hovering during periods of waiting
for servicing or while conducting operational circuits
constitutes a highly inefficient use of valuable battery
power, which must be replenished with additional time
spent on servicing. Thus, in order to minimize time
between flights, it is necessary to develop mobile service
platforms capable of performing key operations (e.g.,
battery replacement and refueling) in parallel in field
conditions [13].

Based on the analysis of current practices [4, 13],
a multicopter typically lands on a stationary platform
where maintenance takes place. This arrangement creates
a bottleneck, since the platform is occupied for the
duration of the process, thus significantly reducing the
overall efficiency of the system during group operations.

The novelty of the approach discussed in the present
work lies in the transition from a drone port based
on a stationary landing pad to one that incorporates
a conveyor system. Under this arrangement, landing,
servicing, and take-off operations are separated spatially
and carried out in parallel [5]. To implement this, a new
component is required: a conveyor system for the
internal movement of drones between different zones of
the drone port.

In order to develop such a system, a number of
technological challenges need to be addressed. In
particular, precise navigation and control are essential
for landing on a mobile platform [7, 10]. For this reason,
interaction with the drone, such as securing it and
managing its battery, relies on docking algorithms [11]
and object capture techniques [12]. The optimization
of a group of vehicles can be approached within the
framework of multiagent systems theory [15, 16] and
mass service theory [17].

The most critical and understudied component
of the conveyor-based drone port concept is the
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transport module. For a mobile platform operating in
field conditions, the transport module should possess
a unique set of properties, including foldability, low
power consumption, and the ability to be repaired with
a minimal set of tools in the field.

Thus, the present work sets out develop a design and
manufacturing process for a foldable conveyor system
that meets the specified requirements. The proposed
design, which incorporates a modular construction,
a group gear belt drive, and additive manufacturing
technologies (3D printing), aims to ensure the technical
viability of the concept [5] in terms of realizing its
primary objective: maximum throughput of drones on
servicing ports with minimal energy usage.

For clarity, the term “UAV” will hereinafter refer
exclusively to a multicopter capable of vertical takeoff
and landing. “Service maintenance” refers to the
activities performed on a UAV in order to prepare it
for its next mission, including replacing the battery and
replenishing consumables such as the fuel tank of an
agricultural drone.

1. MAIN OBJECTIVES OF AUTOMATED GROUND
MAINTENANCE FOR UAVS

As part of the research conducted by the
St. Petersburg Federal Research Center of the Russian
Academy of Sciences! (SPB FRC RAS) into developing
technological foundations and novel technical
solutions for the seamless control of UAV groups in
nondeterministic environments, a method for automating
the ground infrastructure for UAV maintenance was
proposed in the form of a model for autonomous robotic
platforms for servicing agricultural drones [20]. The
main objectives to be addressed through automated
maintenance are as follows.

Automatic landing of the UAV on the platform.
Traditional methods of positioning the UAV using
satellite navigation signals do not always guarantee
high accuracy in determining the ground coordinates.
This can lead to difficulties in achieving precise
landing within the designated landing area. The task
of landing on a spatially restricted platform is more
challenging than landing on the ground, since in the
former case landing accuracy becomes paramount. The
platform area, which can be transported on a trailer, has
dimensions of approximately 2 x 2.5 m. It is preferable
that any deviation from the center of the platform be
limited to a maximum of 0.5-0.7 m when the UAV lands
on it. To achieve this, the UAV’s positioning system
must switch upon entering the platform area from
using satellite navigation signals to using error signals

! https://spcras.ru/. Accessed May 24, 2026. (In Russ.).

generated by local sources. These can include data from
cameras monitoring the platform landing area or from
a camera on the UAV trained on light beacons mounted
on the platform and the maintenance area.

Geolocation using local radio beacons. While
satellite navigation systems can provide accurate
positioning for objects anywhere on Earth, they have
limited resolution and can be disrupted by electronic
countermeasures. Moreover, satellite  navigation
capabilities may be excessive for localizing UAVs
within a single field. In order to ensure operation in the
presence of interference, measuring coordinates using
radio beacons deployed within a single field is a relevant
task. The service platform naturally serves as a base
station with known coordinates and a power source,
enabling radio communication throughout the UAV’s
entire flight duration.

Implementation of a unified data transmission
network between the platform and the UAV's onboard
computer when UAV is in the landing area. Within the
platform’s maintenance area, there is an increased need
for information exchange between two systems. This is
due to the activation of other landing support software
modules, in addition to flight control tasks. Such modules
may require a higher bandwidth communication channel,
for example, in order to stream multiple video cameras
in order to assess the landing point error. The platform
can provide a Wi-Fi network in the immediate vicinity, to
which a UAV approaching for landing or in the process
of being serviced, will automatically be connected.

Transmission of some control commands from the
ground station to the UAV flight controller. While the
flight controller only supports operator control in the
simplest landing mode, the control signals coming
from the operator’s remote control must be replaced by
signals generated by the platform’s onboard computer,
which are based on an analysis of images received from
the landing site surveillance camera.

Moving the drone along the conveyor belt in
automatic mode. Since a drone generally lands on the
platform with a positioning error, further mechanized
operations are required to move it into the working area
where manipulations are to be carried out. First, the
drone must be levelled and moved onto the conveyor
belt. Therefore, in order to move a heavy drone across the
platform, the supports must include rollers that enable
lateral movement. However, once the drone is on the
conveyor, the rollers must be locked to prevent it from
rolling off in the event of the platform tilting slightly.
While the rollers may be physically controlled by the
drone’s onboard computer, the command is transmitted
via radio from the platform’s onboard computer.

Transmission of data on the UAV's specifications
and current status to adjust reenergizing instructions.
During its operational life, the platform is likely to be
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used with different types of drone, each having different
dimensions, fuel tank capacities, battery capacities, and
so on. Additionally, a drone may return from a mission
in emergency mode, having not used all consumables, or
with malfunctioning automatization systems, requiring
a switch to backup semi-automatic systems. This
information must be transmitted to the platform and
used in maintenance algorithms.

Optical monitoring to assess the condition of the
UAV and determine whether human intervention is
required during maintenance. Under normal operating
conditions, personnel should avoid close proximity to
the platform due to the risk of injury from ground-based
engine noise and dust, and the risk of splashing from
working fluids. However, in an abnormal situation, only
a human operator can assess the feasibility of carrying
out the necessary repairs. Thus, the optical monitoring
system will identify potential abnormal situations and
signal the need for corrective action.

Finally, it is also important fo record video from
the platform and drone cameras, as well as real-time
telemetry data, while the platform is connected to
a single network.

2. STRUCTURAL-FUNCTIONAL MODEL OF
A ROBOTIZED MAINTENANCE PLATFORM

The platform is designed as a module mounted on
a three-axle automotive trailer measuring 2 X 4 m. The
key concept aimed at radically increasing throughput
involves transitioning from a single area for landing,
maintenance, and take-off toa conveyor-based system[5].
In this system, landing, maintenance (refueling and
battery replacement), and take-off operations are
spatially separated and performed in parallel.

To ensure the compactness of the mobile platform,
the conveyor consists of four foldable flaps connected

by hinges and servo drives. When folded, these flaps
form the floor, walls, and ceiling of the platform area on
the trailer (Fig. 1).

Figure 2 shows the structural-functional model of the
robotic service platform. When in the operating position,
all the flaps unfold to form a unified flat platform that is
divided into three areas: landing (/), maintenance (2),
and take-off (3). The landing area is formed on the
conveyor flap, which serves as the ceiling when folded.
The maintenance area is located on a stationary flap that
functions as the floor, which is mounted on the supporting
frame of the platform; this, in turn, is attached directly
to the trailer. A side flap connecting the floor and ceiling
sections serves as a transition area. This is designed to
move the landing area away from the body of the trailer,
thereby reducing the risk of the UAV propeller contact
with the trailer walls in case of an inaccurate landing.
The take-off area is located in the remaining side panel,
which folds backwards in the opposite direction.

After landing, the UAV is automatically transported
to a maintenance and take-off area using the conveyor
to enable all work areas to function in parallel. All
operations are carried out either fully automatically
or through remote control. The transition to this inter-
flight UAV maintenance mode enhances the efficiency
of platform resource utilization, as well as ensuring the
safety of personnel by eliminating the risk of personnel
being in the area covered by the UAV.

The maintenance area (2), which is located on
the central fixed flap, houses automated systems used
to prepare the UAV for its next mission. This area is
equipped with a gantry-type manipulator that facilitates
operations such as replacing heavy batteries or
replenishing the UAV’s solution tank. The maintenance
area measures approximately 2 m by 2.8 m in size.
Beyond this area, on the base of the platform, there is
also a technical area that includes tanks containing

Fig. 1. Unfolding the conveyor of the mobile UAV maintenance platform
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Fig. 2. Main components of the mobile service platform

concentrated working fluids, a solution preparation unit,
a pump station for transferring fluids, a generator area,
and an area for automating the entire platform’s control.

The maintenance process proceeds as follows. Once

the UAV has landed and been moved to the maintenance
area, it is secured in place. The gantry-type manipulator
then removes the discharged battery and installs a fully
charged one. Simultaneously, the fluid replenishment
system fills the UAV’s tank with working fluids. Once
all operations are complete, the conveyor transports
the UAV which is ready for launching to the take-off
area (3), while the vacated maintenance area is ready to

I

eceive the next UAV. This ensures a continuous service

cycle for the platform.

The conveyor system plays a crucial role in integrating

the various process areas into a unified service system,

si

ince the continuous and efficient operation of the conveyor

directly impacts the platform’s overall throughput capacity
and economic efficiency in servicingthe UAV fleet. However,
the unique challenges associated with the platform’s
mobility, need for a folding design, and requirement for
autonomous operation in field conditions present unique
design requirements for the conveyor system that are not
found in conventional stationary industrial solutions. These
challenges will be discussed in the next section.

3. JUSTIFICATION OF REQUIREMENTS
FOR THE TRANSPORT MODULE

Based on the platform’s configuration, mobile

nature and intended purpose of servicing a fleet of heavy
agricultural drones, the following key requirements are
formulated for the transport module:

1.

Load capacity and dynamic load of up to 100 kg.
This requirement is based on the take-off weight
of the target UAVs (60-80 kg), taking into account
emergency landings and the vertical speed that
generates additional dynamic load.

A conveyor travel speed of 5-15 cm/s. With a travel
distance of approximately 4 m between the centers of
the take-off and maintenance areas, this speed ensures
an acceptable travel time of 25-80 s. Taking into
account a service time of 5—8 min, this fits well within
the total inter-flight interval of 10—15 min of flight on
a single battery, without creating excessive dynamic
loads on the UAV structure or the conveyor itself.
Dimensions and adaptability. The conveyor
width of 700-900 mm is sufficient to ensure all
UAV landing gear legs (with a base dimension
of approximately 600 x 600 mm) can fit onto
the conveyor reliably. The variable section
length is adaptable to the size of the conveyor
flap (1600-2000 mm), which needs to be foldable to
fit within the dimensions of a car trailer.

Energy efficiency is essential, since, due to the
limited power supply available on an autonomous
field platform, the energy consumed per flap drive
must be within the range of <30-50 W. Preliminary
estimates using a simplified model that considers
rolling friction forces and inclines up to 10 cm/m
have yielded values between 20 and 30 W for
a model with a friction coefficient of 0.2 and a load
of 100 kg.

The weight of the structure should be minimized.
This is a primary consideration to ensure mobility
and the ability to deploy the flaps using compact,
low-power actuators.

Field maintainability. In the event of a failed
component, it should be possible for a single or two
operators to replace it without dismantling adjacent
assemblies or requiring the use of specialized tools.
Fault tolerance. The system must continue to
function if one or more adjacent components, such
as individual conveyor rollers, fail.

Operation on uneven surfaces. The ability of
the system to transport cargo on an incline of at
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least 5°—6° (approximately 10%) simplifies the

requirements for precise platform installation on

uneven ground in the field.

9. Manufacturing feasibility. The design should be
such that it can be manufactured using readily
available digital equipment, such as 3D printers and
CNC (computer numerical control) machines [21],
in order to reduce costs and facilitate adaptation to
specific dimensions.

The described set of requirements fundamentally
distinguishes the design of a mobile conveyor platform
from that of fixed industrial conveyors. Fixed conveyors
prioritize maximum throughput, durability for round-
the-clock operations, and minimizing the unit cost of
bulk cargo transportation through the use of heavy and
high-strength structures, as well as high-power motors
often measured in kilowatts. However, conventional
calculation methods [22] do not account for critical
parameters of mobile platforms, such as structural
lightness, manufacturability, and maintainability in the
field. Therefore, a more experimental approach has been
adopted to directly verify the fulfilment of the formulated
requirements. This involves a comparative analysis
of kinematic schemes and fabrication of a prototype
using adaptive technologies such as 3D printing and
CNC (computer numerical control) machines, along
with field measurements of key performance parameters
under load. The following sections provide a detailed
examination of the unsuitability of conventional
conveyor designs and the outcomes of these experiments.

4. ANALYSIS OF DESIGN OPTIONS
AND DRIVE SELECTION

During the design process for the conveyor system,
two design options were explored: belt and roller
conveyors. In this section, we examine both options and
their respective advantages and disadvantages.

The belt conveyor consists of a flexible belt that
is stretched over drive and tension rollers to serve
as the carrying and propulsion mechanism. Detailed
calculations for the parameters of various conveyor
configurations can be found in [18]. The UAV rests
on the belt, which is moved by friction between its
internal surface and the rollers. The belt conveyor
offers potential benefits, such as continuous support
and smooth operation. However, it also has several
significant drawbacks:

e The belt must be custom-manufactured to a specific
length, requiring specialized equipment and
incurring economic costs.

e To achieve the required strength and rigidity for
a length of 2 m and a load capacity of approximately
100 kg, a heavy-duty frame and substantial drum
assemblies are required. The conveyor belt itself

also has a significant weight, which contradicts
requirement 5 (lightweight design).

e Replacement or repair of the belt (for example, in the
event of a breakage or damage) necessitates complete
removal of the belt from the entire segment. This is
labor-intensive and contradicts requirement 6.

e Specialized tools (tensioning devices) are frequently
required to adjust the tension of the belt after repair.
This can be challenging to accomplish in the field.
Belt tensioning is a critical and non-trivial procedure.

e Precise alignment and parallelism of the drums are
essential to prevent the belt from running off the
drums. Achieving this during on-site repairs by
a team of 1-2 people in the field can be challenging.

e Belt conveyors require regular maintenance where
the belt and deck come into contact, including
cleaning and applying silicone lubricant to reduce
friction and prevent wear. Under field conditions in
which UAVs regularly stir up dust that settles on all
structural components, the need for cleaning and
lubrication is significantly higher, which will place
a burden on the end user.

e Significant power is required to overcome the
frictional forces between the entire belt surface and
the stationary support surface (deck), as well as to
lift the load uphill when the platform is inclined.
Even compact, smaller-sized sports treadmills are
equipped with motors rated at 1-3 kW. This is due
to the need to overcome sliding friction across the
entire belt surface.

e The belt creates a solid, continuous, and smooth
surface across the entire conveyor area. When landing
on the edge, such a platform forms a pronounced
“aerodynamic cliff.” The air cushion effect ends
abruptly, creating the greatest possible asymmetry
and, consequently, a strong overturning moment. This
leads to control instability during the final stage of
landing and increases the risk of accidents.

In a roller conveyor system, cargo moves along
a series of rotating rollers (shafts), which are powered
by a common driving mechanism typically comprising
a chain, belt, or direct gear connection via intermediate
gears. The rollers provide a load-carrying function,
while the driving mechanism performs the transportation
function. This design offers the following advantages:

e Lightweight design and modularity. Since it does
not need to bear significant tensile loads, the frame
of the conveyor can be designed to be lighter and
more compact than traditional belt conveyors. The
individual rollers, which are made from lightweight
materials such as aluminum or engineered
plastics (PETG, PA6, PA12, and ASA?), are also

2 Polyethylene terephthalate-glycol, polyamide 6, polyamide 12,
acrylonitrile styrene-acrylate.
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lightweight. Each roller forms an independent
module; thus, if one fails, it can simply be removed
from the bearing assembly and replaced without
having to disassemble the entire conveyor section.
In extreme cases, rollers that perform critical
functions (for example, at the junctions between
flaps) could be swapped with rollers that perform
less critical functions.

e Assembly efficiency. All precision operations,
including bearing installation and assembly of rollers
with gears/pulleys, take place in the workshop using
specialized workstations. During final assembly,
pre-assembled units, such as a frame with installed
rollers and a tensioned drive belt, are mounted onto
the platform frame as a single unit. This reduces
the need for adjustment to tension a single common
belt, significantly simplifying the process compared
to adjusting the entire belt system.

e The failure or absence of a single roller does not
prevent the conveyor from operating. The drone can
pass through the defective section, using adjacent
rollers, with minimal force and without loss of
stability.

e The roller conveyor utilizes rolling friction.
The torque required to rotate each roller on its
bearings is extremely low. Further testing has
shown that a power input of only 25-30 W is
sufficient to transport a 100-kg UAV, even when
climbing inclines. Therefore, the roller conveyor
represents a technologically advanced and highly

Table 1. Comparison of conveyor implementations

energy-efficient solution, critical for an autonomous

platform with limited energy resources.

e According to its design, the roller conveyor has
slots or perforations. This is because the air expelled
by propellers does not create a continuous, stable
cushion. Since a significant portion of the air
dispersing downward through the spaces between
the rollers, the turning moment is reduced to enhance
the drone’s stability during final landing.

A roller conveyor also has several drawbacks,
including the relatively large number of components
required and the need for them to be manufactured with
great precision. While a chain-based solution makes it easy
to adjust the chain length to match the required conveyor
length, a chain is heavier and more expensive. Most
importantly, it raises the issue of manufacturing sprockets
in the correct size for each roller and securing them to the
rollers. In the case of a belt drive, 3D-printed monolithic
flanges that match the rollers and belt dimensions solve
the problem of sprockets and attachment to the rollers,
leaving only the issue of selecting a belt of the required
length and adjusting its tension.

A comparison of the two conveyor designs (belt and
roller) is presented in Table 1.

The analysis indicates that for a mobile and
foldable drone port, where the key requirements are
lightweight, ease of assembly, and field serviceability,
a roller conveyor system would be the optimal solution.
Potential drawbacks, such as vibration and exposure,
could be addressed during the design process:

Criteria Belt conveyor Roller conveyor

Cost High Low/moderate
Lightweight design Low High
Assembly efficiency Low High
Maintainability Low Very high
Fault tolerance Low High
Smooth running High Moderate
Environmental protection High Moderate/low
Energy consumption Very high Low
Maintenance requirements High Low
Resistance to abrasives Low Moderate
Aerodynamic stability during landing Low High
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Fig. 3. Main roller shaft with stiffeners, flange, and pulley installed, along
with the outer pipe prior to assembly

Fig. 4. Support guide with a toothed belt drive at the mounting point of the drive
with a stepper motor and drive pulley

e By using 3D printing, high-precision rollers could
be manufactured and easily customized to suit any
drive belt specifications.

e The installation of easily removable protective
covers or the use of sealed bearing assemblies could
eliminate the risk of contamination.

Despite its apparent simplicity, a belt conveyor may
not meet all critical requirements, particularly in terms
of reparability and weight.

5. CONVEYOR DESIGN
WITH GROUP GEAR-BELT DRIVE

The design selected for implementation relies on key
principles such as modularity, ease of manufacturing,
minimal weight, and maximum maintainability.
A conveyor module is a self-contained unit that can be
integrated into a folding platform flap. For the prototype,
the length is 1880 mm, the width is 800 mm, and there
are 20 rollers with a pitch of 96 mm.

The conveyor system is designed using a modular
approach that separates precision workshop assembly
from simpler field operations. The base consists of two
aluminum profiles joined by struts to form a frame. Each

guide is supported by a set of standard panels made from
aluminum sheets using CNC machines. These panels
ensure precise positioning of all components.

Now, we examine the key components and hybrid
manufacturing techniques involved. The primary roller
assembly comprises (Fig. 3):

e shaft: 15 mm-diameter aluminum tube;

e body: 50 mm-diameter polypropylene (PP) tube;

e end elements: 3D-printed polyethylene terephthalate
glycol (PETG) pulley with 14 teeth and a solid flange;

e stiffness enhancer: 3D-printed insert that ensures
coaxiality between the shaft and the roller body, thus
preventing deformation of the PP tube under load.
The timing belt drive assembly (Fig. 4), which

provides a group drive, consists of:

e 20 mm wide, 8 mm pitch timing belt;

e belt support rollers, which are 3D-printed from
PETG with press-fit bearings. These are installed
under each main roller to press the belt against its
pulley, ensuring engagement without slippage;

e drive unit consisting of a 3D-printed drive pulley
with 22 teeth, a press-fit steel shaft based on a high-
strength bolt, and a coupling connecting it to the
motor gearbox.
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Fig. 5. Mounting the motor via a plate allows it to be adapted
to any pitch of the main rollers

The power unit includes a NEMA23/NEMA243
stepper motor assembled with a planetary gearbox and
mounted on a separate mounting plate, as shown in Fig. 5.

The developed assembly technology ensures
serviceability. The assembly process is divided into
workshop and field stages:

1. Workshop pre-assembly. All panels and belt support
rollers are mounted on each support guide. The
toothed belt is then tensioned and two complete
modules, the “left” and “right” sides of the conveyor,
are formed with the belt and drive pulley installed.

2. Frame assembly. The two guides are pre-installed
into the platform and their adjustable fasteners are
securely attached to the platform frame. They are
then connected by cross-struts of a specific length
that match the length of the main rollers.

3. Motor installation. The motor assembly including
gearbox is mounted on a mounting plate and secured
to support posts threaded through the load-bearing
frame of the platform. The drive pulley shaft is
connected to a coupling mounted on the output shaft
of the gearbox to compensate for any alignment
issues between the shafts.

4. Installation of rollers. The pre-assembled main
rollers are inserted into the bearing housings.

5. Completion of assembly. This involves tensioning
the belt, securing all fasteners on the platform frame,
and connecting the motor to the control system.

The primary benefit of this technology is that the main
roller can be easily replaced without affecting the belt
tension or structural integrity. If the entire drive needs to be

3 The NEMA23 and NEMA24 frame sizes (57 x 57 mm
and 60 x 60 mm) differ slightly. However, they share the same
mounting hole pattern (bolt circle), allowing them to be used
interchangeably on the same bracket. This provides design
flexibility for torque upgrades without mechanical modification.

replaced, only the pulley and motor assembly need to be
removed. To remove the belt, all rollers must be removed
and the supporting rollers loosened. Due to the light weight
of the components, these operations can be performed by
a single individual using minimal specialized tools.

6. EXPERIMENTAL RESULTS

The experimental phase was designed to
comprehensively verify the performance characteristics
of the developed conveyor section (Fig. 6) and confirm
compliance with the specified requirements. , Power
consumption was monitored throughout the tests, which
were conducted on a horizontal surface and on an incline
under various loads (70—100 kg) and speeds (5—15 cm/s).

To test the conveyor’s fault tolerance and evaluate
its behavior under abnormal conditions, experiments
involving the deliberate removal of rollers from the
working area were conducted (Fig. 7). The conveyor
successfully transported a 70 kg load when one roller
was missing, creating a gap of ~140 mm, and when
two consecutive rollers were missing, creating a gap
of ~240 mm. Although there was a slight increase
in vibration as the load rolls over the gap, the system
remained fully controllable without recorded control
failures or motor stops. The load was confirmed to be
effectively redistributed to the adjacent rollers.

Therefore, the design is confirmed to provide high fault
tolerance. Since the conveyor can still operate even ifup to two
adjacent rollers fail, the selection of a modular roller system
with group drive is validated. The creation of technological
joints between conveyor sections, where the gap between the
rollers needs to be increased due to supporting structures on
the platform, is also confirmed as justified.

In order to test operation under less than ideal
conditions, the conveyor was set up with an incline of
10 and 20 cm over a 2 m length. When equipped with
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Fig. 7. Experiments on overcoming
(a) with one roller removed, (b) with two rollers removed

a power unit based on an NEMA23/NEMA24 motor
and NEMAZ23 planetary gearbox (1 : 20), the conveyor
reliably transported a 100 kg test load up an incline at
speeds between 5 and 15 cm/s. Power consumption
during this process did not exceed 25-30 W.

During testing of an agricultural drone having
a weight of 70 kg, an additional issue was identified.
This issue was not related to the performance of the
drone’s drive system, but rather due to insufficient
traction between the soft supports of the drone and the
polypropylene rollers on a steep slope. However, when
the slope was reduced to 2.9°, this issue was resolved.

Thus, the mechanical components and the conveyor
drive have sufficient torque reserve to operate on
a significant incline, even when errors in platform

an obstacle formed by removed rollers:

installation are taken into account. The main challenge

lies in ensuring reliable contact between the transported

apparatus and the rollers.

A key prior requirement was to minimize power
consumption (<30-50 W). To meet this criterion,
a comparative analysis of three drive configurations was
conducted (see Table 2).

The results obtained lead to the following
conclusions:

1. The underpowered unit (JK57HS56) has insufficien
t torque to operate stably, confirming the importance
of having a torque reserve to overcome variable
resistance in a long belt drive.

2. Drives offering increased torque (NEMA 23/24 with
a 1 : 20 gear ratio) provide stable operation over

Table 2. Characteristics of the conveyor with three different power units

Power supply for the power plant, W
Linear speed, JKS57HS56-2804 + 1 : 10 57TAM23 +1:20 60HB87FSAB + 1 : 20
cm/s (Changzhou Jkongmotor Co., (Shenzhen Rtelligent (Changzhou Holry Electric
China) Technology Co., China) Technology Co., China)
5 19-22 20-25 19-24
10 21-33, failure 18-22 18-23
15 Control failure 22-32 23-30
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the entire speed range without increasing power

consumption. At a working speed of 10 cm/s, their

power consumption is 18-23 W.

3. Observed power fluctuations (£20%) can be
attributed to variable friction in the multipoint
transmission and dynamic changes in load on the
roller bearings due to cargo movement.

Therefore, for the final design, a power unit based
on a NEMA23/NEMA24 stepper motor with a phase
current of at least 5A and a 1 : 20 planetary gearbox
is recommended. This configuration provides the
necessary reliability and stability, as well as a low power
consumption of 20-25 W when transporting a 100 kg
load. This is an order of magnitude lower than the energy
consumption of belt conveyors.

All tests are distinguished by the following positive
characteristics:

e Smooth and synchronized operation. No jerks;
uniform rotation of all rollers in cruising mode.

e Low noise level. Operation is accompanied only
by the steady hum of the motor and gearbox, slight
vibration along the UAV’s fuselage and slight
swaying due to the flexibility of the rollers.

e Reliability of the belt drive. No instances of belt
slippage or derailment were recorded.

e Control stability. No loss of control occurred when
using powerful motors across the entire speed
range. The UAV can be accelerated sharply to full
speed without loss of control, accompanied by
a jolt and slight slippage of the rollers under its
supports.

Thus, the experimental tests have confirmed that
the designed conveyor prototype meets all the essential
requirements specified in Section 3 (Table 3).

The series of conducted tests thus not only
demonstrate the functionality of the proposed design,
but also quantitatively confirm its unique benefits for
use in mobile autonomous platforms, such as extreme

energy efficiency, high reliability, and adaptability to
suboptimal operating conditions.

CONCLUSIONS

This paper presents the results of the development
and comprehensive experimental research of a folding
conveyor representing a key module for a mobile
robotic platform designed for inter-flight servicing
of multicopter-type UAVs. The conducted research
encompassed the full cycle, from formulating unique
requirements stemming from the conditions of mobile
deployment and autonomous field operation, through
a comparative analysis of design schemes, to the
fabrication of a prototype and its comprehensive field
tests. The proposed approach to automating the ground
infrastructure for servicing unmanned aerial vehicles
minimizes flight intervals, increases the operational
speed of aircraft, and completely eliminates the need
for personnel to be in close proximity to operating
machinery and hazardous materials.

The main scientific and technical results of the work
are as follows:

1. A unique structural and functional model of
a robotic service platform for multirotor UAVs has
been developed. This platform features dedicated
technological zones for UAV landing, servicing,
and takeoft. It utilizes a folding roller conveyor with
a toothed belt drive for automatic UAV transport
between zones. This design increases the throughput
of the entire platform during UAV group servicing,
including battery replacement, refilling of operating
fluid, and transport to the launch pad.

2. A new modular roller conveyor design has been
implemented. This design utilizes a group toothed
belt drive with a single drive pulley and increased
torque from the power plant to overcome variable
resistance in the extended belt drive when moving

Table 3. Main results and their compliance with requirements

Requirement Target value Experimentally confirmed result

Energy consumption <30-50 W 18-25 W (speed 10 cm/s, weight 70 kg)

Fault tolerance Operation with roller failure Confirmed (removal of 1-2 rollers)

Confirmed for mechanical components and

Operation on an incline Up to 5°-6° drive

Load capacity 100 kg Confirmed

Speed 5-10 cm/s Ensured (5-15 cm/s)

Maintainability Roller replacement in the field Implemented through design (modularity)
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heavy UAVs. This design enables the formation of

a four-section conveyor line that folds compactly

for transport on the ground-based robotic service

platform for agricultural multirotor UAVs.
3. The following critical operational advantages of the
created prototype were experimentally proven:

e Extremely low energy consumption. 1825 W
when transporting a load of 70-100 kg at a speed
of 10 cm/s, which is an order of magnitude lower
than the consumption of belt conveyors.

e High fault tolerance. The system maintains
operability even if one or two adjacent rollers fail.

e Adaptability to non-ideal conditions. The conveyor
remains operational on slopes up to 5°-6°
(a gradient of 10-20 cm/m), reducing requirements
for the precision of platform leveling in the field.

e Maintainability. The ability to quickly replace
any main roller, motor, or drive pulley without
disassembling the entire conveyor.

4. The optimal configuration of the power
unit (a NEMA23/NEMA24 stepper motor with

a 1 : 20 reduction gearbox) was determined such

as to ensure stable operation of the extended belt

transmission with minimal energy consumption.

The practical significance of the work lies in the

creation and experimental validation of a transport
module, representing a key element of a drone servicing
platform. Without an efficient internal transport system
capable of organizing a continuous servicing cycle for
a group of aircraft, operations become highly inefficient:
a multicopter waiting for its turn to land is forced
to either waste its primary limited resource (battery

charge) by hovering near the landing area or to land
off-platform, which reduces operational efficiency. The
proposed conveyor scheme eliminates this drawback
by solving the problem of non-productive energy
losses and providing the basis for implementing full-
featured mobile platforms capable of servicing groups
of multicopter-type UAVs with minimal inter-flight
intervals.

Thus, the results confirm the feasibility and high
efficiency of the proposed design and technological
solution. Further research should focus on integrating
the conveyor with automatic battery replacement
and refueling systems, as well as optimizing control
algorithms to minimize time costs within the entire
service cycle.
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Abstract

Objectives. In contemporary radar studies, increasing attention is being paid to MIMO (Multiple-Input, Multiple-
Output) radars, which are predicted to offer significant advantages over traditional phased-array radars. MIMO radars
increase spatial degrees of freedom by simultaneously transmitting coherent, orthogonal radio waveforms in parallel.
The main challenge for MIMO radars is to optimize space-time processing (STP) of the entire set of echo signals
against a white Gaussian noise background according to the Neyman—Pearson criterion. In order to ensure optimal
detection performance, the work statistically synthesizes STP in MIMO radars to derive variants of STP structural
schemes for identifying their features as compared to STP in traditional phased-array radars, and analyze the angular
resolution of the MIMO radar with the resulting STP structure.

Methods. Statistical optimization methods for signal detection againstinterference using the Neyman—Pearson criterion
were used in accordance with approaches informed by the theory of beamforming in multibeam antenna arrays.
Results. Two STP variants were synthesized to generate optimal pre-threshold statistics for a MIMO radar detector
with an M-element transmitting and N-element receiving antenna array. The structural diagrams of these variants
were found to differ in their sequences of spatial and temporal processing. Due to the increased size of the equivalent
aperture of the receiving antenna array, the angular resolution of the MIMO radar is demonstrated to be significantly
better than that of a traditional radar at the same signal-to-noise ratio.

Conclusions. The structural diagrams of the synthesized MIMO radar detectors confirm their statistically optimal
detection performance.

Keywords: MIMO radar, multichannel space-time processing, fast Fourier transform algorithm, multi-beam antenna

array, detector pre-threshold statistics, angular resolution
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HAYYHAA CTATbA

CHHTE3 COVIACOBAHHOM MHOTOKAHAJIbHOM
00padOTKU OPTOrOHAJBbHBIX curuajaos MIMO
PAAHNOJIOKAIMOHHBIX CTAHIINI

5.M. BoBwun 1:2:@ A A, Nywkos !

1 [MAO «HIMO «Anmas», Mocksa, 127411 Poccus
2 MUP3A — Poccuiickuii TexHonormyeckuii yemsepcutet, Mocksa, 119454 Poccusi
@ AsTOp AN nepenucku, e-mail: boris@eleron.net

e Moctynuna: 31.07.2024 » fopa6oTaHa: 03.02.2026 ¢ MpuHaTa k ony6nukoeaHuio: 01.06.2026

Pe3iome

Llenu. B coBpemeHHOI Teopun paguonokaumm Bce 6osbluee BHUMaHune yaensetcs MIMO (aHrn. «MHOro BXOL0B —
MHOIO BbIXOA0B») PaaNONoKaLMOHHbIX cTaHumin (PJ1C), Ana KOTOpbIX MPOrHO3MPYIOTCS BaXHbIE NPEeMyLLecTBa ne-
pen TpaguumoHHbiMun PJ1C ¢ da3mpoBaHHbIMU aHTeHHbIMU pelleTkamu (PAP). MIMO PJIC rmeloT AONONHUTENbHYIO
CcTeneHb cBOOOAbI 32 CHET OAHOMOMEHTHOIO U3JYYEHUS CUCTEMbI KOr€PEHTHbIX OPTOrOHAsbHbLIX PaaVNOCUTIHANOB,
4YTO OOHO3HAYHO onpeaensieT napasienbHbli 0630p NnpocTpaHcTea. Ana MIMO PJIC Bo3HuKkaeT akTyanbHas 3agaya
CUHTE3a onTuManbHOM No Kputepuio HelimaHa — MupcoHa NpocTpaHCTBEHHO-BpeMeHHoM obpaboTkn (MBO) Bceit
COBOKYIMHOCTU 3X0-CUrHanoB Ha ¢poHe 6enoro rayccosa Lwyma. LlensiMm gaHHoM cTaTbM SBASKOTCS: CTAaTUCTUYECKNIA
cuHTes MNBO B MIMO PJIC, o6ecneumnBatoLmii onTuMasbHble noka3aTenn kayectsa 0OHapyXeHWs; NoJly4eHme Ba-
pUaHTOB CTPYKTYPHbIX cxeM MBO v BbisiBNeHMe nx o0cobeHHoCcTel no cpaBHeHuto ¢ NBO TpaanunoHHbix PJ1C ¢ DAP;
aHanus yrnosoro paspelteHns MIMO PJIC ¢ nonyydeHHol cTpykTypoli MNBO.

MeTopabl. Vicnonb3oBaHbl METOObI CTATUCTUHECKOW ONTUMU3ALMN NPOLLEaypbl 06HAPYXXEHUS CUIHANOB Ha oHe
nomex no kputepuio HelimaHa — MupcoHa, a Takke MeToabl Teopumn anarpaMmmoobpa3oBaHnst B MHOTOJly4€eBbIX aH-
TEHHbIX peLwueTkax (AP).

PesynbTatbl. CYHTE3MPOBaHbLI ABa BapuaHTa NMBO, dopmMupylolime onTuManbHy0 NPeanoporoByo CTaTUCTUKY
obHapyxutens MIMO PJ1C ¢ M-anemeHTHOW nepepatowleii u N-aneMeHTHoOW npruemHoii AP. MNoka3aHo, Y4To CTPykK-
TYPHbIE CXEeMbl 9TUX BAPMAHTOB PasiMyatTcs NocnenoBaTesbHOCTAMU NPOCTPAHCTBEHHOM U BpeMeHHOW 06pabo-
TOK. loka3aHo, 4TO 3a CHET YBEJIMYEHHOI0 pa3mepa «3KBMBANIEHTHOW» anepTypbl npuemHon AP pagpeLuatoLas cno-
cobHocTb MIMO PJIC no yrnoBsiM koopauHaTam CyLLLECTBEHHO Nyylle, 4eM y TpaauumoHHoi PJIC npn ognHakoBoM
OTHOLUEHUN CUTHAS/LUYyM.

BbiBOAbI. [TOKa3aHo, YTO CTPYKTYPHbIE CXEMbI CUHTE3NPOBaHHbLIX 06Hapyxutenen MIMO PJIC o6ecneuunBatoT cTa-
TUCTUYECKN ONTMMasIbHbIE NMOKa3aTe iy kayecTBa 0OHapYXXeHUS.

KnioueBble cnoea: MIMO PJIC, mHOrokaHasnbHasi NPOCTPaHCTBEHHO-BpeMeHHas o6paboTka, afiropuTm BbICTPOro
npeobpa3soBaHunsa Pypbe, MHOroy4YeBas aHTeHHas peLleTka, NPeanoporoBas ctTaTucTrka obHapyXXmnTens, paspeLlato-
as cnocobHOCTb MO YrioBbIM KOOpAVHaTaM

Ana uutunpoBaHusa: BoswuvH B.M., Mywko A.A. CuHTE3 COrfacoBaHHOW MHOrokaHanbHOW 006paboTkM OpTO-
roHanbHblx curHanoB MIMO paauonokaumMoHHbIX CTaHuuwii. Russian Technological Journal. 2026;14(4):68—-81.
https://doi.org/10.32362/2500-316X-2026-14-4-68-81, https://elibrary.ru/IZWLXU

MpospayHocTb hMHAHCOBOW AeATENbHOCTU: ABTOPbI HE MEIOT PUHAHCOBOM 3aMHTEPECOBAHHOCTM B NPEACTaBEH-
HbIX MaTepuanax unm MeToaax.

ABTOpPbI 3aBASOT 06 OTCYTCTBUM KOHDIMKTA MHTEPECOB.
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INTRODUCTION

We  consider a  multiple-input,  multiple-
output (MIMO) radar system based on an equidistant
antenna array (AA) configuration with AM-element
transmitters and N-element receivers. The distances
between the antennas are denoted as d, and d, (index t for
transmit and r for receive), respectively. According to
MIMO principles, the AA transmits M component vector
of orthogonal coherent signals, U(?) = {U m (t)}Z:1 , with
partial complex amplitudes, U, (), where ¢ is time [1, 2].
As demonstrated in [3, 4], this approach defines a unique,
parallel space survey in the A . sector, which is
consistent with the directional pattern (DP) beamwidth
of the AA. The system operates in target acquisition
mode (Fig. 1).

The special case of using a single weakly
directional antenna (WDA) with N = 1 for reception,
which is transformed by aperture synthesis into
a virtual subarray (VSA), is considered in [5]. By
synthesizing a separable STP, this study demonstrates
the equivalence of target detection results against
uncorrelated ~ white  Gaussian noise  (WGN)
backgrounds in MIMO radar with parallel space

surveys in WDA reception and AA transmission, as
well as in traditional radar with WDA transmission
and AA reception.

The results obtained in [5] are generalized in the
present work to a multichannel (N> 1) MIMO structure.
This involves radar reception without altering the
transmission AA structure or the parameters of the
ranging signals. Here, while the use of MIMO radar
can deliver a significant improvement in performance,
no equivalence should be expected in the results of
observing targets in the compared variants; rather, the
improvement primarily applies to the angular coordinate
resolution at a fixed energy potential. In the compared
radars, STP synthesis is employed to detect a point target
with an a priori unknown three-dimensional vector of
informative parameters: & = {Rp» Virrg> Orrg) - Here,
Ripg = CTrr/2 18 the range capacity; Vi is the radial
velocity; Op 1s the angular coordinate of the target; ¢ is
the speed of light; Ty is the time delay of the echo
signal.

The predicted advantages of the MIMO radar systems
over conventional radars are primarily due to the
additional degrees of freedom, by which means the
dimensionality of the spatial coordinate space is increased
to improve the accuracy and precision of the system. In
conventional radars, the transmitting WDA (or AA) has

® TRG{Rrra, Vitras ORG}

ﬂ
1 2
a

P-ge

AW A
1M
6

=

1z max

{A =1,
A=0
Fig. 1. Structure of MIMO radar with parallel space survey:

(7) orthogonal ranging signal generator; (2) space-time processing (STP); (3) pre-threshold statistics generator;
(4) transmitting antenna array (AA); (5) receiving AA; (6) driving oscillator; and (7) power amplifier.
TRG{R1pa Vitra» O1rg! is the target; A is the threshold value used to make a decision regarding the presence
or absence of a signal; |Z| 2max represents the maximum pre-threshold statistics value
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a single phase center for emitting a coherent ranging
signal, @ (¢). In MIMO radars, conversely, each partial
signal with a complex amplitude U,,(¢), mel,M has
a precisely known phase center with coordinates (x,,, y,,),
resulting in a phase “coloring” of the signals, which can
lead to improved performance. When combined with an
N-element reception AA, this allows for a significant
improvement in angular resolution as compared with an
N-element  conventional radar system  having
WDA transmission and AA reception, which is inversely
proportional to the product M x N.

In order to determine the resolution of the radar in
terms of angular coordinates, the present work sets out
to synthesize a consistent multichannel signal processing
system for detecting and analyzing spatiotemporal signals
reflected from targets and received by MIMO radars. The
system is compared with conventional radar detectors
against the WGN background.

When solving this problem, we kept the framework
of the narrow-band system assumption for ranging
signals to ensure orthogonality in either the time or
frequency domain [6, 7]. In the first case, all partial
signals may be generated using orthogonal codes
for the initial phases of discrete signals 7, . at the
carrier frequency f, (1/14,, < f,) analogous to a phase
code modulated within transmitting AA channels.
In the second case, orthogonality may be ensured by
separating carrier frequencies by Af between adjacent
ranging signals within the transmitting AA. This may
be considered as analogous to a stepped-frequency
linear frequency modulated (SF-LFM) signal for
which (M — 1)Af < f,,. Assuming a narrow-band probe
signal system simplifies the process, as it allows for the
following:

e Separating the processing into spatial and temporal
components (non-separable STP for broadband
signals is considered in [7]).

e Assuming that the MIMO radar operates at a specific
wavelength of A, = c/f,, and thus, the Doppler
frequency shift Fy = 2V 1p /A 1s approximately the
same for all components of the vector signal.

e Calculating the delay time of the ranging signal at
the aperture of the transmitting AA:

_ (M -1,

C

<

an.t Teq’

where Teg is the equivalent pulse duration

corresponding to the bandwidth Af = l/req (for the

receiving AA of the MIMO radar).

In addition, we assume that there are no reflections
or sources of external radiation within the survey
sector i@sv}/2. Under these conditions, we can consider
the radiators of the receiving AA to be excited by an
M-dimensional vector signal U which is reflected
from a point target:

TRG?

Urrg (Rrg - VitrG > O1RG) =
M)

2nd,
=1U,,(trpg-VitrG ) €XP| J k

(m—=1)sinOrpg ]}

0 m=l1

It is further assumed that the components of the
vector o are a priori unknown. Following excitation
of the N-element receiving AA, the M-dimensional
vector (1) transforms into an N x M vector of the echo
signal. This can be expressed as a Kronecker product,
as follows:

U, (trgg!01rG) = BH O1rG)® Uppg (10), (2)

N
2nd,

where BH(Oppg) = {exp{ Jj .

(m—1)sinOpq }}
0 n=1

is the spatial phase progression vector between the
receiving AA radiators, while H is the sign of Hermitian
conjugacy (transposition, T, and complex conjugation, *).

Based on the accepted conditions and assumptions,
we consider the conventional statistical approach to
the STP synthesis, which is optimal according to the
Neumann—Pearson criterion.

STATISTICAL APPROACH
TO DETERMINING THE WEIGHT VECTOR
OF OPTIMAL PROCESSING IN MIMO RADAR

The problem of synthesizing multichannel STP at the
output of the MIMO radar’s receiving AA is considered
against the background of the §-correlated WGN using
the conventional formulation based on the likelihood
ratio [8, 9]. The sampled input y is represented by the
N-dimensional vector u of the interference (noise)
mixture p and possibly useful signal (4 = 1) as follows:

N
y=Au+tp, y={y_, 4=[1,0]. 3)

According to the well-established results from the
theory of optimal detection based on the Neumann—
Pearson criterion [10], the multichannel processing
weight vector can be expressed as follows:

[N A—

r=¢ 'u'(ay), 9= {(P,-j}l.’j =pp", )

where ¢! is an N x N matrix that is the inverse

correlation matrix (CM) of the interference ¢, while the
overbar denotes statistical averaging.

In Eq. (4), the N-dimensional vector u(a,) is

a signal with an expected three-dimensional vector of

informative parameters, @, = {7, V,, 0,}. The CM ¢

with (pij(t,s):(pl.(t)(p;(s) elements exhibits cross-

correlation between the ith and jth reception channels at
times 7 and 5. For the existence of an inverse matrix, ¢!,
the CM should be Hermitian and positive-definite [11].
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The STP synthesis for the given problem involves
searching for the vector r in (4) that provides sufficient
pre-threshold statistics in the form of a weighted scalar
sum [12] as follows:

N
E=yTo (@)= v, (5)
i=1
where the energy detection parameter is the following:

q = [u(ay)e  u(ay)] "> Q)

Provided the processing is linear, such pre-threshold
statistics can be used to optimize the detection quality
indicators by enabling the use of known detection
characteristics [8, 9].

The method for calculating the random variable &
in Eq. (5) determines the structural design of optimal
processing consistent against the WGN background.

Due to the narrow bandwidth, the parameters of
the signal reflected from a target with coordinates
Orpg = 1To» Virrgs O1rg) can be separated into time-
frequency and spatial components:

M

o, (6
u(z, aTRG) = {”m (, TTRG> VrTRG )ej(Pm( TRG) }m=1 > (D)

2 .
where ¢, (Orpg) = Tﬁdt (m—1)sinOpg¢ is the spatial

phase progression of the mth component of the signal.

Thus, the processing of the components can be
divided into time-frequency and spatial sequences.

We define the types of CM ¢ included in
Egs. (4) and (5) and note its characteristics for STP
against WGN in the MIMO radar of the considered
design (Fig. 1). It would be reasonable to assume that
the noise in the N-element receiving AA channels is
independent pp?I =0 at i #j, i,j=1,N,while it is
d-correlated in time. For an arbitrary ith channel having
a spectral noise power density of Py, CM has the
following form:

9,1, ) = Py13(1 — 5), ®
. N . . . .
where 1 =diag {(pl.l. }l,zl is the identity matrix.

Provided that the orthogonal components u(o )
pass through the corresponding matched filters (MF),
it is additionally possible to assume the noise in time-
frequency channels is independent and 6-correlated [13].

To facilitate the CM description, we assign a double

. m N7M .
index Yy Z{yn }n,m;tl to the input samples. Here,

n represents the channel index of the receiving AA,
while m represents the index of signal components
corresponding to the channel index in the transmitting AA.

Given the aforementioned assumptions and
considering the filtering properties of the d-function, the
CM for the stationary WGN will be as follows:

0(1,5)=3(t= )y ()" ()= {1 (D4 (1)} =
©)

= diag{yl’x;lm} =¢.

n,m=1 B

In (9) it is assumed that the CM elements are zero
forn#pand m # q.

The sequence of stages in the STP process is
determined by the order in which the N x M diagonal
elements are grouped by indices, resulting in two
variants of the ¢ matrix [14].

Variant 1. CM ¢ is represented by an N x M diagonal
block matrix

By
By

On

BYY

Here, each of the N blocks is also represented by the
diagonal CM noise between the time-frequency channels
generated by the M MFs for the mth signal component in
the nth channel of the receiving AA

BU™ = diag|p™1" B, = p, 1
on — 4188 Doy m=l" on = Pon™>
1 2 M
at Py = Py == Ply = Pou: (11)
Variant 2. CM ¢ is represented by an M x N-diagonal
block matrix

BGY

By

(P2 (n) (12)
B

BOw

In this representation, each of the M CM blocks
is the diagonal CM of noise between the N spatial
AA channels for one mth signal component

B :diag{ (")}N B, =p, I

Om Pom =1’ om = Pom™>

at Py = Pom == Pom’ = Pom- (13)

Asfollows from (10) and (12), the statistical approach

to synthesizing STP for MIMO radars differs from the

conventional methods involving CM dimensionality of

interference M x N (instead of an N-dimensional vector),

as well as the ability to combine time-frequency and
spatial processing in any order.
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ANALYSING SUFFICIENT STATISTICS
For a sufficient detector of pre-threshold statistics, Eq. (5) can be represented in analogue form using the correlation
integral of the complex envelopes of the received mixture and the expected signal Z = IYH (, aTRG)iJ(t, a,)dt. To ensure

reliable detection characteristics, it is assumed that the echo signal has a random Rayleigh amplitude and a uniform
initial phase ranging from 0 to 2x. Taking into account (11) and (12), the sufficient pre-threshold statistics against
WGN background can then be written in terms of the squared modulus of the correlation integral [10, 12] as follows:

5 N M 1
s=1Z] :ZZP(m)(n)

n=lm=1L0p m

2ndy(m-1) | 2nd,(n-1) |
X eXp ]#(smeTRG —sin0) exp ]T(SlneTRG—smeo) ,

[ U (6,716 01r6 WU (1570500 eXPLI2R( Sy + Ay, Mt £, )| X

—00

(14)

where Af;, is the Doppler frequency shift for the mth signal component; ¢, is the constant delay in the temporal
accumulation filter for the mth signal component; T = 2R g /¢ is the time delay for the expected echo signal.

Equation (14) can be considered as a four-dimensional ambiguity function in range—speed—angle coordinates. In
this context, the double summation can be reduced to the product of the transmitting and receiving AA multipliers,
which is a characteristic feature of MIMO radars [15]. Here, the DP refers to the cross section of the ambiguity
function when the time-frequency parameters 1, and V are fixed.

For simplicity, it is assumed that the Doppler frequency shift will be approximately the same for all signal
components due to their narrow bandwidth (Af,, = Af,), and that the time delay in all accumulation filters is
also equal (¢, = ¢,). In this context, the MIMO radar is considered to be in target detection mode, meaning
that the only value of interest is the maximum value & applied to the threshold. It is also assumed that temporal
accumulation is achieved through M MFs whose maximum response is independent of the signal delay,
TrrG = 2R1rg/C- At time £, the maximum value of the integral in Eq. (14) is reached to obtain the optimal SNR
at the MF output.

In this case, the maximum MF response value for the mth component of the signal is proportional to its
energy, E

Up i 0= [ U, (2,0,0) P dt = kE,,, (15)

—00

where £ is the proportionality coefficient.

Regarding Eq. (14), the concept of a DP is meaningful in terms of the instantaneous cross-section of the ambiguity
function at the instantaneous time ¢, = 0, i.e., when a maximum appears at the MF output.

Equation (14) shows that the calculation method of pre-threshold statistics determines the structure of the
detector, which depends on the order of summation by the “m” and “n” indices, i.c., the sequence of temporal
and spatial accumulation. In the first case, temporal accumulation occurs before spatial accumulation, while in
the second case, the order is reversed. In this case, the CM of noise corresponds to Egs. (11) and (12). Taking the
above comments and simplifications into account, we can now consider variants for constructing STP structural
schemes.

STRUCTURAL DIAGRAMS OF MIMO RADAR DETECTORS

Variant 1 (temporal + spatial accumulation)

In this STP variant, formula (14) first performs coherent summation by the “m” index, followed by summation
by the “n” index.

Rewriting formula (14) in terms of the condition p(()’,:l) = Py, gives the following form:
2
M 2nd, (m-1) . . N 4 2nd (n—-1) . .
£= {2 U, mf(O)exp{jtT(smeTRG —smeo)} Z P” exp{jr—(smOTRG —sm@o)} . (16)
m=l1 n=1"0n

The processing can then be divided into two consecutive stages.
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Stage 1.1
In Eq. (16), the expression within the curly brackets represents the summation of the results from the temporal
accumulation of M signal components that compensates for their spatial phase in the expected direction 0,). The second

N
sum is the product of the N-element receiving AA with a d, step, where the amplitude distribution, {An }nzl, is

normalized to the noise power in the radiator channels.

It should be noted that the sum over the index “m” corresponds formally to the multiplier of an M-element AA with
a d, step, where the maxima of MF responses to the signal components 4, = U, . (0) act as the amplitude distribution.
The N weakly directional elements of the receiving AA are transformed into a VSA [5, 16]. The DP F(0,, 6,) for
this VSA is determined by the parameters of the transmitting AA. For V, - (0) = const, we obtain the following:

an.t

F,(O1rg-9,) =sinc (sinOppg —sin6) |, (17)
where sinc x = sin x/x, L, , = (M — 1)d, is the length of the transmitting AA.

If the transmitting AA step is chosen from the unambiguous scanning condition within the angular survey sector,
AB,., then it is limited by the d, < Aj[1 + [sin 60|]_1 ratio. As a result, diffraction lobes will not occur within the
VSADPF (0, 0,).

Stage 1.2

The spatial accumulation stage in the receiving AA virtually consists of N subarrays, each having a DP in the
form of Eq. (17).

If the receiving AA step is the same length as the transmitting AA step, d. = L, ,, then its equivalent length can be
assumed to be Leq.r =(N-DL,, =N —1)(M— 1)d,. In this case, the “equivalent” receiving AA is completely filled
with N x M elements with a d, step. Taking into account (17), the DP will take the following form:

N
F.(O1rg-99) = £ Orrg)F, (O1rg> 90)2 PLl:J 2”%(” —D(sinOppg —sin 60)} ~
n=1"0n 0
(13)
~F (0 0 )%L 2 i(M—l)( —1)(sin® —sin6,)
~ v(TRG’On_]POn Jam n TRG o) |

Here no diffraction maxima are present. The second equality takes into account the isotropic nature of the
elementary radiator DPs, F'(0) = const.

For a MIMO radar in target search mode, it is essential to perform a parallel space survey, since the components
of the ranging signal simultaneously “illuminate” the entire survey area. Here, due to the lack of a priori information
about the expected target direction, multipath beamforming is required in order to prevent energy loss in the parallel
survey.

To achieve this, the “equivalent” receiving AA should form M x N orthogonal beams (reception channels) in
the following sequence. First, a fan of M beams in all N VSAs should be generated to create “secondary” reception
channels (“primary” means N radiator channels here). Then, “tertiary” channels corresponding to a fan of N sharply
directed beams should be generated within each of the M secondary beams.

The secondary and tertiary beams can be generated using beamforming circuit in the form of analogue
Butler matrix [17] or M- and N-point fast Fourier transform (FFT) according to the assumption that M = 27 and
N=29(p,q=2,3,4,...)[18].

To generate the secondary channels at the VSA output for the ith DP, which are oriented in the direction

ooy , , 2mim )| M2
0g; =arcsin| | i —— |————|, the transformation matrix W(0;) ={exp| —/ can be used. If
2)(M ~1)d, M )} iemn

vector V) «0) represents digitized samples at time 7 = 0, then the following response is obtained for an arbitrary
direction towards the target in the ith secondary channel:
1
()

M/2
2nd, 1 .
F,(0,01r5-90;,) = Z U,, me(0)cos| ——| m—— || sinOppq — (19)
m=1 7‘0 2 Lan,t
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As a result, the same M-beam amplitude DPs are generated at the output of the N VSAs. However, the beams
with the same index will differ in terms of phase progression, which is determined by the d, step of the receiving AA.

In order to generate tertiary beams, the secondary beam signals having the same index (i) must be re-indexed
according to the necessary compensation of phase progression. Since L, = (N =1L, ,, the width of the tertiary
beams is N times narrower than that of secondary beams. The relationship between the primary, secondary, and
tertiary beams is clearly illustrated in Fig. 2.

F(6)

_Aesvy/ 2 eTRG Aesvy/ 2 6

Fig. 2. DP of receiving channels:
(7) DP of the primary receiving radiator; (2) DP of the ith secondary channel at the VSA output;
and (3) DP of the sth tertiary channel at the output of the ith secondary channel

N/2
2
The generation of tertiary beams is also facilitated by the FFT matrix W(0,,) = {exp (— j on j} . Beams
n=—N/2

. 1
with orientation 0 =arcsmKs—2j7»0 /(N —1)dr} are implemented in each ith secondary reception channel

(i€1l,M). For this reason, it is convenient to assign a double indexing of 6, to the phasing angles of the tertiary
beams, amounting to M X N, i.e., the sth ray in the ith direction in the multipath VSA DP. Consequently, a fan of
tertiary beams is generated from the instantaneous (at # = 0) values of the envelope signals sampled from the
N x M outputs of the VSA.

Consequently, the receiving AA has an N x M beam DP for the receiving AA consisting of N VSAs with
M-ray partial DPs (19). The dependence of the response of the tertiary channel “is” for a signal from an arbitrary
direction 0 takes the following form:

FL(0, eTRG ) 60is) =F, (OTRG )E, (0, eTRG >

1
N2 g |a-nd (1 S_zjxo
0is cos{——| n— -l
0

n=1 " 0n A

This formula can be interpreted as the tertiary DP of the spatial channel “is” or as the cross-section of the
ambiguity function at time # = 0 in the “zero” speed channel.

Variant 2 (spatial + temporal accumulation)

9

In this STP variant, the coherent summation in Eq. (14) is first implemented by the “7”” index and then subsequently
by the “m” index.
(m) _ (m)

We rewrite Eq. (14) in a different order using the py,” = p, " condition:

2nd (n-1) . . Mo 2nd (m—-1) . ,
ZA exp| j " —————(sinOpgg —sin6) ZW m mf EXP| J T(SIHGTRG_SIHOO) . 2D

m=110

As in the first case, we split the processing into two stages.

Stage 2.1
For this variant, since 0 in (21) is unknown a priori, spatial coherent integration must first be performed for
the N expected directions of signal arrival. Using the FFT algorithm with the transformation matrix
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n=—N/2

, the first sum in (21) for an arbitrary sth phasing angle can be expressed as

(3
AN e (22)

(N -1)d,

follows:

. .
F.(0,01pG,9) = Z 4, cos . [n _EJ sinO1pg
n=0 0

For the maximum angle of phasing sin 0, ;,, it is important that the condition d < A,(1 +|[sin6, /2|)_1 be imposed
on a step of the reception array in order to prevent diffraction maxima in DP. Then, at the first stage, an N-beam DP
can be generated in the receiving AA that overlaps a given survey sector. This corresponds to the implementation of
secondary receiving channels.

Unlike the previous variant, it should be noted that the DP in (22) does not have the index “v,” since the channels
of the receiving AA physically exist. In particular, during digital charting, analogue-to-digital converters (ADCs)
must be installed in each of the N primary channels. The DP F(0, 0,1, 0 ,,) can be interpreted as “virtual” if,
in formula (21), the summation over the “m” index is considered an array multiplier and the summation over the
“n” index is considered a partial DP of the subarray.

Within each sth secondary channel, M tertiary channels should now be generated. As in the first variant,
N x M receiving channels will also be implemented in the second variant.

Stage 2.2

The use of MF in each sth secondary channel enables the temporary accumulation of signal components and
compensates for their spatial phase progression. Following the temporary accumulation at time ¢ = 0, the second
sum in (21) can be interpreted as an M element AA multiplier, where the maximum signal component values at the
SF output act as amplitude distribution.

In this variant, the equivalent MIMO radar receiving AA is considered as an array consisting of M subarrays, each
having N elements and a single d, step. For the equivalent N x M-element AA to be completely filled with radiators of
the same step size and of the same length as in variant 1, the transmitting AA can be sparse with an equidistant step
size equal to d, = (N — 1)d..

Next, a multipath diagram is implemented in the equivalent receiving AA to ensure that the sharply directed
tertiary beam falls within the same ith direction as the sth secondary beam. Therefore, in this variant, the beams are
double-indexed “si”, rather than “is,” as in variant 1. We apply the FFT algorithm to the samples of the output signals

. . . 2mim M
of the secondary channels using the transformation matrix W(0,;) =1{exp| —j m . Thus, the DP of the
i=1

si-tertiary channel, taking into account Eq. (22), acquires the following form:

M/2 A 1d 1
n t

F(0,01g6,005) = Fo Orrg ), (0,016 005) 2 EOREY (’”_EJ
n=0 Lo 0

where F (0, O, 0, ;) is the DP defined by Eq. (22).
Thus, sufficient statistics for & (16) are maximized in the phasing directions.

COMPARATIVE ANALYSIS OF STP VARIANTS

In the synthesized STP variants, the sufficient
pre-threshold statistics &, which is the same for all
variants, is equal to the squared modulus of the
correlation integral (14). This corresponds to the
classical detector of a quasi-deterministic signal
having a random uniform phase and random Rayleigh

amplitude against the WGN background [9, 12].
Therefore, the same well-known formulas and curves
can be used for detection characteristics that depend
only on the power SNR (4?) in both cases. According
to the Neumann—Pearson criterion, the detection
quality indicators D and F, as well as the detection
threshold m, are related by the following approximate
ratios:
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1

D=F1+4* = /21111,
F

where D and F are the conditional probabilities of correct
detection and false alarm, respectively.

It should also be noted that any parallel survey radar
requires a device for selecting the spatial channel with
the maximum SNR. Since the detection threshold may be
exceeded in multiple reception channels simultaneously,
the direction to the target is determined by the index of
this channel.

The STP variants under comparison differ in the
sequence of temporal and spatial signal accumulation.
While this sequence does not affect the final result, it
can significantly impact the practical implementation of
MIMO radar. In particular, it affects the construction of
the transmitting and receiving ARs.

The sparse array used for reception in variant 1 has
a step size of d_= (M — 1)d,, which is equal to the length
of the transmitting AA. In variant 2, the transmitting AA
with a step d, = (N — 1)d, is considered as sparse.
Furthermore, the d, step in variant 1 and the d, step in
variant 2 can be considered to be equivalent since they are
both selected based on the absence of diffraction maxima
in the angular survey areas for all scanning angles.

As shown in Fig. 3, the block diagram of the
transmitting M-element AA is the same for both
STP variants.

24)

Fig. 3. Block diagram of the transmitting AA:
(7) radiators, (2) power amplifier,
(3) modulators (mixers), (4) complex signal generator,
(5) divider 1 : M, and (6) driving oscillator

In order to consider the practicality and suitability
of their implementation, we will now move on to
a qualitative analysis of STP variants at the receiving AA
output. The block diagram of variant 1 with initial
temporary accumulation is shown in Fig. 4. This
assumes M > N, which simplifies the construction of
the receiving AA. Multibeam VSA DP is provided by
an M-point FFT based on the signals of its primary

channels. The signals in all secondary channels are
processed by an N-point FFT to generate M x N tertiary
channels with sharply directional DPs. These channels
correspond to the equivalent length of the receiving AA,
which is equal to L =M-1)N-1)d,.

ke sl 0L
Y Y Y Y
Lz | 2] =] [=2]
| | | |
Ls | Lo L2 ] [2]

R 6B BR B

i =l
7 7 7 7

U U : U {}|
\—-{ 9 H 10 |—>A(1,0)

Fig. 4. Block diagram of the first STP variant
(wide arrows represent M-dimensional vectors):
(7) primary emitters; (2) amplifier-converter unit;

(3) ADC; (4) divider 1 : M; (5) MF component of
a complex signal; (6) FFT-temporary accumulation
(generation of secondary channels); (7) FFT-spatial
accumulation (generation of tertiary channels);
(8) formation of pre-threshold statistics; (9) threshold
device (decision-making); (70) maximum selection

Figure 5 shows the STP block diagram for variant 2 with
initial spatial accumulation. The assumption of M < N in this
variant simplifies the construction of the transmitting AA.
Spatial processing is provided here by an N-point FFT
of samples in the primary channels, which is reduced to
generating N secondary channels (beams). Following the
temporary accumulation of secondary channel samples in
the MF due to the M-point FFT, as in variant 1, M X N tertiary
channels are generated, whose DP is determined by an
AA length that is equal to Lineq= M—=1)N—1)d.

Assuming a fixed SNR (since the d, step in variant 1 is
equal to the d_ step in variant 2 for a given scan sector), it
can be inferred that the MIMO radar’s angular resolution
is the same for the compared STP variants, as determined
by L, .- Here, the blocks for formation of pre-threshold
statistics (block &) involve selection of a tertiary channel
having a maximum value of & = max|Z* (block 10),
while the threshold device (block 9) in the compared
STP variants are identical to those in conventional radars
and have no specific features.
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Fig. 5. Block diagram of the second STP variant
(wide arrows represent N- and M-dimensional vectors):
(7) primary radiators; (2) an amplifier-converter unit;
(8) an ADC; (4) FFT spatial accumulation (generation
of secondary channels); (5) divider 1 : M;

(6) MF components of a complex signal; (7) FFT temporal
accumulation (generation of tertiary channels);

(8) formation of pre-threshold statistics; (9) a threshold
device (decision-making); (70) maximum selection

An analysis of the STP schemes in Figs. 4 and 5
shows that variant 1 may be preferable when
implementing a compact, multielement transmitting AA
based on relatively low-power amplifier modules.
A compact AA allows for easier synchronization
of the modulators’ operation to achieve the desired
coherence of the orthogonal signal components. For
a sparse receiving AA, this variant reduces the number
of amplifier-converter units and ADCs. However,
implementing their synchronous operation may present
issues due to the spatial separation of the ADCs.

It should be noted that several sources regard STP
variant 1 as the only viable ground-based radar, for
instance [19, 20]. For medium- and long-range radars,
recall that the transmitting AA of the MIMO radar serves
as the VSA of the “equivalent” receiving AA.

The second STP wvariant is preferable when
implementing a compact multibeam receiving AA
with either analogue (Butler matrix) or digital (FFT)
beamforming. In this variant, the transmitting AA
is sparse; however, due to the increased power of the
channel amplifiers, it should provide the same energy
potential as variant 1, albeit having fewer M channels.
Due to the spatial separation of the channels, maintaining
signal component coherence may be challenging.
Variant 2 has recently been used in airborne MIMO
aircraft radars [21].

The qualitative comparative analysis reveals that
the viability of implementing one variant over another
depends significantly on several subjective technical
factors. These include the frequency band, the ultrahigh
frequency and digital element bases used, and the
permissible design dimensions of the MIMO radar.

In conclusion, we explain the benefits of angular
resolution provided by MIMO radar with any STP variant
as compared to the fixed SNR of a conventional radar
design. In radar theory, it is assumed that the angular
resolution of the radar at the operating wavelength A,

}“0
Lcos6’

has antenna aperture length L equal to A6, =

where 0 is the beam deviation angle from the normal.
Often, the resolution is determined by the equivalent
Rayleigh criterion through the antenna beam width at
half power A9, 5.

The above relation for A0, is derived from the
following conditional criterion. Consider two radiation
sources in space with amplitudes 4, and 4,, separated
by an angle 80. The total area at the opening of a linear
antenna aligned along the z-axis is then given by:

E(x) = Ay exp(j2mft) %
A 25
><exp(ji—nzsinej{l+726xp(ji—nz§600s9J]. 25)

0 1 0

In Eq. (25), the multiplier in front of the square
brackets corresponds to the linear phase progression
along the aperture (along the z-axis) from the A4, first
source. The presence of a second source may be
determined by the modulating multiplier inside the
square brackets, which varies slowly depending on z.
Here it is assumed that this modulation has been
established if at least one complete period of it is
observed. This implies a lower limit on the aperture
length of 2nLd0cosb/A > 2n. The condition of equality
implies the expression for AO, =060, .

For STP variants 1 and 2 considered in Egs. (16)
and (21), the sufficient statistics involving double
summations by indices n € (1 — N) and m € (1 — M)
correspond to obtaining DP of equivalent receiving ARs
consisting of M x N elements, with unambiguous steps
for scanning d, and d,, respectively. Since this determines
the elongation of the aperture resolution in MIMO radars,
aproportional improvement in angular resolution is achieved
as compared to N-element AA in conventional radars.

For example, in variant 1, the physical step of the
receiving AA is equal to the length of the transmitting AA.
This is due to the temporary processing at the radiators’
outputs; these can be interpreted as the VSAs with
a length equal to L, ,. In this scenario, the equivalent
length of the receiving AA aperture is (M — 1) times
greater than that of a conventional N-element array
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with a step size of d,. Therefore, the modulating phase
multiplier in Eq. (25) achieves a value of 2n with
a separation of the sources 60 that is (M — 1) times lower.

CONCLUSIONS

The results of the study on STP synthesis against
the WGN background in MIMO radar with transmitting
M-element and receiving N-element AAs support the
following conclusions:

1. According to the Neumann—Pearson criterion,
the optimal STP against the WGN background
is a combination of the temporal and spatial
accumulation of M orthogonal signal components
ranged by the transmitting AA. The accumulation
sequence depends on the method used to represent
the interference CM in Eqgs. (10) and (11), resulting
in two variants for constructing a consistent
STP (Figs. 4 and 5). In both variants, the length
of the equivalent (virtual) aperture Lan_eq of the
receiving AA is proportional to the product M x N,
whose single-element step is determined by the
scanning sector.

2. The first variant of the agreed STP consistently
implements the following:

e Temporary accumulation of M signal components in
the MF from the N outputs of the primary radiators
of the receiving AA.

e Spatial accumulation during M-beam diagramming
in N VSAs due to the M-point FFT (generation of
secondary receiving channels).

e Spatial accumulation due to the N-point FFT at
the output of all secondary channels, resulting
in the generation of M X N orthogonal beams of
equivalent AA (generation of tertiary receiving
channels).

3. The second variant of the agreed STP consistently
implements the following:

e Spatial accumulation of the signal due to the
N-point FFT at the outputs of the primary radiators
of the receiving AA (generation of secondary
reception channels.

e Temporary accumulation of M signal components in
the MF from the N outputs of the secondary channels.

e Spatial accumulation due to the M-point FFT at
the MF output of all secondary channels, resulting
in the generation of M X N orthogonal beams of
equivalent AA (generation of tertiary receiving
channels).

4. The same detection quality indicators can be
achieved in both STP variants if they provide the
same radiated power and product M x N, as well as
having an unambiguous scanning step. Therefore,
the processing steps relating to the formation
of the pre-threshold statistics and the detection
threshold for decision-making in Figs. 4 and 5 are
identical.

5. The size of the equivalent aperture of receiving AA
is the same for the variants under comparison.
Consequently, they implement the same angular
resolution, which is inversely proportional
t0 Ly oq In the first variant, the equivalent AA is
interpreted as an M x N-element array consisting of
N x M-element VSAs (M > N). In the second variant,
itis interpreted as an M X N-element array consisting
of M x N-element VSAs (M < N).
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Abstract

Objectives. The work sets out to develop an effective method for suppressing additive Gaussian noise in radio channels
to ensure the high-quality reconstruction of digitally modulated signals at low signal-to-noise ratio (SNR) levels.
Methods. To address this problem, a hybrid architecture is proposed that combines Long Short-Term
Memory (LSTM) and Gated Recurrent Unit (GRU) recurrent neural networks. The ResBiLSTM-BiGRU model
enables more stable training and improved reconstruction quality, as well as more accurate modeling of the
temporal structure of signals. The performance of the model was evaluated using a multi-modulation dataset with
various input SNR levels.

Results. As confirmed by the experimental results, the proposed model achieves an average improvement of 2-3 dB
in output SNR compared with the Relativistic Average Generative Adversarial Network (RaGAN) under identical
simulation conditions, as well as a more than a 10-dB improvement as compared with the wavelet-transform-based
method. The model is characterized by lower mean squared error values and higher correlation coefficients across
the entire input SNR range from —10 to 10 dB. The peak SNR values also indicate high signal reconstruction quality,
especially at low input SNR levels. Analysis of architectural parameters shows that the best performance is achieved
with 128 hidden units and a deep ResBiLSTM-BiGRU architecture.

Conclusions. The obtained results confirm the effectiveness and practical applicability of the proposed
ResBIiLSTM-BIiGRU hybrid architecture for suppressing additive Gaussian noise in radio channels and
reconstructing digitally modulated signals, particularly under low-SNR conditions.

Keywords: cognitive radio networks, automatic modulation classification, digitally modulated signals, deep learning,

hybrid ResBiLSTM-BiGRU network, noise suppression, signal-to-noise ratio, mean squared error, correlation coefficient,
peak signal-to-noise ratio
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HAYYHAA CTATb4A

I'mOpuaHas apxuTeKTypa HEMPOHHOM CETH
ResBiLSTM-BIGRU nist 3¢p¢dexkTUBHOTO
MOAABJICHHUS IIIYMA B pajuoKkaHaJe ¢ HuppoBbIMHU
MOAYJIMPOBAHHBIMHU CUTHAJIAMH

B.3. HryeHn @,
Y4.X. daH

BbetHamckuii rocynapCcTBeHHbIVi TEXHUYeckuy yHusepcuteTt um. Jle Kyii [loHa, XaHovi, BeeTHam
@ ABTOp AN nepenvcku, e-mail: nguyenvandungvtdt@Iqdtu.edu.vn

e Moctynuna: 24.11.2025 ¢ Jopa6oTaHa: 24.01.2026 ¢ MpuHaTa kK ony6nukoBaHuio: 25.05.2026

Pesiome

Llenu. Llenbio paHHo paboTbl ABnseTcs paspabdoTka addeKTMBHOro Metoaa noaasneHns agauTMBHOIO rayccoB-
CKOro LymMa B paguokaHane, 06ecrneymBaloLLLEro BbICOKOE Ka4eCTBO BOCCTAHOBNEHUS MG POBbLIX MOOYIMPOBAHHbLIX
CUrHaNOB NP HN3KMX 3HAYEHNSAX OTHOLLEHUS curHan/wym (signal-to-noise ratio, SNR).

MeToabl. [1ns pelleHns NOCTaBEHHOM 3a4a4n npenjioxeHa rmbpuaHas apxutekTypa, oO6beanHsiowas pexkyp-
PEHTHbIE HENPOHHbIE CETW TUMOB A0IFON KPATKOCPOUYHOM namaTtu (long short-term memory, LSTM) 1 ynpasasembix
pekyppeHTHbIX 6n1okoB (gated recurrent unit, GRU). Mozenb ResBiLSTM-BiGRU o6ecneunBaeTt 60nee ctabunbHoe
00y4eHVe, NOBLILLEHHOE Ka4ECTBO BOCCTAHOBNEHUS 1 60nee TOHHOE MOAENNPOBaHNE BPEMEHHOM CTPYKTYPbI CUT -
HanoB. OHDEKTUBHOCTb MOLENMN OLLEHMBAACH HA MHOTOMOAYNSALMOHHOM Habope AaHHbIX NPU PasfIYyHbIX YPOBHSAX
BxogHoro SNR.

PesynbTaTtbl. OKCNepuMeHTaNbHblE UCCNENOBAHNSA NOKa3ann, 4To NPeaoXeHHas MoAenb B cpeaHem obecne-
ymBaeT yBenmyeHme BbixogHoro SNR Ha 2-3 gb no cpaBHEHUIO C PENSTUBUCTCKOM YCPEOAHEHHOW reHepaTMBHO-
cocTa3aTesibHOM ceTblo (relativistic average generative adversarial networks, RaGAN) n 6onee yem Ha 10 ob no cpae-
HEHWIO C METOOOM Ha OCHOBE BENBNET-NpeobpaszoBaHns NpyU OOVMHAKOBLIX YCNOBUSX MoaennpoBaHus. Moaesnb
XapakTepunayeTcs MeHbLUVMN 3HAYEHUSIMIN CPEAHEKBAAPATMYECKOM OLLNOKN 1 6onee BbICOKMMU KO3PDULMEHTAMMI
Koppensummn Bo BceM amnanasoHe BxogHbIx SNR o1 —10 go 10 aob. 3HavyeHnsa nukosoro SNR Takke CBUAETENbCTBYIOT
0 BbICOKOM Ka4eCTBEe BOCCTAaHOBJIEHUS CUTHASIOB, OCOOEHHO NPU HU3KKX YPOBHAX BXxogHOro SNR. AHanms apxuTek-
TYPHbIX MapamMeTpoB Nokasas, 4TO HauyyLme pe3ynbTaTbl 4OCTUAIOTCA NPY NCNONb30BaHMM 128 CKPbITbIX Y3108
1 rny6okoin apxuTtekTypbl ResBiLSTM-BiGRU.

BbiBoAbI. [TonyyeHHble pedynbTaThl NoATBEPXAAIOT 3P DEKTUBHOCTb U MPAKTUYECKY NPUMEHUMOCTb rMOpUaHOI
apxutekTypbl ResBiLSTM-BiGRU ana nogasneHns aoanTMBHOMO rayCCOBCKOrO LLyMa B pagmnokaHane 1 BOCCTaHOB-
NeHnst U@ POBbLIX MOAYNNPOBAHHbIX CUIHAN0B, 0COOEHHO B yCN0BUSX HU3KOro SNR.

KnioueBble cnoBa: KOrHUTMBHbIE PAAMOCETN, aBTOMATMYeCKas kKnaccupukaumsa Mogynsaumm, curHansl udpoBon

Moaynaumm, rnybokoe obyyveHue, rmubpmngHas cetb ResBiLSTM-BiGRU, nogaBneHve wymMa, OTHOLIEHWEe CUrHa/ym,
cpefHekBagpartmyeckas owmbka, KoOadOULUNEHT KOPPENSILUN, MMKOBOE OTHOLLEHWE CUTHaI/LLYM
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MpospayHocTb hMHAHCOBOM AeATENbHOCTU: ABTOPbI HE UMEIOT PUHAHCOBOM 3aMHTEPECOBAHHOCTN B MPEACTaB/EH-

HbIX MaTepuanax nian MmetToaax.

ABTOpPbI 3aBASIOT 06 OTCYTCTBUM KOHGMIMKTA MHTEPECOB.

INTRODUCTION

The increased use of modern communication
technologies such as 5G/6G networks and the Internet
of Things (IoT) has led to greater demands for high-
quality signal transmission through complex, noisy
communication channels. This has given rise to
a significant challenge in the form of additive white
Gaussian noise (AWGN). By significantly reducing
signal quality, AWGN complicates various applications,
including automatic modulation classification, spectral
sensing and resource management in cognitive radio
networks.

Traditional noise suppression methods, such as
linear filtering and signal transformations in the time
and frequency domains, have been used for several
decades. While these methods demonstrate satisfactory
performance in linear channels with medium to high
signal-to-noise ratios (SNRs), they become less
effective in the presence of nonlinear signals and low
SNR conditions. This limits their practical applicability.
However, they are ineffective in the presence of nonlinear
signals and low SNR conditions.

In recent years, deep learning has opened up new
possibilities for radio signal processing. Models such
as denoising autoencoders (DAEs) [9, 10], generative
adversarial networks (GANs) [11-13], diffusion
models [14, 15], and transformers have been shown to
be effective at suppressing noise. However, each of these
models has its limitations. For instance, DAEs become
less efficient at low SNRs. GANs and their variations
are difficult to train and require a lot of computational
resources. Although diffusion models and transformers
perform well in high-noise scenarios, they also have
high computational requirements and long output delays.
Long short-term memory (LSTM) and gated recurrent
unit (GRU) networks do not exploit their complementary
capabilities fully when used separately.

Based on these findings, the present work proposes
aResBiLSTM-BiGRU hybrid architecture that combines
the strengths of LSTMs and GRUs. While LSTMs
facilitate the learning of long-term dependencies, GRUs
offer compactness and rapid convergence. The study
aims to develop an efficient and practical approach to

AWGN suppression in digital radio channels for next-
generation communication systems.
Specifically, the study:

e develops a specialized ResBiLSTM-BiGRU hybrid
architecture for noise reduction in digital radio
signals;

e conducts a thorough analysis of the results across
a wide SNR range of from —10 dB to 10 dB and
various modulation techniques; and

e demonstrates the efficacy of the proposed
approach compared to traditional noise reduction
methods using metrics such as SNR, mean square
error (MSE), root mean square error (RMSE) and
peak signal-to-noise ratio (PSNR).

1. RELATED RESEARCH

Over several decades, both conventional techniques
and modern deep learning-based approaches have been
used to address AWGN. While conventional techniques
remain popular due to their simplicity and reliability,
they are less effective under more challenging scenarios,
such as those involving low SNR or nonlinear channels.
Table 1 summarizes the key features, advantages,
and limitations of some of the most commonly used
conventional noise reduction methods.

Contemporary approaches based on deep learning
offer high flexibility and efficacy in addressing AWGN,
especially in low SNR settings. However, there are still
several challenges to overcome when implementing
deep learning models for noise reduction in digital
communications. Table 2 outlines some recent research
efforts to address AWGN in digital modulation systems.

The experimental phase of the research involves
a comparative analysis of two noise reduction
methods. One of these techniques is based on wavelet
transformations (WT), while the other uses relativistic
average generative adversarial networks (RaGAN). The
results suggest that a hybrid architecture combining
ResBiLSTM and BiGRU networks achieves more
consistent signal recovery accuracy when used in
challenging communication channels with low SNR
for AWGN suppression across various modulation
techniques.
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Table 1. Characteristics of conventional noise reduction methods

Method group

Primary methods

Key features

Limitations

Linear filtering [1, 2]

Wiener filtering, Kalman filtering,
adaptive least mean squares (LMS)
algorithm, and recursive least
squares (RLS) algorithm

Wiener filter optimizes MSE

in a linear environment;
Kalman filtering is effective
for linear dynamical systems;
LMS/RLS provides adaptive
filtering for a changing channel

linear properties of signal
and noise are required;
reduced efficiency

with low SNR;

limitations when working
in non-linear channels

or with non-stationary noise

Noise reduction
in the transformed

WT, Fourier transform, and discrete
cosine transform (DCT)

WT provides signal analysis
in both time and frequency
domains simultaneously;

e the Fourier transform and DCT

represent a signal exclusively

the effectiveness of WT depends
on the choice of the basic
function and the threshold;

the Fourier transform and DCT

area [3-6] in the frequency domain; are ineffective with AWGN;
« these methods are most effective |e partial loss of local information
for signals with a pronounced is possible
and stable frequency structure
- * MMSE/MAP uses probabilistic . .
Minimum mean square . . e precise knowledge of signal
. signal and noise models; . RN
error (MMSE), maximum « PCA/SVD allows vou to separate and noise distributions
Statistical a posteriori probability (MAP) Y p is required,

methods [7, 8]

method, principal component
analysis (PCA), singular value
decomposition (SVD)

signal and noise components;
effective with a complete
statistical description

of the environment

high computational complexity;
efficiency is significantly reduced
with an inaccurate model

Table 2. Characteristics of deep learning methods

Author(s), Year, Study Architecture Data / Channel Key concepts and benefits Limitations
Combination of two residual
Ruifeng Duan, Ziyu Chen, | Autoencoder with encoder-decoder network Comparison onl
Haiyan Zhang, Xu Wang, | skip connections Digital modulated connections and an advanced with II){LS LMSy
Wei Meng, Guodong Sun, |and channel-wise signals; AWGN SE-ResNet! module to enhance and PCA ’ ’
2023 [10] attention mechanism feature extraction and reduce
computational complexity
. . . The difficulty
Shoushuai He, Lel.Zhu, Modified GAN D.lgltal modulated Restoring parts is better than of learning,
Changhua Yao, Lei Wang, architecture signals; traditional filters the difficult
Zhen Qin, 2022 [11] AWGN + interference . Y
of setting up
Liang Peng, .

. Using GAN to generate a clean .
Shengliang Fang, - . . . . Learning
Youchen Fan RaGAN Digital modulated signal from a noisy one, improving complexity. high

’ signals; AWGN the quality of recovery compared prexity, g
Mengtao Wang, Zhao Ma, " computational load
2023 [12] to traditional filters
. o Determines the diffusion process
Tong .Wu, Z}-nyong .Chen, The diffusion rpodel Relay and AWGN according to the conditional High
Dazhi He, Liang Qian, is used to predict and C A . . .
. .. . communication distribution of the received signal, and | computational
Yin Xu, Meixia Tao, suppress noise after . . . .
. . channel can be integrated as a noise reduction | complexity
Wenjun Zhang, 2023 [14] | channel alignment ; . .
module to improve signal quality
Pre-training of the noise canceller | Limited set
Zehr} Ji, Shuo Wang, . ' Cyclic signal; digital ona cychc.s1gna1 fol%oyved of modulaFlons;
Kuojun Yang, GRU-noise reduction . by fine-tuning on a digitally no evaluation
. . . modulated signal; . . .
Qinchuan Zhang, module with classifier AWGN channel modulated signal; increased using clean
Peng Ye, 2024 [16] accuracy by more than 20% noise reduction
at low SNR values metrics (MSE/SNR)

! The Squeeze-and-Excitation Residual Network (SE-ResNet) is a convolutional neural network architecture combining the skip
connections of ResNet with a channel-wise attention mechanism based on Squeeze-and-Excitation blocks. This enables the adaptive
recalibration of feature channels by modeling their mutual dependencies.
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2. PROPOSED METHOD

2.1. ResBiLSTM-BiGRU network architecture

for suppressing additive Gaussian noise and

compensating for an imperfect transmission
channel of basic 1/Q2 data

The paper assumes that the received data is basic 1/Q
data transmitted over a communication channel and
corrupted by AWGN. In order to provide an effective
noise suppression model for these signals, a ResNet>-based
architecture called ResBiLSTM-BiGRU is proposed.
The learning branch of this architecture is a hybrid
network combining LSTM and GRU in cascade.

Before discussing this hybrid network architecture,
a comparison of the key characteristics of LSTMs and
GRUs is presented [17]. Table 3 summarizes their main
differences.

Figure 1 depicts the overall architecture of the
ResBiLSTM-BiGRU network. The network follows
a similar structure to ResNet, comprising two parallel
branches. The right branch serves as the primary data
transmission path to ensure stable information flow
and prevent the occurrence of gradient attenuation or
explosion within the network. In contrast, the trainable
left branch incorporates a hybrid LSTM-GRU structure
alongside auxiliary layers, which is referred to as
a “Hybrid LSTM-GRU.”

The model receives as input a basic I/Q signal
contaminated by AWGN, represented as a 3D tensor
with dimensions of [B, 7, 2]. Here, B represents the
batch size, T denotes the length of the time sequence,
and 2 is the number of channels (I and Q). Due to the
direct connection provided by the right branch, we will
focus on data processing within the Hybrid LSTM-GRU
branch for further analysis.

At the initial stage of processing, the data is passed
through bidirectional long short-term memory (BiLSTM)
layers. These layers extract time dependencies in both
the forward and backward directions to capture long-
term correlations within the data. The output of these
layers is then fed into bidirectional gated recurrent
units (BiGRU), which refine the features and capture
local dependencies with higher frequency and lower
computational cost due to their simplified gating
structure.

Following the BiGRU processing, the output is
normalized using layer normalization for stability in
learning. The normalized data is then fed into a linear
layer to reduce the dimension of the input. Finally, the
outputs the direct and indirect paths are combined to
generate the final output of the model.

This structure is intended to suppress AWGN and
compensate for distortions caused by imperfections in
the transmission channel that affect the received signal.

Table 3. Comparative characteristics of LSTM and GRU architectures

Characteristic

LSTM

GRU

Number of gates

Three: entry, forgetting, and exit

Two: update, reset

Number of states

Two: cell state and hidden state

One: hidden state

Memory mechanism

Linear transfer of information
through the cell state resistant
to long-term dependencies

Merging new and previous information
in a hidden state, effective for medium
and short dependencies

Model complexity Higher

Lower

Number of parameters Significantly more

Less (by 25-30% compared to LSTM)

Learning rate Lower

Higher

Modeling long-term dependencies Very high

High, but inferior to LSTM

Modeling short-term dynamics Less sensitive

More sensitive

Overfitting tendency Higher

Lower

Memory costs Higher

Lower

Convergence behavior

Slower, hyperparameter-sensitive

Faster and more stable

Typical applications

Long sequences, signals with trend or drift

Noisy signals, real-time processing,
limited resources

2 [ stands for the in-phase component, Q stands for the quadrature component, and the quadrature component refers to two orthogonal

components of a complex signal.

3 A residual network is an architecture for convolutional neural networks that uses skip connections.
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Fig. 1. Architecture of the ResBiLSTM-BiGRU hybrid network
for noise suppression mixed with a digital modulation signal

2.2. Justification of the feasibility
of the Hybrid LSTM-GRU structure

As illustrated in Fig. 1, a key feature of the
proposed model is its hybrid architecture, which
combines LSTM and GRU (Hybrid LSTM-GRU). Figure 2
provides a more detailed representation of this architecture.

Figure 2 depicts a network that operates on basic
I/Q data. This modulated signal, which has been reduced
to the base frequency band, contains information about
amplitude, frequency and phase modulation. When
transmitting over a channel, this signal is subject to

additive noise, and can be modelled as follows:
x(n) = A(n)e/® +n(n), (1

where A(n) and ¢(n) are slowly varying components
carrying information about modulation, the relationship

between symbols and details of the transmission
medium (including multipath effects and fading), and
where n(n) represents additive noise typically modelled
as a white Gaussian process.

In this context, processing 1/Q data involves
suppressing additive noise, m(n), and identifying
signal patterns, as well as accounting for the effects
of multipath/fading in A(n) and ¢(n). In the time
domain, AWGN n(n) varies rapidly and carries short-
term information, whereas the signal patterns and
multipath/fading effects are considered to be more
slowly varying and to carry long-term information. In
other words, the signal x(n) in equation (1) exhibits
multiscale temporal behavior.

The mathematical model of the 1/Q data presented
in equation (1) and the above analysis determine
the network architecture shown in Fig. 2 directly.

l | x(n)
| v
R 1/Q dat | LSTM Output Output F(x) Output
aw ata ! utpu
/ At o LSTM = GRGU GRU > Other » Summation
x(n)y=sm+n(n) | " ht layers | 5(n)
H X A |
Long-term | Short-term | ! |
memory : memory : : :
1 1 | <__I
Error Error G, Error L Loss s(n)
backpropagation {«-| backpropagation |« ~- backpropagation [ function a“ onal
in LSTM in GRU for other layers calculation Ie;g]ggga

Fig. 2. Sequential Hybrid LSTM-GRU architecture:
x(n) is the noisy signal, s(n) is the clean signal, §(n) is the reconstructed signal, htL,htG are the hidden states
of the LSTM and GRU networks, respectively, 6, is the set of LSTM parameters, and F(x) represents the transformation
of the input signal through the network. The final output is produced using skip connection: §(n)= x(n)+F(x);

Lis the loss function, G, is the loss gradient, n is the count, and t is the time step
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The underlying 1/Q signals exhibit multiscale temporal
patterns and can also be considered statistically
independent, since the white Gaussian noise component
is uncorrelated with the others. During the training
process, the network architecture (Fig. 2) enables
the LSTM unit to capture primarily long-term signal
components, while the GRU specializes in modeling
short-term dynamics. From a physical perspective, the
LSTM unit focuses on extracting characteristic signal
patterns and multipath or fading effects, whereas the
GRU unit mainly extracts information relating to the
additive white noise component.

Therefore, the multiscale time structure and
statistical independence of the I/Q signal components are
necessary for the hybrid neural network to automatically
allocate roles to the LSTM and GRU components
without imposing any prior constraints.

2.3. Dataset

The study is based on the RadioML 2018.01A open
DeepSig* dataset. This dataset, which is widely used
for radio signal modulation recognition tasks, includes
24 different modulation types, presented at 26 SNR
levels ranging from —20 to +30 dB in 2 dB increments.
A total of 4096 individual frames are included for
each “modulation—SNR” pair. Each frame contains
1024 complex signal samples, which are represented as
1/Q components with dimensions of (1024, 2). The total
dataset comprises 2555904 frames.

To tailor the dataset for noise suppression, signals
with an SNR of 30 dB are isolated and used as a reference
for “clean” signals with minimal noise. Based on these,
a noisy set is formed in which AWGN is added to each
signal at SNR levels ranging from —10 to +10 dB in 2 dB
increments according to a Gaussian distribution. Thus,
two subsets are formed: clean modulated signals and
noisy modulated signals.

The main parameters of the dataset are given in Table 4.

The dataset is divided into three parts for
training, validation, and testing according to the
proportions 80%, 10%, and 10%, respectively. Two models
are trained using the training and validation sets: a Hybrid
LSTM-GRU and a RaGAN. The test set is then used to
compare the efficacy of these two models and evaluate the
performance of the WT-based noise suppression methods.

Table 4. Dataset main parameters

Parameter Value
8 types: BPSK3, QPSKS, OQPSK?,
Modulation types 8PSKS®, 16QAM’, 64QAM!?, GMSK!!,
and OOK 2
11 values ranging from —10 to 10 dB
SNR ranges in 2 dB increments
Number of samples 1024
in one frame
Number of frames per
“modulation-SNR” | 4096
pair
Data format 1024 complex 1/Q samples (in-phase and

in the frame quadrature components), size (1024, 2)

Total number

of frames 360448 frames (8 x 11 x 4096)

Communication

channel AWGN

3. EXPERIMENTAL RESULTS

To evaluate the effectiveness of the proposed
ResBiLSTM-BiGRU hybrid architecture, experiments
havebeen conducted using atest dataset. The performance
of the model is compared to two representative methods,
namely a deep RaGAN model and a conventional
WT-based noise suppression method.

The RaGAN model uses a generative adversarial
network with a relativistic discriminator based on
bidirectional LSTM (BiLSTM) networks. We denote the
original (real) signal as s, while the synthesized (fake) signal
is denoted as s;. The discriminator calculates the probability
that the original data is more realistic than the synthesized
data. The loss functions for the discriminator (D) and the
generator (G) can be expressed as follows:

IR = —E[IOg(DRaGAN (s-5¢ ))] -

—E [bg(l ~DRagan (5¢+5; ))]

1 = en{1- Do )]

- E[IOg(DRaGAN (Sf’sr)):l’
where E[.] denotes the expectation operator, and Dy, an
is the relativistic discriminator used in RaGAN.

4 https://www.deepsig.ai/datasets/. Accessed November 11, 2025.

5 Binary Phase Shift Keying.

6 Quadrature Phase Shift Keying.

7 Offset Quadrature Phase Shift Keying.
8 8-Phase Shift Keying.

9 16-Quadrature Amplitude Modulation.
10 64-Quadrature Amplitude Modulation.
1 Gaussian Minimum Shift Keying.

12 On-Off Keying.
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To improve the quality of clean signal recovery, the
overall loss function of the generator is formulated as
a weighted sum of content loss and adversarial loss as
follows:

— R
Lg =L, + MG,

where A is the balancing coefficient. Content loss, which
is based on MSE and absolute difference, is defined as:

1< 2
Lyse :;Z;(Sri _G(Sf)i) ’ ~G(sp),}
=

_LMSE+11'

con 2

This combination of loss functions allows the
generator to accurately reconstruct the noisy signal while
considering both the quality of content and competitive
component.

The classical WT method operates in the frequency
domain. The noisy signal y(#) is decomposed into a set of
wavelet coefficients:

¢ =[OV (O,

where v k(t) are the basic wavelet functions at scale j
and pos1t10n k. Threshold filtering of coefficients is then
applied:

) sign(cj’k)(‘cj’k‘—k),‘cj’k‘>k,

C., =
J.k
0, ‘cj’k‘ﬁ

Then, the signal is reconstructed using the inverse
wavelet transform, as follows:

t)= Zéj,kwj,k (¢)
ik

This approach enables the removal of high-frequency
noise components by setting the corresponding
coefficients to zero.

The efficacy of noise suppression was evaluated
using standard quality recovery metrics, such as MSE,
SNR, correlation coefficient (CC) and PSNR. The
formulas for these metrics can be found in Table 5.

The model is trained using MSE loss function and
the Adam '3 optimizer for 150 epochs. During training,
the adaptive reduction mechanism called Reduce
learning rate on plateau or ReduceLROnPlateau, is
employed, whereby the learning rate decreases if there
is no improvement in the metrics over five consecutive
epochs. To prevent overfitting and reduce calculation
time, the Early stopping'# strategy is also employed,

Table 5. Metrics for evaluating the quality of noise
reduction

Formula

N
721 1 i dB,

zilil(xi - ’Aci)z

Metric

SNR=10-1g
Signal-to-noise ratio

(SNR) where x is the original clean signal,

X is reconstructed signal,

N is the number of samples
Mean squared error 1 &N \2
(MSE) MSE=—-3 (%= %)

N —\(~r =
T
— N [~ =\2 ’
. RSERE

Correlation here X th I
coefficient (CC) where X are the average values

of the original clean signal,
X are average values
of the reconstructed signal

x2
PSNR =10 g -max
MSE

The x,,, parameter is defined

as the maximum amplitude value
of a clean one-dimensional signal,
calculated from its discrete time
realization in a test sample

Peak signal-to-noise
ratio (PSNR)

which is triggered when the loss function stops
decreasing. As shown in Fig. 3, the learning outcomes
demonstrate a stable decrease in the loss function for
both the training and test samples, as well as the model
achieving stable and optimal error values.

0.18 T . T .
—e—Training loss
—&— Validation loss | |

0.16

0.14

0.12

Loss

0.10

0.08

0.06 y y y .
0 30 60 90 120 150

Epoch

Fig. 3. Values of training and validation loss
during the training process

13 Adaptive moment estimation is an optimization algorithm used for training neural networks that combines the concepts of the

momentum method and adaptive gradient scaling.

14 Early stopping is a regularization method in which the learning process of a neural network is interrupted when the error on the
validation data stops decreasing (and usually begins to increase), which prevents overfitting.
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Figure 4a shows the results of comparing different
noise suppression methods using the SNR metric. The
proposed model delivers optimal performance across the
entire input SNR range, spanning from —10 to +10 dB.
Compared to RaGAN, the average improvement is
approximately 2.27 dB. At an extremely low SNR level
of =10 dB, the improvement is just 0.41 dB; however,
it then gradually increases to stabilize within the range
of 3.0-3.5 dB for high SNR values. Compared to WT,
the advantage is even more pronounced, providing
an average increase of 10.5 dB. In the low SNR range
of —10 to 0 dB, the increase ranges from 6.1 to 12.3 dB.
In the high SNR range (2 to 10 dB), the noise-suppression
improvement remains between 11 and 13.5 dB.

Figure 4b shows the results of comparing the
average MSE values. The proposed model consistently
provides the lowest MSE, indicating more accurate signal
reconstruction than RaGAN and WT. A particularly
significant improvement can be observed compared to the
WT; here, the MSE is 0.2556 at an SNR of —10 dB, whereas
for WT itis 1.077. At an SNR of 10 dB, the MSE decreases
to 0.0024, whereas WT remains at 0.0233 (almost ten
times higher). Compared to RaGAN, the difference is less
pronounced but still evident across the entire SNR range.
For instance, at an SNR of —10 dB, the model’s MSE
is 0.255 vs 0.279 for RaGAN. At an SNR of 10 dB, the

30
25
20+
15+
10+

—e—Noisy signal
—e—Proposed method

Average output SNR, dB

oy RaGAN
| | —a— WT
-10 -5 0 5 10
Input SNR, dB
(a)

—=— Proposed method

Average correlation coefficient

0.4] RaGAN
—a—WT
0.3 : : :
210 -5 0 5 10
Input SNR, dB

(c)

respective values are 0.0024 and 0.0042, indicating
approximately 1.7 times greater accuracy.

Figure 4c shows a comparison of the correlation
coefficient between the original and reconstructed signals.
The proposed model achieves the highest values across
the entire SNR range, confirming its superior ability to
preserve the temporal structure of the signal. At an SNR
of —10 dB, the correlation coefficient is 0.726, which is
higher than that of RaGAN (0.718) and almost double that
of WT (0.366). As the SNR increases, the performance
of all models improves; however, the proposed method
consistently outperforms the others. At an SNR of 0 dB,
the correlation coefficient reaches 0.980, surpassing the
values obtained for RaGAN (0.971) and WT (0.822).
At high SNR levels (>6 dB), all techniques approach
the saturation region (>0.99 for the proposed method
and RaGAN). Nevertheless, the proposed method
continues to outperform WT (0.979 at 10 dB vs 0.998 for
the former).

Figure 4d presents the PSNR comparison results.
The proposed model exhibits the highest PSNR values
over the entire SNR range, confirming its superior signal
reconstruction capabilities. At an SNR of —10 dB, the
PSNR is 11.72 dB, which exceeds the corresponding
values for RaGAN (11.31 dB) and WT (3.47 dB). As the
SNR increases, the gap between the proposed model and

1.2

—&— Proposed method
RaGAN
—2—WT

Average MSE, dB
o
[e)]

02 ‘\“\“\,\‘/\"
-10 -5 0 5 10
Input SNR, dB
(b)

—=— Proposed |
method

Average PSNR, dB

Sk RaGAN
——\WT
0 1 1
-10 5 0 5 10
Input SNR, dB
(d)

Fig. 4. Results of comparing noise suppression methods:
(a) output SNR, (b) MSE, (c) correlation coefficient, and (d) PSNR
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Fig. 5. Results of comparing noise suppression methods:
(a) by the number of hidden nodes and (b) by the dropout value

RaGAN remains consistent at around 2—3 dB. The benefit
is particularly notable in comparison to WT: at 0 dB, the
PSNR is 25.38 dB for the model vs 10.89 dB for WT; at
10 dB, the model’s PSNR reaches 33.93 dB, which is
nearly 14 dB greater than that of WT (20.06 dB).

The influence of the number of hidden layers in
the ResBiLSTM-BiGRU hybrid model is illustrated
in Fig. 5a. A significant improvement in signal
reconstruction accuracy is achieved by increasing the
number of layers from 32 to 64. For example, at an
SNR of 0 dB, the performance metric increases from
14.54 dB to 15.59 dB. Further increasing the number
of layers to 128 results in optimal performance, with an
SNR of 0 dB yielding a value of 17.07 dB. Thisis 1.5 dB
higher than the 64-layer configuration and 2.5 dB higher
than the 32-layer configuration. However, no further

improvement is observed with 256 layers, at which
configuration the performance remains comparable to
that of the 64-layer model, and is lower than that of
the 128-layer variant over the entire SNR range. These
results suggest that 128 layers provide the best balance
between reconstruction accuracy and model complexity.
Figure 5b shows the impact of the dropout rate!’
on model performance. Without dropout, the model
exhibits maximum efficiency. Setting the dropout value
to 0.2 results in only a minor decrease in reconstruction
accuracy while maintaining overall stability. However,
increasing the dropout rate to 0.5 results in a significant
reduction in performance across the entire SNR range.
Figure 6 depicts the results of comparing various
combinations of the LSTM and GRU blocks. Using
LSTM alone provides limited performance, for
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Fig. 6. Results of comparing performance for different versions of the hybrid LSTM-GRU architecture

15 A hyperparameter of the neural network regularization method that determines the probability of unintentional pruning of neurons

during the training process in order to prevent overfitting.
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example, 13.33 dB at an SNR of 0 dB. Adding the
GRU component (the LSTM-GRU configuration)
significantly =~ improves  signal  reconstruction
accuracy, achieving 16.08 dB at 0 dB. The best
performance is demonstrated by deeper architectures,
such as LSTM2-GRU2 with a skip connection
(ResBiILSTM-BiGRU), which achieve maximum
values of 17.07 dB at 0 dB and 25.62 dB, respectively,
for all configurations considered. Although variants
of the LSTM-GRU-LSTM-GRU and LSTM2-GRU2
configurations without a skip connection also perform
well, they are inferior to the LSTM2-GRU2-Res
architecture in terms of stability and absolute metric
values across the entire SNR range.

Figure 7 shows the results of the proposed method
for the following eight types of modulation: BPSK,
QPSK, OQPSK, 8PSK, 16QAM, 64QAM, GMSK,
and OOK. At low input SNRs, 64QAM, 16QAM, and
8PSK demonstrate the lowest efficiency, exhibiting
a lower output SNR, PSNR, and correlation
coefficient, while the MSE is higher. BPSK, GMSK,
and OOK show the best results under the same
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conditions. As the SNR increases, the difference
between the modulations decreases; however, higher
orders of QAM and 8PSK continue to demonstrate
slightly lower efficiency.

Figure 8 shows some examples of time domain
signal comparisons at different SNR levels after noise
suppression methods have been applied.

CONCLUSIONS

A novel hybrid ResBiLSTM-BiGRU neural network
architecture for noise suppression in digital modulation
signals transmitted over an AWGN channel is proposed.
Experimental results confirm that the proposed model
achieves an average SNR reconstruction improvement
of 2-3 dB compared to RaGAN, and an improvement
of over 10 dB as compared to WT. The model also
demonstrates the lowest MSE values and highest
correlation coefficients across the entire input SNR
range from —10 to 10 dB. The PSNR values additionally
confirm the model’s high signal reconstruction accuracy,
particularly at low SNR levels.
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Fig. 7. Results of evaluating the accuracy of the proposed method for eight types of modulation:
BPSK, QPSK, OQPSK, 8PSK, 16QAM, 64QAM, GMSK, and OOK for different SNR input levels:
(a) output SNR, (b) MSE, (c) PSNR, and (d) correlation coefficient
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Fig. 8. Signals after noise suppression by various models for the modulated signal:
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Analysis of the parameters shows that the
optimal configuration has 128 hidden nodes, while
additional nodes increase the dropout rate leading
to a significant reduction in accuracy. Among the
studied architectures, the deep ResBiLSTM-BiGRU
model demonstrates the highest overall efficiency.
These results confirm the effectiveness and promising
potential of the proposed ResBiLSTM-BiGRU hybrid

Future research will focus on integrating
the noise reduction module with the automatic
modulation classification system in order to improve
the overall performance of a radio communication
system.
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Abstract

Objectives. The aim of this article is to investigate the possibility of forming vector radio images of small-size
objects (SSO) using a digital vector network analyzer (VNA) with a controllable bandwidth and frequency step of the
tracking generator.

Methods. The work is based on the comprehensive application of the following methods: analysis of radio wave
processes in the context of radio vision, the apparatus of N-pole theory, numerical methods of statistical radio
engineering, and computer modeling (including both electromagnetic and functional-block simulation).

Results. A new method for vector tracking-formation of signal radio images of SSO has been developed. Its
fundamental difference from traditional pulsed methods of near-field radio vision lies in the use of an S-parametric
model of a spatial N-pole to describe the inhomogeneous medium, as opposed to approaches based on scalar signal
transformation. To analyze the accuracy of the method, a model of operator {-transformation has been proposed,
allowing for the evaluation of projective distortions in vector radio images of SSO signatures. Verification of the
method was carried out on a custom-developed software-hardware complex based on the R&S ZNLE6 VNA. The
complex provides coherent processing and verification of signal radio images of SSOs recorded under the influence
of non-fluctuating interference.

Conclusions. During the research, a method for vector tracking-based formation of radio images with spectro-temporal
unfolding of the power spectral density function was proposed. This method is free from the limitations of pulsed analogs
and can be used as one of the solutions for verifying SSO in near-range radio vision. The foundation of the proposed
method can be a model of an inhomogeneous medium as a spatially-oriented system of coupled N-poles, described
by S-parameters. The practical effectiveness has been experimentally confirmed: the probability of verifying a SSO
reaches at least 0.94 (Neumann—Pearson criterion) with a signal-to-noise ratio >15 dB and a signal-to-interference
ratio 29 dB. These results are of practical value for the development of near-field radio vision technologies.
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Pe3iome

Lenu. Liensto ctaTbn ABNSETCA UCCneaoBaHme 0CoOeHHoCTen pOpPMUPOBAHNSA BEKTOPHbLIX Paanon3odbpaxeHunin ma-
nopaamepHbix 00bekToB (MPO) npu nomMoLum umMdpOoBOro BEKTOPHOrO aHanuaartopa uenen (BALL) ¢ ynpaensembsiMm
MOJSIOCON 1 LIAroM NepecTPOmKM YaCcTOTbl TPEKMHI-reHeparopa.

MeTopabl. PaboTa 0OCHOBaHa Ha KOMMIEKCHOM MPUMEHEHUN CNEeAYIOLLMX METOA0B: aHaNIN3 PaayioBOJIHOBbLIX MPOLLEC-
COB B KOHTEKCTE paanosuaeHuns, Teopmnsa N-nontoCHUKOB, YACTEHHbIE METOAbI CTATUCTUHECKOM PaanOTEXHNKU 1 KOM-
NbIOTEPHOE MOAENNPOBAHME (BKIIOYASA S/1IEKTPOANHAMUNYECKOE U DYHKLMNOHANBHO-6104HO0E).

Pe3synbTaTtbl. Pa3zpaboTaH HOBbII METOA BEKTOPHOrO TPEKUHI-POPMUPOBAHUSA CUTHANBbHBIX Paanonsobpaxe-
HUA MPO. Ero npuvHUMnuanbHoOe OTaMYMe OT TPAAULMOHHBLIX MMMYbCHLIX METOO0B GAMXHEro paavoBUOEHUS
3aKJIlo4aeTCs B UCMOJIb30BaHUM S-napamMeTpuyeckon Moaenn NnpocTpaHCTBEHHOro N-nonoCcHUKa o8 OnncaHns
HEOLHOPOLHOW cpenbl BMECTO MOAXOA0B, OCHOBAHHbLIX Ha CKansipHOM CUrHalbHOM npeobpa3oBaHuun. [na aHa-
n3a TOYHOCTU MeToAa NMPensioXeHo onepatopHoe W-npeobpaszoBaHue, NO3BONSOLWEE OLEHUTb NMPOEKUNOHHbIE
MCKaXeHUs BEKTOPHbIX paanonsobpaxeHunii curHatyp MPO. Bepudukaums meToaa ocyLlecTBleHa Ha CO30aHHOM
nporpaMmMHo-annapaTHoM komrnnekce Ha 6a3e BAL, R&S ZNLEG (npoussogutens — Rohde & Schwarz, l'epmanus).
Komnnekc obecneymBaeT cornacoBaHHyo 00paboTky 1 BepudurKaumo CUrHanbHblx paguonsobpaxeHnin MPO, pe-
rMCTPUPYEMBbIX B YCITOBUSIX BO3AENCTBUS HEDNYKTYALIMOHHbIX MOMEX, a Takxke aaauTUBHOro 6enoro rayCcoBCckoro
uyma.

BbiBOAbl. B x00€e nccnepoBaHvs nNpenjioxXeH MeTo[, BEKTOPHOIO TPEKUHM-GOPMUPOBAHMS Paanon3obpaxeHni
CO CMeKTpasbHO-BPEMEHHOW Pa3BePTKON MYHKLIMM CNEKTPaNIbHOM NNOTHOCTU MOLLIHOCTWU, CBOOOAHLIV OT OrpaHn-
YEHUI MMMYJbCHBLIX aHAIOrOB, KOTOPbIA MOXET ObiTb MCMOJIb30BAaH B KAYECTBE OLHOIO U3 pelleHnii Bepuduka-
umm MPO B 6nmxHeM pagmoBuaeHn. OCHOBOV NPeajioXXEHHOr0 MeTOAa MOXET CNY>XUTb MOAENb HEOOHOPOAHOM
cpeabl Kak MPOCTPAHCTBEHHO-OPUEHTUPOBAHHOM CUCTEMbI CBA3aHHbLIX N-MOJIIOCHUKOB, OMUCbIBAEMON S-napame-
Tpamu. MNpakTrnyeckas adPeKTMBHOCTb NOATBEPXAEHA 3KCMEPUMEHTANIbHO: BEPOSTHOCTbL Bepudukaumm MPO po-
cturaet He MeHee 0.95 (kpuTepuin HelimaHa — MupcoHa) npu OTHOLWEHUN curHan/wym 215 b 1 OTHOLWWEHUN cur-
Han/nomexa >9 nb. Pe3ynbTaThl NPeACTaBNASIOT NPAKTUYECKYIO LEHHOCTb OJ19 Pa3BUTUS TEXHONOrMiA GAVXKXHErO
pagnoBnaeHUS.

KnioueBble cnoBa: BEKTOPHOE paanonsobpaxeHune, paguonaeHTndnkaums, MmasopasmMepHblili 00beKT, curHaTypa
obbekTa, paanoreHom

Ana uvtunpoBanusa: LlaovHoB C.C., KoctnH M.C. TpekuHr-bopmmrpoBaHne BEKTOPHbIX Paavon3obpadkeHuii. Russian
Technological Journal.2026;14(4):96—105. https://doi.org/10.32362/2500-316X-2026-14-4-96-105, https://elibrary.ru/TAFVWJ

Mpo3payHocTb GUHAHCOBOW AEeATEeNIbHOCTU: ABTOPbLI HE UMEIOT (PUHAHCOBOM 3aMHTEPECOBAaHHOCTM B NPeaCTaB/IeH-
HbIX MaTepuanax unm metogax.

ABTOpPbI 3a9BASIOT 06 OTCYTCTBUM KOHMIMKTA MHTEPECOB.
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INTRODUCTION

The signal verification process in short-range radio
vision systems designed for small-sized objects (SSOs)
is influenced by several factors. Key aspects include the
selection of authenticators, system configuration, and
post-processing algorithms. Since the authenticators
that define the object’s properties manifest as specific
deformations in its scattered field spectrum, the primary
step in creating a radio image involves analyzing the
reflected field structure and identifying features within
the radio signal image. For probing purposes, either
a pulse signal or a signal with a linearly varying power
spectral density (PSD) function can be employed [1].

The use of signals having a gradual (linear)
frequency-time sweep has advantages over the classical
pulse method. These include high stability of signal
phase synchronization, flexible vector and scalar scaling,
the ability to selectively analyze the object’s response
to different frequencies while suppressing interference,
high matched filtering efficiency, and the ability to adapt
the shape of the probing signal to the object’s specified
impulse response (IR) [2].

The relevance of the study consists in the potential
use of the described method to construct SSO radio
images in complex, dispersive, reactive, and nonlinear
environments.

Since the material environment and the radio
vision object that generate complex radiophysical
distortions can be considered as an N-pole with an
S-matrix, the proposed technique takes into account
the contribution of each harmonic to the synthesized
radio image in accordance with a given feature cluster.
Consequently, vector tracking-based formation of radio
images with spectral-temporal resolution becomes an
efficient solution for noise-resistant short-range radio
vision, ensuring the effective detection and verification
of SSO signal radio images in the presence of non-
fluctuating interference and noise [3].

While traditional radio vision systems utilize scalar
signals, such as ultrashort or linearly modulated radio
pulses, vector signals, which are represented by an array
of amplitudes and phases, allow the temporal profile of
a radio image to be reconstructed using a polynomial.
By controlling the frequency tuning step of the tracking
generator, compressed spectral sensing techniques
can be applied to reduce the number of measurements
per sample while maintaining information. This
presents new opportunities for addressing radio vision
challenges, including those related to priority radio
guidance systems [4]. This paper therefore proposes
generating vector radio vision signals in the form of
S-parameters from a heterogeneous environment. The
proposed S-parameter method offers several benefits,
including the ability to facilitate the radio identification

of small objects in the presence of noise and non-
fluctuating interference based on the coherent reception
of the radio vision signal. Several studies conducted
by foreign researchers have demonstrated the need for
in-phase reception using MIMO SAR! technology when
processing deflated radio images [5]. Most research in
the field of radio vision focuses on 2D visualization
methods for radio images of objects [6], based on
multi-position scanning [7]. The method proposed in
the present paper enables the generation of signal radio
images in a single-position configuration without raster
scanning by obtaining an §,, vector profile [8].

1. S-PARAMETRIC N-POLE SYSTEM
CORRESPONDING TO SSO

The proposed method involves representing SSO
and its surrounding environment (the scene) as an N-pole
system. This system can be analyzed using the theory of
N-poles and S-parameters. The example of a quadcopter-
type SSO, whose radio signatures are analyzed further in
this paper, are shown in Fig. 1.

Fig. 1. Quadcopter-type SSO when capturing
aradio image

In this case, the non-uniform system consists in
a four-pole network comprising two antennas connected
to a vector network analyzer (VNA) and the SSO. This
network is defined by a radio image derived from the
parameter , which can be described by the following
analytical expression:

U'Ref (n)
UTX (I’l) ’

: N M .
where Upe(m)=2 >k, dr, exp(j(@,1 +0,,,))*h, *hgy
is the signal received after being scattered by the

Sy = (1

I Multiple Input Multiple Output Synthetic Aperture
Radar is a combination of two technologies: MIMO (Multiple
Input Multiple Output), which uses multiple input and output
transmission channels; and SAR (Synthetic Aperture Radar),
which employs a synthetic aperture antenna.
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N
SSO signature; UTx (n)= Z Ary exp(j(w,t+¢,))*h,

n=1
is the transmitted signal; A is the signal amplitude;
®, = 2nf, is an angular frequency of the nth harmonic of
the synthesized radio vision signal; ¢, is the phase of the
nth harmonic; /4, is the antenna IR; Ay is the
environment IR; N = 200 is the number of harmonics in
the synthesized signal; M is the number of elementary
reflecting planes forming the instantaneous signature of
the object; * is mathematical convolution; and k, is the
attenuation decrement specified for each discrete value
of the formant as follows:

ko= Pry Dy Dy )
" (4nR)?

where P, is the power of the tracking signal formant;
A, is the wavelength of the nth harmonic of the
synthesized signal; D, and D, are directivity coefficients
of the transmitting and receiving antennas, respectively;
and R is the distance from the transmitting antenna to the
signal reception point.

The discrete variation in the frequency of the
synthesized signal within a given range is described by
summation over # in (1), while its interaction with the
SSO is described by summation over m. However, despite
the presence of phase information in (1), fundamental
ambiguity arises in the form of phase uncertainty. In the
absence of attenuation, adding a phase component that
is a multiple of 2z to the sum does not alter the value of
the entire expression.

Therefore, to verify the SSO, itis necessary to capture
and process radio images of SSO signatures (that is,
radio images of the SSO at a specified angular position)
in order to create a database of reference radio images.
In this case, the size of the sample and the accuracy of
the database determine the probability of recognition
according to a given SSO verification criterion.

2. OPERATOR-BASED W-TRANSFORM
OF VECTOR RADIOIMAGES

Several studies by foreign researchers have
proposed a method for compensating for amplitude
attenuation of the radio vision signal in order to correct
distortions in the resulting radio images [9]. The
amplitude-phase operator presented in the present
paper compensates for distortions in radio images
caused by the linear displacement of an object
perpendicular to the radio vision antenna. Since slight
fluctuations on the order of the wavelength lead to
significant distortion of radio images, the position of
the SSO relative to the antenna array is an important
parameter when recording radio images of
SSO signatures [10]. Due to the labor-intensive nature

of recording SSOs at a multitude of distances from the
antenna array, a V-transformation operator is proposed,
which uses amplitude and phase operators to
significantly reduce the required number of SSO
reference radio images. The amplitude operator, A{-},
which models natural radio wave attenuation, is
defined by a set of coefficients calculated using
attenuation decrement (2). The phase operator ¥{-}
determines the phase shift for each nth harmonic
component of the tracking signal. The initial distance
from the SSO to the antenna’s phase center is F, while
the wavelength A, for the harmonic with frequency f,
is defined as c/f}, where c is the speed of light. Each
mth elementary plane of the object contributes its own
phase contribution, ¢,, upon signal reflection. Thus,
the resulting phase ¢, for the nth harmonic with
frequency f, consist in the superimposition (sum)

M
Op =@y + Py + ot @y = D@, of all these

m=1
contributions. The general geometry of the problem
for an arbitrary distance F is shown in Fig. 2.

F=(N+AN)A/2
AVAVAVAN VAVAVAVA
PVAVAVAVAVAVAV

L

Fig. 2. Harmonics reflected from the SSO
elementary planes; /; and /, are distances between
planes in the SSO signature

For a harmonic with frequency f,, the distance F'is
a multiple of the wavelength (= NA,). Since the phase
factor 21tV is an integer that does not alter the value
of the total phase ¢,, it can be omitted. Consequently,
the phase ¢,, which is determined by the object’s
geometry (i.e., the arrangement of the elementary
planes), is invariant to the term 27N and thus provides
information about the SSO shape.

Consider the displacement and corresponding
distortion of the signature of a radio vision object located
at a distance of F'+ AF (Fig. 3).

In this case, the displacement is defined as

A A
E(N+ AN) +5(N1 +AN;), where AN, is the residual

displacement for the distance AF, AN =2iﬁl,
T

while ¢ = AN2m is the phase at the initial distance F.
The additional phase at the new distance F'+ AF for each

Russian Technological Journal. 2026;14(4):96-105

99



Tracking-based formation of vector radio images

Sergey S. Shadinov,
Mihail S. Kostin

elementary plane of the object is then defined
as A¢ = AN,2n. The resulting phase is defined as

M
0, = Z ¢,, + MA@. The number of -elementary
m=1
planes M into which the topology of the SSO surface is
divided is not a fixed parameter. Rather, its value depends
on the signal frequency range: as the wavelength
decreases (i.e., as the frequency increases), smaller
surfaces are analyzed, leading to an increase in M.
Figure 4 illustrates this dependence.

F
(N +ANA/2 AF
(N)A/2

,\/ \\//\ // \ / \/ \// \/ Y 12

Fig. 3. Reflection from the SSO topological

inhomogeneities for the harmonic
when the distance changes by AF
-

[ HEH\/

Fig. 4. Discretization of the MRO surface at different
wavelengths (A > A,); (a) A, =c/f; (b) A, = c/f,;
E is intensity of the incident electric field

Since the synthesized probe signal consists of a sum
of harmonics that are separated in time, the number of
elementary planes M is a function of frequency. The
value of M is calculated for each spectral component
/,, according to its wavelength [11]. Thus, for the nth
harmonic of frequency f,, we denote the number of
planes considered as M, .

Since the value of ApM, usually exceeds 2m, the

ApM

——7" where R is

remainder from the division App, = 2R
n

an integer, is important. The resulting phase when the
object is located at a distance F' + AF from the antenna

M
array is therefore @, = Z ¢, tAQp.
m=1

The value of the elementary plane M, for the
nth harmonic is directly proportional to its wavelength,
while the number of M, increases as the frequency
rises. Therefore, the frequency grid {f,} specified by
the algorithm uniquely determines the corresponding
set of values {M, }. To perform the calculation, it is
sufficient to determine the base value M, from the low-
dimensionality condition at frequency f,.

Although the implemented method does not allow for
the direct measurement of the parameter M, it is possible
to record the number of phase jumps corresponding to the
desired value of M, when recording the time-domain signal.

Thus, to obtain the transformed radio image from
the reference image <S,;> from the reference Sy,
when the antenna is displaced by a distance F along its
axis of symmetry, the operator composition
<8p> = A{Y{S,,}} is applied.

3. HARDWARE-SOFTWARE SYSTEM
FOR REAL-TIME RADAR VISION BASED ON VNA

The radar vision system (Fig. 5) consists of two
HE400UW antennas having a range of 0.03—6.0 GHz, as
well as a ZNLE6 VNA that has a range of 0.001-6.0 GHz
(manufactured by Rohde & Schwarz, Germany).

The peaks in the antenna radiation patterns are
mutually aligned at an angle of 60° with a distance of
1 m between the phase centers of the antennas. The VNA
is connected to the control computer via Ethernet. The
computer runs custom software, whose block diagram is
shown in Fig. 6 in the Simulink environment.

The generated reference radio images are stored
in a database (Block 7). The SSO radio image under
study is received via Block 3 from VNA and fed into
Block 2 to calculate the correlation coefficient (CC).
Next, the decision-making module (Block 4) outputs
a reference radio image corresponding to the SSO
under study. If, based on estimates of the signal-
to-noise ratio (SNR) and the signal-to-interference
ratio (SIR), the CC value exceeds the 0.9 threshold,
the system identifies the SSO.

Figure 7 shows the examples of radio images of
SSO (quadcopter) signatures taken from three different
angles.

The decrease in amplitude observed in the images
is due to frequency-dependent attenuation: high-
frequency radio waves are attenuated more rapidly by
the environment than low-frequency ones.

Figure 8 shows the VNA screen during real-time
recording of an SSO signature radio image.
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1 30 MHz — 6 GHz 3 4 30 MHz — 6 GHz,

Fig. 5. Block diagram of the real-time radio vision system:
(7) software implementation in the Simulink? environment, (2) VNA,
(3) receiving antenna, and (4) transmitting antenna

1.1 x1

~ X2 fcn

b X2 fcn

* o0
S
<

.

=
1.2 x1 ‘E

1.N -1 x1
P Ty
X2 fcn
1.N o1 2N
+ =
X2 fcn
1 - 2
3 |— 4.1
u
4.2
ul 1
u2
4

Fig. 6. Block diagram of the radio vision system software suite:
(7) reference radio image database block (1.1, ..., 1.N are reference radio images);
(2) correlation processing block (2.1, ..., 2.N are correlators with graphical output of the correlation coefficient);
(3) VNA vector data transmission block; (4) identification block (4. 7 is the block for finding maximum CC;
4.2 is the module for outputting the name of the corresponding reference radio image); x, and x, are inputs to the
FCN block, in which the correlation of two radio images is compared; u, u,, and u, are inputs of the block 4.7

2 https://www.mathworks.com/products/simulink.html. Accessed May 22, 2026.
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30 35 40 45 50 55 6.0
f, GHz

30 35 40 45 50 55 60
f, GHz

30 35 4.0 45 5.0 5.5 6.0
f, GHz

Fig. 7. Radio images of quadcopter-type SSO signatures at three scanning angles:
(7)0°, (2)45°, and (3) 90°

Fig. 8. VNA screen during real-time recording of SSO signature radio images

The radio image of the SSO signature is displayed
on the VNA screen as the lower curve. The upper curve
shows the phase run-up with the characteristic phase
jumps that correspond to the reflection of the radio vision
signal from the elementary planes of the SSO signature.

4. EVALUATION OF THE REPRODUCIBILITY
OF SSO VECTOR RADIO IMAGES

A series of experiments involving 30 consecutive
radio image acquisitions for selected signatures from
three SSOs was conducted to evaluate the effectiveness of
the method. Imaging performed at three different angles
for each object resulted in a sample set of 270 radio
images. The proportion of successful identifications
was then calculated for each “SSO-angle” combination
in the sample. A radio image is considered successful
if its CC with the reference image exceeded the
0.9 threshold on the Chaddock scale. Thus, the ratio of
successful identifications to the total number of trials
was determined for each angular position of each SSO.

According to the Neyman—Pearson criterion,
the method’s effectiveness, as averaged over the

experimental sample for the three SSO signatures and
satisfying the CC > 0.9 condition, is 95%.

The method’s immunity to interference is
evaluated by analyzing of the performance of coherent
reception when applied to a tracking signal. This is
its advantage over pulse-based radio vision [12].
Due to the harmonic nature of the signal, for which
the frequency and phase are known at every instant,
synthesizing a matched filter becomes a standard
problem. The filter’s frequency response corresponds
to the signal spectrum (up to the coefficient), while
its inverse frequency response is the mirror image
having a delay equal to the signal duration [13].
Figure 9 shows the spectral representation |U(f)| of
the signal accumulated PSD (N = 200 harmonics) and
interference.

A comparative assessment of the noise immunity
of two PSD formation methods is conducted (Fig. 10):
impulse (curve /) and time-frequency sweep of the
PSD (curve 2) [14]. To this end, the graphs depict the
dependence of SNR and SIR on CC of random signatures
in the presence of additive white Gaussian noise and
non-fluctuating band interference [15].
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Fig. 10. Distribution of the radio image signature CC as a function of SNR (a) and SIR (b)

The graphs show that, due to coordinated reception,
the method for vector tracking-based formation of signal
radio image has an advantage of 8 and 5 dB, respectively,
compared to pulse radio imaging at CC=0.9. This ensures
SSO verification at SNR > 15 dB and SIR > 9 dB for
the time-frequency sweep method, and at SNR > 23 dB
and SIR > 14 dB for the pulse-generated PSD method.

CONCLUSIONS

Scientific and practical results regarding the
applicability of the tracking-based formation method
for verifying vector radio images of SSO signatures
have been presented. This was achieved using
a radio visualizer laboratory prototype based on
adigital VNA (R&S ZNLE6) and two HE400UWB ultra-
wideband antennas. The prototype implements a semi-
automatic processing cycle in Simulink with real-time
correlation analysis. The scientific and practical results
obtained are as follows:

e The developed method for vector tracking-based
formation of signal radio images overcomes the

limitations inherent of scalar approaches based on
impulse spectrum formation.

e The representation of a heterogeneous radio wave
propagation environment has been validated as an
S-parameter system of coupled N-poles, taking into
account their spatial orientation.

e The proposed algorithm for the operator W-transform
establishes the dependence of projection distortions
in vector radio images of signatures on the spatial
position of the object.

e It is confirmed that the recognition of SSO
signatures based on vector radio images ensures
SSO verification at SNR > 15 dB and SIR > 9 dB
with a defined CC = 0.9.

e Experimental data confirms reproducible SSO
recognition at the 95% level when using a sample of
N=>200 harmonics in coherent radio vision reception
at SNR > 15 dB and SIR > 9 dB.
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Abstract

Objectives. The nature of the “waterfalls” observed in the photoemission spectra of cuprate high-temperature
superconductors is explained by calculating the angle-resolved photoemission spectra of systems with significant
electron—phonon interaction and dispersion law characteristic of cuprates. The resulting spectrum is compared with
the results of experiments on superconducting cuprates.

Methods. Photoemission spectra obtained within a two-component model, comprising a liquid of large-radius
bipolarons and a Fermi liquid of delocalized charge carriers, are calculated based on Fermi’s golden rule using the
bipolaron and polaron binding energies, polarization field energy, and wave functions of charge carriers in them. The
approach is based on previous findings that such a two-liquid system forms the ground and weakly excited states
of systems with strong Frohlich electron—phonon interaction.

Results. Angle-resolved photoemission spectra of systems with strong electron—phonon interaction and cuprate-
like dispersion were calculated using the parameters of a two-fluid charge-carrier system, which were obtained
by minimizing the free energy of the system. Features of the resulting spectra observed in the experimental spectra
of cuprate superconductors with the corresponding doping level provide a basis to analyze their physical causes.
Conclusions. The model used for the calculations is characterized by different energies of relaxation following the
photoemission from the self-trapped state and delocalized state, which coexist and divide the momentum space
in accordance with the Pauli exclusion principle under long-range strong electron—phonon interaction. This energy
difference, which leads to the formation of so-called waterfalls in the angle-resolved photoemission spectra (ARPES
spectra) in the nodal direction, also determines their heights. The wave vector of the waterfall is associated with
the equilibrium size of bipolarons at given doping level and temperature by the uncertainty principle, as well as the
change in this wave vector with varying doping level that agrees with the phenomena observed in the experimental
spectra.

Keywords: cuprate superconductors, strong electron—phonon interaction, large-radius bipolaron, photoemission

spectroscopy
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Peslome

Llenu. C uenbio 06bACHEHNS NPUPOabl «BOOOMNAA0B», HabNogaeMblX B @OTOSMUCCUOHHBIX CMEKTPAxX KyrnpaTHbIX
BbICOKOTEMMEPATYPHbIX CBEPXMNPOBOAHMKOB, B paboTe BbIMNOJSIHEH pacyeT GOTO3IMMUCCUOHHbLIX CMEKTPOB C Yrno-
BbIM pa3peLLleHNeM CUCTEM C CUJTbHbIM 3NEeKTPOH-POHOHHBLIM B3anmoaencTenem (3PB) n 3akoHOM amncnepcun,
XapakTePHbIM A9 KyrnpaTtos, 1 NPOM3BEeAEHO CPABHEHME MONYYEHHOr0 ChekTpa C pe3dyfbTaTaMn 3KCNEePMMEHTOB
Ha CBEPXNPOBOAALLMX KynpaTax.

MeToabl. POTOSMUCCUMOHHbIE CNEKTPbI PacCYnTaHbl HA OCHOBE 30J10TOro npasuna PepmMmn NP UCNosib30BaHNN
3HEeprun cea3m BMNONSPOHa 1 NMONSPOHA, SHEPTUM MOJIS NONSPU3aLMN 1 BOMHOBbLIX QYHKLMK HOCUTENEN 3apsia
B HUX, MOJIy4EHHbIX B paMkax ABYKOMMOHEHTHOM MOAENM, BKIOYAIOLWEN XMAKOCTb GUNonsapoHoB 60/1bLWIOro paamy-
ca 1 pepmMu-XNOKOCTb AeNI0KaIM30BaHHbIX HocUTenel 3apsaa. PaHee Gbino NokazaHo, YTo Takas ABYXKUOKOCTHAs
cucTema o6pasyeT OCHOBHOE 1 c1labo BO30YXAEHHbIE COCTOSIHMSI CUCTEM C CUJTbHBIM Ppénnxoscknm PB.
PesynbTaTtbl. PaccumtaHbl CcnekTpbl GOTOIMUCCUOHHOW CMEKTPOCKONUM C YrAOBbIM Pa3peLleHNEM OT CUCTEM
C cunbHbIM QPB 1 kynpaTtonogobHOM ancnepcmein Npu NCNoib30BaHUM NapamMeTpPoB ABYXKUOKOCTHOM CUCTEMBbI
HocuTenen 3apsiaa, MosyYeHHbIX MUHUMM3auuel CBOOOOHOM 3HEPrUM CUCTEMBbI. [olyd4eHHbIE CNEKTPbI AEMOH-
CTPUPYIOT 0COOEHHOCTU, HabNgaeMble B 9KCNEPUMEHTASIbHbBIX CMEeKTPax KynpaTHbIX CBEPXMPOBOAHNKOB C COOT-
BETCTBYIOLLMM YPOBHEM JOMMPOBAHUS, HTO NO3BOJISIET Pa30bpaTbCs B GU3NYECKUX MPUYMHAX 9TUX OCOOEHHOCTEN.
BbiBOAbI. B MCN0b30BaHHOM ANs pacyeTa MOAeNn pasnmyHasa aHepreTmyeckas LueHa penakcauym CUCTeMbI NOCne
dOTO3MMCCUN N3 aBTOIOKANIM30BAHHOIO U AE10KaNM30BaHHONO COCTOSIHUIM, KOTOPbIE MPWY AaNIbHOAENCTBYIOLLEM
cunbHoM OMB cocyLLECTBYIOT U AENST UMIMYJIbCHOE NPOCTPAHCTBO B COOTBETCTBUN C NPUHLMNOM lMaynu, npuBoamnt
K BO3HWKHOBEHMIO «BOJ0MNaA0B» B criekTpax ARPES! B HopanbHoM HanpaeneHuu. BeicoTa «Bogonana» onpenensieT-
Cs pas3nnunemM B 3HEPreTn4eckom CTOMMOCTK penakcaumn. BonHOBOWM BEKTOP «BOAOMaAa» CBA3AH C PaBHOBECHbLIM
pasmepom G1NoNSAPOHOB NPY JAaHHOM YPOBHE 0MNUPOBaHUSA 1 TEMMEPaType COOTHOLLEHNEM HEONPEAENEHHOCTEN,
M3MEHEHME ero BeIMUMHbI C A0NMPOBAHNEM COrflacyeTcs ¢ HabntogaeMbiM B 9KCNepuMeHTabHbIX CIeKTpax.

T Angle-resolved photoemission spectroscopy — ¢poTO31eKTPOHHAsA CEKTPOCKONUS C YrI0BbIM paspeLleHnem.
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Mpo3spayHocTb hMHAHCOBOW AeATENbHOCTU: ABTOPbI HE UMEIOT PUHAHCOBOI 3aMHTEPECOBAHHOCTN B MPEACTAB/IEH-

HbIX MaTepuanax nin MetToaax.

ABTOpPbI 3aBASIOT 06 OTCYTCTBUM KOHMIMKTA MHTEPECOB.

INTRODUCTION

Since the discovery of high-temperature
superconductivity, both experimental and theoretical
approaches for studying cuprate high-temperature
superconductors (HTSCs) have been developed.
However, the mechanism of charge-carrier pair
formation, which 1is the fundamental cause of
superconductivity in cuprates, remains unclear.
Currently, there is no single, generally accepted
explanation for the origin of multiple phases in
cuprates. In particular, in hole-doped systems, up to
seven different phases are observed, whose formation
mechanisms (for example, the pseudogap and
“strange metal” phases) do not all yet have a clear
interpretation [1]. An explanation is also required for
the properties of the normal state of cuprate HTSCs,
including the appearance of an energy gap in the
charge-carrier spectrum at temperatures exceeding
the superconducting transition temperature 7, (critical
temperature), different dependencies of the charge
ordering period on the doping level in the charge density
wave phase in various cuprate systems, a sharp change
in the shape of the Fermi surface from small electron
pockets to a large hole surface at a sixfold increase in
its volume with an insignificant increase in the doping
level, and the sign reversal of the Hall coefficient.

The explicit and strong dependencies of the
properties of the system on the composition of the
material are also yet to be satisfactorily explained: for
example, T differs greatly among different cuprate
families (for single-layer cuprate based on lanthanum,
the critical temperature is 7, = 40 K; for HTSC based
on yttrium, 7, = 93 K; and the maximum critical
temperature (7, = 133 K) is currently exhibited by
amercury-containing superconductor). Another unsolved
problem is the existence of superconductivity in systems
that differ in terms of their properties and structure. For
example, while pnictides (iron-based high-temperature
superconductors) contain a superconducting phase, their
parent compound is a metal, rather than a dielectric.
Meanwhile, the symmetry of the order parameter (i.e., the
wave function of the Bose condensate) has s'-symmetry

in contrast to d-symmetry in cuprates. However, the
existence of electron correlations in pnictides has not
been unambiguously established [2].

Since comprising systems having strong electron
correlations, cuprates have been conventionally studied
using tight-binding models. However, researchers have
noted [ 1] that these models cannot explain the full set of
experimental data on cuprates [3]. In addition to electron
correlations, an important factor accelerating progress in
this direction concerns the influence of the crystal lattice
on the states of carriers in HTSC materials [1]. This
influence supplements the theory of superconductivity
with the dependence of the properties of the system on
the structure of the material [4], which, as described
above, significantly affects the properties of cuprates.
Thus, when taking into account the dependence of the
properties of high-temperature superconductors on their
structure, the electron—phonon interaction (EPI) should
be considered.

1. CUPRATE MODEL USED
IN CALCULATING ARPES SPECTRA

It is necessary to note the existence of two types
of EPI: strong and weak. The strong interaction
can arise either due to deformation of the crystal
lattice, which changes the electric field and creates
a deformation potential, or due to Coulomb repulsion
between electrons. In the first case, localized states of
carriers are formed, which are smaller in size than the
unit cell. Such states are called small-radius polarons
and bipolarons. In the second case, the Coulomb
interaction leads to the formation of large-radius
polarons and bipolarons, having sizes several times
larger than the unit cell. This second type of interaction,
which is referred to as long-range, is more suitable
for descriptions of the properties of cuprate HTSCs due
to their ionic crystal lattice, which is known to have
high polarizability.

The presence of the strong EPI in cuprates is
evidenced by a pronounced decrease in the dispersion
of phonons near the wave vector of charge ordering [5],
which is called “softening” of phonon modes. Another
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of the most obvious manifestations of the strong EPI in
cuprates is the giant broadening of bands in the angle-
resolved photoemission spectra (ARPES spectra) [4].
The discrepancy between the short-range EPI model
and the observed properties of cuprates lies in the
different modes of motion of small and large bipolarons.
Cuprate HTSCs are known to exhibit a relatively high
conductivity even at low doping levels. However, small-
radius bipolarons cannot move coherently; their motion
along the crystal is only possible via thermally activated
hops, during which a carrier leaves the polarization
potential well at one site and forms it at an adjacent one.
Unlike the case of large-radius bipolarons, small-radius
bipolarons do not coexist with delocalized carriers due
to the low probability of such hops and the small size of
small-radius bipolarons. Therefore, systems with short-
range interactions cannot exhibit the high conductivity
that occurs in cuprates. For this reason, the most suitable
model for describing the properties of cuprate HTSCs is
the strong long-range EPI model.

It was previously shown [6] that the ground and
weakly excited states of such a system constitute a two-
component system of coexisting bipolarons of size much
larger than the lattice constant and delocalized carriers.
To calculate the parameters of this state in the model
of a compressible bipolaronic liquid, we generalized
the variational method to systems of interacting
compressible self-trapped carriers coexisting with
delocalized ones. The resulting doping—temperature
phase diagram, charge ordering period, and transition
temperature, as well as its dependence on the number
of conducting layers in the unit cell, are in qualitative
and quantitative agreement with experimental data on
cuprates. The previously calculated ARPES spectra [7]
are also in not only qualitative but also quantitative
agreement with experimental results. However, since
they were calculated before obtaining the parameters
of the ground and weakly excited states of the two-
fluid system of charge carriers [6], their calculations
were based on the polaron and bipolaron radii, binding
energies, and lattice deformation energies calculated
for an isolated polaron and bipolaron. For this reason,
it becomes necessary to check whether the agreement
between the calculation results and the experimental
data is maintained when using these quantities found
by minimizing the free energy of the system [6]. It
turns out that the radius of the polaron and bipolaron in
the conducting plane and in the direction perpendicular
to it, as well as the binding energy of the polaron and
bipolaron and the energy of deformation of the crystal
lattice in the polaron and bipolaron, differ quite strongly
in a bipolaron liquid from the case of an isolated
polaron and bipolaron in a medium with the same
polarizability of the crystal lattice. This is due both to
the strong anisotropy (quasi-two-dimensionality) of

the cuprates and the compression of the self-localized
states compared to their size in the case of a single
polaron or bipolaron.

It is important to note that the photoemission
spectra of cuprates recorded in different directions
in momentum space have different features [8]. In
the antinodal direction, i.e., along the faces of the
Brillouin zone, the experimental spectra exhibit the
absence of spectral weight near the Fermi surface, or
a pseudogap, whose width can reach 0.06 eV. Unlike
a conventional superconducting gap, the pseudogap
remains open in both the superconducting and
normal states. However, the nature of the so-called
pseudogap phase in the phase diagram of cuprates in
the doping level-temperature coordinates remains
a subject of discussion. Within the framework of the
approach under consideration, a method for solving
the Schrodinger equation, similar to the finite element
method, was developed to find stationary states of
delocalized charge carriers located in the additional
bipolaron potential. This method was used to show that
the pseudogap arises due to the absence of stationary
states of charge carriers with average momenta near the
antinodal directions [9].

In addition to the peak broadening discussed
above, two characteristic features are observed in the
nodal spectra of cuprates recorded in the direction of
the Brillouin zone diagonal: a kink [10] in the low-
energy part of the spectrum and a region of vertical
dispersion, which is referred to both as a “waterfall” and
as a high-energy anomaly [11-14]. The second feature
was explained within the framework of the strong long-
range EPI model as due the fact that the same system
contains carriers in delocalized and localized states.
These carriers, which divide the momentum space in
accordance with the Pauli exclusion rule, give different
energy contributions to the photoemission manifested
in the experimental spectra as regions of vertical
dispersion [7]. It was possible to calculate the wave
vector of vertical dispersion, &, by determining the half-
width and position of the bands in the photoemission
spectrum.

The magnitude of the wave vector & is determined
by the bipolaron R through the uncertainty principle as

Jn

ky =—— [6], while the bipolaron radius is determined
R

by the minimization of the free energy of the system.
Minimization of the free energy of the system at low
temperatures and low doping levels characteristic
of superconducting cuprates showed that the system is
virtually free of polarons [6]. However, since in such
a system the compression of self-localized states with
increasing carrier density is energetically favorable,
a hole produced by photoemission of an electron will
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form a hole polaron following relaxation to the
minimum hole energy region if the doping is below the
optimal value. At optimal and higher doping, further
compression of self-localized states becomes
energetically unfavorable, so the photohole remains
delocalized.

The calculations used the permittivity values (static
and high-frequency), which were taken from the optical
spectra, and the effective mass of carriers, which was
taken from the ARPES experiment data [15].

2. RESEARCH METHODS

Due to the complexity of the system under
consideration, it was necessary to use a combination
of several existing models and methods, as well as to
further develop them. The carrier dispersion in cuprates
can be determined directly from the experimental
ARPES spectra based on the correspondence of the
dispersion of the ARPES band in systems with strong
EPI with the carrier dispersion without EPI. According
to ARPES data [16], the dispersion of electrons and
holes near the extrema in hole-doped cuprates is
expressed by a parabolic function, while the Fermi
surface consists of four circular arcs centered at the
point (*m/a, +m/a), where a is the lattice constant.
The bipolaron binding energy and the energy of the
deformed phonon vacuum in sparse and dense systems
are calculated using the variational method that takes
electron correlations into account in the effective mass
approximation of the mean energy functional [15]. The
state vector of the system is written in the adiabatic
approximation using the coherent state representation
for the phonon field [17]. The application of this
representation allows for an analytical calculation
of the high-energy part of the ARPES spectrum
according to Fermi’s golden rule [15]. The original
theory of bipolarons considered the polarization field
as a classical field with an energy equal to its average
value (doubled binding energy [15]). As a result, the
width of the predicted band in the optical absorption
spectrum due to the photodissociation of polarons
could be determined only by the wave function
of the electron in the polaron [18]. The analytical
calculation of broad Gaussian bands arising as a result
of the generation of different numbers of phonons in
different occurrences of photodecay of polarons with
Poisson probability in optical conduction [19] and
ARPES spectra took into account quantum fluctuations
of the phonon field in a polaron on the basis of quantum
coherent states [17, 20].

The ground and weakly excited states of the system
are determined by minimizing its free energy over the
radius of self-localized states [6]. The free energy is
obtained using the charge-carrier distribution function

in systems with a strong Frohlich EPI. This charge-
carrier distribution function is constructed using the
Gibbs method [21]. As noted above, its main feature
consists in the possible coexistence of self-localized
and delocalized carriers occupying different regions
of the momentum space. As a result, photoemission
from these different regions of the momentum space
is characterized by different energies, which are
calculated according to energy conservation equations,
including those involving a change in the energy of
the electron and phonon fields due to relaxation after
photoemission.

The law of conservation of energy (the argument of
the d-function in the expression for the probability of
transition from the initial to the final state of the system)
relates the photoelectron energy (usually represented
through the so-called binding energy) with the number
of emitted phonons v. For example, in the case where
photoemission occurs from a delocalized state and the
photohole remaining after the photoemission forms
a hole polaron, 7Q + E(k) = E; + ® + Ep + vho, where
hQ is the energy of a photon with frequency Q, E(k) is
the dispersion law of the charge carrier, £, is the kinetic
energy of the photoelectron, @ is the work function,
E; is the binding energy of the resulting hole polaron,
and viw is the energy of phonons with frequency o,
respectively. In photoemission spectroscopy, the
photoelectron binding energy is usually introduced
as € = E, — (hQ — ®). Then the law of conservation
of energy takes the form E(k) = ¢ + Ep + vho. Along
with the momentum of the charge carrier in the initial
state, it contains only two variables, ¢ and v, which
allows the second to be to be expressed through the
first and substituted into the probability P of emitting
v phonons. Then, neglecting the dispersion of phonons,
we can express the probability A(k, €) to detect
a photoelectron with momentum & and binding energy ¢
in the form [19, 20]

Atk 8) o< PP, (1)
2 gv(e)—l _
P = ‘qu ‘ S SO
(e) {qu}:_vl;[< q CI> (v(e)=1)!

E —¢ AE
_ d
=_P ’v:Z|dZI.|2:i’ Q)

where vy, is the Fourier transform of the electron wave
function in the initial state; v is the average number of
phonons emitted as a result of relaxation of the system;
AEpvd is the of phonon vacuum deformation due to
strong EPI; summation in expression (2) is over sets
of v-,in which the sum of v- over all harmonics of
the phonon field is equal to v; and dzj is the average
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value of the creation operator of a longitudinal optical
phonon with energy Z® and wave vector ¢. In the
case of photoemission of delocalized electron with the
formation of a hole polaron, AEpvd is equal to E minus
the lattice deformation energy in the polaron.

In the case of photoemission of a carrier from an
electron bipolaron, the relaxation of the system after
the photoemission includes the transition of an electron
from the Fermi surface to a self-localized state. Here,
the excess kinetic energy of this electron is transferred
to the phonon subsystem, leading to additional
emission of an average V' = hzk% / (2m*hw) phonons,
where k, is the Fermi wave vector of the electron and
m" is the effective mass of the electron. The recovery of
a bipolaron from a polaron is additionally accompanied
by the emission of phonons, whose average number is
v, ~Vv;, where v, is the number of phonons emitted
during the decay of the bipolaron polarization “coat”
to a polaron one, since the initial and final states of the
phonon vacuum are reversed for the decay and recovery
cases. The average numbers of emitted phonons are
summed up in accordance with the properties of the
Gaussian distribution as follows:

v=v +172+V';2\71 +V' =
4)

~ 2(E®

bd ~Ebg) o+ h2kE | (2m”ho),

where Egvd and Egvd are the phonon vacuum
deformation energies of the bipolaron and polaron,
respectively. The law of conservation of energy at
doping above the optimal level and the photoelectron
momentum k < k; has the form (of course, at low
temperature):

Ey+0=E, +¢+ vho, (5)

where E| is the binding energy of the bipolaron. In the
case of hole doping below the optimal value, the binding
energy of the hole polaron formed by the hole emerging
from the Fermi surface is added to the right-hand side
of expression (5), while EpVd / ho is added to the right-
hand side of expression (4).

The coefficient 2 in expression (4) at the difference
of the phonon vacuum deformation energies in
the bipolaron and polaron corresponds to the case
where part of the phonon “coat” of the bipolaron has
completely decayed to a “coat” in the polaron. However,
since both the decay of part of the polarization “coat”
of the bipolaron and the relaxation of the electron
from the Fermi surface to the momentum region k < k,
corresponding to self-localized electrons are associated
with phonon processes, their times are of the same order.
In this case, the coefficient will be smaller than 2. Since
calculating its value is quite difficult, we used the first of
the two cases considered (systems with doping below and
above the optimal) to determine the coefficient from the

experimental spectrum, and the second case as a test (the
coefficient is the same in both cases). The obtained
coefficient value 0.8 for doping above the optimal value
demonstrated good agreement between the low doping
case calculated with this coefficient and the experimental
data. The low value of the coefficient is also consistent
with the value measured recently in a dynamic study of
X-ray spectra following resonant (through an optical
slit) photoexcitation of the complex oxide BaBiOs,
representing the parent compound of HTSC bismuthates.
The observed rapid recovery of the state of the system
after photoexcitation, while unexpected, should be
accompanied by deformation of the crystal lattice [22].

3. RESULTS AND DISCUSSION

Figure shows the calculated angle-resolved
photoemission  spectra of strongly interacting
electron—phonon systems with cuprate-like dispersion.
Figures (a) and (b) illustrate the case of low
doping (p = 0.05) and doping above the optimal
value (p = 0.17), respectively. The figures were
constructed using the results of minimization of the free
energy of a system with the inverse effective permittivity

1 1 1
—=—-——=0.27 (where ¢, = 3.45 is the high-
& &, £
frequency permittivity, and g, = 50 is the static

permittivity), the effective mass m* = 1.2m_ of electrons
and holes near the minimum of their energies (where m is
the mass of an electron), two conducting layers in the
unit cell with a distance between the layers of d = 4.1 A,
and the “thickness” of a polaron and bipolaron of 7 =6 A.
The values of 1/e* and g correspond to those observed
in cuprates (g, = 30-50 [23, 24], & = 3.5-4.0 [25]). At
the used parameters of the system, the calculated radius
of the bipolaron and polaron at low p = 0.05 is 13 A,
while at p=0.17, it is 7.1 A.

Figure (a) is in good agreement with the experimental
spectra in the nodal direction in the undoped parent
compound Ca,CuO,Cl, [14], as well as in the lightly
doped compound Bi,Sr,CaCu,Oq,5 [26] having the
superconducting transition temperature 7, = 5 K.
Figure (b) is consistent with the experimental spectrum
of the Bi2201 system in the nodal direction [11]. The
difference of the bipolaron radii in the lightly and heavily
doped system is manifested in a noticeable shift in the
momentum of the “vertical dispersion” k, toward an
increase with increasing doping (due to a decrease in the
bipolaron radius). A similar shift is also clearly expressed
in the experimental spectra. The position of the high-
energy intensity maximum also undergoes a shift, here
to the region of lower binding energy with increasing
doping. The physical reason for this shift is the lack of
the possibility of self-trapping of the photohole at doping
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Figure. Calculated maps of the intensity of angle-resolved photoemission spectra
of strongly interacting electron—phonon systems with cuprate-like dispersion at (a) low and (b) high doping levels.
The horizontal axis shows the projections of the charge-carrier wave vector k, and k in the copper—oxygen plane
of cuprates along the nodal direction (the diagonal of the first Brillouin zone):
ais the size of the unit cell of the crystal, a = 3.86 A

levels higher than optimal, which is reflected in the
absence of terms describing the hole polaron formation
in expressions (4) and (5). The resulting coefficient
value, which takes into account the degree of decay of
the polarization “coat” during photoemission from the
electron bipolaron state before the bipolaron is recovered
due to relaxation of the system to an energetically more
favorable state, indicates a comparable rate of decay of
the polarization “coat” and electron relaxation from the
Fermi surface to the momentum level of carriers in self-
trapped states.

The model used for the calculation is characterized
by the difference in the energies of relaxation of the
system after photoemission from the self-trapped
and delocalized states, which coexist under long-
range strong EPI and divide the momentum space in
accordance with the Pauli principle. This difference
in the energies of relaxation leads to the appearance
of “waterfalls” in the ARPES spectra in the nodal
direction. It is this energy difference that determines
the “waterfall” height. The wave vector k,, which
characterizes the position of the “waterfall,” is
determined by the equilibrium size of the bipolarons
at a given doping level and temperature through the
uncertainty principle. The change in k, with increasing
doping level is consistent with that observed in the
experimental spectra [11, 14, 26]. The width of the
bands in the ARPES spectrum that arise with the

participation of self-trapped states is very large due to
the production of a different number of phonons during
the decay or change in the coherent state of the phonon
field, which is also in agreement with the experimental
data. The absence of intersection of the spectral density
with the Fermi surface at low doping p < 0.1 [8] is due
to the fact that a delocalized hole is not a stationary
state at such doping; the stationary state is a hole
polaron (at p < 0.04) or bipolaron (at 0.04 < p) [6].

In the last two years, interest in theoretical modeling
of the occurrence of high-energy features in the
ARPES spectra of cuprates has been renewed due to the
discovery of similar structures in the ARPES spectra
of nickelates [27, 28], which relatively new high-
temperature superconductors were discovered 7 years
ago. A general model for the formation of “waterfalls”
may be useful for developing a general theory of
HTSC cuprates and nickelates. A recently proposed
model [29] has a significant drawback: within this
framework, vertical dispersion occurs only within
a narrow range of model parameters, when the energy U
of repulsion of two electrons at a copper (nickel) site is
from 7¢ to 8¢, where ¢ is the energy of an electron hopping
to the nearest site. The narrow range of parameters
that leads to the emergence of “vertical dispersion” is
a consequence of its occurrence in the model [29] based
on the local coincidence of the slope of the two dispersion
curves: the curve for the dispersion of quasiparticles,
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which is calculated in the Hubbard model using the
quantum Monte Carlo method, and that associated with
the dispersion of photoelectrons. However, the model
considered in this paper, which is not limited by such
narrow applicability boundaries, can be consequently
applied to the calculation of photoemission of nickelates.

CONCLUSIONS

Thus, in this study, angle-resolved photoemission
spectra were calculated for systems with strong EPI and
cuprate-like dispersion using the parameters of a two-
fluid charge-carrier system, calculated by minimizing
the free energy of the system. The observed spectral
features at low and high doping levels are consistent with
experimental data on cuprates, thus providing a basis for

discussing the possible physical causes of these spectral
features.
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Abstract

Objectives. The study develops an efficient numerical algorithm for simulating a two-dimensional flow of a micropolar
fluid in a plane channel with a moving upper wall (Couette flow) in order to investigate the influence of micropolarity
parameters on the flow structure.

Methods. The equations governing the dynamics of a micropolar fluid are solved using the projection method with
explicit time integration. Spatial discretization is performed by the finite difference method on a uniform 51 x 51 grid.
The convective terms are approximated using a first-order upwind scheme to ensure stability at moderate Reynolds
numbers. The microrotation and momentum conservation equations are solved separately, followed by a pressure
correction to satisfy the incompressibility condition.

Results. Steady-state velocity and microrotation fields were obtained for a Couette flow at Reynolds number Re = 100
with micropolarity parameters N = 0.3 and m = 0.015. The numerical method demonstrated stable convergence
within 5000 iterations to achieve residuals of 3 - 107 for velocity components and 1.5 - 1076 for microrotation.
Visualized results include the vector velocity field and streamlines, as well as distributions of microrotation, vorticity,
and energy dissipation. A nonuniform microrotation field was formed having maximum values (~0.45 rad/s) localized
in the corner regions of the channel.

Conclusions. The developed algorithm effectively simulates a micropolar fluid flow in a channel. The numerical
method exhibits stable convergence to yield physically meaningful results. Micropolarity is confirmed to significantly
alter the flow structure in comparison with the Newtonian case, leading to the development of a transverse velocity
component and a nonlinear microrotation distribution. The obtained distributions of field characteristics can
serve as a basis for further research into the rheological properties of micropolar media and for the verification
of experimental data.

Keywords: micropolar fluid, Couette flow, projection method, numerical simulation, Cosserat continuum,

microrotation, finite difference method
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Peslome

Llenu. Lienbio paboTel anseTca paspaboTka 9hdPekTUBHONO YNCIEHHOIO anropuTMa a1 MOAeNMPOBaHNS AByMep-
HOro TEYEHNST MUKPOMONSPHOM XMOKOCTM B MJIOCKOM KaHane C OBUXYLLENCS BEPXHEN CTeHKon (TedeHmne KyaTtta)
1 nccnenoBaHue BANSHNS NapamMeTpoB MUKPOMNONSIPHOCTM Ha CTPYKTYPY TEeYEHUS.

MeToabl. [1ng pelieHns ypaBHEHNN MUKPONOISIPHOM XNOKOCTU MCNOSb30BaH METOL, NPOEKLUUN C ABHOW CXeMOoM
MHTErpnpoBaHmMsa No BpemMeHu. MNpocTpaHCTBEHHAs ANCKPEeTM3aumsa BbiNOSIHEHA METOAOM KOHEYHbIX pa3HoCcTen
Ha paBHOMepHOM ceTke 51 X 51. KOHBEKTMBHbIE YJIE€HbI anNMPOKCUMMPOBAHbI NMPOTUBOMOTOYHOM CXEMOW NMepBOro
nopsiaka ans obecrnevyeHnst yCTOMYMBOCTM NPU YMEPEHHbIX Yncnax PerHonbaca. ns ypaBHEHUS MUKPOBPALLEHMS
1 YPaBHEHUIN COXPaHEeHUst UMMNynbCca NPUMEHEHA pasaesibHasg CXemMa peLleHmns ¢ NocnenyoLen koppekunen nasne-
HUS ONS YAOBNETBOPEHUS YCIIOBUS HECXKUMAEMOCTU.

PesynbTtatbl. [lonyyeHbl CTaunMoOHapHbIE MOAS CKOPOCTU M MUKPOBPALLEHUS Ans TedeHus Kyatta npum ymcne
PeiHonbaca Re = 100 n napameTtpax mukpononspHoctn N = 0.3, m = 0.015. NMpoaemMoHCTpMpoBaHa ycTonymneas
CXOOMMOCTb YMCNEHHOro MeToaa 3a 5000 nTepauuii ¢ TouHocTbio A0 3 - 1078 ons komnoreHT ckopocTnm 1.5- 1076
ONs MUKpoBpaLleHus. BusyannampoBaHbl BEKTOPHOE MOJie CKOPOCTU, JIMHUM TOKa, pacnpegeneHme Mnkpospa-
LEHNS, 3aBUXPEHHOCTN U auccunaumn. HabnopaetTcs HEOAHOPOAHOE MoJie MUKPOBPALLLEHUS C MaKCUMasbHbIMW
3HaveHuamu (~0.45 pag/c) B yrnoBbix 0651acTsax kaHana.

BbiBOogbl. PazpaboTaHHbIl anroputm No3BonsaeT apdekTMBHO MOAENMPOBaTh TEHEHNE MUKPOMONSAPHON XUAKOCTU
B KaHane. YNCNeHHbIN MeTOA AEMOHCTPUPYET YCTONYMBYIO CXOANMOCTb U GUSNYECKYIO OCMbICIEHHOCTb Pe3ybTa-
TOB. YCTAQHOBMIEHO, YTO MUKPOMOJISIPHOCTb CYLLECTBEHHO N3MEHSET CTPYKTYPY TEYEHUS MO CPABHEHMIO C HBIOTOHOB-
CKUM Ccny4aeMm, NpmBoast K GOPMMPOBAHMIO NONEPEYHON KOMMNOHEHTbI CKOPOCTU WU HENIMHENHOIO pacnpeneneHms
MUKpoBpaLLeHus. MNMony4eHHble pacnpeaeneHns NoEBbIX XapakTePUCTMK MOTYT Cly>XUTb OCHOBOM A1s JasibHEN-
LUMX NCCNeoBaHnin PeoiorMyecknx CBOMCTB MUKPOMOJISIPHBIX Cpen, 1 Bepudukaumm dKkCnepmmMmeHTanbHbIX AaHHbIX.

KniouyeBble cnoBa: MUKPOMONsipHas XUAKOCTb, TeyeHne KyaTta, MeTof NpoekLmmn, YUCTIEHHOE MOOENPOBaHNE,
KOHTUHYyM Koccepa, MUkpoBpaLleHne, MeTOL, KOHEYHbIX Pa3HOCTEN
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Mpo3payHocTb hUHAHCOBOM AeATENbHOCTU: ABTOPbI HE UMEIOT PUHAHCOBOM 3aMHTEPECOBAHHOCTM B MPEACTaB/EH-

HbIX MaTepuanax nian MetToaax.

ABTOpPbI 3a9BASAIOT 06 OTCYTCTBUM KOHMIMKTA MHTEPECOB.

INTRODUCTION

Micropolar fluids are a class of non-Newtonian
media that possess internal rotational degrees of
freedom. Unlike classical Newtonian fluids described
by a symmetric stress tensor, micropolar media are
characterized by the presence of asymmetric stresses
and an additional microrotational field [1, 2]. This class
of fluid adequately models the behavior of suspensions,
polymer solutions, liquids with impurities, and some
biological media [3, 4]. Contemporary research actively
uses such models to analyze flows in microfluidic
devices [5] and biomechanical systems [6]. Promising
areas also include modeling technical devices such
as journal bearings [7] and analyzing complex flows
taking into account additional physical factors, such as
magnetohydrodynamic effects in hybrid nanofluids [8].
To solve coupled problems of heat and mass transfer
in such media, effective numerical methods are being
developed, including methods for splitting integral
transforms [9].

A theoretical description of micropolar fluids was
first proposed by Eringen within the framework of
the Cosserat continuum theory [1, 10]. A micropolar
fluid is a special case of the nonlinear elastic Cosserat
continuum, in which the local frame is reduced to a
single rotation angle to significantly simplify the
mathematical description while preserving key
physical features. However, the theory introduces an
additional rotational degree of freedom, which leads
to a significant complication of the system of motion
equations. The mathematical model includes equations
of conservation of momentum by a symmetric stress
tensor, an equation for the microrotational field, and
a continuity equation [2, 11]. An important direction
in the theory of micropolar fluids is the search for
exact solutions of the equations of motion, which
serves as the basis for the verification of numerical
methods [12, 13].

Couette flow, representing one of the fundamental
flows in fluid dynamics, is a shear flow between
two parallel plates, one of which moves at a constant
velocity [14]. For Newtonian fluids, this flow has
a simple analytical solution with a linear velocity
profile. However, for micropolar fluids, the presence
of microrotation leads to a nonlinear velocity profile
and the possible occurrence of secondary flows, which

is of significant interest for the study of rheological
properties [15, 16]. Recent works have demonstrated the
relevance of studying exact solutions for Couette flows
taking into account various physical factors [17].

The numerical simulation of micropolar fluid
flows involves significant computational difficulties
due to the complexity of the system of equations
and the need to simultaneously solve equations for
velocity, pressure, and microrotation. Conventional
methods for solving the Navier—Stokes equations
require modification to account for micropolar
effects. Currently, such problems are solved by finite
difference methods [18], finite element methods, and
splitting approaches [19].

The projection—or splitting—method is one of the
most effective approaches for solving incompressible
fluid equations [20]. Here, the basic idea consists
in dividing the problem into stages: first solving
the equations of motion without taking pressure
into account, followed by correction to satisfy the
incompressibility condition by solving the Poisson
equation for pressure. For micropolar fluid equations,
this method requires an additional stage of solving the
equation for microrotation [21].

Despite the significant number of works on
micropolar fluids, issues of efficient numerical simulation
of Couette flow for such media remain insufficiently
studied. Specifically, investigation is required on
the stability of numerical schemes, the influence of
discretization parameters on solution accuracy, and the
microrotation field distribution at various micropolarity
parameter values [16, 22].

In the present work, an algorithm for numerical
simulation of a two-dimensional Couette flow of a
micropolar fluid according to the projection method
is presented. The developed method is implemented
using an upwind scheme for convective terms to ensure
stability at moderate Reynolds numbers. The influence
of micropolarity parameters on the flow structure and
microrotation field distribution is studied. The main
novelty of the work consists in the adaptation of the
projection method for the simultaneous solution of the
equations of motion and microrotation using a stabilizing
upwind discretization. This ensures the stability of the
calculations while maintaining acceptable accuracy. The
results of the work can be used to verify modern exact
solutions [13, 17, 23].
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MATHEMATICAL MODEL

The original system of equations for an
incompressible micropolar fluid in dimensional form
was given in the fundamental works of A. Eringen [1]
and G. Lukaszewicz [2]. According to these works,
the equations of conservation of momentum, angular
momentum, and continuity are written as follows:

p(g—l;+(u-V)u) =-Vp+(u+x)V2u+xVxo,

jp(aa—m+(u-V)mj =2k +«V xu +yV2 @,
t
V-u=0,

where u is the velocity vector, p is the pressure, ® is

the microrotation vector, p is the fluid density, p is

the classical dynamic viscosity, k is the rotational
viscosity coefficient, j is the microinertia, and vy is the
microviscosity coefficient.

For the considered problem of Couette flow in a
rectangular channel, the following assumptions are made:
1. The fluid is incompressible (V - u = 0).

2. There are no body forces or external moments.

3. The flow is isothermal (temperature effects are not
taken into account).

4. Physical parameters [, k, and y are constant.

5. The microviscosity coefficient y is related to the
classical viscosity | and the characteristic size / of the
microstructure by the expression y = u/2, while the
microinertia is of the order of j ~ p/2. This is a standard
assumption in the theory of micropolar fluids [2, 16].
For numerical implementation, the equations were

nondimensionalized. The characteristic scales chosen

were length L (channel height), velocity U (velocity of
the moving upper wall), time L/U, pressure pU?, and
microrotation U/L. Introducing dimensionless variables

~ X ~ u . tU | p ~ oL
X=—u=—, t ) p:_n (’*):_a

L U L pU? U
and substituting them into the dimensional equations
taking the assumptions into account after discarding the
tildes to simplify the notation, we obtain a system of
equations in dimensionless form:

ou 1 N
—+(u-Viu=-V +—V2u+—V><(x), 1
ot ( ) P Re Re 1
om 1 2N
—+@u-Vo= Vo + Q-0), 2
ot ( ) m?Re mZRe( @)

V- u=0, 3)

. . . UL
with the dimensionless parameters Re = pT (Reynolds
n+K

number), N = % (micropolarity parameter, 0 < N < 1),
p+K

/ . . .
and mzz (dimensionless characteristic length

of micropolarity), as well as with the vorticity vector
Q=Vxu.

In a two-dimensional formulation of the problem
in the (x, y) plane, the only nonzero component of
microrotation is ®_, while the vorticity is defined as

Q. = _ G_u To simplify the notation, we will below
oy

Ox
omit the subscripts z, implying scalar quantities ®
and Q.

Physically, the parameter N characterizes the
relative contribution of rotational degrees of freedom
to the rheological behavior of the fluid, varying
from 0 (Newtonian fluid) to 1 (strongly expressed
micropolarity) [2].

For the Couette flow in the two-dimensional
formulation, a rectangular region of size L. x L X is
considered. The upper wall (y = L ) moves at a constant
velocity U, along the x axis, while the lower wall (y = 0)
is stationary. The side walls (x = 0 and x = L ) are also
considered to be stationary. The boundary conditions for
the velocity are

u(x, 0) =0, u(x, L) = (U, 0),

_ _ “4)
u(0,») =(L,») =0.
For the microrotation field, homogeneous Neumann
conditions are applied on all boundaries:
190}
—=0. 5
on (5)
These boundary conditions, which are selected
under the assumption of the absence of microrotational
flow through solid boundaries in the first approximation,
are widely used in the literature on numerical simulation
of micropolar flows [16, 21].

NUMERICAL METHOD
AND VERIFICATION

The system of equations (1)—~(3) was solved by the
projection method with an explicit time integration
scheme. The projection method for the system of
equations of a micropolar fluid was implemented in the
form of the following sequence of stages at each time
step [20]:

1. The microrotation equation (2) is solved.

2. The intermediate velocity field (predictor) is
calculated using the equations of motion (1) without
taking into account the pressure gradient.

The Poisson equation for pressure (7) is solved.

4. The velocity is corrected taking into account the

found pressure (equation (8)).

[98)

Russian Technological Journal. 2026;14(4):116-124

119



Numerical simulation of Couette flow in a micropolar fluid
using the projection method

Kristina V. Gubareva,
Evgenii Yu. Prosviryakov, Anton V. Eremin

In the first stage, microrotation equation (2) is
solved using an upwind scheme for the convective term.
Discretization is performed using the finite difference
method on a uniform grid with steps Ax and Ay in spatial
coordinates. For stability at moderate Reynolds numbers,
the convective terms are approximated by a first-order
upwind scheme [18]. Since o is a scalar quantity in the
two-dimensional formulation, the convective operator is
expanded as

(u-V)m:ua—w+v8—m,
Ox

oy

where u = ui + vj. Each component is approximated
independently, taking into account the direction of
the local flow: the value is taken from the cell located
upstream (opposite to the direction of velocity).
With the numbering of grid nodes adopted in the
work (j and i correspond to the coordinates x and y,
respectively), the component along the x axis is
approximated as

®: :—O:
ui’j”fT”f‘l, ifu; ; >0,
@ Voxy © O (©)
u; ; l’jHAx X iful.,j <0,
while the component along the y axis is approximated
similarly with replacing subscripts (j — i) and Ax — Ay.
Complete approximation of (u - V) is obtained
by summing both components. The Laplacian
in equation (2) is calculated using the standard
five-point scheme. Similar splitting methods,
which have demonstrated utility for solving the
Navier—Stokes equations, have been previously studied
for incompressible flows [19, 24].

In the second stage, momentum conservation
equation (1) are solved without taking into account the
pressure gradient (velocity predictor). For this purpose,
an upwind scheme for convective terms is also used.
The terms containing microrotation are calculated using
central differences.

The third stage involves solving the Poisson equation
for pressure:

v2p:iv-u*, (7
At
where u” is the intermediate velocity field obtained in
the second stage, and At is the time step. Equation (7) is
solved by the successive overrelaxation method under
the Neumann boundary conditions on pressure.

In the final stage, the velocity is corrected taking

into account the pressure:

u" =u" - ArVp, (8)

n+l

where u”"" is the velocity in the new time layer.

To ensure the stability of the numerical scheme, the
time step is selected from the Courant—Friedrichs—Lewy
conditions:

At < min( Ay J ©9)

b
[ | nax 1V lmax

max
as well as additional limitations related to viscosity and
micropolarity parameters.

The energy dissipation is calculated from the
formula [2]

) 1 2
® = (1+N)D,; D, +—5Vo-Vor 2N(Q-w)%, (10

1 Gui Ou . )
where D;; =— is the strain rate tensor.

ij o
2| ox ; Oox;
The vorticity is calculated as the velocity curl:

Q_@v ou

Cox oy

The criterion for the convergence of the iterative

process is the achievement of a given accuracy for the
residuals of all field variables:

(11)

max(ju”! —u|, [o"! — o) <e,

(12)

where ¢ is the specified accuracy; in the calculations, it
was taken as equal to 1077,

The numerical method was verified by comparison
with the classical solution of the Couette problem for
a Newtonian fluid (at N = 0). In this case, the resulting
velocity profile coincided to within 0.5% with the
analytical linear profile u(y) = UOy/Ly. All calculations
and visualizations of results are performed in the
MATLAB environment, version R2023b [25].!

RESULTS AND DISCUSSION

The numerical simulation was carried out for a
channel with dimensions L, = 0.1 m and L = 0.1 m.
The flow parameters were as follows: Reynolds number
Re =100; micropolarity parameter N = 0.3; characteristic
length m = 0.015; upper wall velocity U, = 0.3 m/s.
The parameters were selected in accordance with
characteristic values for technical micropolar media,
where m is in the range of 0.01-0.1 and N corresponds to
moderately expressed micropolar properties [2, 21]. The
computational grid consisted of 51 x 51 nodes, which
provided sufficient resolution for flow structure analysis.
Similar grid parameters and approaches to modeling
have been used in modern research of flows in cavities
and channels [16, 22].

I https://www.mathworks.com/products/new_products/
release2023b.html. Accessed December 28, 2025.
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Figure 1 presents the velocity vector field for the
steady-state flow. The characteristic profile of the
Couette flow with the predominant flow along the x axis
is observed. The maximum velocity, which is achieved
at the upper moving wall and amounts to 0.3 m/s,
corresponds to the boundary condition. At the lower
stationary wall, the velocity tends to zero. The side walls
create stagnation zones in which the velocity vectors
have a minimum value. The ratio of the maximum
transverse velocity to the maximum longitudinal
velocity is 0.3, which indicates a noticeable transverse
component, characteristic of two-dimensional models of
micropolar flows [16].
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y,m
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P I RPN P i
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B e L T T i
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1
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N e e —— e

0.05
X, m

Fig. 1. Vector field of velocity u

The streamlines shown in Fig. 2 demonstrate
predominantly parallel flow with slight deviations
in the corner regions. At the given flow parameters,
pronounced secondary vortices do not form, as consistent
with theoretical expectations at moderate values of the
micropolarity parameter N and agreeing with results
of flow simulations in cavities at similar parameter
values [22].

0.04 0.06 0.08
X, m

0.02

Fig. 2. Streamlines

Figure 3 illustrates the distribution of the microrotation
module |o|. The most intense microrotation is observed

in the corner regions of the channel, where the interaction
of the stationary side walls with the moving upper wall
creates maximum velocity gradients. The maximum
value of the microrotation modulus reaches 0.45 rad/s.
The minimal magnitude of microrotation observed in
the center of the channel is consistent with theoretical
concepts about the attenuation of rotational degrees
of freedom far from the boundaries. The resulting
microrotation field is significantly nonuniform, having
clearly defined maxima in the near-wall regions,
primarily along the upper and lower walls at x =~ 0.025
and x = 0.075. The obtained distribution is qualitatively
consistent with the results of other studies of micropolar
fluid flows in channels [16] and with conclusions of works
on exact solutions for unidirectional flows [13, 17].
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Fig. 3. Distribution of microrotation modulus |w|

The convergence of the numerical method is
demonstrated in Fig. 4 on a semilogarithmic scale. The
residuals for all three field variables show a monotonic
decrease. After 2000 iterations, the residuals for the
velocity components stabilize at 3 - 107, while for
microrotation, stability occurs at 1.5 - 1079, indicating
that a steady state has been reached. The calculation
was stopped at 5000 iterations, since further reduction
of the residuals occurred extremely slowly with
stabilized field distributions. The total calculation time
was 55.0 s. This convergence rate, which is acceptable
for the class of problems under consideration, confirms
the effectiveness of the applied algorithm, which is
consistent with studies of the convergence of projection
methods [19].

Figure 5 presents the distribution of vorticity Q
calculated using equation (11). The maximum values of
vorticity are observed in the corner regions of the channel,
where the flow experiences the greatest deformations
due to interaction with fixed walls. The correlation of
the vorticity distribution with the microrotation field
confirms the physical consistency of the solution. The
maximum vorticity value is 1.6 s!, which corresponds
to the characteristic velocity gradient in the flow.
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Fig. 5. Distribution of vorticity Q

Figure 6 demonstrates the distribution of energy
dissipation @ calculated using formula (10). The maximum
dissipation is observed near the walls, especially in the
corners, where velocity gradients are greatest. The overall
dissipation level corresponds to a moderate Reynolds
number and micropolarity parameters. Analysis of
the dissipation distribution demonstrates a significant
contribution of micropolar effects to the overall energy
balance, especially in the near-wall regions. The study of
dissipative processes is an important aspect of the analysis
of flows of structured fluids [23].
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Fig. 6. Distribution of energy dissipation ®

The quality of the numerical solution was verified
by analyzing the incompressibility condition (3). The
maximum velocity divergence in the computational domain
did not exceed 10# 57!, thus confirming the adequacy of the
projection method for solving micropolar fluid equations.

CONCLUSIONS

In this work, a numerical algorithm for simulating
a two-dimensional Couette flow of a micropolar fluid
has been developed and implemented. The projection
method with upwind approximation of convective
terms was used to ensure the stability of the calculations
at moderate Reynolds numbers. The described
approach, which is based on contemporary studies of
the convergence of splitting methods, is applicable to
simulating complex flows.

Physically meaningful distributions of velocity,
microrotation, vorticity, and energy dissipation were
obtained. Micropolarity is found to significantly alter the
flow structure in comparison with the Newtonian case: a
noticeable transverse velocity component (v/u = 0.3) is
observed, while the microrotation reaches its maximum
values (~0.45 rad/s) in the corner regions. The numerical
method demonstrates stable convergence with amonotonic
decrease in residuals over 5000 iterations to 3 - 107¢ for
velocity components and 1.5 - 10~ for microrotation.

The developed algorithm can be used for the study of
rheological properties of micropolar fluids at various values
of the parameters /N and m, as well as for flow analysis in
more complex geometries. The practical significance of the
results lies in the applicability of the developed approach
for modeling biofluids, processing polymeric materials,
and designing microfluidic devices, where it is necessary
to account for micropolar effects. The obtained numerical
solutions can serve as a test for verifying new exact
solutions to the equations of micropolar hydrodynamics.

A promising direction for further research would consist
in an expansion of the method to describe three-dimensional
flows, taking into account transient effects, heat and mass
transfer, and magnetohydrodynamic forces. Here it will also
be of interest to compare the calculation results with data
obtained by the method for splitting integral transforms for
related problems. The results of this work contribute to the
development of numerical methods for modeling micropolar
media, as well having relevance for the verification of
experimental data and analytical solutions.
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Abstract

Objectives. Since the 1980s, the Integrated Background Monitoring Network (IBMoN) operated by RosHydroMet'
in the Russian Federation has been collecting experimental data on background levels of pollutants in environmental
media, including atmospheric air, precipitation, surface water, soil, and vegetation. As part of its operations,
IBMoN regularly updates recommendations and regulatory documents regarding chemical analysis methods and
requirements for monitoring site placement every 5-10 years. However, the statistical framework of the network
has not been revised since 1995 (Algorithm 1995). This paper sets out to modernize selected steps of the statistical
algorithm for processing data on air quality obtained from IBMoN.

Methods. In the study, correlation analysis, trend analysis, descriptive mathematical statistics, and structural
algorithmization methods were used.

Results. Based on a review of Algorithm 1995 steps requiring modernization, a structure for the updated data
processing algorithm version, Algorithm 2025, was developed. This new algorithm will enable the joint analysis
of RosHydroMet data to mitigate the impact of noise and fluctuations in the time series of background concentrations
of air pollutants. The effectiveness of the proposed methods for modernizing selected steps of Algorithm 1995 was
substantiated.

Conclusions. Since it is not possible to obtain data in the format required by RosHydroMet without modifying some
steps of the Algorithm 1995, this algorithm requires modernization. As a result of modernizing the selected steps,
noise can be reduced by up to 70% to eliminate the main types of random and systematic errors caused by the
human factor. However, future work is required to identify suitable approaches for modernizing the remaining steps
that are not covered in this study.

Keywords: algorithm, time series, background monitoring, environmental pollution, statistical processing, trends

' RosHydroMet is the Federal Service for Hydrometeorology and Environmental Monitoring of the Russian Federation. https://

www.meteorf.gov.ru/. Accessed May 22, 2026. (In Russ.).
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Pesiome

Llenu. Ha Tepputopumn Poccuiickoii ®epepaumm ¢ 1980-x rr. pyHKUMOHMPYET CETb KOMMJIEKCHOrO POHOBOIr0 MO-
Hutopurra (KPM) Pocrugpometa?. B 3agaqum nporpammbl KOM BXOAUT NONYyYEHUE 3KCMEPUMEHTANbHBIX JAHHbIX
0 GOHOBOM COAepXaHUM 3arpasHSIOLLMX BELECTB B PA3/IMYHbIX NPUPOAHbLIX cpedax (aTMocdepHbI BO3ayX, aT-
MocdepHble 0caaku, MOBEPXHOCTHbIE BOAbI, MOYBA, PACTUTENbHOCTL). B pamMkax paboTbl ceTn perynspHo (1 pas
B 5—10 neT) 06HOBNATCA PEKOMEHAALMN 1 HOPMATMBHbIE JOKYMEHTbl O METOAAX XMMUYECKOro aHanm3aa, Tpebo-
BaHUSIX K pa3MeLLEHMIO CTaHUMMi HabnoaeHus 1 np. OaHako cTaTUCTUYECKMIA annapaT ceTu He NoABeprascs nepe-
cmoTpy ¢ 1995 r. (Anroputm 1995). Llenb paboTbl — MOAEPHU3ALNSA BbIOPAHHbIX LIAroB anropnutMa CTaTUCTUYECKOM
006paboTKM JaHHbBIX O COCTOSHUN U 3arpsi3HeHM aTMOC@EPHOro BO34yxXa, Nosydaemblx Ha ceTn KOM.

MeToabl. /Icnonb3oBaHbl METOAbI KOPPENSLMOHHOIO, TPDEHLOBOIO aHann3a, onmcaTefibHoOM MaTeMaTnyeckon cta-
TUCTUKN N CTPYKTYPHOM anroputMmaamn.

PesynbTatbl. PaccMmoTpeHbl warn Anroputma 1995, Tpebyowme moaepHudaumn. Co3gaHa CTpykTypa OOHOB-
JIEHHOro anroputMma o6paboTkn aaHHbiX — Anroputm 2025, KOTOPbLIA NMPEeAnoNIOXMUTENbHO NMO3BOSIUT NPOBOAUTL
COBMECTHbIN aHanu3 gaHHblX PocruapomeTta, a Takke npuBeneT K YMEHbLUEHNIO BAUSHUS LUYMOB 1 (QiyKTyaLni
BO BPEMEHHbIX pPsgax AaHHbIX O (POHOBbLIX KOHLUEHTPAUMAX 3arpsa3HsioLmMX BELWECTB B aTMOCGHEPHOM BO3AyXe.
MpepnoxeHbl Noaxoabl K MoaepHM3auumn BelbpaHHbIX waros AnropntMa 1995 n nokazaHa adpdekTUBHOCTb UX MO-
AepHu3aumn.

BbiBOAbI. HEBO3MOXHO NONy4nTb AaHHbIE B popmMaTe, pekomeHayeMom PocrugpomeTom, 6€3 U3MEHEHUSI HEKOTO-
pbix Waro yctapeswero Anroputma 1995, n Heobxoguma ero moaepHuaaums. MogepHu3aums BelOpaHHbIX LaroB
anropuTMa no3BOJSIUT COKPATUTh LLYMbl MOCPEACTBOM yCTpaHeHUs 0 70% OCHOBHbIX TUMOB CllyYalHbIX 1 CUCTeMa-
TUYECKNX OLIMBOK, 0OYCIIOBNEHHbIX YenloBeYecknmM daktopomM. Heobxoanmo paspaboTaTb KOPPEKTHbIE MOAXonAbl
K MOZEPHN3ALMN OCTaBLLMXCS LLIAroB airopMTMa, KoTopble He OblI paCCMOTPEHbI B 3TOM paboTe.

Kniouesble cnosa: anropntMm, BpeMeHHbIE Pabl, GOHOBbIN MOHUTOPUHT, 3arpsa3HeHme OKPY>XKaloLLEen cpelbl, cTaTtn-
cTmnyeckast 06paboTka AaHHbIX, TPEeHAbI

2 PocrugpomeT — defepansHas ciyx6a no ryapoMeTeoposorn 1 MOHUTOPUHIY OKpyatoLLieii cpeasl. https://www.meteorf.gov.ru/.
[Jata obpaweHnsa 22.05.2026. [RosHydroMet is the Federal Service for Hydrometeorology and Environmental Monitoring of the Russian
Federation. https://www.meteorf.gov.ru/. Accessed May 22, 2026. (In Russ.).]
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Mpo3payHocTb pUHAHCOBOM AEeATENbHOCTU: ABTOPbLI HE UMEKDT PUHAHCOBOM 3aMHTEPECOBAHHOCTN B NPELCTaB/EH-

HbIX MaTepmnanax nin Metogax.

ABTOpbI 329BNSOT 06 OTCYTCTBMM KOHMNIMKTA MHTEPECOB.

Glossary

Filter exposure is a process in which the air passes through a filter mounted in a special holder.
Blank sample (field blank sample) is a sample that undergoes all the usual manipulations (unpacking, transportation

to the sampling site, etc.), except for exposure.

Limit of detection (LOD) in chemical analysis is the minimum concentration of a substance in a sample that can be

reliably distinguished from the background concentration.

Outliers (extreme values) are values in the input data that are far beyond the range of other observations. Outliers
do not fit into the general model of the analyzed process due to differing significantly from the surrounding values.
Outliers can be caused by measurement errors, incorrect data input, or result from high variability.

Geophysical year in Russia corresponds to the period of the hydrological year, which is assumed to begin on
October 1 with the cold season, which lasts until March 31, while the warm season extends from April 1 to September 30.

INTRODUCTION

Environmental pollution is a major concern facing
humanity. During the 1960s and 1970s, when systemic
observations of pollution levels and environmental
conditions started to be carried out, international and
national monitoring initiatives were undertaken through
the state monitoring network of the Soviet Union. The
concept of integrated background monitoring (IBMoN)
for environmental pollution emerged during the
late 1970s. The network of IBMoN monitoring stations
established in the early 1980s continues to collect
data on pollutant concentrations in different natural
environments [1, 2]. Yu.A. Izrael Institute of Global
Climate and Ecology (IGCE)? serves as the scientific
and methodological center for the IBMoN network.
Its main functions include providing methodological
guidance for the observation network, including the
publication of technical and regulatory documents
concerning chemical analysis methods, as well as
recommendations for equipping observation stations and
quality control of observation results. As well as carrying
out some measurements, the network collects, stores
and summarizes information. The IBMoN’s dataset
comprises time series of pollutant concentrations in
various media, consisting in the processed results of
laboratory measurements obtained using standardized
methods and calculated according to the 1995 algorithm
for processing experimental data on ambient air pollutant
concentrations. These observation results are published
in RosHydroMet and IGCE periodicals [3, 4].

3 http://www.igce.ru/. Accessed May 22, 2026. (In Russ.).

In accordance with regulatory documents* and
publications from RosHydroMet and IGCE, long-
term observation results should be published in annual
sequence, with an averaging interval of one calendar
year (from January to December). However, historically,
the averaging interval for IBMoN observations was the
geophysical year (from October to September). For
this reason, up until 2023, the main results from the
IBMoN network were published by RosHydroMet and
IGCE for the geophysical year rather than the calendar
year. This made it difficult to compare these data with
the publications of other RosHydroMet organizations.
In 2023, a decision was made to switch to a standard
averaging interval of a calendar year. Meanwhile,
improvements in techniques for working with noisy
signals and technical capabilities for processing
statistical data have led to a need to revise the algorithm
used for processing IBMoN observation data.

The present work sets out to update selected
stages of the algorithm for processing statistical data
on atmospheric air quality and pollution collected
from the IBMoN network. These updates will allow
the data to be compared with observations from other
RosHydroMet networks, thereby reducing the impact
of noise and variations on background air pollutant
levels.

4 Order of the Federal Service for Hydrometeorology and
Environmental Monitoring of the Russian Federation No. 798
of December 30, 2015, “On Approval of Regulations for the
Annual Review of State and Environmental Pollution in the
Russian Federation”. https://www.meteorf.gov.ru/upload/iblock/
952/Prikaz-RHM-20151230-798.pdf. Accessed May 22, 2026.
(In Russ.).
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OBJECTS AND METHODS

The study examines time series data from 1988
to 2019 on pollutant concentrations in the ambient air
of the Astrakhan State Natural Biosphere Reserve?.
The pollutants analyzed include total suspended
particulate (TSP), sulfur dioxide (SO,), sulfate (SO‘%*),
and lead (Pb), which were measured according to
standardized methods such as RD 52.04.186-89° and
RD 55.44.593-2015 [2]. Since the measurement error
for these methods is up to 25%, field blank samples
are subtracted from the measurements to eliminate
noise due to storage, transportation, and sample
preparation.” TSP, SO,, and SO  are measured at
the IBMoN monitoring station, while Pb is measured
in a scientific and methodological institutional
laboratory.

The time series of pollutant concentration data,
which is based on intervals, is not equidistant. Due to
variations in observation programs over the study period,
observation results have characterized the concentrations
of sampled substances over various time periods over
different years (one value per week, one every three
days, one per day, etc.) [S]. Since, gaps appear in the data
series due to missing data, the number of measurements
varies. For example, the measurements concerning TSP
have an annual range of 22 measurements in 2004 and
351 measurements in 1992.

STATISTICAL PROCESSING ALGORITHM

We consider the operation of the Algorithm 1995
(Fig 1), which has been in use since 1995 for
processing time series data on atmospheric pollutant
concentrations obtained from observation stations
and the IBMoN network’s institutional scientific and
methodological laboratory.

Step 1: Collection of experimental data. This step
involves the gathering and recording of observational
results.

Step 2: Data entry into paper and electronic logbooks.
Instrument operators record data immediately following
analysis in a paper laboratory logbook, which records
the causes of potential distortions in results that reduce
data reliability. On a monthly basis, data is transferred

5 https://astrakhanzapoved.ru/. Accessed May 22, 2026.
(In Russ.).

6 RD 52.04.186-89. Guidance Document for the Control
of Atmospheric Pollution (approved by the State Committee
for Hydrometeorology of the USSR on January 6, 1989 and the
Chief State Sanitary Inspector of the USSR on May 16, 1989).
(In Russ.).

7 The EMEP Manual for Sampling and Chemical Analysis.
EMEP/CCC — Report 1/95.Revision 2001. Norwegian Institute
for Air Research; 2001.

Algorithm 1995

Start

Collection of experimental data

Data entry into paper
and electronic logbooks

Data validation

Calculation of measures of central
tendency for the time series

Augmentation of long-term
data series

Data publication in paper form

I

End

Fig. 1. Existing algorithm for processing time series
of data on ambient air pollutant concentrations

to electronic spreadsheets using DBase® and FoxPro’
software on a PC. Two operators or a single operator
double-enter the data to eliminate misprints.

Step 3: Data validation. Validation is performed
through assessment (by one expert). This includes
decisions regarding removal of outliers (extreme values),
known false values (negative values), and values below
the instrument’s LOD.

Step 4: Calculation of measures of central tendency
for the time series. Averages are calculated using the
Algorithm 1995 in tandem with the geometric mean
method for both the cold and warm seasons, as well
as for the entire year. For the warm season, the time
series from April to September are used to calculate the
geometric mean. For the cold season, the time series
from October of the previous year through to March of
the current year are used. The annual geometric mean is
then calculated based on geometric means of the warm
and cold seasons. These geometric means are used

8 https://www.dbase.com/. Accessed May 22, 2026.
° https://www.microsoft.com/, official support has
been terminated.
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according to the assumption of a multimodal log-normal
distribution of the data series under consideration. '?

Step 5: Augmentation of long-term data series. The
calculated seasonal and annual averages are then added
to the existing long-term series.

Step 6: Data publication in paper form. This involves
saving the data in a spreadsheet and creating graphs and
charts. The materials are then prepared for publication
by RosHydroMet and IGCE.

ASSESSMENT OF THE STATISTICAL
SIGNIFICANCE OF TRENDS

The presence, significance, and direction of trends
in atmospheric pollutant concentrations within the
Astrakhan Nature Reserve were assessed using the
Mann—Kendall trend test [6] and a nonparametric
linear smoothing method based on the Theil-Sen
estimator [4, 7].

In accordance with the requirements for applying
the Mann—Kendall trend test to datasets with 10 or
fewer observations, trends can be assessed using the
S statistic. For datasets with more than 10 observations,
the Z statistic can be calculated from S. All time series
used in this study contain more than 10 data points.

The S statistic parameter is calculated using the
following formula:

n-1 n
Szz z sgn(xa—xb), (1)

b=l a=b+1

where x, and x, are the annual values for years a and b,
respectively, and sgn(x, — x,) can be calculated using the
following formula:

I, x,-x, >0,
sgn(xa —xb)z 0, x,-x, =0, )
-1, x,-x, <0,

where sgn is the sign function, which takes the
values —1, 0, and +1.

The variance of the S statistic parameter (VAR(S))
is calculated using a formula that takes into account
possible correlations, as follows:

VAR(S)=
n(n—lx2n+5)—jétp(ﬁ7—IXZQ7+5) (3)
- T

10 Paramonov S.G. Background Pollution of the Atmosphere
in the European Territory of Russia: Dis. Sci. Thesis (Geogr.).
Moscow: 1994, 20 p. (In Russ.).

The Z statistic is calculated using the following
formula:

Sl ss0
VAR(S)
Z= 0 , §=0¢, (4)
S+l s<o
VAR(S)

where ¢ is the number of tied groups, 7 is the number of
values in the data series, and t, is the number of values
in pth group.

A positive value of Z indicates an upward trend,
whereas a negative value suggests a downward trend.

The Sen method can be used to estimate the linear
trend slope.

In order to estimate the trend slope, we need to
calculate the slopes Q, for all pairs of values, as follows:
_Xa TN

O = a-b

where a > b, while x, and x, are the data values at time
points a and b, respectively.

If the time series contains n values of x, then the
number of slope estimates Q; is as follows:

, (5)

n(n—1)
s

N= (6)

The Sen slope estimate is the median value of these
N values of Q,, ranked in order from smallest to largest.
The Sen slope estimate is calculated using the following
formula:

0= Q[(N+ h2p if N is odd,

or

1 .
QZE(Q[N/2]+Q[(N+2)/2])’ if Niseven. (7)

To study the relationship and the possibility of
combining different data series, a Spearman’s rank
correlation analysis can be conducted [8], since
the sample has a non-normal (non-Gaussian) data
distribution.

CRITICAL ANALYSIS OF DATA PROCESSING
USING ALGORITHM 1995

Up until 2023, the primary findings from the
IBMoN network of measurements were published in
the RosHydroMet and IGCE logbooks for geophysical
years rather than calendar years. This made it difficult
to compare these data with those released by other
RosHydroMet organizations. Since joint analysis of
information from various observational networks must
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be carried out, it is crucial to ensure the possibility of
converting data from the IBMoN network into calendar-
year average values.

However, due to the annual geometric mean being
calculated in step 4 of Algorithm 1995 based on the
geometric means of the cold and warm seasons rather
than the results of individual measurements (i.e., to
account for seasonal variations), it is not possible to use
this algorithm version to perform the transition from
averaging over a geophysical year to a calendar year.
The reason why this approach is not possible when
calculating for a calendar year is due to the need to shift
the averaging periods.

Since 1995, advancements in digital technologies
have provided for the implementation of additional
constraints and validation during data digitization.
This has helped to prevent certain types of error, such
as accidental and systematic mistakes, including the
entry of random characters (e.g., alphabetic), incorrect
formatting (e.g., dates in American or British formats),
and others. The use of additional validation measures also
facilitates the detection of erroneous data. For instance,
errors resulting from incorrect decimal placements (e.g.,
significant increases or decreases in values) can be
identified visually through the use of graphs. Once errors
have been identified, operators can correct the relevant
datasets accordingly.

Advances in analytical techniques and instrumentation
have reduced the LOD to identify increasingly lower
concentrations of pollutants. However, each technique
has an intrinsic LOD consisting in the lowest amount or
concentration of a target substance in a test sample that
can be reliably distinguished from zero by a particular
measurement system. A significant feature of data
collected from an extensive background monitoring
network is the typically low level of measured pollutant
concentrations, which may fall below the detection
limit of the technique. However, Algorithm 1995 does
not provide a standard procedure for handling below
LOD values. Previously, human error from data entry
operators entering data into a logbook or expert reviewers
validating the data may have resulted in these values
being deleted, assigned to zero, or assigned to half of
the instrument’s LOD. This can lead to discrepancies in
calculated averages, even if the original data is identical.

On this basis, we consider which steps in
Algorithm 1995  require = modernization. By
“modernization,” we mean the replacement, addition,
or alteration of steps, as well as modifications to the
content of those steps (e.g., approaches, mechanisms,
data structures, input and output data, and parameters).

Step 1 “Collection of experimental data” does not
require any changes, due to the values being obtained
according to approved chemical analysis methods.

Step 2 “Data entry into paper and electronic
logbooks” requires some updating. The primary goal
of this step is to ensure data integrity by creating paper
and electronic copies of the dataset that are completely
consistent with one another. Simultaneously, measures
should be taken to prevent random and systematic errors
in the data recording and entry process.

At present, the storage of paper logbooks is regulated
by GOST ISO/IEC 17025-2019'!. However, the use of
electronic logs eliminates the risk of accidental mistakes
when filling out spreadsheets due to eliminating the
entry of duplicate data.

Step 3 “Data validation” requires revision. Due to the
change in the sampling time period from a geophysical
year to a calendar year, all of the time series will need to
be re-formatted for the entire observation period.

Algorithm 1995 lacks a data imputation
mechanism, i.e., a method of replacing missing values.
Consequently, the amount of experimental data can vary
significantly (from 5-10 to 20-31 values per month).
This may be due to a lack of data for a particular period,
or to limitations in the analytical methods. Since the
concentration of pollutants in ambient air often exhibits
pronounced seasonal variability [9-11], significant
differences in the number of measurements obtained
at different times of the year can lead to inaccurate
calculation results. Limitations of analytical methods
are often related to their sensitivity or the LOD for the
target substance. Therefore, a unified approach is needed
to replace below LOD values with corresponding
established values for all measured substances [12, 13].

In Algorithm 1995, outliers were eliminated through
the data validation process. However, the procedure for
assigning values to emissions was not specified, resulting
in additional possible errors in the calculations. While
the need to eliminate outliers is due to the application
of the geometric mean, which is sensitive to extreme
values [14, 15], concentrations that are two, three, or
more magnitudes higher than the main dataset, e.g., those
associated with the emergence of local pollution sources
or meteorological phenomena, may occur the field of
atmospheric air pollution. Therefore, this step should
be modernized by incorporating a data imputation stage
to replace missing and below LOD values, along with
a unified approach to handling outliers.

Step 4 “Calculation of average values” requires
modification. In this step, the geophysical annual average
values must be converted into values representing
the calendar year in accordance with RosHydroMet
requirements. Since the Algorithm 1995 approach is not
feasible for this purpose, it is proposed that geometric

I GOST ISO/IEC 17025-2019. Interstate Standard. General
requirements for the competence of testing and calibration
laboratories. Moscow: Standartinform; 2021. (In Russ.).
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means be replaced with medians [16, 17], which are
more resistant to outliers [18, 19].

Step 5 “Augmentation of long-term data series”
should be updated due to changes in the source
data calculations. Thus, according to new the
recommendations, long-term data series, which were
also previously based on geometric means, should
consist of median values when processing measurement
results.

Step 6 “Data publication in paper form” should be
adjusted in the light of technological developments in
online and electronic media.

Step 2.1 “Updating the long-term raw data series”
should also be incorporated into Algorithm 2025
due to the fact that the development of methods and
technologies, along with the accumulation of data, often
necessitates revisiting discarded values or re-calculating
based on the raw data. For this reason, it is necessary
to update the original algorithm with the one illustrated

in Fig. 2.

Collection of experimental data

|
/ Data entry into paper

Algorithm 2025

Start

Augmentation
of the long-term

and electronic logbooks data series

Imputation and validation of data

Calculation of measures of central
tendency for the time series

Augmentation of a multi-year
database

/ Publication of results /

[
Fig. 2. Modernized algorithm for processing time series
data on the pollutant concentrations in atmospheric air,

with the steps highlighted in white and detailed further
in the study

ANALYSIS AND DISCUSSION OF RESULTS

The paper examines the possibility of modifying
Steps 2 and 4 (“Data entry into paper and electronic
logbooks” and “Calculation of measures of central
tendency for the time series,” respectively) and its impact

on the final outcomes. The efficacy of modernizing the
algorithm’s steps is assessed using data collected from
the Astrakhan Nature Reserve. The process of data
imputation has not yet been considered due to the need
to use the same source data for comparative analysis.

Impact of modernization of Step 2
in Algorithm 1995 on the quality of data
collected on atmospheric air pollution

Modern electronic spreadsheet editors such as
Microsoft Excel, LibreOffice Calc, and Gnumeric'? can
be used to eliminate common errors that occur during
manual data entry such as typos, incorrect formatting,
and re-entry. For instance, Microsoft Excel offers several
methods for restricting the use of certain characters,
such as setting the allowed data type or using a formula
to check if a cell contains a specific character. If the
character is present, the formula generates an error and
prevents further input. Additionally, numerical values
can be visually represented or conditionally formatted
to identify outliers, intentionally false values, or data
requiring verification.

Therefore, using modern information processing
and storage capabilities eliminates the need for
re-filling tables at Step 2 involving a second operator,
without compromising the accuracy of table filling.
In certain cases, eliminating the “human element” in
the modernization of Step 2 will reduce accidental
mistakes and consequently increase the accuracy of
the tables.

Impact of modernization of Step 4
in Algorithm 1995 on the quality of data
collected on atmospheric air pollution

In some cases, extremely high values may occur
in data series on the concentration of pollutants in the
atmosphere. In such cases, it is not always possible to
determine whether such values are erroneous based on
experimental data. For example, an exceptionally high
value could be a valid consequence of the presence of
an additional local pollution source or the long-range
transport of pollutants from a major emission source.
As such, in the case of seasonal emission sources,
an assessment based solely on multi-year datasets
may lead to an incorrect conclusion that the data are
erroncous. Therefore, the unconditional removal of
exceptionally high values from initial data sets would be
inappropriate due to the possibility of information loss
and consequent distortion of observation results [20].

12 https://gnome.pages.gitlab.gnome.org/gnumeric-web/.
Accessed May 22, 2026.
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Outliers are primarily excluded from calculations
as a means of deriving an integral characteristic that
represents the level of a particular pollutant characteristic
of the year as a whole. In Algorithm 1995, the geometric
mean is used as this characteristic. However, due to
the is sensitivity of this indicator to extreme values,
calculating the geometric mean requires the removal
of outliers. In contrast, the median is a more robust
characteristic of a data series due to being less affected
by extreme values [15].

In 2023, RosHydroMet’s IBMoN determined the
necessity of switching from averaging over a geophysical
year to the period a calendar year. It was in connection
with this decision that the possibility of using the annual
median instead of the annual geometric mean was also
explored.

A review of the datasets on pollutant concentrations
in the atmosphere revealed that the geometric mean and
median values generally fall within the same range, with
only slight differences. However, an exception was noted
in the figures for 2004, where the median value calculated
for the calendar year (23.13 pg/m3) was significantly
higher than the geometric mean for the geophysical
year (8.39 pg/m?). This is likely due to an increase in sulfur
dioxide concentrations during October—December of 2004
and the corresponding shift in the peaks of sulfur dioxide
concentration. For other pollutants and time periods, there
have also been shifts in peak concentrations and intensities,
although they continue fall within the same ranges.

The feasibility of changing the averaging period—
that is, transitioning from calculating averages based
on a geophysical year to calculating them based on
a calendar year—has been assessed using Spearman’s
correlation analysis. Following a ranking of the dataset
values, correlation analysis was performed on the
resulting ranks to derive the correlation coefficient r
using the following formula:

®)

—\2
(% -%)
i=1 i=1
where 7n is the number of values in the data series;
x; and y; are the individual sample points numbered 7,

n n
X= lei and y= lz y; are the mean values of the
= i=1
samples.

The results of the correlation analysis are presented
in Table 1 below.

The findings from the correlation analysis
demonstrate a strong correspondence between the
different averaging methods and calculation types. Based
on preliminary estimates, the use of median values is
likely to maintain data accuracy while also allowing for
the processing of measurement results without the need
to exclude outliers. This is a significant benefit of the
proposed approach.

The impact of the modernization of step 4
in Algorithm 1995 on determining trends
in air pollution data

Time series generated using Algorithm 1995 are used
to further analyze trends and changes in pollutant levels
in atmospheric air, the results of which are published
in relevant publications [4]. To assess the effectiveness
of the updated algorithm, the time series obtained
should be evaluated for trends. As shown in Table 2,
the use of data averaged over a calendar year instead
of a geophysical year affects the ability to identify
significant trends. The processing of empirical data on
different pollutants (suspended particles, sulfur dioxide,

Table 1. Results of the Spearman rank correlation analysis for central trends in pollutant concentrations in ambient air

Correlation coefficient TSP SO, SO‘%_ Pb
Between geometric means when using different averaging periods (calendar and geophysical year) | 0.83 | 0.94 | 0.89 | 0.74
Between geometric means and median values for a single averaging period (calendar year) 096 | 096 | 098 | 0.98

Table 2. Results of trend analysis of data obtained during processing in accordance with Algorithm 1995

and with the modified Algorithm 1995

Substance Algorithm 1995 Modified Algorithm 1995

TSP - -
SO, o< 0.01, downward trend o <0.01, downward trend
SO - a < 0.05, downward trend
Pb - o <0.01, downward trend
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sulfates, and lead) using the updated algorithm revealed
an increase in the number of statistically significant
trends. However, the trend of previously identified
trends remained unchanged.

A further advantage of switching to median
calculations is to reduce the number of computational
operations. More specifically, the calculation of annual
geometric means based on Algorithm 1995 uses the
geometric means obtained for the cold and warm seasons
to perform the calculation. The entire data series can
then be used to determine the median value.

CONCLUSIONS

An algorithm for processing experimental data
on the concentration of pollutants in ambient air,
which has been used since 1995 by the IBMoN
of RosHydroMet, is discussed. The impossibility
of obtaining data in the recommended format
without modifying some steps of Algorithm 1995 is
substantiated. A revised data processing algorithm,
Algorithm 2025, has been developed to address this
issue. The use of Algorithm 2025 should result in
the production of data that meets the requirements
of RosHydroMet while reducing the impact of
noise and variability in time series on background
concentrations of air pollutants.

Methods for modernizing selected steps of
Algorithm 1995 connected with data entry into both
paper and electronic logbooks have been discussed in
detail and substantiated along with a determination of
indicators of central tendencies. The effectiveness of
a partially modified version of Algorithm 1995 has been
tested on the example of a time series of data collected
for the territory of the Astrakhan Nature Reserve. The
modified algorithm can be used to convert data to

standard averaging periods (typical data format) used
in RosHydroMet monitoring networks without losing
accuracy. The modernization of these algorithm steps
leads to a reduction in statistical noise to eliminate up to
70% of the main types of random and systematic errors
that occur during manual data entry.

For the development of appropriate approaches
to modifying the steps of the algorithm that are not
covered in this study, as well as its adaptation for the
Algorithm 2025 version, more work is required. The
implementation of Algorithm 2025 for the processing
of complex background monitoring data is required in
order to preserve original data, further reduce random
and systematic errors, standardize the process, and
eliminate the influence of selective data usage.
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Abstract

Objectives. Advances in information communication technologies, coupled with the unlimited computational
capabilities of modern automation systems, make it possible to reformulate and solve differential equations in the
form of the Cauchy problem using a random process theory. The present work aims to develop a random process
of a stepwise model of the dynamics of an object, whose characteristics and parameters are observed and processed
through monitoring. This creates the prerequisites for the formation of new information communication approaches
for automated analysis and synthesis of dynamic processes and systems, including Big Data.

Methods. The research took a geometric approach to estimating the probabilities of independent events along with
the mean value theorem for integrals and a method for synthesizing stochastic models of dynamic processes for
various subject areas based on graphical dependencies of the first derivative.

Results. Based on the methodology, results of the formation of new stochastic dependencies of the integral curve
for solving the differential equation of dynamics of an arbitrary object are presented. A new random process of the
dynamics of an arbitrary object was developed and investigated. Its parameters and characteristics are formed based
on monitoring results in the info-communication space. This creates the prerequisites for automated analysis and
synthesis of innovative research approaches to study dynamic processes and systems, including Big Data. A novel
application area for the methodology of solving conditional optimization problems, previously utilized in the analysis
of packet network teletraffic, was identified.
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Pe3iome

Llenu. MNMporpecc B 061aCTV MHPOKOMMYHUKALNI U HEOrPAHUYEHHbIE BbIHUCINTENIbHBIE BO3MOXHOCTU COBPEMEH-
HbIX CUCTEM aBTOMaTU3aunm NO3BOJIAIOT NO-HOBOMY CHOPMYIMPOBATb U HANTU pelleHre anddepeHumnanbHOro
ypaBHeHus B popMe 3aaa4m Ko ¢ no3vunii Teopum criydariHbix npoLeccoB. Llenb ctatbn — pa3dpaboTka cnyyai-
HOro NpoLecca CTyneH4yaTon MoAen AuHaMNK 06bekTa, XapakTePUCTUKM 1 MapaMeTpbl KOTOPOK HabnoaaTcs
1 o6pabaTbiBalOTCA B pe3y/ibTaTe MOHUTOPUHTA.

MeTopabl. eoMeTpMyecknii Noaxon, K OLLEHKE BEPOSATHOCTEN HE3aBUCUMbIX COObITUIA. VIHTerpanbHaa Teopema
0 cpegHeM. MeTof CMHTE3a CTOXAaCTUYECKMX MOAEeNen ANHAMMYECKNX MPOLLECCOB 419 Pa3INYHbIX NPeAMETHbIX 06-
nacTten Ha OCHOBeE rpaduyeckmx 3aBUCUMOCTEN NEePBON NPON3BOHON.

Pe3ynbTaTtbl. [lpeacraBieHbl HOBble MeTOAMYECKNE pe3yNbTaTbhl GOPMUPOBAHNSA HOBbIX CTOXaCTUYECKNX 3aBU-
CUMOCTEN WHTErpanbHoM KpUBOW pelleHns anddepeHumanbHoOro ypaBHEHU ANHAMUKM NPOU3BOJIbLHOIO 00b-
ekTa. PaspaboTaH 1 nccnegoBaH HOBbI ClydyalHbI NPOLECC AMHAMUKK MPOU3BOJILHOrO 00beKkTa, napamMmeTpsbl
M XapakTepPUCTUKN KOTOPOro pOopMUPYIOTCA MO pe3ysibTaTaM MOHUTOPUHIa B MHOOKOMMYHUKALMOHHOM MNpPO-
CTPaHCTBE, YTO CO3JaeT NPeanochlyikn aBTOMaTU3NPOBAHHOIO aHanM3a U CUHTEe3a HOBbIX NOAX040B MCCneno-
BAHWUI OMHAMUYECKUX NPOLLECCOB U CUCTEM, BKto4as 6onbluve gaHHble. HaliaeHa HoBasi 061acTb MPUMEHEHUS
MEeTOOMKM peLleHns 3a4a4 yCNOBHOM ONTUMMMU3aLMn, paHee NpUMeEHSABLIAsCS NS nccnenoBaHua tenetpaduka
MakeTHbIX CETEN.

BbiBoabl. HOBble GYHKUMOHANbHbIE COOTHOLUEHUS SABASIOTCA METOAMYECKON OCHOBOW CO3AaHUS HOBbIX HAy4HO-
060CHOBaHHbIX MHHOKOMMYHUKALMOHHBIX CUCTEM U TEXHOJIOTMIA N MOTYT ObITh MONIOXEHbLI B OCHOBY CUHTE3a aro-
PUTMOB, METOLOB N MOAENEN AMHAMNYECKMX CUCTEM U MPOLLECCOB B PA3/INYHbIX NPeaMeTHbIX obnacTtsax. Mpose-
[EeHHble TEOPETUYECKME NCCNEA0BAHUS HOCAT PyHOAMEHTAIbHbIN XapakTep 1 MNO3BONSIOT CHUTATb 0OOCHOBAHHLIM,
4YTO nMpepfiaraemMblii aBTOPOM noaxon, obnagaet OOLLHOCTLIO MPUMEHEHUS A1 aBTOMATU3VMPOBAHHOIO aHannsa
M CUHTE3a ANHAMUYECKNX CUCTEM U CPEACTB HA OCHOBE MHMOKOMMYHUKALIMOHHBLIX TEXHOOMMIA, BKIlo4as 6onbLune
[aHHbIE.

KnioueBble cnoBa: guddepeHLumanbHoe ypaBHeHMe, NMosiHasa rpynna HeCOBMECTHbIX COObITUIN, MHTErpanbHas Kpu-
MOZeSb, 3BEHO, Lierb, MI0THOCTb pacnpeaesieHns BEPOATHOCTEN, CllydarHbI NpoLecc

Ana umtupoBaHua: Hasapos A.H. CtoxacTuyeckume CBOMCTBA AMHAMWKM NEPBOM NPOM3BOAHOM B 3agadax Kowww.
Russian Technological Journal. 2026;14(4):137-151. https://doi.org/10.32362/2500-316X-2026-14-4-137-151,
https://elibrary.ru/JNDMBQ

Mpo3payHocTb GUHAHCOBON AEATENbHOCTU: ABTOP HE MeeT GUHAHCOBON 3aMHTEPECOBaHHOCTY B NPeACTaB/eH-
HbIX MaTepuanax uim MeToaax.

ABTOp 3asBnseT 06 OTCYTCTBUN KOH(DINKTA UHTEPECOB.
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INTRODUCTION

Government-led initiatives to address dynamic
challenges in support of the industrial and military
development of the Soviet Union resulted in the
development of random process theory [1]. This theory
was highly effective due to the capabilities of hardware
solutions based on analogue principles, which were
relevant in the mid-20th century.

However, the emergence of digital approaches in
the second half of the 20th century and the development
of software systems and programming tools created
conditions for the relatively rapid development of new
hardware and software solutions. This has contributed to
the development of new information and communication
technologies, as well as geographically distributed large-
scale systems based on them.

Cloud technologies provide researchers with
practically unlimited computing resources that enable
them to solve the most complex computational problems
that could previously only be formulated in theoretical
science. At the same time, there is a lack of development
in fundamental science and engineering, especially in
computer science, where heuristic methods dominate.
Therefore, while such methods can produce results
that may seem convincing, they are not necessarily
scientifically sound, and could lead to future global
problems.

It is becoming increasingly clear that the
technological specifications, protocols, frameworks,
and other methods for describing dynamic processes
within the internet ecosystem do not provide sufficient
confidence that implementation by engineers will
lead to the creation of high-quality equipment and
systems.

Here, the concept of emergence should be borne in
mind: a phenomenon where new properties or behaviors
emerge in a system that are not inherent in its individual
components. Unexpected results may occur when simple
elements interact within a larger system, especially
when automation subsystems and new information
technologies are introduced.

There are still gaps in the development of the
industry related to dynamic processes and systems
of an arbitrary nature, which can be described by
differential equations. However, these systems are
underestimated, inconsistent, and incompatible with
the new technological capabilities and phenomena that
have emerged as a result of the long-term paradigm
shift in information and communication technology.
Such gaps are associated with a lack of identified and
explored interdisciplinary connections, and the impact
of various theoretical and applied methodological
advances in computer science, systems analysis and
operations research.

Thus, it is crucial to develop formal procedures
for analyzing and solving these differential equations,
particularly those related to advancements in computer
science.

FEATURES OF SOLVING DIFFERENTIAL
EQUATIONS USING WELL-ESTABLISHED
ANALYTICAL TECHNIQUES

Without going into the detailed methodological
aspects of representing dynamic processes as differential
equations!> 23 and converting them to normal form as the
Cauchy problem [2], it should be noted that the study by
ILN. Pryadko and L.P. Petrova provides a scientifically
rigorous methodological approach for solving the
differential equations related to the Cauchy problem,
including detailed proofs.

Let us consider the vector differential equation (or
normal system, NS):

x' = fix, 1), (D)
x; ()

X (1)

where x = x(t) = is an unknown vector function

x, (1)
depending on a real independent variable, ¢, which may
represent time and lie within a bounded set, and

S1(x,0)
fz(x:t)

is a vector function.

f(x’t) -
Ju(.0)

Along with (1), we consider the initial condition (IC):
x (ty )
X5 (to)

)

xo = x(4y) =
x, (%)

The higher-order differential equation®

x"(¢) = F(t, x(£), X'(2), ..., x"D(2)) 3)

1 Pryadko IN., Petrova L.P. Lecture notes, questions
and tasks. Differential equations. Part 2. The Cauchy problem.
Voronezh: Voronezh State University; 2015, 287 p. (In Russ.).

2 Zenkov A.V. Systems of differential equations and elements
of stability theory: Textbook for students. Yekaterinburg:
USTU — UPI; 2010, 54 p. (In Russ.).

3 Chostkovskaya O.P., Chernyakina I.V., Starinova O.L.
Solution and application of ordinary differential equations and
their systems: Methodical manual. Samara: Samara University;
2023, 126 p.

4 Zenkov A.V., 2010.
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can be reduced to a system of equations (1) by introducing
additional unknown functions

x(ty) = Xg, x'(tg) = X4 5 -ons x(()"_l) (ty) =x(()"_l).

Therefore, unless otherwise specified, we considerthe
issue as it applies to solving systems NS (1) and IC (2).

The studies investigate the conditions for the
existence and uniqueness of the solution to the Cauchy
problem when the Lipschitz condition is satisfied on the
interval of the domain ¢, as also studied in> © [2].

If the function F(z, x(¢), X'(¢), ..., X" (2)) from (3) is
holomorphic, i.e., if it can be expanded into a power series
in the vicinity of the point (£y, Xy, X » s x(()"_l) ), then the
above Cauchy problem has a unique solution, x = x(?),
represented by the series x(¢)= ZOOZO B b (-1 )k s
which can be found using the method of undetermined
coefficients [2].

If the point (£y,%g, X{) » ---» x(()"_l)) is special for the
function F, then the solution to the Cauchy problem is
found in the form of a generalized power series for a
number of important cases [2].

The Cauchy problem for an nth-order ordinary
differential equation (3) is equivalent to the problem
of constructing a solution to the following sequence of
equations:

t
Vo) =xy+ _[yl (v)dr,
i

t
N0 =xp+ [ @4,
fo

t
Va2 O=x"P + [y, (0,
ly

t
Vut O =x"D + [ F(x,y0(0), oo 3, (D),
i

where x(1) = yo(x), xXP(1) = y (1), 1 <k <n.

This sequence of equations can be solved using the
iteration method, also known as the method of successive
approximations or Picard’s method [2].

5 Pryadko IN., Petrova L.P. Lecture notes, questions
and tasks. Differential equations. Part 2. The Cauchy problem.
Voronezh: Voronezh State University; 2015, 287 p. (In Russ.).

6 Chostkovskaya O.P,, Chernyakina 1.V., Starinova O.L.
Solution and application of ordinary differential equations and
their systems: Methodical manual. Samara: Samara University;
2023, 126 p. (In Russ.).

Let an ordinary differential equation for two
variables x € X and ¢ € T solvable with respect to the
first derivative be given:

x"=flx, ©). (4)

Picard’s method for this equation reduces to solving
the following single equation:

t
¥(0)=x0+ [ f((2),0)dr,
i

for which a sequence of functions, u(?), u,(?), ..., u,(?),
is constructed [2] according to the following rule:

u() (t) = x()a

t
e () =Xy + [ £y (1), 9dx.
‘o
If the function f{x, #) is continuous and has a

0
continuous partial derivative 61 in the neighborhood of
X

the point (x,, ¢,), then a solution to the Cauchy problem

0
T fwn), ) =3,

exists, is unique, and can be represented as a uniform
limit

x(t)= lim u » 3] %)
p—>®©

or as the following convergent series [2]:
xO)=x)+ X0, =u, O ()

The above considerations regarding Picard’s method
are applicable to NS (1) in multidimensional cases.
Higher-order derivatives are derived from lower-order
derivatives, and this determines the generality with
which the methodological recommendations provided
can be applied to the solution of differential equations
with second- and higher-order derivatives.

Further research into solving the Cauchy problem
may benefit from the application computational math
techniques to approximate functions that describe
the behavior of fast-moving processes or real-time
functions. The transition to numerical methods for
representing and manipulating real-time data has been
made facilitated by new computational mathematical
techniques that utilize powerful, high-precision
signal processors capable of performing floating-
point calculations, as well as high-capacity random-
access memory (RAM) and read-only memory (ROM)
devices. These advances in computational methods
have made it possible to develop techniques for
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representing and processing real-time information,
which was previously hindered by the lack of suitable
hardware capabilities.

A range of tools and techniques developed for
automated measurement and analysis of the properties
of modern dynamic systems enable the experimental
evaluation of these limits for objects in diverse subject
areas.

GRAPHICAL FEATURES OF THE FIRST
DERIVATIVE DYNAMICS

The studies [3-8] explored aspects of solving
Cauchy problems for differential equations through
analytical and computational techniques at a new
technological level. This has enabled the development
of mathematical methods for determining values of the
first-order derivative of a system’s dynamics, which
have been known since the Middle Ages.

Let us consider a differential equation formulated as
a Cauchy problem with two variables, x € X, 7 € [¢,, T),
solved for the first derivative:

x"=flx, 1), (7)

including multidimensional cases.

As demonstrated in [3-8], the solution to the
Cauchy problem (7) may be achieved through the
use of spline interpolation, as based on the findings
of monitoring and analyzing experimental data.
This technique has been successfully employed in
the investigation of the features of packet teletraffic
in contemporary information and communication
networks [9, 10].

Note. To avoid methodological errors and
ensure the accuracy of subsequent models, when
plotting graphs in straight Cartesian coordinates
with a metric system, the following mutually inverse
method (bijection) will be used by default; here, the
graph coordinates are generated by multiplying the
actual coordinate value of the dynamic object with
the dimension of the object domain. This product is
then multiplied by an / (coordinate) function with
a dimension that is opposite to that of the original
coordinate value. Finally, the product is multiplied
by the dimensionless scaling factor K (coordinate
value), which is determined by the values of the
axes of the graph. The scaling factor, which depends
on the absolute value of the coordinates of the
dynamic object, is chosen separately for each case
to ensure clear visual representation of the graphical
dependencies.

Example. Let x' = x'(f) with a dimension of m/s. To
plot the graph of x' = x'(f) with axis markings:
1 mm < 2 m on the y-axis and 1 mm < 3 s on the x-axis,
the formulas x. 4 =x"T(x)K(x"), K(x')=1/2 and

tps = H(OK(?), K(¢) = 1/3 are obtained. These can then be
used to plot the graph of x'(#).

Geometrically, the general solution to the first-order
differential equation (7) can be described as a family
of curves in the xx,0¢ plane, depending on an arbitrary
constant C. These curves are referred to as integral
curves of the given differential equation.

A specific solution corresponds to a particular
integral curve that passes through a given initial point.
The trajectory of this curve in a Cartesian coordinate
system (Fig. 1) may consist of geometrically complex
segments due to the varying dynamics of the first
derivative over the observation interval [z, T).
The differences between these segments arise from
the behavior of the first derivative’s values, which
can either increase, remain constant, decrease
down to =zero, or exhibit negative (reversible)
behavior. This property is relevant to the topic
of the paper.

Fig. 1. Graph of a particular solution (integral curve)
of a first-order differential equation. M(x,, t,) is the point
of tangency to the integral curve. The tangent
intersects the horizontal axis at an angle
of ¢ = arctg M(x, t,). The initial condition is x(t,),
and the observation interval is [t, T)

For each point tangent to the integral curve within
the domain of definition of f{x, #), equation (7) determines
the value of the derivative x'. This specifies the slope of
the tangent line to the integral curve that passes through
this point and intersects the horizontal axis at an angle of
¢ = arctg M(x,, ¢,), as shown in Fig. 1.

Therefore, differential equation (7) allows us
to graphically construct a set of directions—or,
equivalently, determine a field of directions or a field of
isoclines [2].

Advances in computer science form the basis for
modern automated engineering solutions to estimate the
dynamics of the first derivative (velocity) of a physical
object. These solutions utilize the results of processing
field measurements of isoclines [11-13].

Further investigation requires plotting the
graph G[¢, T) of the dynamics of the first derivative over
the observation interval [#,, T) in the x'x; £yt plane. This
can be accomplished in two ways. Firstly, if the
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trajectory x' allows for the analytical solution’, 8 [2],
then the graph G[¢;, T) should be plotted based on these
analytical dependencies. Secondly, if the curve x' is
obtained from the results of processing measurement
data and monitoring [3-13], then the graph G[¢;,, T)
should be drawn based on those results.

Figure 2 shows a possible, highly curvilinear
graph G[f;, T) of changes in x' over the observation
interval [z, T) for general object dynamics in
the coordinates.

\
~ Vv

Fig. 2. The graph of the dynamics of the first
derivative G[t,, T) within the observation interval [t,, T),
where X'(t,) is the initial condition and A[t,, T) is the
shaded fiat figure swept by the integral curve G[t,, T)

It is necessary to study how the numerical values
of x" change over the observation interval [#,, 7).

ALGORITHM Z FOR FORMING
A CHAIN MODEL OF THE DYNAMICS
OF THE FIRST DERIVATIVEATTIME T

The graph of x', or integral curve G[z,, T), in Fig. 2
consists of segments that represent the acceleration,
deceleration, constant velocity, reverse deceleration,
and reverse acceleration dynamics of x". The physical
significance of this behavior of the integral curve can be
understood through the analysis of derivatives, with which
engineers are familiar from their courses in mathematical
analysis and advanced mathematics at technical universities.
1. The coordinates and duration of all local extrema

of the integral curve G[¢,, T) must be determined.

Optimization techniques can be used for this

purpose’. The multi-extremality of the dynamics

7 Petrovskii 1.G. Lectures on the theory of ordinary
differential equations. Myshkis A.D., Oleinik O.A. (Eds.).
Moscow: MSU; 1984, 296 p. (In Russ.).

8 Trukhan A.A., Ogorodnikova T.V. Ordinary differential
equations and methods of their solution. Rows. Elements of variational
calculus: Study guide for universities. 2nd ed. St. Petersburg: Lan;
2020, 268 p. ISBN 978-5-8114-6421-0. (In Russ.).

9 Collection of math tasks for higher technical educational
institutions. In 4 parts. Part 3: Study guide for higher technical
educational institutions. Efimov A.V., Pospelov A.S. (Eds.).
4th ed. rev. and add. Moscow: Physico-Mathematical Literature
Publ.; 2002, 576 p. ISBN 5-94052-036-7. (In Russ.).

of the x" trajectory on the graph G[¢,, T) should be
explored using the tangent method outlined in
the paper. Based on the outcomes of step 1 of the
algorithm, a finite set of values for local extrema of
the first derivative, as well as for x'(¢,) and x'(?), is
generated. This set is arranged in ascending order
of as follows:

extrx'[t,,t) = {(x;,fj,tj)ijé(fj) =0} ey

Note. If the extremum x'; is reached within the
interval [t 1+ T j] which corresponds to x(¢ ]) =0
for Vt € [tj t. + Tp]], then (x 151, ) should be
substituted by (x ot + T, ;) in extrx Tt O

2. For Vj € J(T), draw the jth secant Secx’; ; from

point x'; - This is a straight line numbered j,

which originates from the ordinate x} parallel to

the horizontal axis until it intersects the vertical

perpendicular restored from point 7.

3. Fix the flat figure A[z,, T) swept by the integral
curve G[t, T) and set j = min{j € J(T);}.

Define a typical flat section A[tj, tjﬂ) c Alt, D
by the following boundaries: part of the secant
Secx}. [tj,t ]CAJ[ il ti.1), while the fragment
of the envelope (jth 11nk) Gj[tj, l ) € Glt, 1) is at
the opposite.

If x <x’,,, then the section on the left is
bounded by the vertical line restored from the point
gj(x'- ,tj)sz[tj,th)ﬂSecx} #®. On the
right, it approaches without a limit the vertical line
restored from the point G, [1;,¢,,,) N Secx}Jrl =0,
ie., g](x <tig)= Gj[tj,thrl)ﬁSecx}Jr1 %=,

If xJ > X

b

+1> then the section on the left is
bounded by the vertical line restored from the point
gj(x'. ,tj) [] ]+1)ﬂSecx 7P On the
right, it approaches without a limit the vertical line
restored from the point G;[t;,¢,,)(NSecx’; = ®,
ie., g](x <tj+1) G[ ]+1) Secx’ +1¢<I>

5. j=j+1L1IfjeJT), proceed to step 4.

6. Due to the above constructions and sequential
enumeration of all j, the integral curve G[z,, T) can
be represented as the following union (chain) of
links:

G[to’ T) Uj EJ(T) [ ]+]) (8)

Stop. The chain model of the dynamics of the
first derivative (8) is constructed, thus completing
algorithm Z.

Note. When the dynamic behavior of the
first derivative persists after time point 7, the
aforementioned algorithm Z is reiterated within a
new observation interval and the chain model (8) is
further refined.

Developing a method for evaluating the probabilities
of the chain (8) ordinates, i.e., the first derivatives
thereof, is of both scientific and practical significance.
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METHOD FOR GENERATING A COMPLETE SET OF VALUES FOR THE FIRST DERIVATIVE WITHIN AN
OBSERVATION INTERVAL

Select the jth link from the chain (8):
Gty 1)) € Gl 1. € D).
Choose an arbitrary point g j (x} ,¢; ) in this link:
g (x'-r,tjr) € Gj[tj,th) c Glty,0), tjr e[tj,tj+1), r=12,... 9)

Note. The double index j, in the notation for this point and its coordinates allows for other points in the same
jth link and chain (8) to be denoted with the same ordinate value by varying the subscript. This will facilitate an
understanding of the analyses process.

As defined by academician V.S. Pugachev [1], an arbitrary variable is a quantitative characteristic of an experiment
that can take on one of several possible, albeit unpredictable values.

Denote the half-interval on the vertical ordinate axis in Fig. 3 as OG t, t +1) € OGlt,, T). This includes the x
ordinate values of all points g ; j. (x" % J ) (9) in the jth link of the chain (8) Le.,

0G,[t,.1,,)) ={Vx}r COG,[t,t1,1)18,; () 1, )G lt it i), 7 =1,2,...}. (10)

Fixing the value of an arbitrary point g; (x"; ol ) in the jth link of the chain (8) in a graph is a result
obtained through the application of either mathematlcal formulas or field measurements during observation. This
is described as a stochastic event. The events involving the fixation of different points in the link are mutually
exclusive in nature.

The space of possible outcomes is referred to as an arbitrary space, whose elements are called elementary
outcomes. In practical terms, this space represents the set of all potential mutually exclusive experimental
results.

Geometrical probability extends the conventional definition of probability by including cases having an infinite
number of equiprobable outcomes. '°

The probability of an event (jth link) occurring is determined using the geometrical concept of probability:

lenG [t i tig) .
lenGl[t,,T) (b

where len Gj[tj, t ) and len G[¢, T) are the lengths of the jth link and the entire chain, respectively. These values can

be determined either from experimental monitoring data on the dynamics of the first derivative of the object, or by

using formulas for calculating the length of a curve in a plane, which are taught in advanced mathematics courses at
technical universities, for example [14]:

p;=

j+l

lenG [t;.t,,)) = j 1+ 5(s)2 ds,
len G[ty,T) = j 1+ 3(s)2 ds.
fy

The numerical value of the x'; i, ordinate of point g; (x ,t; ) (7) is an arbitrary variable.

Due to the construction of the graph of'the first derlvatlve a Eljectlon Vx g (x ,t . ) exists in each jth link
of the chain (8). "

As the presence of Vx', € OG [t t +1) depends on the occurrence of the event G] [ 1, t.,1), and since there is no
prior information about tﬁe precedmg or subsequent derivative values, the occurrence of x’. within the half-
interval OGj[tj, L +1) 1s equally probable. This corresponds to the maximum uncertainty in the ‘occurrence of this

x} value, in terms of maximum entropy [15].
r

10 Melnikova L.N., Fastovets N.O. Probability theory: Lecture notes. Moscow: Gubkin University Publ.; 2017, 100 p.
(In Russ.).
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Figure 3 shows that due to the construction,
each oG, [z, i t..;) has minimum and maximum values,
and x'; from which the following can be

j min j—max >
deduced:
I '
OG'[ j j+l)_[xj—min’xj—max) and
! -
lenG [] J+1)_xj7max X j—min-
XA
- ———
\
\
SR S S ——
I
N
t - * >
° OGlty t) et
LOGIt; tju1) [~ |
|
|
|
|
v _ -
\\
I E———

Fig. 3. Half-intervals of the ordinates:
OGlt,, t) represents the entire chain, and OG; [t, /+1)
represents the jth link

Then, the probability of the x’; ordinate value

Jr

appearing within the half-interval OGj[tj, tj ) in the
monitoring experiment is determined using (11), as
follows:

px}r T — R (12)

Xj—max ~*j—min

It follows from the above that the ordinate values of
the points x’ are stochastic.

Each arbitrary variable can be linked [1] to a specific
event. For example, the occurrence of an event where
the arbitrary variable x} takes on a value less than a
specified value. Conversely, each event x', can be
linked to an arbitrary variable, P (x".). This represents
the probability of a specific numerlcal value of the x', )
coordinate appearing on the vertical axis in a specific
order in r different links of the chain (8).

Note: Due to the design depicted in Fig. 3, the
different links in the chain (8) may correspond to
different horizontal axis intervals, while having the same
values on the vertical axis, as shown in Fig. 4.

If the following condition is met:

0G,[t;,t,,)NOG [z, erl)

=[x"

Jj- mln’x

(13)

J- max)m[xp min ’ p max)_
)=®, j<p, jVpeJT),

=[x rmul x'mul
] —min’ ] —max

then all links Vp € J(T) can be considered equivalent to
the jth link.

U
XA

Fig. 4. Similar chain links. The solid line depicts
three curved segments that are distinct yet similar
chain links, which share common ordinates marked
with vertical curly brackets

We form a supplementary set of link numbers,
similar to the jth link in the chain (8)

Ax} = {j,rjl,rjz, s rjk}, (14)

where r;; is the number of links in chain (8) that are
similar to the jth link.

Note that pow Ax’;, the set cardinality or number
of elements in set Ax ;i (14), is equal to the number of
links in chain (8) that are similar to the jth link plus
one.

We can then write the following formula:

, 1
Pi(x= 2

, y'mul _ /mul Py
reij

(15)
J.—max r—min

which coincides with formula (12) in the special case
where there are no links similar to the jth link, with

rmul = rmul

J —max Jj—max> xr min _x] —min"

By exhaustively enumerating all indices j € J(T) and
applying the formulas (9)—(15) presented in this section,
a complete set of events (i.e., the values of x}) can be
derived: {P (x"; )}jEJ(T)’ Z]EJ(T) J(x ) =1 "at time T
within the observatlon interval.

Note. Based on the results of processing the
experimental observation data, as ¢ increases, the
values of this complete set of events may change due to
variations in len G[z,, 1) (11) and J(7) (15).

The existence of a complete set of such events is a
defining feature of the first derivative.

It would be beneficial to investigate the impact of
links similar to those in the chain model (8).

ALGORITHM W FOR GENERATING
A CHAIN MODEL OF THE FIRST DERIVATIVE
REFINED BY SIMILAR LINKS

1. Use algorithm Z to generate the chain model (8) of
the first derivative at time z.
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2. Using the method described above, determine the
complete set of values of the first derivative within
the observation interval for the chain model (8).

3. For Vj € J(T), create a finite set, Bx', of values for
index j, arranged in ascending order. This set is formed
from the values x’.mfrlnax, x;.fmax, x;‘fr‘;}in, x}fmin,
obtained in step 2, some of which may coincide.
The elements of the set Bx' at time ¢ are denoted
asb,, b, ..., bn(T)'

4. ForVvi=1,2, ..., n(T), draw the ith secant, Sec b,,
which is a straight line numbered i, originating
from coordinate b; on the vertical axis and running
parallel to the horizontal axis until it intersects the
vertical perpendicular restored from point 7. Hold
fixi=1.

5. Define the new flat segment B[z, ¢,,,) < A[t,, T)
using the following boundaries. This is bounded
below by the segment Sec b, € B/[¢,, ¢, ;) and above
by the new ith link GNEW][t,, t,,,) € G[t,, T), which
is a segment of the envelope.

If b; < b,,,, then the interval is bounded on the
left by the vertical line reconstructed from the point
hj(b,-, ;)= GNEW]t,t,.,) N Sec b, # ®. On the right,
it approaches the vertical line reconstructed from the
point GNEW]t., t.,,) N Sec b,, | # ®, without bound.
That is

h(b,<t)=GNEW]t,t,,) N Sech

If b, > b,,,, then the interval is bounded on the
left by the vertical line reconstructed from the point
h(b,, t)=GNEW]t, ;) N Sec b,,, # ®, and on the
right, it approaches the vertical line reconstructed
from the point GNEW[t,, t,,,) N Sec b, # @, without
bound. That is

h(b,<t,)=GNEW]t,t,,) N Secb,# .

+ Q.

i+1

6. i=i+1.1fi<n(T), proceed to step 5.

7. Based on the above constructions, and by
sequentially iterating over all possible values of i, the
envelope curve G[f, T) can be represented as a new
union (chain) that takes into account the characteristics
of the similar segments, in the following way:

Glt, 0=U;_y 5 wnONEW][L, 1;.).  (16)

Stop. The end of algorithm W. A new chain model
for the first derivative dynamics (16) has been developed
and refined based on similar links.

These models and algorithms address the “heavy-
tailed” problem in the probabilistic analysis of internet
processes and modern information and communication
systems. They provide new formalizations for problems
related to research in areas such as Big Data analysis,
data mining [16, 17], and artificial intellect [18].

Further investigation of the new chain model (16)
for the dynamics of the first derivative, taking into

account its non-uniformity, is required. This involves
considering the presence of links with sections of
deceleration and acceleration in the dynamics of the
derivative throughout the entire observation interval up
to time 7.

PROBABILITY CHARACTERISTICS
OF TYPICAL LINKS

For circuit (16), we consider the typical links shown
in Figs. 5-8.

/

XA
-~ =1
U \
Xt)  \(F E
_____ T >
| |
X(t41) | | D
_____ A
s I A
. Al B o
t; toi Gir

Fig. 5. Graph of the constancy and acceleration
of the first derivative in the link G/[t;, t;,), i=j;. AB=T,,
and BC = Tq,. are the corresponding coordinate segments
on the x-axis, representing the constancy
and deceleration of the first derivative
from x'(t;) to x'(t;, )

XA , i= Jo e
oy T 0/
)V(( tl) E Eﬂ
- —— q—»
/" | |
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| Toi | Tq,- |
5 |
ty A* B + 4 c >
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Fig. 6. Graph of the constancy and acceleration
of the first derivative in the link G/[t;, t,, 1), i = j,. AB = Toi
and BC = Tq,. are the corresponding coordinate segments
on the x-axis, representing the constancy
and acceleration of the first derivative

from x'(t;) to x'(t;,)
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Fig. 7. Graph of the inverse constancy and deceleration
of the first derivative in the link G/[t;, t;, 1), i = j3. AB = Tp,
and BC = Tq,- are the corresponding coordinate segments
on the x-axis, representing the constancy
and deceleration of the first derivative

from x'(t;) to x'(t;, )
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Fig. 8. Graph of the inverse constancy and acceleration
of the first derivative in the link G/[t, t;, 1), I=j,. AB=T,
and DC = T ;are the correspondlng coordlnate segments
on the Xx-axis, representing the constancy
and acceleration of the first derivative from x'(t)) to x'(t;, ;)

In terms of probability theory, we examine the
characteristics of typical links with irregularities in the
dynamics of the first derivative (Figs. 5-8).

Analysis of these ﬁgures shows that two random
events are possible: x’ —xconSt and x'#x] . .The
methodological aspects of calculating the probabilities
of these events are of scientific and practical interest
as they enable an evaluation of the stochastic moments
of changes in the first derivative, allowing predictive
conclusions to be drawn about the dynamics of these
changes for purposes such as the control and monitoring
of'a moving objects.

Figures 5-8 show a plane figure ABCDEF, which
illustrates the ith typical link of change in the dynamics
of the first derivative, i € {j,, j,, j3, j45 © [. Initially
constant, and then becoming non-uniform from
time ¢, (with deceleration in Fig. 5 and acceleration
in Flg 6, as well as similar changes in the reverse
dynamics in Figs. 7 and 8), the change in the dynamics
of the first derivative in the ith typical link occurs within
the interval [z, ¢,,,) € [#,, T).

The probability of the event where x' takes
the x. . value in the ith typical link within the
interval [z, ¢;,,) can be estimated using the concept of
geometric probability [9, 10, 19, 20], as follows:

lensl‘[ti,tpi)
P(x'=x! _ 17
( const; ) lenG[tO,T) ( )
lens,
P(x'# — =g, 18
("% Toons ) = len G[ty,T) % (18)
where
lens1 [t;, pl) J’”\/1+[x(s)| (5)= OJ ds =t, ;=T
is the length of the ith typical link with x' const ,

lenG[t,,T) = I J1+X(s)%ds is the length of the entire

chain (8), lenszi [tgirtis1) = is the

T

length of the part of the ith typical link with x" # xconSt
According to the mean value theorem for definite
integrals [21], it follows that

aver z’ti+1)

J. i+l )C(S)ds
It follows from this at len Sy, # 0 that

)#0,

len S2i =

T,;>0. (19)

0Laver[ pi’ l+1

(20)
T, 2 0.

Given the values of ¢, ¢ ., and ¢, obtained from
measurements, it follows from the latter relations that
the Valu-e of aaver[tpi, t;;1) can be obtained by numerical
calculation.

Note: The calculated Valugs of o,.[¢ o L D may.be
negative due to the construction of the corresponding
graphs for the inverse dynamics.

On the other hand, according to the mean value
theorem for definite integrals [21], the following can be
written:

L ..
lens; +lens, =‘I ¥ (s)ds
i i |

21)
_| aVer[ i? z+1)|(ti+1 —l‘l-) >0.
From relations (19)—(21), we obtain
Uayerl pistiv)| Tgi = (22)

_| aver[ i’ z+1)|(ti+l _ti) - Tpi 20.
It follows from (22) that [otyye, [£;,8;,))| (G4 =2) 2 Ty,

while |a

aver[tpi’ti+1) Tqi < |aaver[ti’ti+l)|(ti+1 _ti) or

|aaver[tpi’ti+1)| < L~ -1 +£

(O gver[4i>Li1) | T, T,

Applying (17), we obtain the following:

P(x'=x

T ..
constl») =p; = = <L (23)

len G[¢,,T)
For the h.ypo'thetical case of T’ v 0, the probability
density function is

f(x/ = xéonsti ) =8(x"—x;

const; )’ (24)
where 6 is the Dirac delta function and coincides with
the result obtained in [10].

The obtained relations require studying the
distribution of the values of the first derivative in the
ith typical link of the refined circuit model (16) within

the interval [z, t,,,) < [y, T).
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ANALYSIS OF THE DISPERSION OF THE FIRST
DERIVATIVE DYNAMICS ON TYPICAL SECTIONS

Suppose that the chain model (16) consists of a
single ith typical link. The shape of the probability
density of the first derivative, 3(x', ¢ € [¢,, t,,,)), which
yields the supremum!'! of the variance of the values,
D(x',t€[t,t,,,)),incases of deceleration and acceleration
of'the first derivative in the ith typical link (Figs. 5-8), is
determined by Lemma 1.

Lemma 1. The supremum of the variance of the first
derivative, D(x', t € [t, t,,,)) in the ith typical link, is
attained at the probability densny S(x,telt, b)) =
= p,o(x' — const )+ q;0(x"—x[ s ), Which corresponds
to the discrete’ type of the proﬂ)ablhty distribution
function of the arbitrary variable x'.

Proof of Lemma 1. We analyze the variance
D(x',te [tl., t,.,)) and the shape of the probability density
(', t€[t, 1)) in Figs 5-8. Let

xmin mm(xconst ’ const ) x

D(x,te[l, 1+1))

= [ )/ (.t elty b )ds -

’
= max(x, Xeonst;, ).

consti ?

_(L'““fe[plﬂ»dﬂz=

WWmeqmmm

2
[J. T sf (s, e[t Hl))dsJ .

Following the recommendatlons given in [10 22],
we perform an ¢- partmon of the segment [xmln , xmaX ]
of length x .. — xmm >0, d1V1d1ng it into non-
1ntersect1ng half-intervals 0 < [x X +1) <g, jeJ(e)of
length x';, x; , each less than & > 0.

We approximate D(x', ¢ € [t,, ¢, ,)) by the sum

2
- ~ 5
D(x,te[ti,tl.+1))—Zjej(g)zj(ej) _(ZjeJ(g)Zjej) ,
X'~ 1
where ijjxf f(s,t€lt;t;,)))ds 20, e is defined

below,
z

S 1. (25)
_ The Lagrange multiplier method for
D(x',t €[t;,t,,)) = extr subject to the constraints (25)

yields the necessary condition for the optimum:

e? +2mej -A=0, jeJ(e),
Zjere?i = (26)
z; >0,

11 east upper bound.

where m = Zez, k € J), k # j; A is the
Lagrange multiplier.

Thus, for Vj € J(¢)), the value of e; must be a solution
to the same quadratic equation in (26). Consequently,
for Vj € J(¢), the values of e can take no more than two
distinct values. Taking into account (17) and (18), which
are characteristic of the half-interval [z, ¢,,), these
values are p; (23) and g, (18).

The construction of the refined chain
model (16) and (24) makes the case of multiple roots of
the quadratic equation in (26) impossible.

Therefore, the general form of the probability
density function for the values of the first derivative of
the object’s dynamics for Figs. 5-8 is as follows:

S(xlat € [tl'atl'+1)) = pis('x'

Omitting the intermediate calculations
from [10, 23], the following expression for the variance
D(x', t € [t,, t,,,)) can be written:

const )+q18(x - const 1)

D(x te[t tz+1)) pzqz(xconst xconsti+1)2' (27)

Thus, Lemma 1 is proved.
Corollary of Lemma 1. 1t follows from (27) that the

supremum of D(x t € [t,t,,)) is attained at p,q; = max
and | xconst const | = max.

We analyze tlhe variance of the values
of D(x', t € [¢, t;,))).

Omitting the intermediate calculations

from [6, 9, and 10], the following expressions can be
derived for the variance of x":

D('xlat € [tl'atl’+1)) =

= Ij:o(sz)f(s,t €t;,t;,1))ds —
2
—(f’ of (s,t €lt;, l+1))ds) -

PMﬁmmnMM—

2
( j mN of (s, € [t l+1))dsJ =

— 2
=Pi4; (xconst : const )

from which it follows that the supremum of D(xX', t € [t, t,,)))
is attained when X, =0or xconst = 0. This does not

contradict the graphs in i:lgs. 5-8;
E(xfat E 15 l+1)) -
_I sf(s,telt i’ z+1))ds = pixéonstl- + qixéonst”l ’

where p, is taken from (23) and ¢, from (18).

Of scientific interest is the study of the behavior of
the dispersion dynamics of the random values of x" over
the entire observation interval [,, 7).
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ANALYSIS OF THE DISPERSION OF THE FIRST
DERIVATIVE DYNAMICS OVER THE ENTIRE
OBSERVATION INTERVAL

As discussed previously, at time 7, the full set of
integral curve events of the x’ dynamics is an inherent
property of any first-order differential equation.

As in [8, 9, 23], we analyze the variance of the
values D(x', t € [t;, t;,,)) and the shape of the probability
density of the derivative f(x', ¢ € [t, t;,,)), which yields
the supremum of D(x', ¢ € [¢;, #,;)). This problem is
solved by Lemma 2.

Lemma 2. The supremum of the variance of the
values of the first derivative, D(x', ¢ € [t, t,,,)), over
the entire observation area [f, T), is reached based on
the probability dlStI’lbuthIl density J(x telt,t)=
= z]ej(t (pl5(x const )+ qls('x const )) which
corresponds to a discrete probablllty dlstrlbutlon function
of an arbitrary variable, x'.

Proof of Lemma 2. We analyze the variance
value D(x', t € [¢,, t,,,)) and the probability distribution
density type 3(x', 1 € [¢, T)) for Fig. 2.

For the chain model (14), taking into account (27),
we can write the following:

D(x te[t():T)) zleJ(T)D(x ZLE[[’H»l)):

= Zig](T) Pi4; (xconstl-

The apparent feature is: the maximum of the sum of
independent terms is the sum of their maxima.

Thus, Lemma 2 is proved.

The result of the stepwise approximation of the
stochastic process of the first derivative at time 7, which
has broad applicability, is expressed as follows:

x'(telty,T)) =

2
const )

(28)
B ZiEJ(T)[ const; p’®(t —1)+ xconst qz®(tl+l )],
h o) = 0, when ¢t <0, | e Heaviside st
whnere = 1, when >0 1S € caviside Step

function.

Analysis of this model shows that it can be constructed
using measured data on monitoring the object’s dynamics,
thus eliminating the need to solve the corresponding
differential equation. The graph of this equation can be
reconstructed from the parameters in (28).

Therefore, the step function model of first derivative
dynamics can be used to study of dynamic systems based
on their observed probabilistic characteristics.

CONCLUSIONS

The paper establishes and explores the stochastic
nature of forming the integral curve of solutions to
Cauchy’s problem for first-order ordinary differential

equations that describe the dynamics of arbitrary objects.
The integral curve can be obtained through calculation
using analytical relationships or by monitoring the
object’s dynamics and acquiring and processing
measurements of its characteristics.

As the actual dynamics of the object are highly
heterogeneous, as demonstrated by the wide range
of values of its first derivative, a chain model of the
dynamics of the first derivative at a fixed observation time
was developed, along with an associated algorithm Z for
its formation. These are intended to provide primary
analytical, numerical, and graphical interpretations of
changes in the dynamics of the first derivative, suitable
for subsequent stochastic analysis.

A geometric probabilistic approach has been used
to discover new probabilistic properties of solutions to
Cauchy’s problems as stochastic processes of changes in
the first derivative dynamics.

The concept of similar links in the chain model of
the first derivative has been introduced, enabling the
development of a more detailed model of the integral
curve chain in the form of a chain of similar enveloping
links. The algorithm W has also been devised for
constructing a chain model of the first derivative that is
refined by similar links.

It is demonstrated that the probability values of
the first derivative constitute a complete set of disjoint
events. For estimating these probabilities at any
observation time, corresponding formulas are derived.
The number of elements in such a complete group is a
non-decreasing integer function of the abscissa axis (the
horizontal coordinate). The existence of a complete
group of events of this kind is a defining feature of the
first derivative. Furthermore, it is demonstrated that this
complete group of events is an inherent property of any
first-order differential equation.

A method is proposed for estimating the probability
of the values of the first derivative within an observation
interval based on the concept of geometric probability
and by using the ratio of link lengths in a refined chain
model.

These models and algorithms address the “heavy-
tailed” issue in probabilistic investigations of processes
in contemporary information and communication
systems and technologies.

Lemmas have been proved to justify the discrete
form of the probability distribution of the values of the
first derivative of an object’s dynamics. Studies have also
been conducted on the dispersion of this distribution,
which justify its supremum. The derived formulas
enable the dispersion of first derivative dynamics to
be estimated based on experimental data, allowing a
piecewise approximation of the random process for the
dynamics of the first derivative to be formed over a fixed
observation period.
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The stepwise model of first-order dynamics is
generally applicable, making it possible to study
dynamic systems based on the observed probabilistic
characteristics of its parameters. This allows the
construction of a set of criteria and formulate dynamics-
based problems in terms of stochastic processes, thus
opening up new avenues for research.

In order to identify new dependencies in the
dynamics of the first derivative, the methodological
results obtained require further development in line with
approaches to random processes. These results provide
a foundation for novel formulations and statements of
research problems in various subject areas, particularly
those related to observations and monitoring in fields

10.

11.

12.

13.

such as Big Data, data mining, and artificial intellect.
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