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МЕТОД ОПРЕДЕЛЕНИЯ НАПРАВЛЕНИЯ НА ЦЕЛЬ ЦИФРОВОЙ

АНТЕННОЙ РЕШЕТКОЙ МОНОИМПУЛЬСНОЙ

РАДИОЛОКАЦИОННОЙ СТАНЦИИ

Ключевые слова: моноимпульсный метод
пеленгации, нейронные сети,  уходы
равносигнального направления, пеленгационная
характеристика, угловые координаты цели,
градиентный метод, система координат
наблюдения.

Для цитирования: 
Шацкий Н.В., Ходатаев Н.А. Метод определения направления на цель цифровой антенной решеткой моноимпульсной
радиолокационной станции  // T-Comm: Телекоммуникации и транспорт. 2021. Том 15. №12. С. 4-10.

For citation: 
Shatskiy N.V., Hodataev N.A. (2021) Method for determining the target direction of a digital antenna GRID OF A MONOPULSE radar
station. T-Comm, vol. 15, no.12, pр. 4-10. (in Russian)

На основе анализа погрешностей моноимпульсного метода пеленгации цели радиоло-
кационной станции с цифровой антенной решеткой выделена в особый кластер группа
погрешностей, связанная с флуктуациями равносигнального направления при сканиро-
вании луча антенной системы, а также с неидентичностью формы формируемых лучей
моноимпульсной группы. Данное обстоятельство особо критично проявляется у крупно-
апертурных РЛС с ФАР с электрическим сканированием, где количество формируемых
приемных лучей значительно, дополнительно координаты цели обычно не совпадают с
координатными плоскостями, вдоль которых производится измерение координат (этой
проблеме была посвящена статья автора, опубликованная в предыдущем номере жур-
нала). Нелинейность данной задачи требует уникальных подходов и решений. Класси-
ческая постановка задачи связана с получением оценки вектора излучения всей антен-
ной решетки по известному измеренному вектору комплексных сигналов на выходе ан-
тенной решетки в фиксированный момент времени. Для решения данной задачи и оп-
ределения решающего правила использован нейросетевой подход, при этом обучение
нейронной сети выполнено по критерию минимума выбранной целевой функции. При-
ведено обоснование повышения точности измерений угловых координат в моноим-
пульсных системах со сканирующими цифровыми фазированными антенными решетка-
ми (ЦФАР) на основе применения в процессе обработки радиолокационных данных
нейронных сетей без формирования пеленгационных характеристик. Результаты моде-
лирования характеристик ЦФАР (на примере плоской антенной решетки размерностью
30 на 30 излучателей) в условиях, принятых в модели ЦФАР допущений при реализации
классического и оригинального методов показаны на примерах поверхностей диспер-
сий ошибок измерения угловых координат моноимпульсным методом в прямоугольной
пространственной области, которые показали уменьшение ошибки и расширение обла-
сти измерений. В дальнейшем предполагается практическая реализация данного подхо-
да с использованием FPGA в приемных трактах частотно-зависимой части РЛС.
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METHOD FOR DETERMINING THE TARGET DIRECTION OF A DIGITAL ANTENNA GRID 
OF A MONOPULSE RADAR STATION

Nikolay V. Shatskiy, Mints Radio-Technical Institute (RTI), Moscow, Russia, nshatsky@rti-mints.ru
Nikolay А. Hodataev, Mints Radio-Technical Institute (RTI), Moscow, Russia, nkhodataev@krtis.ru

Abstract
On the basis of the analysis of the errors of the monopulse method of direction finding of the target of a radar station with a digital
antenna array, a group of errors associated with fluctuations of the equisignal direction when scanning the beam of the antenna system,
as well as with the non-identical shape of the generated beams of the monopulse group, was separated into a special cluster. This cir-
cumstance is especially critical for large-aperture radars with phased array with electric scanning, where the number of formed receiv-
ing beams is significant, in addition, the coordinates of the target usually do not coincide with the coordinate planes along which the
coordinates are measured. The nonlinearity of this problem requires unique approaches and solutions. The classical formulation of the
problem is associated with obtaining an estimate of the radiation vector of the entire antenna array from the known measured vector
of complex signals at the output of the antenna array at a fixed time. To solve this problem and determine the decision rule, a neural
network approach was used, while the neural network was trained according to the criterion of the minimum of the selected objective
function. The substantiation of increasing the accuracy of measurements of angular coordinates in monopulse systems with scanning
digital phased antenna arrays based on the use of neural networks in the process of radar data processing without the formation of
direction finding characteristics is given. The results of modeling the characteristics of the antenna array (using the example of a flat
antenna array with a dimension of 30 by 30 emitters) under the conditions adopted in the model of the antenna array of assumptions
when implementing the classical and original methods are shown using examples of the surfaces of the variances of errors in measur-
ing angular coordinates by the monopulse method in a rectangular spatial domain, which showed reduction of error and expansion of
the measurement area. In the future, the practical implementation of this approach is assumed using FPGA in the receiving paths of the
frequency-dependent part of the radio direction finder.

Keywords: monopulse DF methods, neural networks, radio beam deflection, DF characteristic angular target coordinates, the gradient method, 
the coordinate system of observation.
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МОДЕЛЬ ОЦЕНКИ ПРОПУСКНОЙ СПОСОБНОСТИ

ТРАНСПОРТНЫХ BACKHAUL СЕТЕЙ 5G NR

Ключевые слова: 5G, NR, транспортные сети, 
backhaul, пропускная способность, Cloud RAN, 
базовые станции, gNB, CU, DU, RU

Для цитирования: 
Покаместов Д.А., Крюков Я.В., Рогожников Е.В., Новичков С.А., Лаконцев Д.В. Модель оценки пропускной способности транспортных
backhaul сетей 5G NR // T-Comm: Телекоммуникации и транспорт. 2021. Том 15. №12. С. 11-16.

For citation: 
Pokamestov D.A., Kryukov Ya.V., Rogozhnikov E.V., Novichkov S.A., Lakontsev D.A. (2021) Model for estimating the throughput of 5G
NR backhaul networks. T-Comm, vol. 15, no.12, pр. 11-16. (in Russian)

В настоящее время во всем мире внедряются системы мобильной связи пятого поколения
стандарта 5G NR. Одним из важнейших компонентов этих систем являются транспортные
backhaul сети, соединяющие базовую станцию и ядро сети. Пропускная способность этих се-
тей должна быть достаточной для передачи большого объема трафика. В этой статье мы
предлагаем математическую модель расчета пропускной способности backhaul сетей, кото-
рая может быть использована при проектировании инфраструктуры 5G. Также мы рассмат-
риваем некоторые важные аспекты архитектуры 5G, принципиально отличающиеся от тех-
нологий сетей связи предыдущих поколений. Одним из таких аспектов является использова-
ние распределенных базовых станций, в которых блоки обработки радиосигналов, блоки
низкоуровневой и высокоуровневой обработки протоколов разделены не только логически,
но и физически, а также могут быть пространственно разнесены. Таким образом, системы 5G
вписываются в концепцию облачных сетей, за счет чего можно существенно сэкономить ре-
сурсы на развертывание инфраструктуры. Однако, такое решение повышает требования к
транспортным сетям. Рассмотрены возможные подходы к физической реализации транс-
портных сетей, включая принципиально новое решение, интегрирующее радиодоступ и
backhaul сети. Наконец, с учетом этих и других факторов описана созданная нами математи-
ческая модель оценки требуемой пропускной способности backhaul сетей. Модель основана
на расчете максимальной сетевой нагрузки в соте базовой станции с учетом таких парамет-
ров как количество пространственных лучей, агрегированное число поднесущих, индекс мо-
дуляции, скорость кодирования и др. Также в модели учитывается распределенная структу-
ра базовой станции. Показаны три харакерных сценария работы базовой станции 5G и для
них приведена оценка требуемой пропускной способности backhaul сетей.
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Abstract
Currently, the fifth generation of mobile communication systems of the 5G NR standard are being introduced all over the world. One
of the most important components of these systems are backhaul transport networks connecting the base station and the core of the
network. The bandwidth of these networks must be sufficient to carry a large amount of traffic. In this article, we propose a mathe-
matical model for calculating the throughput of backhaul networks, which can be used in the design of 5G infrastructure. We also con-
sider some important aspects of the 5G architecture, which make fundamental differences from communication networks of previous
generations. One of these aspects is the use of distributed base stations, in which radio signal processing units, low-level and high-level
protocol processing units are separated not only logically, but also physically, and can also be spatially separated. Thus, 5G systems fit
into the concept of cloud networks, due to which it is possible to significantly save resources for infrastructure deployment. However,
such a solution increases the requirements for transport networks. Possible approaches to the physical implementation of transport
networks are considered, including a fundamentally new solution that integrates radio access and backhaul networks. Finally, taking into
account these and other factors, a mathematical model created by us for estimating the required bandwidth of backhaul networks is
described. The model is based on calculating the maximum network load in a base station cell, taking into account such parameters as
the number of spatial beams, the aggregated number of subcarriers, modulation index, coding rate, etc. The distributed structure of the
base station is also taken into account in the model. Three scenarios of 5G base station operation are shown and an estimate of the
required throughput of backhaul networks is given for them.

Keywords: 5G, NR, backhaul, bandwidth, Cloud RAN, base stations, gNB, CU, DU, RU.
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МЕТОДИКА РАСЧЕТА КОЭФФИЦИЕНТА ВЗАИМНОЙ

КОРРЕЛЯЦИИ МЕЖДУ ДВУМЯ СЛУЧАЙНЫМИ СИГНАЛАМИ

В УСЛОВИЯХ ПОМЕХ ЭФИРА

Ключевые слова: случайный сигнал, генератор
шума, методика расчета, коэффициент взаимной
корреляции, эфирные помехи, соотношение сигнал-
шум, цифровая обработка сигналов, математическая
статистика, статистическая радиотехника

Для цитирования: 
Дорохов С.В., Михайлов В.Э. Методика расчета коэффициента взаимной корреляции между двумя случайными сигналами в условиях
помех эфира // T-Comm: Телекоммуникации и транспорт. 2021. Том 15. №12. С. 17-23.

For citation: 
Dorokhov S.V., Mikhaylov V.E. (2021) Method for calculating cross-correlation coefficient between two random signals in the presence of
etheric interference. T-Comm, vol. 15, no.12, pр. 17-23. (in Russian)

На практике во многих случаях необходимо измерять величину коэффициен-
та взаимной корреляции между двумя случайными сигналами. При расчете
величины коэффициента взаимной корреляции между выходными сигналами
генераторов шума (ГШ) на рабочем месте в помещении всегда присутствуют
эфирные помехи, которые существенно искажают результаты измерений.
Для случаев, когда нет возможности воспользоваться существующими спосо-
бами для избавления от эфирной помехи при проведении измерений, автора-
ми данной статьи разработана новая методика, позволяющая вычислять ве-
личину коэффициента взаимной корреляции между двумя случайными сигна-
лами в условиях эфирных помех, которая может использоваться для оценки
специальных свойств генераторов шума, создающих маскирующую помеху.
В первой части статьи проведен обзор существующих методик проведения
измерений при расчете величины коэффициента взаимной корреляции меж-
ду двумя случайными сигналами в условиях эфирных помех. Во второй части
изложена новая методика и приведены примеры расчета коэффициента вза-
имной корреляции по данной методике. В процессе исследования было уста-
новлено, что коэффициент взаимной корреляции между выходными сигнала-
ми ГШ зависит от величины соотношения "мощность помехи/мощность сиг-
нала" (т.е. от величины мощности коррелированной части в составе сигналов
ГШ). Практическая значимость проведенного исследования заключается в
возможности использования методики, позволяющей вычислять коэффици-
ент взаимной корреляции между выходными сигналами ГШ в условиях слу-
чайных помех на рабочем месте разработчика, не имея возможности прово-
дить измерения в экранированном помещении.
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METHOD FOR CALCULATING CROSS-CORRELATION COEFFICIENT 
BETWEEN TWO RANDOM SIGNALS IN THE PRESENCE OF ETHERIC INTERFERENCE

Stanislav V. Dorokhov, MIREA - Russian Technological University, Moscow, Russia
Vyacheslav E. Mikhaylov, MIREA - Russian Technological University:

Moscow Technical University of Communications and Informatics, Moscow, Russia, v.e.mihaylov@mtuci.ru

Abstract
In practice, in many cases it is necessary to measure the value of cross-correlation coefficient between two random signals. While cal-
culating the value of cross-correlation coefficient between the two noise generators output signals at the indoor workplace there is
always an etheric interference that significally distorts the measurement results. When there is no possibility to use existing methods
for removing interference while making measurements, the new method for calculating cross-correlation coefficient between two ran-
dom signals in the presence of etheric interference that can be used to evaluate the special properties of the noise generators is devel-
oped by the authors of this article. The first part of the article reviews existing methods of making measurements for calculating cross-
correlation coefficient between two random signals in the presence of etheric interference. The second part introduced the new
method and gives some examples of calculating cross-correlation coefficient by this method. During the study it was found that the
value of cross-correlation coefficient of the two noise generators output signals depends on the value of signal-to-noise ratio (SNR)
(i.e., on the value of power of correlated part in both noise generators output signals). Practical significance of the study lies in the pos-
sibility of using the method for calculating cross-correlation coefficient between the two noise generators output signals in the pres-
ence of etheric interference when it is impossible to use EMI shielded room to make measurements.

Keywords: random signal, noise generator, method for calculating, cross-correlation coefficient, etheric interference, signal-to-noise ratio, digital signal processing,
mathematical statistics, statistical radio engineering.
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В статье представлен алгоритм для совмещения одно-
мерных сигналов. Совмещение сигналов определяется
параметрами смещения и масштаба. Дополнительно на
сигналы оказывают влияние аддитивная и мультиплика-
тивная помехи. Для совмещения подобных сигналов был
разработан итерационный алгоритм. Этот алгоритм
включает в себя раздельную оценку смещения и масшта-
ба. Смещение оценивается по сигналам в декартовой си-
стеме координат. Масштаб оценивается по сигналам в
логарифмической системе координат. Итерационный
подход заключается в последовательном приближении к
оцениваемым параметрам. Значение параметров теку-
щей итерации зависит от результатов оценки, получен-
ных на предыдущей итерации. Для определения по-
грешности оценки параметров в зависимости от мощно-
сти аддитивной гауссовой помехи проводилось числен-
ное моделирование. Разработанный алгоритм сравни-
вался с алгоритмом полного перебора (эталонный алго-
ритм). Сравнение показало, что разработанный алго-
ритм и алгоритм полного перебора характеризуются
практически одними и теми же погрешностями оценки
параметров, но разработанный алгоритм характеризует-
ся более высокой скоростью обработки.
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ITERATIVE ALGORITHM FOR OFFSET AND SCALE ESTIMATION 
FOR 1D SIGNALS SUPERPOSITION WITH ADDITIVE AND MULTIPLICATIVE NOISE

Rinat R. Diyazitdinov, Povolzhskiy State University of Telecommunications and Informatics, Samara, Russia,
rinat.diyazitdinov@gmail.com

Abstract
We describe the algorithm for 1D signal superposition. The superposition is defined by offset and scale. Also the signals contain additive and multi-
plicative noise. We developed the iterative procedure for superposition of those signals. This procedure includes the separate estimation of offset and
scale. The offset is estimated by signals in the Cartesian coordinate system. The scale is estimated by signals in the logarithm coordinate system. The
iterative method is approximation to real value of superposition parameters. The parameters of the current iteration depend on the estimation of pre-
vious iteration. The error of the parameters estimation from additive gauss noise was by the numerical simulation. The developed algorithm compares
with the brute force algorithm (the etalon algorithm). The compassion show that both algorithms are characterized the similar error of the parameters
estimation, but developed algorithm is faster.

Keywords: iterative, superposition, offset, scale, additive, multiplicative.
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ОСOБЕННОСТИ ПРИМЕНЕНИЯ СРЕДСТВ КОМПЬЮТЕРНОГО

МОДЕЛИРОВАНИЯ ДЛЯ СОВЕРШЕНСТВОВАНИЯ

ПРОЦЕССОВ ИЗГОТОВЛЕНИЯ ЛАЗЕРНЫХ ГИРОСКОПОВ

Ключевые слова: лазерный гироскоп,
компьютерное тепловое моделирование,  метод
электротепловых аналогий, метод поэтапного
разукрупнения (масштабирования – zooming),
метод конечных разностей, метод сеток, метод
графов
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компьютерного моделирования для совершенствования процессов изготовления лазерных гироскопов // T-Comm: Телекоммуникации
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В статье рассматриваются пути повышения качества и экономической эффективности разработ-
ки и производства сложных инновационных электронных приборов, к которым относятся лазер-
ные гироскопы (ЛГ). Описаны проблемы, возникающие при обеспечении надежной работы ЛГ
в широком диапазоне температур, связанные с плотной компоновкой прибора. Детально рассмо-
трены теоретические принципы и математический аппарат, которые используются при построе-
нии тепловых моделей трехосных ЛГ с электроникой. Приводится разработанный алгоритм по-
строения тепловой модели ЛГ, предусматривающий процедуру поэтапного разукрупнения (мас-
штабирования – zooming). Описан процесс моделирования ЛГ с помощью системы 
АСОНИКА, представлена построенная тепловая модель ЛГ,  а также тепловое поле одного из
печатных узлов ЛГ. Указаны обнаруженные теплонагруженные электронные компоненты. При-
ведены результаты экспериментальной проверки точности моделирования посредством реаль-
ного измерения термодатчиками температур  в узлах модели, подтвердившие достоверность теп-
лового моделирования с помощью системы АСОНИКА. Подчеркивается, что стоимость изготов-
ления и испытаний ЛГ является достаточно высокой. Поэтому задача поиска путей снижения сто-
имости на этапах разработки и производства ЛГ с одновременным обеспечением повышения ка-
чества и надежности выпускаемых приборов является крайне актуальной. Точное тепловое мо-
делирование на ранних стадиях разработки является эффективным способом решения этой за-
дачи благодаря экономии средств на испытания и переконструирование, а также благодаря при-
менению недорогой отечественной компьютерной системы моделирования АСОНИКА.

Кузнецов Евгений Викторович, 
АО "НИИ "Полюс" имени М.Ф. Стельмаха"; 
Инженерная академия Российского университета дружбы народов,
Москва, Россия, bereg@niipolyus.ru

Ермаков Дмитрий Николаевич, 
Инженерная академия Российского университета дружбы народов;
АО "НИИ "Полюс" имени М.Ф. Стельмаха", Москва, Россия, 
dermakow@mail.ru

Самусенко Олег Евгеньевич, 
Инженерная академия Российского университета дружбы народов,
Москва, Россия, samusenko@rudn.ru

Голяев Юрий Дмитриевич, 
АО "НИИ "Полюс" имени М.Ф. Стельмаха", Москва, Россия

Соловьева Татьяна Ивановна, 
АО "НИИ "Полюс" имени М.Ф. Стельмаха"; 
Инженерная академия Российского университета дружбы народов,
Москва, Россия

Кузнецов Никита Евгеньевич, 
АО "НИИ "Полюс" имени М.Ф. Стельмаха", Москва, Россия

DOI: 10.36724/2072-8735-2021-15-12-31-43

Информация об авторах:
Кузнецов Евгений Викторович, д.т.н., профессор, Генеральный директор АО "НИИ "Полюс" им. М.Ф. Стельмаха"; Руководитель Центра НТИ "Фотоника" Инженерной
академии Российского университета дружбы народов, Москва, Россия 
Ермаков Дмитрий Николаевич, доктор политических наук, доктор экономических наук, кандидат исторических наук, профессор, Академик РАЕН, Магистр технических
наук, профессор Департамента инновационного менеджмента в отраслях промышленности Инженерной академии Российского университета дружбы народов, главный 
научный сотрудник научно-технического отдела АО "НИИ "Полюс" имени М.Ф. Стельмаха", Москва, Россия 
Самусенко Олег Евгеньевич, к.т.н., доцент, Директор Департамента инновационного менеджмента в отраслях промышленности Инженерной академии Российского
университета дружбы народов, Москва, Россия  
Голяев Юрий Дмитриевич, д.т.н., профессор, начальник ИПК- 470 АО "НИИ "Полюс" имени М.Ф. Стельмаха", Москва, Россия
Соловьева Татьяна Ивановна, к.т.н., доцент, ведущий научный сотрудник АО "НИИ "Полюс" имени М.Ф. Стельмаха", доцент Инженерной академии Российского уни-
верситета дружбы народов, Москва, Россия 
Кузнецов Никита Евгеньевич, аспирант АО "НИИ "Полюс" имени М.Ф. Стельмаха", Москва, Россия

Manuscript received 05 September 2021;
Accepted 16 November 2021

ИНФОРМАТИКА



T-Comm Tом 15. #12-2021
32

ИНФОРМАТИКА

1.

       10 
 2019 .      

       
.  ,   

– ,         -
 . 

 ,    ,  : -
 ,   .    -
.     ,  -

 , , , ,   
. 

«       -
  – , , -

.   ,   80  -
      -

 .     , , 
 ,  :     , 

  ,      -
.          -
  :       

    », —   
    . 

   : "  
     -

  .  ,   ,  
,     ,   

 ,    -
     » 

[https://www.1tv.ru/news/2019-07-10/368378-vladimir_putin_ 
postavil_zadachu_dobitsya_liderstva_rossii_v_sfere_tehnologiy_
buduschego  (  : 20.07.2021)].  

     -
      -

  «  »    
  (    

ERP-systems) [26].     
   , -

        -
 [3, 4].  

      
 ( )     

( ),      ( -Ne -
 )     -

   .    
    ,     -

,       
   :  -

     -
; , , , -

 , ;   
     . 

      -
 .      

     -
      -

       
.  

     , -
      -

    ,  -
        

     .  
      

   -   
-   ( ).  

      -
      -

,     .    
     -

 .  
       

   ,   
.      

      
( ).       

      -
      (   -
  )  ,   -

        
.   ,   -

        
        

     . 
   ,  

   . -
,   ,   -

   .   
       -
          

   -
     [5, 21].  -

       -
       

   ,  -
      -

      , -
       

   -   -
.  

    ,  -
  ,    

    .  -  -
       

    ,  -
     [2, 30].  -

  40%    
      

.       -
    , 

     -
.        

       -
 .  

     
,     ,   

  ,   -
   .    

      -
  .      



T-Comm Vol.15. #12-2021 33

ИНФОРМАТИКА

   -  -
  ,    , -

    ,    
    , , 

  . ,   
  20  80     -

     3-4 , -
  2-3 ,   6-8 ,  

 –  6-10 pa  [29]. 
      

   , -
  -  , -

         
   –      -

  .      
    , -
    [20]. 
       

       -
      

( ),   ANSYS, SIGMA, COMSOL, STF-
ElectronMod, [6; 7, 8; 22; 24].  

     -
      , -

       
,    ,      

       .  
       

       -
,    .     

   ,    , -
       -

.  ,     
   -

,     , -
       ,  
  -     -

    . 
       
      

   ,   -
 .      

  ,    -
    ,  
     , 
     1 .    -

   ,    -
 . 
     -
    -

       
,     -

  [9]. C      -
   [27].  
      -
   ,    

,       -
    ,    -

     . -
  –      

 ( ),      
( )     .  

       -
      -

,        
,   .   

30-     ,   
     -

 ,      
   ,    
        , 

    [10, 11, 25].  
     -

  ,   CALS-  
[27].    CALS-    

      -
;       -

   30-40%,    
 30%,    9      -

     .   
    CALS-   -

      
     ,  

    ,  
  , ,     -
    ,   -

   ,    -
    , -
         

  .  , -
     , 

  ,   
        
  . 

       -
    [22]  -
     

( )     -  -
,      -
 .   [1, 15]   -

    ( ) -
 .  
        -
 –      

        -
 ,      -

      -
  .    -

   [12, 13, 14]. 
 ,     -

     : 
  ,   -

,   ,  ,  
.      -

  .     
       

       
,   ,    

 .     
     



T-Comm Tом 15. #12-2021
34

ИНФОРМАТИКА

   [18].  , 
 -     -

 ,     -
,    .  -

      -
 («zooming»),    [23],   -
      

  ,     -
      , 

    . 
      -
   ,    

      -
,      , -

      -
,  ,    -

      , 
      -

.  

2.     
     

   [19]   -
.       -

 ,      
     -

,       -
  .      

     . 
        

     
       

 .     
      -

    .   -
     , -

    -
   ,    -

.        -
 -      

  ,    1.  

. 1.     : 
1 –   - ; 2 –   -

; 3, 6, 7, 9 –  ; 4 –  ;  
5, 10 – ; 8 –  - ; 11 –   

     -
  ,   ,   

     
   ,    ,  

 - ,     
    -

  ,   .   
      -

    -    
    .  

3.    
,      

    

3.1.      
       -

     -
       

     -
   . 

     -
     -

      -
 .      1. 

       
        -

  –     .  

 1 
     

    
 

  -
   

 

 
 

  

 -
 -

  ,  

 
  

 
,  

 -
  -

, T 

 -
 -

  ,  

   
 

, I 

   
 -

 (  -
), PT

  
 ,  

 
(  -

 -
  -

 ), GE 

  
(   

  
   

  
  ), GT 

 
  

(1-  ),  

 ( -
 -

  
  

), CE 

  ( -
   

 -
   

  
  ), CT 

 
   

(2-  ),  

 
(   

  
 -
), LE 

  
(   

   -
   

 -
), LT 

 ( 1 – 2) =  GE ( 1 – 2) = I GT (T1 – T2) = PT 



T-Comm Vol.15. #12-2021 35

ИНФОРМАТИКА

      -
 ,    -

      , -
    ,    

 ,     -
 .      -

       
     .   

   -
       -

     1.  -
 ,  ,    

.      ,  
    .   
       

  .  
     -

,         
    .  
,      1, -
    -

       
  . 

      
,   (  )  

 .  

3.2.     -
,      

   

 ,   .1,   
      , 
  .  

   ,   -
,    : 1-   – -

     - , 2-  
      –  -

  - .   
       -

. 
      -

 ,     -
  ( ),    ,  

,  ,    . 
  ( ,   -

)    - .  
      -

-       , 
  ,    -

      -
  (    –   
 Spice).     -

  -    -
  ,     .  

 ,    -
 -   -    -

     : 
,   .  

     GT  -
     QT,  

  ,     PT 
   T    : 

(1) 

   GTcd   -
  S,   L   -

 ,  :  

(2) 

     

(3)  

 cn –     -
  S   . 

  : 

(4) 

 T1  T2 –    
      

  S;   –   -
  ;  –  -

,    
   .  

      
   ,   

 ,     -
   .  

      -
        

    - . 
     -

      ( ), 
    .    -
      

   – «  »,   
  .    

      - 
,    .   
     . 

       
  ( ).     
       

 ,      
      
   [17].  

      -
  :     

     .  
       
  . 

  2     ( )  
     .  



T-Comm Tом 15. #12-2021
36

ИНФОРМАТИКА

. 2.       : 
Ti,j, Ti-1,j, Ti+1,j,Ti,j-1,Ti,j+1 –    , i  j –  

    x  y, 1, 4 –    
       ; 2, 3 –  

      

  2      -
    ,  

 . 
 2 

     

   
  

   
 

 
 

  

  

         -
    - ,   

   . 
      -

 Ti,j,       
 .  

,      
      .  

    ,   
,      ,   , 

 ,        
       -

,         -
  .  

    Pcd,  
 ,    , -

     : 

     (5) 

 Pcd –      -
 ,   ,  –  -

, S – ,  –  , T – -
. 

 ,    (5)   
,       -
.      Vi = x· y·h, 

 x  y –      x  y, h  – -
  (  h   x, y,  

   z   ).  -
  ,       

  ,      , 
     (  ).  

     -
   : 

     (6) 

 pcd –   ,    
   .     -

 ,     2T  -
 : 

 

(7) 

 i  j –      x  y.  
     -

 : 

             (8) 

–       
     x; 

 

–       
     y; 

 

 –  ,      ( -
       , -

 ). 
 (8)   ,    

    ( . . 2).   -
    -   -
 .    

      -
 GTcd,    .  

 ,      -
 .      

      
     ,   

         
 .       -

     (GTcn   GTr).  
        -

     -   (  
  – «   -

»): 

,     (9) 

 Pcn –     ,  
Ts –  , TA –  -

 . 



T-Comm Vol.15. #12-2021 37

ИНФОРМАТИКА

      -
    ,    

 :  

P Gr Tr T1 2T( ) ,   ,    (10) 

       
    - .  

      -
        

 .  ,    -
        

,     ,  
      ,   -

       
   -    

  .  

4.     
      
   

       
     

    ,    , 
      . 

      -
   .   -

     , -
  ,        

 /       .  
,      

   ,  -
     .   

     
      -

 ,     
      -

     ,  
   ,  -

      ,      
 ,       -
       -

    .   
      -

  .   
      

    ,    
  ,   -

    -
  ( . 3).  

      
 «  »    

(zooming):      
       ,  
,      -
       

  ( .3).    
    : 

T
i i ik T / T ,...i 1,..., ,n  (11) 

 Ti  –  i-  ,     
    - ; iT – -

     , n –  
.      -

       
  0,8. 

. 3.            ,  
    -  (  1-4)  -  (  6-8, 11) 



T-Comm Tом 15. #12-2021
38

ИНФОРМАТИКА

5.     
     

5.1.     
      -

      
   (zooming),    

    .  
   2.2,     -

     ,  : 
  (  X,  Y,  Z),   (  

      ), -
  (   – « »   

, -   .),    .  
      

-        -
 .      

  ,    -
    .   -
-       

,   ,     -
    ,   

. 
 -    -

  ,     
  ,   -

    .  -
     ,    -

     ,   – 
.  

     -
      -

  ( , ),    
  -    . 
      4 -

     ,  
  (     -

 11,        
 ).  

. 4.        
   ,    –  , 

     : 
10 –     («  1»);  

11 –   ; 12 –   Z ( Z);  
15 –      (  );  

19 –     ( ); 20 –  
       Z ( Z) 

  5     -
  ,    - .  

. 5.       ,     -  



T-Comm Vol.15. #12-2021 39

ИНФОРМАТИКА

       -
 ,     

 ,    -
   ,    -

    .   
   5      

  ,  
 ,      -

       -
    .  

  –   , 
 , . 

,   ,   
 5,        -

,    .    -
 -T    -
.  

       -
     .     -

  27.     –  -
   +60°   -

       70  80° ,  -
    92  94° ,    

     
  (      ), 

     -
        -

   . 

5.2.       
    

        -
  (  zooming)    -

        
     .    

  - ,   -
   –     

 ( . . 2).  
      

  –  .     
    -  -

     :  200 -
 , , , , -

     .   6 -
       . 

,        
    ,    

-      -
    ,   -

     -
   .  

     6,  -
   D9   D7, D8.   

,         -
    ,  
     . 

. 6.         
-       

     

         
5  (   0.85-0.88),   1,4 %  

  .  
    ,    

  +60°      (  
10%)     (  +100° ), 

,  ,     
 . 

,       
     -

,      20  80 °    
      , 

      1.  -
      – :  

   +60°     
    + 76°  ,   
   ( .  5.3)  

,   +79 ° ,      -
       

.  
 ,      -

      -
       
.  

5.3.     
  

      -
  ,      -
    . 

    15  , 
  (  )   -

.   5     -
 , , , . 



T-Comm Tом 15. #12-2021
40

ИНФОРМАТИКА

 5 

    
   

        -
  .   -

,       -
,      120   

    +60° .   
      -

   .   120  -
     ,   

     . 
     ,   

      
 . 

      
     
      

 ,     -
   1,4-7,4% (   0,5° ). 

      -
    , -

,   «    , 
 »        

. 
[https://riafan.ru/1194363-putin-prizval-aktivno-rabotat-nad-

novymi-tekhnologiyami (  : 12.07.2021)].  

 

1.      -
  ,   -

     : 1-   – -
     - , 

2-        –  
  - .  

2.     
 .    1-   -

       ,  

    ,  2-   – -
   .  

3.     -
      -

  0,8.     -
    ,   -

   +60°      
   ,   -

    0,8.   
,       

 (  +100° ), ,  ,   
  .  ,  
       -

      ,    
   .  

4.      
       -

      -
 ,   15  , 

  .   -
      -

      -
    ,  -

      1,0-7,8%. 
5.   ,  

      
      
  ,    -

 .  ,  -
,      -

    ,    
     

.      
     -
      -

      -
  . 

6.     -
       -

      
    . 
7.     

   ,    
    -

      -
      -

. 

 

1. Abaturov V.V., Savelyev I.I.; Skopin C.A. Thermal model of
Zeeman ring laser // 2019 International Seminar on Electron Devices 
Design and Production (SED 2019), Prague, Czech Republic. 

2. Aldham . Five Common Misconceptions about Thermal Design.
2017. https://thermalconference.com.  

3. Belov A., Soloveva T. Intellectual Ring Laser Quality Control Sys-
tem – Key Component of Ring Lasers Science-Based Production // 20th 
International Conference KES-2016 on Knowledge-Based and Intelli-
gent Information and Engineering Systems (York, England, September 
4-7 2016). Procedia Computer Science: Vol. 96. Amsterdam: Elsevier 
B.V., pp. 456-464. 

  
, 

   
  
 

, °   
 

 -
  

 -
 

-
  

-
, % 

 
-
 

 
 

M  
  

78 81.88 3.88 5.0 

  -
  

88.68 85.13 3.55 4.2 

  
  

0 80 2 2.56

   
   

800 4 5.3

 -
  

8181 75  5.6 7.4 

  75.3 74.2 1.1 1.4 
 -
   

89.8 93 3.2 3.7 

   
  Z 

82.2 84.1 1.9 2.26 



T-Comm Vol.15. #12-2021 41

ИНФОРМАТИКА

4. Belov A., Vnukov A., Soloveva T. Complex education program
“Project Seminar” to meet today and tomorrow needs of fast developing 
optical-electronic industry // ISSE 2017 40th International Spring 
Seminar on Electronics Technology. Red Hook, USA: IEEE Computer 
Society, pp. 1-7. 

5. Cook B. Slashing PCB Design Cycle Time Using Real-time PCB
Thermal Analysis Tools. 2017. https://thermalconference.com. 

6. Cheng H.C., Yu C.Y., Chen W.H. An Effective Thermal-
mechanical Modeling Methodology for Large-scale Area Array Typed 
Packages // Computer Modeling in Engineering & Sciences, 2005, vol. 
7, no. 1, pp. 1-17. 

7. Chirkin M.V., Klimakov V.V., Ulitenko A.I., Molchanov A.V. Pas-
sive controlling of a temperature field inside strapdown inertial naviga-
tion system // Proceedings of 18th S-Petersburg International Conference 
on Integrated Navigation Systems, S-Pb, Russia, 30 May-1 June, 2011. 
pp. 122-124. 

8. Kandalov P.I., Madera A.G. Mathematical and computing model-
ing of temperature fields in electronic modules // Proc 16th Intern. 
Workshop on Thermal Investigations of ICs and Systems 
(THERMINIC). IEEE. Barselona, Spain, October 6-8, 2010.  

9. Kofanov Yu.N. Theoretical basement of designing, technology and
reliability of radioelectronic devices. Moscow: Radio i svyaz. 1991. 360 
p.(in Russian) 

10. Kofanov Yu.N. Automated system ASONIKA in designing of
radioelectronic devices. Moscow: MIEM NRU HSE. 2012. 58 p. (in 
Russian) 

11. Kofanov Y.N., Sotnikova S.Y., Lemanskiy D. Method of comput-
er modelling accuracy increase for electronic means based on intercon-
nection of different physical processes proceeding, in: Innovative In-
formation Technologies: Materials of the International scientific–
practical conference. / Ed. by S. U. Uvaysov. Part 2. Moscow: HSE. 
2014, pp. 616-620. 

12. Kofanov Y.N., Vinokurov Y.A., Sotnikova S.Y. Optoelectronic
Devices' Thermal Working Modes Providing Method // 2019 Interna-
tional Seminar on Electron Devices Design and Production (SED 2019), 
Prague, Czech Republic. 2019. 

13. Kuznetsov E. Kolbas Y., Kofanov Y., Kuznetsov N., Soloveva T.
Method of Computer Simulation of Thermal Processes to Ensure the 
Laser Gyros Stable Operation // ICCES’2019 International Conference 
on Computational&Experimental Engineering and Sciences (Tokyo, 
Japan, 24-28 March, 2019). Conference Abstract. Co-sponsored by Tech 
Science Press, 2019. ID:5268. 

14. Kuznetsov E., Kolbas Y., Kofanov Y., Kuznetsov N., Soloveva T. 
Method of Computer Simulation of Thermal Processes to Ensure the 
Laser Gyros Stable Operation. In: Okada H., Atluri S. (eds) Computa-
tional and Experimental Simulations in Engineering // ICCES 2019. 
Mechanisms and Machine Science, vol 75. Springer, Cham. Pp.295-300. 

15. Li Geng, Zhang Pengfei, Wei Guo, Xie, Yuanping, Yu Xudong,
Long Xingwu. Multiple-Point Temperature Gradient Algorithm for Ring 
Laser Gyroscope Bias Compensation // Sensors (Basel). 2015 Dec; 15 
(12): 29910–29922. 

16. Li J., Ma Y., Xiyuan Ch. Error Modeling, Calibration, and Non-
linear Interpolation Compensation Method of Ring Laser Gyroscope 

Inertial Navigation System // Abstract and Applied Analysis. Vol.2013, 
Hindawi Publishing Corp., Article ID 359675. 2013. Pp.1-7. 

17. Liu D.S., Chen Y.W. (Application of a new infinite element
method for free vibration analysis of thin plate with complicated shapes. 
In: Okada H., Atluri S. (eds) Computational and Experimental Simula-
tions in Engineering // ICCES 2019. Mechanisms and Machine Science, 
vol 75. Springer, Cham. 2020. Pp. 295-300. 

18. Man L., Man E. Electro-thermal analogies for temperature calcu-
lation // Proceedings of the 2011 34th International Spring Seminar on 
Electronics Technology (ISSE). (Tratanska Lomnica, Slovakia, 11-15 
May, 2011).IEEE. Pp. 358-362. 

19. Lukyanov D., Filatov Yu., Golyaev Yu., Kuryatov V., Soloveva T. et
al. 50th Anniversary of the Laser Gyro // 20th Saint-Petersburg Interna-
tional Conference on Integrated Navigation Systems. ICINS 2013, St. 
Petersburg. P. 36-49. 

20. Madera A.G. The concept of mathematical and computer simu-
lation of thermal processes in electronic systems // Software&Systems. 

4 (112). 2015. Pp.79-86. 
21. Miyazaki N., Ikeda T. Application of Computational Mechanics

to Reliability Studies of Electronic Packaging. Computational Methods 
in Engineering and Science (EPMESC X), Aug.21-23, 2006. Hainan, 
China. Tsinghua University Press&Springer. 

22. Naveen S., Siva Rama Krishna A., Konayya D., Gupta M.K.,
Rambabu K. Modeling and Analysis of Monolithic Tri-Axial Ring Laser 
Gyro // International Journal of Emerging Technology and Advanced 
Engineering, vol. 3, issue 9. 2013. Pp.145-148. 

23. Okada H., Liu C., Ninomiya T., Fukui Y., Kumazawa N. Analy-
sis of particulate composite materials using an element overlay tech-
nique, CMES: Computer Modeling in Engineering&Sciences, vol.6. 

4. 2004. Pp. 333-348. 
24. Raja B., Praveenkumar V., Leelaprasad M., Manigandan P.

Thermal Simulations of an Electronic System using Ansys Icepak // Int. 
Journal of Engineering Research and Applications, vol.5, issue 11, 
(Part-1). 2015. Pp.57-68.  

25. Shalumov A.S., Kofanov Yu.N., Uvaysov S.U. et al. Automated
system ASONIKA for modeling of physical processes in radioelectronic 
devices with considering of outer influences. Moscow: Radiotekhnika. 
2013. 424 p. (in Russian) 

26. Shafic S.I., Velez G., Toro C., Sanin C., Szczerbicki E. Designing
Intelligent Factory: Conceptual Framework and Empirical Validation. 
ISSE 2017 40th International Spring Seminar on Electronics Technolo-
gy. Red Hook, USA: IEEE Computer Society. 2-17. Pp. 1801-1808. 

27. Stroganov A., Zhadnov V., Polesskii S. Review of software com-
plexes for reliability calculation of complicated technical systems // 
Components and technologies.  5. 2007. Pp. 183-190.  

28. Sukhanov V.O., Kukartsev V.V. Actuality of CALS-technologies
application at the engineering enterprises of Russia // Actual problems 
of aviation and cosmonautics, volume 1,  7. 2011. . 466-467. 

29. Udalov A.I. Thermal designing of radioelectronic devices. Mos-
cow: MIREA. 2007. 211 p. (in Russian) 

30. Yovanovich M.M. Four decade of research on thermal contact,
gap, and joint resistance in mictroelectronics // IEEE Trans. CPMT, 28. 
2005. Pp. 182-206. 



T-Comm Tом 15. #12-2021
42

ИНФОРМАТИКА

FEATURES OF THE USE OF COMPUTER MODELING TOOLS 
FOR IMPROVING THE MANUFACTURING PROCESSES OF LASER GYROSCOPES

Evgeny V. Kuznetsov, JSC "Research Institute" Polyus "named after M. F. Stelmakh";  
Peoples' Friendship University of Russia, Moscow, Russia, bereg@niipolyus.ru

Dmitry N. Ermakov, Peoples' Friendship University of Russia; 
JSC "Research Institute" Polyus "named after M. F. Stelmakh", Moscow, Russia, dermakow@mail.ru

Oleg E. Samusenko, Peoples' Friendship University of Russia, Moscow, Russia, samusenko@rudn.ru

Yuri D. Golyaev, JSC "Research Institute" Polyus "named after M. F. Stelmakh", Moscow, Russia

Tatyana I. Solovyeva, JSC "Research Institute" Polyus "named after M. F. Stelmakh"; 
Peoples' Friendship University of Russia, Moscow, Russia

Nikita E. Kuznetsov, JSC "Research Institute" Polyus "named after M. F. Stelmakh", Moscow, Russia

Abstract
The article discusses ways to improve the quality and economic efficiency of the development and production of complex innovative
electronic devices, which include laser gyroscopes (LG). The problems that arise when ensuring reliable operation of the LG in a wide
temperature range, associated with the dense layout of the device, are described. The theoretical principles and mathematical appara-
tus that are used in the construction of thermal models of triaxial LG with electronics are considered in detail. The developed algo-
rithm for constructing a thermal model of the LG is presented, which provides for a step-by-step unbundling (zooming) procedure. The
process of modeling LG using the ASONIKA system is described, the constructed thermal model of LG is presented, as well as the
thermal field of one of the printed nodes of LG. The detected heat-loaded electronic components are indicated. The results of exper-
imental verification of the simulation accuracy by means of real measurement of temperatures in the model nodes by thermal sensors
are presented, which confirmed the reliability of thermal modeling using the ASONIKA system. It is emphasized that the cost of man-
ufacturing and testing of LG is quite high. Therefore, the task of finding ways to reduce the cost at the stages of development and pro-
duction of LG while ensuring the improvement of the quality and reliability of manufactured devices is extremely relevant. Accurate
thermal modeling at the early stages of development is an effective way to solve this problem due to cost savings on testing and redesign,
as well as due to the use of an inexpensive domestic computer modeling system ASONIKA.

Keywords: laser gyroscope, computer thermal modeling, electrothermal analogies method, step-by-step scaling (zooming) method, 
finite difference method, grid method, graph method.

References

1. V.V. Abaturov, I.I. Savelyev, C.A.  Skopin (2019). Thermal model of Zeeman ring laser, 2019 International Seminar on Electron Devices Design and Production
(SED 2019), Prague, Czech Republic.

2. С. Aldham (2017). Five Common Misconceptions about Thermal Design. https://thermalconference.com.
3. A. Belov, T. Soloveva (2016). Intellectual Ring Laser Quality Control System – Key Component of Ring Lasers Science-Based Production. 20th

International Conference KES-2016 on Knowledge-Based and Intelligent Information and Engineering Systems (York, England, September 4-7 2016). Procedia
Computer Science: Vol. 96. Amsterdam: Elsevier B.V., pp. 456-464.

4. A. Belov, A. Vnukov, T. Soloveva (2017). Complex education program "Project Seminar" to meet today and tomorrow needs of fast developing opti-
cal-electronic industry.  ISSE 2017 40th International Spring Seminar on Electronics Technology. Red Hook, USA: IEEE Computer Society, pp. 1-7.

5. B. Cook (2017). Slashing PCB Design Cycle Time Using Real-time PCB Thermal Analysis Tools. https://thermalconference.com.
6. H.C. Cheng, C.Y. Yu, W.H.Chen (2005). An Effective Thermal-mechanical Modeling Methodology for Large-scale Area Array Typed Packages. Computer

Modeling in Engineering & Sciences, vol. 7, no. 1, pp. 1-17.
7. M.V. Chirkin, V.V. Klimakov, A.I.; Ulitenko,  A.V. Molchanov (2011). Passive controlling of a temperature field inside strapdown inertial navigation sys-

tem. Proceedings of 18th S-Petersburg International Conference on Integrated Navigation Systems, S-Pb, Russia, 30 May-1 June, 2011. pp. 122-124.
8. P.I. Kandalov, A.G. Madera (2010). Mathematical and computing modeling of temperature fields in electronic modules. Proc 16th Intern. Workshop on

Thermal Investigations of ICs and Systems (THERMINIC). IEEE. Barselona, Spain, October 6-8, 2010. 
9. Yu.N. Kofanov (1991). Theoretical basement of designing, technology and reliability of radioelectronic devices. Moscow: Radio i svyaz. 360 p. (in Russian)
10. Yu.N. Kofanov (2012). Automated system ASONIKA in designing of radioelectronic devices. Moscow: MIEM NRU HSE. 58 p. (in Russian)
11. Y.N. Kofanov, S.Y. Sotnikova, D. Lemanskiy (2014). Method of computer modelling accuracy increase for electronic means based on interconnection

of different physical processes proceeding, in: Innovative Information Technologies: Materials of the International scientific-practical conference. / Ed. by S. U.
Uvaysov. Part 2. Moscow: HSE, pp. 616-620.

12. Y.N. Kofanov, Y.A. Vinokurov, S.Y. Sotnikova (2019). Optoelectronic Devices' Thermal Working Modes Providing Method.  2019 International Seminar
on Electron Devices Design and Production (SED 2019), Prague, Czech Republic. 

13. E. Kuznetsov, Y. Kolbas, Y. Kofanov, N. Kuznetsov, T.Soloveva (2019). Method of Computer Simulation of Thermal Processes to Ensure the Laser
Gyros Stable Operation. ICCES'2019 International Conference on Computational&Experimental Engineering and Sciences (Tokyo, Japan, 24-28 March, 2019).
Conference Abstract. Co-sponsored by Tech Science Press. ID:5268.

14. E. Kuznetsov, Y. Kolbas, Y. Kofanov, N. Kuznetsov, T. Soloveva (2020). Method of Computer Simulation of Thermal Processes to Ensure the Laser
Gyros Stable Operation. In: Okada H., Atluri S. (eds) Computational and Experimental Simulations in Engineering. ICCES 2019. Mechanisms and Machine Science,
vol 75. Springer, Cham. P. 295-300.



T-Comm Vol.15. #12-2021 43

ИНФОРМАТИКА

15. Li Geng, Zhang Pengfei, Wei Guo,  Xie Yuanping,  Yu Xudong, Long Xingwu (2015). Multiple-Point Temperature Gradient Algorithm for Ring Laser
Gyroscope Bias Compensation. Sensors (Basel). 2015 Dec; 15 (12): 29910-29922.

16. J. Li, Y. Ma, Ch. Xiyuan (2013). Error Modeling, Calibration, and Nonlinear Interpolation Compensation Method of Ring Laser Gyroscope Inertial
Navigation System. Abstract and Applied Analysis. Vol. 2013, Hindawi Publishing Corp., Article ID 359675. P.1-7.

17. D.S. Liu, Y.W. Chen (2020). Application of a new infinite element method for free vibration analysis of thin plate with complicated shapes. In: Okada
H., Atluri S. (eds) Computational and Experimental Simulations in Engineering. ICCES 2019. Mechanisms and Machine Science, vol 75. Springer, Cham. 
P. 295-300.

18. L. Man, E. Man (2011). Electro-thermal analogies for temperature calculation. Proceedings of the 2011 34th International Spring Seminar on Electronics
Technology (ISSE). (Tratanska Lomnica, Slovakia, 11-15 May, 2011). IEEE. P. 358-362.

19. D. Lukyanov, Yu. Filatov, Yu. Golyaev, V. Kuryatov, T. Soloveva,  et al. (2013). 50th Anniversary of the Laser Gyro. 20th Saint-Petersburg International
Conference on Integrated Navigation Systems. ICINS 2013, St. Petersburg. P. 36-49.

20. A.G. Madera (2015). The concept of mathematical and computer simulation of thermal processes in electronic systems. Software&Systems. No.4 (112).
Pp. 79-86.

21. N. Miyazaki, T. Ikeda (2006). Application of Computational Mechanics to Reliability Studies of Electronic Packaging. Computational Methods in
Engineering and Science (EPMESC X), Aug.21-23, 2006. Hainan, China. Tsinghua University Press&Springer.

22. S. Naveen, A. Siva Rama Krishna, D. Konayya, M.K. Gupta K. Rambabu (2013). Modeling and Analysis of Monolithic Tri-Axial Ring Laser Gyro.
International Journal of Emerging Technology and Advanced Engineering, vol. 3, issue 9. Pp. 145-148.

23. H. Okada, C. Liu, T. Ninomiya, Y. Fukui, N. Kumazawa (2004). Analysis of particulate composite materials using an element overlay technique, CMES:
Computer Modeling in Engineering&Sciences, vol.6. No. 4. Pp. 333-348.

24. B. Raja, V. Praveenkumar, M. Leelaprasad, P. Manigandan (2015). Thermal Simulations of an Electronic System using Ansys Icepak. Int. Journal of
Engineering Research and Applications, vol.5, issue 11, (Part-1). Pp. 57-68. 

25. A.S. Shalumov, Yu.N.Kofanov, S.U. Uvaysov, et al. (2013). Automated system ASONIKA for modeling of physical processes in radioelectronic devices
with considering of outer influences. Moscow: Radiotekhnika. 424 p. (in Russian)

26. S.I. Shafic, G. Velez, C.Toro, C. Sanin, E. Szczerbicki (2017). Designing Intelligent Factory: Conceptual Framework and Empirical Validation. ISSE 2017
40th International Spring Seminar on Electronics Technology. Red Hook, USA: IEEE Computer Society. Pp. 1801-1808.

27. A. Stroganov, V. Zhadnov, S. Polesskii (2007). Review of software complexes for reliability calculation  of complicated technical systems. Components
and technologies. No. 5. Pp. 183-190. 

28. V.O. Sukhanov, V.V. Kukartsev (2011). Actuality of CALS-technologies application at the engineering enterprises of Russia. Actual problems of aviation
and cosmonautics. Vol. 1. No. 7. Pp. 466-467.

29. A.I. Udalov (2007). Thermal designing of radioelectronic devices. Moscow: MIREA. 211 p. (in Russian).
30. M.M. Yovanovich (2005). Four decade of research on thermal contact, gap, and joint resistance in mictroelectronics. IEEE Trans. CPMT, 28.

Pp. 182-206.

Information about authors:

Evgeny V. Kuznetsov, Doctor of Technical Sciences, Professor, General Director of JSC "Research Institute" Polyus "named after M. F. Stelmakh"; 
Head of the Center of NTI "Photonics" of the Engineering Academy of the Peoples' Friendship University of Russia, Moscow, Russia
Dmitry N. Ermakov, Doctor of Political Sciences, Doctor of Economics, Candidate of Historical Sciences, Professor, Academician of the Russian Academy of
Sciences, Master of Technical Sciences, Professor of the Department of Innovation Management in Industries of the Engineering Academy of the Peoples' Friendship
University of Russia; Chief Researcher of the Scientific and Technical Department of JSC "Research Institute" Polyus "named after M. F. Stelmakh", Moscow, Russia
Oleg E. Samusenko, Candidate of Technical Sciences, Associate Professor, Director of the Department of Innovation Management in Industries of the Engineering
Academy of the Peoples' Friendship University of Russia, Moscow, Russia
Yuri D. Golyaev, Doctor of Technical Sciences, Professor, Head of IPK-470 of JSC "Research Institute" Polyus "named after M. F. Stelmakh", Moscow, Russia
Tatyana I. Solovyeva, Candidate of Technical Sciences, Associate Professor, Leading researcher of JSC "Research Institute" Polyus "named after M. F. Stelmakh";
Associate Professor of the Engineering Academy of the Peoples' Friendship University of Russia, Moscow, Russia
Nikita E. Kuznetsov, postgraduate student of JSC "Research Institute" Polyus "named after M. F. Stelmakh", Moscow, Russia



T-Comm Tом 15. #12-2021
44

ТРАНСПОРТ

ПОДХОД К ИССЛЕДОВАНИЮ ФАКТОРОВ РИСКА

СОВЕРШЕНИЯ НАРУШЕНИЙ, СВЯЗАННЫХ 

С ИСПОЛЬЗОВАНИЕМ СМАРТФОНОВ 

ВО ВРЕМЯ ВОЖДЕНИЯ
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движения, факторы риска, корреляционная связь,
факторный статистический анализ.

Для цитирования: 
Поспелов П.И., Таташев А.Г., Трофименко Ю.В., Яшина М.В. Подход к исследованию факторов риска совершения нарушений, связанных с
использованием смартфонов во время вождения // T-Comm: Телекоммуникации и транспорт. 2021. Том 15. №12. С. 44-50.
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Одним из наиболее распространенных совершаемых водителями
видов нарушений правил движения является использование
смартфона во время вождения.  В Германии была разработана
методика проведения на автодорогах наблюдений, в результате
которых получены данные о частоте совершения водителями не
разрешенных правилами движения действий с учетом влияния 
таких факторов, как возраст и пол водителя, тип автодороги – ма-
гистраль, внутригородская или сельская дорога, время суток,
день недели, сезон года. Результаты наблюдений за связанными
с отвлекающими от вождения вторичными действиями, прово-
дившихся в 2019 году, и анализ этих результатов изложены в ито-
говом отчете, в одном из двух томов которого рассматривается
вопрос об использовании водителями смартфонов и факторах,
влияющих на частоту нарушений этого вида. В настоящей работе
предложен использующий методы математической статистики
подход к оценке корреляционной связи между рассматриваемы-
ми факторами и частотой использования смартфонов.
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Abstract
One of the most common traffic violations committed by drivers is using a smartphone while driving. In Germany, a methodology for conducting obser-
vations on roads was developed, as a result of which data was obtained on the frequency of actions by drivers not permitted by traffic rules, taking into
account the influence of factors such as the age and gender of the driver, the type of road - a highway, an intracity or rural road, time of day, day weeks,
season of the year. The 2019 survey and analysis of secondary distraction-related behaviors are summarized in a final report, one of two volumes of
which addresses the issue of smartphone use by drivers and factors affecting the incidence of this type of violation. In this paper, we propose an approach
using the methods of mathematical statistics to assess the correlation between the factors under consideration and the frequency of using smartphones.

Keywords: road safety, risk factors, correlation, factor statistical analysis.
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Peripheral sensors for measuring aircraft parameters are an integral part of any system for
diagnostics and forecasting of technical condition. Their principle of operation in relation to
operation at aviation complexes is to convert mechanical, electromagnetic or light quantities
into electrical ones for their subsequent processing. The process of radiation of disturbances
propagating in the material caused by the dynamic local rearrangement of the structure of
materials under the action of internal stresses leading to a change in the crystal lattice or the
movement of micro- and / or macrodefects is called acoustic emission. So, the analysis of dif-
ferences in the form of acoustic waves allows the classification of the type of deformation:
crack or plastic deformation, which allows you to more accurately determine the current
state of the airframe or diagnosed nodes. The principle of operation of such sensors is based
on the effect of converting the linear dimensions of a Bragg cell, made on an optical fiber, into
a change in the reflected wavelength. A necessary condition for obtaining correct results of
measurements of stress states is the need for temperature compensation of the Bragg cells,
which is achieved by introducing additional cells that are mechanically decoupled from the
material being diagnosed and react only to the temperature component. The advantage of
this method is the absence of the need for additional adjustment of the cells and their align-
ment, as well as the independence of measurements from the effects of electromagnetic radi-
ation; the sensors are lightweight, vibration-resistant, and insensitive to electromagnetic
fields. The article presents the practical results of using fiber-optic acoustic emission sensors
for diagnosing the technical condition of critical components and assemblies of aircraft, as
well as outlines the prospects for their deepest integration into a unified information and ana-
lytical system for diagnosing and predicting the technical state of aviation complexes. The
developed technical solutions aimed at simplifying the methods of processing broadband
acoustic emission signals, which make it possible to design acoustic emission sensors based on
optical fiber, are structurally simpler and cheaper, with an increased signal-to-noise ratio, due
to one conversion of an acoustic-optical signal into an electrical one.
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Introduction 

In addition to strain gauges widely used in static tests, which 
have a relatively low reliability, currently intensive research is 
being carried out in the field of acoustic emission (AE) sensors 
based on optical fiber. For the successful implementation of the 
AE method in the control and diagnostics of products made of 
polymer composite materials (PCM), noise-immune devices and 
converters, software and methodological support and the creation 
of certain conditions for testing are required, due to the fact that 
AE in composite materials strongly depends on the radiation of 
the matrix. reinforcing filler, the relationship of the matrix and 
filler. 

Materials and research methods 

To select the type of AE sensor and build an optimal circuit 
of the measuring device, it is necessary to determine the mini-
mum and maximum number of arising AE pulses, their energy 
and frequency range. 

The level of interference signals affecting the AE sensor is 
significantly affected by the directivity characteristic of the AE 
sensor. From this, the following conclusions can be drawn [1]: 

1)) hen using the AE method for detecting and recording the
moment of nucleation (starting) or studying the kinetics of the 
development of cracks (defects), directional AE sensors are ef-
fective; 

2)) hen using the AE method to study the destruction pro-
cess in the entire volume of a structural material or product, non-
directional AE sensors are most effective. 

Taking into account the wide spectrum of AE signals (from 
30 to 3000 kHz) and small amplitudes of sensor displacements 
from the AE signals (from  to  m), broadband and 
highly sensitive AE transducers are required. An important con-
dition for the application of the AE method is the minimum level 
of the intrinsic noise of the transducer. The intrinsic noise of the 
AE piezoelectric transducers consists of breakdown noise, 
Barkhausen noise, mainly of cyclic polarization reversal noise. 
Also, an important condition is to minimize the influence of elec-
trical and electromagnetic interference, so an increased noise 
immunity of the AE measuring transducers is required. 

To minimize distortions of the AE signals, the natural reso-
nance frequency of the AE sensor should be higher than the max-
imum transmission frequency of the receiving amplifying chan-
nel. The method of application of the AE method depends on the 
type of the AE transducer and the type of material or product 
being inspected. 

It should be noted that the current regulatory documents are 
not aimed at controlling a specific type of product, which often 
hinders the use of the objectively unique capabilities of the AE 
control method. 

A fiber-optic acoustic emission sensor (FOAES) is very suit-
able as an AE sensor, in particular based on the intra-fiber Dop-
pler effect and fiber Bragg gratings (FOBG), the former belong 
to the category of non-directional AE sensors, and the latter are 
directional. 

Diffraction fiber-optic sensors based on fiber Bragg gratings 
(FOBG) are based on the effect in which the wavelength of the 
reflected light peak is proportional to the measurement of the 
Bragg lattice pitch, which is determined by deformation and 
temperature. The amount of deformation of composite materials 

is determined by the magnitude of the shift of the wavelength of 
the signal peak. 

The shift of the peak of the FOBG wavelength w occurs lin-
early (within the range of Hooke's law for quartz glass) and is 
directly proportional to the deformation [2]: 

(1 ) ,    (1) 

where – deformation, mk · ; 
– the coefficient of photoelasticity (0.21 for SiO2). 

At w = 1.31 μm and a temperature of 20 ° C, the FOBG sen-
sitivity is 1 pm · . 

The strict dependence of the shift of the peak wavelength w 
on deformation and temperature has the following form: 

2

12 11 122 1 ,n P v P P
n

dn
n dT
2

  (2) 

where – Pockels coefficients of the photoelastic tensor; 
 – number Pausson;  
 – the coefficient of linear thermal expansion;  

 – temperature change; 
– the refractive index;  

 the step of the Bragg lattice. 
Sensors based on FOBG are convenient in that their signal has 

a high signal-to-noise ratio, high sensitivity to deformations, they 
allow interrogating one fiber and multiplexing many fiber-optic 
sensors (up to 10 thousand pieces), and can have three-axis defor-
mation sensitivity. For example, FOBG with multi-axis sensitivity 
is used to detect damage in composite pressure vessels. 

Unlike FOBG, Doppler FOAES is non-directional. The use 
of several Doppler FOAESs, as shown in Figure 1, allows, by 
temporal processing, to combine the responses to the ultrasonic 
AE signal and form the radiation pattern of the Doppler FOAES 
system, as shown in Figure 2. 

Figure 1. Array of Doppler FOAES on an aluminum plate 

This figure shows a battery of optical fiber ring sensors. Each 
of them allows you to measure the acoustic wave caused by in-
homogeneity or defect in the controlled sample (product). Using 
the results of several measurements will allow you to localize the 
location of the defect. 
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Figure 2. Combination (phasing) of FOAES signals during processing 

In addition to accurately locating the defect, the use of signals 
from multiple fiber optic sensors can significantly increase the 
detection sensitivity of acoustic emission signals, as shown in the 
lower curve in Figure 2. 

Monitoring of aircraft structures made of PCM is most effec-
tive using FOAES due to the natural properties of Doppler 
FOAES - compactness, noise immunity, broadband (without 
resonances from 10 kHz to 10 MHz) and high sensitivity with a 
dynamic range of up to 160 dB, a wide temperature range up to 
500°C, high reproducibility parameters and their complete inde-
pendence from the influence of temperature: temperature change 
does not affect the optical frequency of the intra-fiber signal. 

The directional diagram of the FOAES based on the FOBG is 
determined by the ratio of the length of the Bragg grating and the 
length of the acoustic wave. If the FOBG length is much less 
than the acoustic wavelength, then the FOAES is practically om-
nidirectional, but if the FOBG length (in our case, from 5 to 
25 mm) is greater than the acoustic wavelength, then directional 
properties appear. For FOBG, this is associated with the for-
mation of an additional acoustic wave inside the quartz-fiber, 
which has a higher propagation velocity (about 3600 m/s) com-
pared to the speed of the acoustic wave in the PCM. This leads to 
the addition of their effect at angles of about ± 30 degrees rela-
tive to the normal and the formation of a corresponding direc-
tional pattern (Fig. 3). 

Using FOBG of different lengths and soundproof metallized 
coatings of the optical fiber, it is possible to create the required 
diagram of such FOAES. 

As a result of the study of the materials considered, it follows 
that the most promising fiber-optic acoustic emission sensors 
(FOAES) are FOAES of the frequency type, based on the effect: 

– modulation of the optical frequency of the reflection
signal from the Bragg diffraction grating; 

– modulation of the fiber laser radiation frequency;
– Intraluminal Doppler shift of the optical frequency under

the action of acoustic waves. 
Unlike a fiber Bragg grating, a Doppler fiber-optic acoustic 

emission sensor is non-directional. This property can be used to 
form the required radiation pattern when using several such sen-
sors located at some distance from each other. Monitoring of 
aircraft structures with such sensors will make it possible to de-
tect the beginning of the manifestation of irreversible defor-
mations over a vast area that significantly exceeds the location of 
such sensors. 

a) 

b) 

Figure 3. Directional diagrams of FOAES based on FOBG:  
a – geometry of angular interaction of FOBG with an acoustic wave; 

b – directional diagram of FOAES with angular geometry 

The principle of operation of FOAES is based on the recently 
discovered intra-fiber Doppler effect [3], which consists in the 
fact that the frequency of the light wave  radiation of a laser 
diode, passed through a bent optical fiber of length , is shifted 
under the action of acoustic pressure. A fiber moves or vibrates 
at a speed  in an annular fiber Doppler element (Fig. 4) by 
the value : 

fD
n dL ,  (3) 

0 dt

where n – the refractive index of the optical fiber;  – the wave-
length of light in the fiber. 

Figure 4. Configuration of the ring Doppler element 

When the fiber is rolled into a ring and glued to the surface 
under study, the effect of detecting acoustic emission signals 
occurs. This effect is based on minor vibrations of the optical 
fiber ring from an acoustic wave, the appearance of the Doppler 
effect, and a change in the wavelength passing through the opti-
cal fiber ring of laser radiation, and this, in turn, is a sign of a 
defect in the material under study. 
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The Doppler shift of the optical frequency (Hz) in the annular 
element caused by deformations (movements)  and  is d 
efined as 

0 0

N R na ( x y ) N D nafD ( ),x y
 (4) 

where  – average radius of the fiber ring, mm; – the number 
of fiber turns;  – equivalent refractive index. 

Ring FOAES has no directional sensitivity. Nevertheless, if it 
is necessary to give it an appropriate directional pattern (for de-
tecting and registering the moment of initiation or studying the 
kinetics of the development of cracks, defects), it can be 
U-shaped or elliptical, as shown in Figure 5. 

a)                                                    b) 

Figure 5. Doppler fiber sensor configurations: 
a – U-shaped; b – oblong elliptical 

For such configurations, the Doppler frequency is determined 
by Equation 5 

0

nNfD .   (5) 

Figure 6 shows the functional diagram of the experimental 
FOAES. 

Figure 6. Functional diagram of the experimental FOAES:  
FODE – fiber-optic Doppler element; AOM – acousto-optic modulator; 

FOS – fiber optic splitter; LD – laser diode; HFG – high frequency  
generator; PHD – photodetector; FD – frequency detector;  

AES – acoustic emission signal 

The Doppler shift frequency  (for example, 0.1 Hz ... 1 MHz) 
is extracted from the optical signal using acousto-optical hetero-
dyning, shifting  by a constant modulation value   
(for example, 80 MHz), the formation of beats with a frequency 

, optoelectronic conversion in a photodetector device and 
converting the frequency deviation  into the output signal Uout 
in the frequency detector. 

Adhesive fastening of acoustic emission FOS on the surface 
of the AC is simple and technologically advanced. With this 
method of installing FOAES, it is necessary to manufacture a 
sensor optical cable (SOC) with a Young's modulus of the coat-
ing of at least 3 GPa and use an adhesive with an elastic modulus 
of at least 20 GPa after ultraviolet (UV) curing. 

Experimental assessment of the technical characteristics of 
Doppler FOAES was carried out on test plates: aluminum and 
composite, as shown in Figures 7 and 8 [4]. 

a) 

b) 

Figure 7. Test aluminum plate for FOAES: a – a diagram for studying 
the spectra of ultrasonic Lamb waves; b – a real setup for studying the 

spectra of ultrasonic Lamb waves 

Figure 8. Test composite plate for FOAES 

As equipment providing experiments with FOAES according 
to the scheme of Figure 7, we used: standard generators of the 
GZ-123 type for exciting piezoelectric emitters from 33 to 170 kHz, 
a G4-143 high-frequency generator for controlling an acousto-
optic signal modulator with a frequency of 80 MHz, broadband 
amplifiers with an amplification band of up to 500 kHz and fre-
quency detectors for the beat frequency range from 78 to 
82 MHz, digital oscilloscopes of the DSO-250 type with built-in 
software that allows spectral analysis of AE signals using fast 
Fourier transform. This standard equipment was used to receive 
AE signals using FOAES Doppler sensors, process them, and 
display them on a computer screen. 

To date, new technical solutions have been developed aimed 
at simplifying the methods of processing broadband acoustic 
emission signals, which make it possible to perform FOAES 
structurally easier and cheaper, with an increased signal-to-noise 
ratio, due to one conversion of an acoustic-optical signal into an 
electrical one. 

With the help of laser shaping, an optical fiber is micronized, 
the microscopic image of which is shown in Figure 9. 
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Figure 9. Microscopic view of optical fiber microcontraction 

An acousto-optic frequency shift, a key acousto-optic ele-
ment, is implemented on the intra-fiber interaction of leaky opti-
cal modes: between the mode of the fundamental radiation of a 
laser diode with a frequency  and a mode modulated with a 
frequency , using a cone piezoelectric transducer 1 in a 
microconversion of an optical fiber, as shown in Figure 10.  

Figure 10. Functional diagram of an acousto-optic generator 
based on optical fiber micro-narrowing 

The interaction of optical modes occurs in the section of the 
optical fiber 2, with a transverse size of about 10 microns. The 
frequency of optical radiation in the output fiber 3( )  
is shifted by the modulation frequency   (for example, by 
40 MHz). 

The obvious advantages of such an acousto-optic frequency 
shift (heterodyne): compactness, the absence of adjustable opti-
cal collimators for input-output radiation, and an increased sig-
nal-to-noise ratio. 

Results and their discussion 

A study of the AE signals in the time domain, received by the 
FOAES and the piezoelectric sensor, was carried out. Sample 
results are shown in Figures 11 and 12. 

Figure 11. AE signals received by the piezoelectric sensor 

Figure 11 shows the signals received by the receiver of 
acoustic emission signals at various levels of deformation of the 
internal structure of the material under study, the level of defor-
mation is the smallest in the right figure. 

Figure 12. Observation of the FOAES responses 
to the excited AE signal 

As shown in the results of [5], noisy AE signals (Fig. 12) 
were processed using various methods of digital median filtering, 
which is reflected in Figure 13. 

Figure 13. Processing of a noisy AE signal from FOAES 

Typical time response and Fourier spectrum of Doppler 
FOAES acoustic emission from internal delamination of a tubu-
lar composite structure is shown in Figure 14. 

Figure 14. Time (a) and spectral (b) responses of the Doppler FOAES 
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The results of measuring the amplitude-frequency character-
istics of the fiber and piezoelectric AE sensors are shown in 
Figure 15. 

Figure 15. Amplitude-frequency characteristics of the Doppler (FOAE) 
and piezoelectric (PEAE) sensors 

The measurements of the radiation patterns of the annular 
U-shaped and elliptical FOAES gave the results shown in 
Figure 16. 

Figure 16. Directional diagrams of FOAES of various shapes 

It is obvious that the annular FOAES has a practically non-
directional spatial characteristic, and the other two easily manu-
factured forms have pronounced directional properties. The di-
rection of 90º is taken as a unit in Figure 3.97. 

The measurement results showed that: 
1)) a ber-optic AE sensor based on the intra-light Doppler ef-

fect, fixed on the plate, recorded elastic vibrations in the plate 
wall, excited by piezoceramic transducers at frequencies  from 
10 kHz to 300 kHz; 

2) a decrease in the excitation level showed that the FOS sen-
sitivity threshold (a distinguishable response to oscillations of the 
pipe wall  = 10-5 mln-1) is at the level of 15 V; 

3) the technical solutions incorporated in the investigated
FOAES provide a positive dynamics of the transformation of the 
sensor nodes if it is necessary to increase the sensitivity to ultra-
sonic vibrations by increasing the length of the annular Doppler 
element from 10 to 50 m, which will increase the sensitivity by 5 
times. 

Currently, large-scale studies of the physical characteristics 
of Bragg gratings are underway, which make it possible to sig-

nificantly expand their application areas [6]. The spectral charac-
teristics of fiber-optic Bragg gratings are resonant, but the wave-
length-to-amplitude conversion function for their estimation in 
the resonance region either oscillates or has a rather flat or non-
linear character. Therefore, to increase the measurement resolu-
tion, a FOBG with spectrum inhomogeneities or a FOBG with a 
special shape of the spectrum is synthesized to ensure lineariza-
tion of the measurement characteristics. At present, FOBG with 
concave, triangular symmetric and asymmetric spectrum shapes 
are being actively developed in the structure of fiber-optic sen-
sors. 

The propagation of light in an optical fiber with a short-
period and long-period Bragg cell is shown in Figure 17. 

  a)  b) 

Figure 17. Propagation of light in an optical fiber:  
a – with a low-period Bragg cell; b – with a long-period Bragg cell 

For inclined Bragg grating (IBG), the light coupling mecha-
nism can also be described using the ray tracing method as 
shown in Figure 18. 

As can be seen from Figure 18, a, when the gratings are in-
clined at an angle less than 45º, the grating is able to connect the 
forward propagating mode of the core in the reverse propagating 
mode of the shell. At 45º, as in the unique case, the core mode 
will be coupled in the emission mode along the normal to the 
fiber axis (see Figure 18, b). At an angle tilt of more than 45º, 
both the ING and the partially inclined Bragg cell (PIBC) are 
able to connect the forward propagating mode of the nucleus into 
the progressively propagating mode of the shell, but of a higher 
order (see Fig. 18, c). 

 a)  b) 

c) 

Figure 18. Explanation of the method of ray tracing in optical fiber:  
a – the angle of inclination is less than 45º; b – the angle of inclination is 45º; 

c – the angle of inclination is more than 45º 

The phase matching condition of the IBG can be depicted in 
the vector plane, which is shown in Figure 19, where  indicates 
the angle of inclination of the grating with respect to the fiber 
axis.  
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From Figure 3.100, a we can conclude that at this position of 
the angle, the slope is reduced to zero and the phase matching 
develops under standard FOBG conditions, from which the for-
ward propagating mode was connected in an identical mode of 
the backward propagating mode through Bragg diffraction grat-
ings. Figure 19,b shows a special case of 45° – IBG, which are 
able to connect from indicators perpendicular to the fiber axis or 
the direction of propagation of the incident beam. At the same 
time, Figure 19,c shows the mechanism of the incident light 
beam in the mode of excessively forward propagation, which is 
called the structure of the grating. Although the phase matching 
condition provides a very good approximation for interpreting 
the mode coupling mechanism within the IBG, this does not en-
tail the polarization effect, which is actually one of the key prop-
erties of the IBG. 

a)                     b)                             c) 

Figure 19. Vector description of phase matching conditions  
for ING with angles: a – <45°; b – 45°; c – > 45° 

Due to the large slope of the induced asymmetry angle to the 
fiber geometry, the PIBC generates splitting-dependent polariza-
tion that shows pairs of vertices corresponding to two orthogonal 
polarization modes. In this way, the equivalent fast axis and slow 
axis can be defined similar to the traditional retention of polari-
zation of the fiber structure, as shown in Figure 20. 

Figure 20. Schematic representation of the PIBC structure 
with two orthogonal polarization axes 

It is this distinctive polarization mode of the splitting mecha-
nism that makes the PIBC ideal as refractive load index sensors 
[7] and torsion sensors [8] based on the polarization property and 
using the intrinsic sensitivity of high order modes in the envi-
ronment. 

Partially tilted Bragg cells showed a low thermal sensitivity 
equal to 3.3 μm/ºC in the 1200 nm range [9]. Thermal sensitivity 
in the 1550 nm range is of interest for the use of optical sensors. 
The thermal sensitivity of the PIBC was examined by installing a 
Peltier grating onboard heat exchanger using a commercial tem-
perature controller, controlling the change in the transmission 
spectrum with elevated temperature. We studied two pairs of the 
PIBC peak loss at about 1560 nm and 1610 nm separately.  

Figure 21 shows the dependence of the shear wavelength of 
two paired loss peaks as the grating temperature increases from 
20°C to 80°C in 10°C steps. 

       a)                                                     b) 
Figure 21. The wavelength of the shift of two paired peaks of losses 

of PIBC against temperature changes in the ranges around: 
a – 1560 nm; b – 1610 nm 

Compared to conventional IBG [10], PIBC exhibits signifi-
cantly lower sensitivity to temperature, so PIBC can be an ideal 
optical sensor without a mandatory temperature compensation 
circuit. 

The properties of the PIBC, due to the change in the parame-
ters during twisting, make it possible in the future to use them as 
sensors of rotations of nodes. 

Since the polarization of the PIBC depends on the contact of 
the sensor with the polarized light, the polarization of the direc-
tion of the light will change if the fiber is twisted. The PIBC dia-
gram of the torsion stress perception is shown in Figure 22. 

One side of the PIBC is clamped in a metal block, and the 
other side of the PIBC is fed to the signal receiver through a fiber 
rotator. The length between the fiber clamp and the fiber rotator 
is . 

Figure 22. Schematic description of the experimental setup all-fiber 
lattice based on sensor rotation system:  

SWL – laser source; Power Detector – power detector; stage – basic; 
45º ETFG – fiber optic with 45° grids; Fiber – fiber optic;  

Fiber rotator – twisting the fiber 

To eliminate axial deformation and bending effects of the op-
tical fiber, apply a small amount of force to reduce the measure-
ment error. Before starting to measure the bend, you need to 
make sure that the zero degree of rotation is normalized in such a 
state that the axis mode is fully excited by adjusting the PC. 
Then rotation was applied to the grating in a clockwise direction 
from 0º to 180º in 10º increments. The resulting evolution of the 
transmission spectra is shown in Figure 23. It clearly shows that 
when the PIBC is under bending, the strength of the fast axis 
modes increases, while the slow axis mode decreases. More im-
portantly, the fast axis mode is reduced completely when the 
steering angle is 180º. Reverse changes were observed when 
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rotation was applied counterclockwise from 0º to 180º between 
fast axis and slow axis modes. 

Figure 23. Resultant evolution of transmission spectra 
upon fiber twisting 

The unusual properties of fiber can be applied to measure 
loads. 

Taking a standard single-mode fiber with a cylindrical geom-
etry for the experiment, when a shear force is applied to the y-
axis, as shown in Figure 24, for a given compressive force F, the 
stresses in the x and y directions can be expressed as  

2
x

F
DL

 and 6
y

F
DL

,   (6) 

where  – the fiber diameter;  – the length of the stress region; 
 – the force applied to the fiber. 

Figure 24. Cross-section of a fiber in a fixed x-y coordinate system  
with a transverse load applied along the y-axis 

It should be noted that  – tensile stress is positive, while  
– ompression stress, which is negative, therefore ( )> 0 is
always true. The photoelastic induced effect of a change in the 
refractive index in the region of the fiber core can be specified 
[11]: 

n nx ny xn n0 0y C1 C2 x y
,       (7)

where  and  – the effective refractive indices of the fiber 
without stress; C1 and C2 – optical voltage coefficients; the ratio 
(C1 - C2)> 0 is always true for silica fiber [12]. 

If the lateral load is applied in the slow axis in the CNBR, we 
will have  and , where nf and ns- refractive 
indices for a predetermined fast and slow axis of the PIBC. Con-
sequently, the first term in equation (3.18) will be negative, 
which will lead to a decrease in birefringence n. In this situa-
tion, it is expected that the light coupling of the two orthogonal 

polarized modes tends to be dependent on the external load. 
Conversely, if the lateral load is applied in the direction of the 
fast axis, we will have  and ... Thus, we will 
have a positive value in the first term of equation (7), which will 
lead to an increase in birefringence . In this case, the PIBC is 
able to provide decoupling of two orthogonal polarized modes.  

In the experiment, a lateral load was applied on the slow axis 
of the PIBC from 0 to 2600 g with a step of 200 g. The evolution 
of the spectrum is shown in Figure 25. 

a) b) 

Figure 25. Transmission of the evolution of the spectrum of the PIBC 
(a) with a lateral load from 0 to 2600 g, applied on the slow axis of the 
PIBC and an auxiliary fiber, and the evolution of the power supply of 

the PIBC load sensor (b) using the power meter 

Figure 25 clearly shows that with an increase in the weight of 
the load, the intensity of the fast axis mode increases, while in 
the slow axis mode it decreases. It is noted that when the load is 
applied to the fast axis of the PIBC, the spectrum does not 
evolve. This unique property can potentially serve as a vector 
load cell that is capable of not only measuring load amplitudes, 
but also identifying the direction of the load. 

Conclusion 

Based on the above, the following conclusions can be drawn: 
for the implementation of the tasks in the field of diagnostics of 
the technical condition of the airframe and the main mechanical 
assemblies, sensors with minimum weight and dimensions and 
power consumption should be used. These promising sensors 
include fiber-optic sensors with distributed Bragg cells, which 
make it possible to monitor the stress-strain states of the airframe 
and the main mechanical components. On the basis of such sen-
sors, it is very promising to develop technical means that allow 
monitoring the dynamics of internal deformations of controlled 
units and assemblies in real time, based on measuring the spec-
trum of internal accelerations of loaded units of the airframe and 
main units, taking into account phase relationships. 

The development of the method for diagnosing the stress-
strain states of the airframe and the main units of aircraft com-
plexes is a method based on the use of frequency-Doppler fiber-
optic sensors having a significantly high signal-to-noise ratio 
with sufficient broadband with a spherical directional pattern. 

The final diagnostics, carried out on the ground after the 
flight, is advisable to be carried out on the basis of eddy current 
sensors, which have a very large penetration depth for detecting 
hidden defects. 

Fiber-optic Bragg sensors with an inclined array should be 
considered as promising areas of research in the field of creating 
new sensors with new physical properties. These sensors, with 
the unique polarization mode separation property, have featured 
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Аннотация
Периферийные датчики для снятия параметров летательных аппаратов являются неотъемлемой частью любой системы диагностики и прогности-
ки технического состояния. Их принцип работы применительно к эксплуатации на авиационных комплексах заключается в преобразовании меха-
нических, электромагнитных или световых величин в электрические для их последующей обработки. Процесс излучения распространяющихся в
материале возмущений, вызванных динамической локальной перестройкой структуры материалов под действием внутренних напряжений, приво-
дящих к изменению кристаллической решетки или движению микро- и/или макродефектов носит название акустической эмиссии. Так, анализ от-
личий в форме акустических волн позволяет осуществлять классификацию вида деформаций: трещина или пластическая деформация, что позво-
ляет более точно определять текущее состояние планера или диагностируемых узлов. Принцип работы таких датчиков основан на эффекте пре-
образования линейных размеров ячейки Брэгга, выполненной на оптоволокне, в изменение отраженной длины волны. Необходимым условием
получения корректных результатов измерений напряженных состояний является необходимость температурной компенсации ячеек Брэгга, что до-
стигается введением дополнительных ячеек, механически развязанных от диагностируемого материала и реагирующих только на температурную
составляющую. Достоинством этого метода является отсутствие необходимости дополнительной настройки ячеек и их юстировки, а также неза-
висимость измерений от воздействия электромагнитных излучений; датчики же обладают малой массой, устойчивы к вибрациям, нечувствительны
к электромагнитным полям. В статье представлены практические результаты использования волоконно-оптических датчиков акустической эмиссии
для диагностики технического состояния ответственных узлов и агрегатов летательных аппаратов, а также изложены перспективы их наиболее
глубокой интеграции в единую информационно-аналитическую систему диагностики и прогностики технического состояния авиационных ком-
плексов. Представлены проработанные технические решения, направленные на упрощение способов обработки широкополосных акустоэмисси-
онных сигналов, которые позволяют выполнять датчики акустической эмиссии на основе оптоволокна конструктивно проще и дешевле, с повы-
шенным отношением сигнал/шум, за счёт одного преобразования акустико-оптического сигнала в электрический.

Ключевые слова: акустическая эмиссия, волоконно-оптический датчик акустической эмиссии (ВОДАЭ), эффект Доплера, волоконно-
оптические решётки Брэгга (ВОБР), наклонная брэгговская решетка (НБР), частично наклоненная ячейка Брэгга (ЧНБР).

vector detection functions such as loading and twisting sensors. 
This makes it possible not only to measure the loading and twist-
ing amplitudes, but also to determine the direction of the meas-
ured values. 
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The issues related to the study of risk factors that are associated
with the commission of non-driving actions by drivers, which are
factors that increase the likelihood of a road traffic accident, are
considered. Studies on the frequency of activities secondary to driv-
ing, associated risks and factors influencing the frequency of differ-
ent types of such activities have been carried out in various coun-
tries. One of the most common traffic violations committed by
drivers is using a smartphone while driving. The studies were car-
ried out in the following ways: by interviewing, by observing the
driver with a video camera installed inside the vehicle he is driving,
and by observing passing vehicles from the outside. In this paper, we
propose an approach using the methods of mathematical statistics
to assess the correlation between side effects that distract from
driving and factors that affect the frequency of such actions.
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1. Introduction

As noted in [1], side effects that are not permitted by the road 
traffic regulations are a risk factor for road accidents. The fre-
quency of such side effects is subject to constant research 
through interviews and observations.

One of the main causes of road traffic accidents is the driver's 
distraction caused by the commission of secondary actions [2], 
[3]. However, in order to better assess the risk of a road traffic 
accident, more accurate information is needed on the frequency 
of secondary actions and the degree of their danger [1] - 
[3]. Several country reports have been issued on the results of 
studies of the frequency of secondary actions, but there are dif-
ferences between the frequency of types of secondary actions for 
different countries [4].

As noted in [1], the fundamental problem of research using 
surveys is that the quality of the data depends on the complete-
ness and honesty of the respondents' answers are often subjective 
due to their susceptibility to inaccurate understanding of the con-
cept of binary activity and memory errors. The question arises to 
what extent the data reflect real secondary activity. How much 
the driver can remember his secondary actions depends on the 
situation. Rare actions and actions perceived as stressful, such as 
talking on the phone, may be less remembered [3]. Rather rare 
actions and actions perceived as stressful, such as talking on the 
phone, may be remembered better than actions less exciting and 
more frequent, such as changing the radio channel, [3]. Observ-
ing the style of driving in the flow allows you to explore the 
problems associated with the peculiarities of human 
memory. Therefore, observation is used with the use of built-in 
data collection systems, for example, with the help of cameras 
located in the vehicle [5], [6] (naturalistic research of driv-
ing). However, naturalistic research allows one to see the driver's 
actions (for example, intense reflection) that are not visible from 
the outside, and gives an understanding that the driver is distract-
ed. Another type of research into driving distractions is observa-
tions from stationary points located on highways during the ob-
servation period. Each method has its own advantages and disad-
vantages, complementing and testing each other.

Traffic safety and environmental issues were considered in 
[7] – [15].

In [16] – [19] the questions of influence of psychophysiolog-
ical type and condition of drivers on the nature of their behavior 
are investigated. This nature can be taken into account when set-
ting the parameters of the corresponding mathematical traffic 
model.

The issues of traffic management on sections of highways at 
road intersections and modeling of traffic flows on such sections 
were considered in [20] – [25].

This paper proposes an approach based on the methods of 
mathematical statistics that allows, using data such as those giv-
en in [1], [26], the results of studies on the use of a smartphone 
while driving, to assess the impact of factors related to driver 
characteristics such as road or travel time on the frequency of 
using smartphones in general or certain types of use.

Section 2-5 presents the results of studies on the frequency of 
side effects, the risk associated with these actions, and the factors 
influencing this frequency, given in [1], and describes the meth-
odology for conducting these studies.

Section 6 describes the approach proposed in this work for 
the statistical study of the strength of the influence of factors on 
the frequency of side effects while driving.

Section 7 provides examples of the use of the approach out-
lined in Section 3.

2. Methodology and survey results

In [1], a methodology for conducting a survey of drivers in 
order to study the frequency of secondary actions is de-
scribed. To obtain a representative sample, quotas were deter-
mined for four German cities (Braunschweig, Chemnitz, Mainz, 
Regensburg) in proportion to the number of license holders by 
sex and four age groups (under 25, 25 to 44, 45 to 64, 65 years) 
[27]. Surveys were conducted over 6 days from 8 am to 8 pm, in 
the city center or in shopping centers near highways and near car 
service centers. 1,072 drivers were interviewed about secondary 
actions they performed during the last 30 minutes of the trip. In 
addition, drivers assessed the level of danger and the degree of 
distraction when performing a secondary action, and also an-
swered questions about their use of a mobile phone [28]. The 
survey lasted an average of 20 minutes. The following secondary 
actions were considered: a telephone conversation with a tele-
phone in hand; hands-free telephone conversation; a set of text 
messages; reading text messages; use of the Internet; use of the 
navigation system; driving equipment (eg seat, mirror); internal 
devices (e.g. radio); communication with the passenger; sponta-
neous actions (self-talk, singing, intense reflection); hygiene; 
change of clothes (or glasses); food / drink; smoking; finding or 
moving things; cleaning; distraction to external vehicles.

According to poll results, about 88% named at least one sec-
ondary action in the last 30 minutes of their trip. On average, the 
driver named two actions. These results are consistent with those 
of other studies [3]. The propensity for secondary actions de-
creases with increasing age of the driver. Men are more prone to 
secondary actions. As an answer to the question about the most 
frequently performed secondary actions, the following were 
named: communication of drivers with passengers (80% of driv-
ers); actions with vehicle equipment (55%); spontaneous actions 
(31%). The most frequently named actions by drivers during the 
last 30 minutes of the trip were named as follows: communica-
tion with at least one passenger 20%); spontaneous actions 
(10%); food / drink (9%); actions related to vehicle equipment 
(9%); hands-free phone calls (9%). In terms of age, drivers under 
25 are significantly more likely to use their smartphones to com-
pose text messages. No driver over 65 years of age reported such 
actions. Infrastructure (highway or city) also affects the frequen-
cy of secondary activities. Hands-free calls, conversations with 
passengers, food / drink are significantly more likely to occur on 
a highway than in an urban environment. In general, the subjec-
tive perception of the danger of performing secondary actions is 
rather weak, except for clearly distracting actions (reading and 
typing, searching or cleaning, distraction by external vehi-
cles). Drivers who reported a mobile phone addiction were more 
likely to use the phone in the last 30 minutes of the trip than 
drivers who did not have a phone addiction. In addition, drivers 
who reported their cell phone addiction reported a higher number 
of violations that distracted them from driving.

However, when answering questions, memory distortion may 
occur, and when observing, the subjective sense of distraction is 
lacking. The purpose of the project described in [1] is an attempt 
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to provide a more accurate answer to the question of the frequen-
cy of driving distractions from driving in Germany. Another goal 
was to test the methods of interviewing and observation by com-
paring the results obtained using these methods.

The data from surveys and video surveillance were com-
pared. Data on 76 drivers were analyzed. While good agreement 
was found between survey and observation results for conscious 
or infrequent activities (phone calls, reading / typing), there was 
relatively weak agreement for unconscious activities (operations 
with vehicle-related equipment; personal hygiene; changing 
clothes / points). The comparison shows that polling is a suitable 
method for investigating the frequency of conscious or infre-
quent secondary actions.

3. Methodology and results of naturalistic observation.
Comparison with survey results 

To assess the quality of the results obtained through surveys, 
sample results were compared with the results of naturalistic 
observation [1]. The experiments, conducted between March and 
August 2017, involved 94 drivers.

The behavior of the drivers was recorded for 3 days on two 
cameras installed in their vehicles – a camera for day and night 
observation. In order not to focus attention on the subject of sec-
ondary actions in a way that could reduce the frequency of such 
actions by drivers, drivers were misled about the purpose of the 
study. Comprehensive information about the true purpose of the 
study was provided to drivers at the end of the study. After the 
cameras were positioned, at least 30 minutes elapsed, the exper-
imenter conducted a telephone survey. For technical reasons, 
video recordings of only 76 drivers could be used for the analy-
sis. The survey results and video data were compared and ana-
lyzed.

In general, it is shown that the information provided in the 
surveys is in mediocre agreement with the results of naturalistic 
observation. Two types of errors are considered: the secondary 
action is visible in the video, but not mentioned in the survey; the 
secondary action is not visible in the video, but named in the 
survey. Analysis shows that video recordings usually show much 
more than what is called by drivers when interviewed, especially 
with regard to personal hygiene, clothing, objects related to vehi-
cle equipment (mirror gel, radio, air conditioning). Such actions 
may not be remembered by drivers or perceived as secondary 
actions that distract from driving. When it comes to mobile 
phone use, there are only slightly more actions identified through 
video than identified by drivers. From this we can conclude that 
the actions related to the use of a mobile phone are very deliber-
ate. However, the results indicate that there may be some overes-
timation of secondary actions. Some of the secondary actions 
called during interrogation are not visible in the video recordings 
(false alarm). 

This especially applies to the types of operations with the in-
ternal equipment of the vehicle, to spontaneous involuntary ac-
tions and distraction to objects external to the driver's vehicle. 
One of the reasons for this may be that the video recording al-
ways refers to the last 30 minutes of the trip, and the driver can 
name his earlier actions. Mobile phone related activities such as 
searching for the phone without following a conversation or typ-
ing may take place. Such an action may not be realized or re-
membered. Since this action occurs quite often, it is expected 
that in the future it is planned to include in the survey question-

naire a separate question about finding a phone without its sub-
sequent use.

In [1], it is concluded that naturalistic observation is a useful 
and low-cost method for investigating the frequency of deliberate 
or infrequent distractions from driving (for example, phone calls, 
reading or typing text messages). In addition, the survey has the 
advantage over naturalistic observation that it gives an idea of 
the driver's subjective perception of the degree of distraction and 
his risk [29].

However, survey data are less reliable for data on secondary 
activities that drivers do not consider as driving distractions. 
This, in particular, applies to the installation of equipment in the 
vehicle (air conditioning, radio, etc.), to actions related to chang-
ing clothes, finding things in the vehicle. These actions, which 
are probably performed quite unconsciously and often enough, 
are not often named, even if there is a corresponding question in 
the questionnaire. Thus, it turns out that survey results underes-
timate the frequency of such poorly conscious actions. Therefore, 
in relation to the results of each survey, there should be an un-
derstanding of how the survey data correspond to the actual fre-
quency of certain distractions from driving.

Studies show that factors that are not perceived by drivers as 
distracting from driving can increase the risk of a road traffic 
accident to a greater extent, for example, according to [30], eat-
ing / drinking increases the risk of a road traffic accident by 1.6 
times, and mobile phone calls – 1.3 times.

The influence on the frequency of secondary influences of 
various factors related to the personality of drivers – gender, age, 
and to the infrastructure in which the vehicle travels – is investi-
gated. With regard to the use of mobile phones, it is shown that 
people who use a mobile phone and tend to use the phone con-
tinuously continue to use it, even while in traffic. Young people 
especially often use the phone, which is often confirmed by re-
search results. Overall, the results show that a variety of factors 
influence the frequency of secondary actions.

4. Results of a study of the frequency of various types
of distractions 

In [1], the results of studies of secondary actions during driv-
ing are presented and analyzed.

According to [3], secondary actions play a role in the number 
of cases, ranging from 10% to 30% of all road traffic accidents, 
and in 40% of these cases spontaneous actions take place (for 
example, talking to oneself or singing). According to the survey 
results, car drivers (in the city) spent 30% of the trip duration 
with secondary actions. For truck drivers (on the highway) it 
even took 50% of the trip [3]. According to a survey in which 
600 drivers of cars and trucks took part [31], about 20% of the 
duration of all trips was conducted with secondary actions. Ac-
cording to the survey [3], the most frequent secondary actions 
performed by drivers were the following: using equipment ser-
vices in a vehicle (66%); interaction with fellow travelers (38%); 
spontaneous actions (36%), for example, talking to oneself, sing-
ing; distraction to outdoor objects (28%); food / drink (24%). In 
[32] the results of a survey (426 drivers) on secondary actions 
are also given. Briefly, the results of the survey can be summa-
rized as follows: 92% of drivers were distracted by outdoor ob-
jects; 89% used indoor equipment such as a radio or air condi-
tioner; 90% of drivers reported thinking about something unre-
lated while driving while driving; almost 85% of drivers an-
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swered that they communicated with fellow travelers while driv-
ing; about 52% of drivers reported that they often eat or drink 
while driving; over 43% said they typed while driving; 32% of 
drivers called with their phone in hand, and 25% of drivers called 
with their hands free. According to the survey participants, what 
actions they consider to be distracting from driving: 80% consid-
ered talking on the phone as a distraction; in second place is 
smoking, which was considered a distraction by half of the sur-
vey participants; a little more than a third (30%) named sponta-
neous use of the vehicle's interior equipment as a distrac-
tion; composing or reading text messages was named by 20%, 
and food / drink – by 9% of the survey participants; communica-
tion with fellow travelers was mentioned by 8% of the respond-
ents. Telephone conversations appear to be clearly visible sec-
ondary activities, while food / drink or interaction with passen-
gers is less frequently named. Typing text messages was also 
perceived by survey participants as one of the most dangerous 
types of distractions.

As noted in [1], in Germany and in other countries, a large 
number of observations were made of the frequency of second-
ary actions by drivers. The behavior of the drivers was observed 
either from stationary points or with the help of a camera in-
stalled inside the vehicle, and then the resulting video was ana-
lyzed.

A UK observation [12] (10,984 drivers observed) from a sta-
tionary site on a two-lane highway showed that 17% of drivers 
were secondary activities. In accordance with the results of an 
earlier observation [33], 15% of drivers performed secondary 
actions. Companion interactions were reported in 8% of drivers 
and were the most frequently observed secondary effects. 2% of 
drivers were noticed using devices that are not related to driving, 
such as a mobile phone. About 2% of drivers were noticed smok-
ing during the trip.

According to one of the more recent stationary observations 
(7979 drivers observed) in Iran, [34] the most frequent secondary 
activities were: interaction with fellow travelers (12%); use of 
non-driving devices including telephone (2%); use of devices 
related to driving (1%). As a result of another stationary observa-
tion (2015) [1], about 20% of the observed drivers from 6 Eng-
lish cities performed secondary actions. The data obtained were 
similar to those obtained in previous studies; interaction with 
fellow travelers was found for 11% of drivers; slightly more than 
4% smoked during the trip; used non-driving devices 1% of driv-
ers. A study in Alabama, USA, showed that the most common 
secondary activity was interaction with fellow travelers (54%); 
about 32% of drivers; 20% of drivers were distracted by objects 
outside; about 17% typed text messages or business documents 
on their phone. Research in Germany, reported in Ref. [35], fo-
cused on the frequency of mobile phone use. It found that 5% of 
drivers were text messages, which is more common than ob-
served in other international studies; about 2% of drivers called 
while holding a phone in their hand; about 2% of drivers called 
with free hands.

In [36], data from naturalistic observation were analyzed and 
the proportion of time during which drivers performed non-
driving activities was investigated.

The secondary action seen on the video for the longest time 
was the use of non-driving devices. Next in time was interacting 
with fellow travelers and then using non-driving devices such as 
a mobile phone. As noted in [1], the risk of road traffic accidents 

is especially high for young drivers. In this regard, in [37], the 
results of naturalistic studies are presented, in which the data 
obtained in naturalistic observations are analyzed only in cases 
of road accidents with young drivers (from 16 to 19 years old). 
They found that at least 76% of the videos had at least one side 
effect. Telephone use was found to be the most frequent distrac-
tion performed in a road traffic accident, with the second most 
frequent secondary action resulting in a road traffic accident, 
which appeared to be distraction to external objects; in about 
16% of cases, drivers interacted with fellow travelers.

According to a survey conducted in Germany [3], [37] 85% 
of drivers traveling with passengers communicated with them. 
Interaction with passengers is the most frequently performed 
secondary activity. At the same time, the likelihood of interac-
tion with passengers when traveling on a highway is significantly 
higher than in urban traffic, which may be explained by a more 
complex transport situation in the city, where the driver is forced 
to concentrate more on traffic and, accordingly, has fewer re-
sources to communicate with fellow travelers. In [38], data from 
naturalistic studies on the secondary actions of novice drivers 
were used. 58% of all video segments showed at least one sec-
ondary action performed by the driver; the most frequently per-
formed secondary action was communication with fellow travel-
ers (20% of all drivers); self-starting actions were observed in 
17% of drivers; distraction to external objects was noticed in 
12% of drivers; phone use was visible on 5% of the video seg-
ments. The following was noted in [1] Summarizing the results 
of various studies, it can be argued that the most frequently ob-
served secondary action is interaction with fellow travelers. This 
type of side effects in various stationary observations ranges 
from 8% to 54%, and in naturalistic studies it is observed in 
about 20% of drivers. In surveys, this type of secondary action is 
named by 40-50% of the respondents. The use of non-driving 
devices such as a mobile phone is the second most common side 
effect in videotaped naturalistic exploration and stationary ob-
servation. In the survey, this type of secondary action is named 
most often (it is called from 40% to 70%).

5. Risk of road accidents due to distraction from driving

As noted in [1], using a mobile phone while driving is the 
most studied secondary activity. The main reason for this is the 
associated risk of a road traffic accident [39], [40]. Polls in Ger-
many, Austria and Sweden showed that there was a slight de-
crease in the number of people talking on the phone from 59% in 
2011 to 51% in 2016 [40], [41]. This, however, can be explained 
by the fact [1] that drivers have become more likely to write text 
messages.

The risk of a road traffic accident when using a mobile phone 
increases by an average of two to five times compared to when 
the phone is not in use [42]. It was found in [43], [44] that manu-
al selection of a number on a mobile phone increases the risk by 
about three times. Other studies have shown that telephone use 
even increases the risk of a road traffic accident by four times 
[30], [45]. In some studies, however, opposite results were ob-
tained, according to which the thesis about the negative effect of 
using the telephone was not supported, as was not confirmed in 
the naturalistic study, the results of which are presented in [46].

It is natural to assume that the risk depends primarily on the 
type of telephone use, since different types require different re-
sources. This would be the difference between the risk of using 
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the phone with free hands and using it with at least one occupied 
hand. However, the literature review given in [39] shows that 
there is actually no difference between the risk of using the 
phone with hands free. This can be explained by the survey re-
sults given in [41]. It has been shown that even with a device 
allowing the use of a telephone with free hands, the eyes of driv-
ers are averted from the road, which is critical for safety. Along 
with the visual component of finding a number on the phone, a 
mental distracting component also appears during a telephone 
conversation [47]. This additional stress on resources ultimately 
negatively affects important processes while driving. The nega-
tive influence of the visual search for a phone number is mani-
fested due to the diversion of the gaze in an increase in the reac-
tion by 0.5 seconds [48] – [50], in the deterioration of the driving 
process due to the weakening of control due to the weakening of 
control over the speed and direction of movement [51], in deteri-
oration of the decision-making process [52], [53]. The results of 
naturalistic studies also show an increase in the reaction time 
during braking. Studies conducted in France [54] found that vis-
ual and manual interaction with a telephone begins primarily at a 
traffic light at which it is required to stop. Switching to green 
light interrupts this interaction.

According to a survey in Germany [42], approximately 20% 
of drivers write text messages on their mobile phones and 30% 
of drivers read messages, with these side effects being carried 
out primarily by young drivers, mostly men. Similar results were 
obtained from a survey conducted in 2010 in Austria. Here, 14% 
of drivers wrote messages on occasion and 32% read them. The 
fact that messages are written mainly by young drivers is espe-
cially dangerous because for this category the risk of a road acci-
dent is already increased.

As shown in [30], the use of navigation devices was a strong 
distraction at that time (2007). The research results presented in 
[56] showed that the use of electronic devices increases the risk 
of a road traffic accident by 6-7 times. It was possible to show 
[57] that the use of a visually hand-held navigation device is more 
distracting than a spoken device. The duration of gaze distraction 
when using a visual hand-held device as 50% of the duration of 
the trip [58]. Guided audio information reduces distraction.

When traveling, there is a need to use a number of devices 
with which the vehicle is equipped, such as, for example, a seat 
or mirror setting device, a radio or an air conditioner. According 
to data from [42], about 43% of drivers use a device to put on a 
belt, install a mirror or a seat. According to [5], controlling air 
conditioners causes distraction. This seemingly insignificant side 
effect leads to a waste of visual and mental resources, which 
ultimately increases the risk of a road traffic accident. In accord-
ance with [42], control over the climate control increases the risk 
of a road traffic accident by 1.5 times.

Radio also has a negative impact on travel safety. Only listen-
ing to music appears to have no negative impact on travel safety 
[59].

For the frequency of secondary actions associated with per-
sonal hygiene and changing clothes, in [3], an estimate of 13% 
was obtained. In [42], a slightly lower value of the frequency of 
such actions was obtained: 6% of the respondents answered that 
while driving, they perform such actions as, for example, using 
cosmetics or shaving. Non-driving activities such as applying 
makeup or changing clothes lead to some aversion of the eyes or 

some weakening of contact with the steering wheel [59], which 
increases the risk of road accidents.

According to the data cited in [45], 11% of drivers communi-
cate with fellow travelers, and according to [44], even about a 
third of all drivers communicate with fellow travelers while driv-
ing. Conversation with fellow travelers does not cause any dis-
traction of the eye and does not weaken the control of the steer-
ing wheel [59]. The data of naturalistic observation, the results of 
which are given in [5], show that there is a high risk of getting 
into a traffic accident if the trip is made alone – by one driver.

According to the survey results in [44], about a quarter of all 
drivers ate or drank during the trip. Thus, these non-driving ac-
tivities are widespread. According to [30], these actions are more 
likely to lead to road traffic accidents than, for example, tele-
phone conversations (according to [30], talking on the phone 
increases the risk of a road traffic accident by 1.3 times, and food 
/ drink in 1.6 times). However, not all studies are consistent with 
this. Thus, according to the results [5], food / drink activities do 
not increase the risk of a road traffic accident.

The number of drivers who smoke while driving is 1% ac-
cording to the data cited in [42] and 20% according to the data 
cited in [3]. It was shown in [59] that smoking increases the risk 
of road traffic accidents by 1.5 times. The duration of the distrac-
tion is increased by lighting and extinguishing the cigarette. The 
duration of holding a cigarette is approximately equal to the time 
the eyes are distracted while holding the phone.

Other distractions include working with animals in a motor 
vehicle and handling, and activities such as reading or writing.

6. An approach to calculating the quantitative charac-
teristics of assessing the influence of various factors on the 
frequency of using smartphones while driving 

In [1], [26], there is no description of approaches related to 
mathematical statistics that allow one to quantify the impact on 
the frequency of violations associated with the use of a 
smartphone, such factors as the driver's age, driver gender, road 
type, time of day, region.

Let us describe the approach that allows one to calculate such 
a quantitative estimate in the form of a statistical indicator called 
the coefficient of determination [56].

As an effective sign, we consider the frequency of secondary 
action (food / drink or smoking). As factor signs, we consider 
qualitative signs expressing the conditions that the driver's char-
acteristic, type of road, and travel time satisfies. Since there are 
three age categories, the attribute, in the terminology of mathe-
matical statistics, has three levels (Fig. 1).

Figure 1. Levels of Observed Effective and Factor Signs [26]
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Let's assume that there are  observations (there is a sample 
size ). The number of levels of the effective indicator is equal to 

. Let a confidence  level conducted  observations 
. As a result of observations at the  level, the 

following values of the effective indicator were 
tained . 

The group average is defined as: 

and the overall average as: 

Total variance: 

Factorial variance: 

The coefficient of determination is  defined as the ratio of 
the factorial variance to the total. The coefficient of determina-
tion can be understood as follows: the value of the factor attrib-
ute in percent determines the value of the effective at-
tribute.

The square root of the coefficient of determination is called 
the empirical correlation ratio, which is thus calculated by the 
formula:

7. Examples of calculating quantitative characteristics
of assessing the influence of various factors on the frequency 
of secondary actions 

On the basis of the data on the frequency of side effects dur-
ing driving given in [26], obtained as a result of observations in 
Aachen and Braunschweig, the values of the group averages and 
the coefficient of determination presented below were calculated. 
The frequency of smartphone use is averaged over the observa-
tions of two observers.

Influence of road type on the frequency of food / drink dis-
turbance: intracity roads - group average ; suburban 
roads – group average ; highways – group average  

; the coefficient of determination:  .
Influence of the factor of the region on the frequency of vio-

lations of the type of food / drink:  

Aachen – group average ; Braunschweig – 
group average ; the coefficient of determination: 

.
Influence of the time-of-day factor on the frequency of food / 

drink disturbances: from 8:00 am to 10:00 am – group average 
; from 10:00 to 14:00 - group average ; 

the coefficient of determination: .
Influence of the factor of the day of the week on the frequen-

cy of violation of the type of food / drink: Tuesday – group aver-
age ; Wednesday – group average ; 
Thursday – group average ; the coefficient of de-
termination: .

Influence of road type on smoking frequency: intracity roads 
– g oup average ; suburban roads – group average

; trunk – group average coefficient of 
determination: .

Influence of the factor of the region on the frequency of 
smoking: Aachen – group average ; Braunschweig – 
group average ; the coefficient of determination: 

.
Influence of the time-of-day factor on smoking frequency: 

from 8:00 to 10:00 am – group average ; from 10:00 
to 14:00 – group average ; highways – group aver-
age ; the coefficient of determination: .

Influence of the factor of the day of the week on the frequen-
cy of smoking: Tuesday – group average ; Wednes-
day – group average ; Thursday – group average 

; the coefficient of determination: .

Conclusion 

This paper describes an approach that allows using the meth-
ods of mathematical statistics in the analysis of research results, 
such as the observations described in [1], [26], carried out in 
order to assess the frequency of side effects by drivers, their risk 
and the influence of various factors on the frequency of side ef-
fects. The statistical indicator, calculated in accordance with our 
proposed approach, is the coefficient of determination, which 
estimates the closeness of the relationship between the factor 
attribute (for example, the age category to which the driver be-
longs) and the effective attribute (frequency).
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Аннотация
Рассматриваются вопросы, относящиеся к исследованию факторов риска, которые связаны с совершением водителями не относящихся к вождению
действий, которые являются факторами, повышающих вероятность дорожно-транспортного происшествия. Исследования по частоте вторичных по
отношению к вождению действий, связанному с ними рисками и факторам, влияющих на частоту различных видов таких действий проводились в
различных странах. Одним из наиболее распространенных совершаемых водителями видов нарушений правил движения является использование
смартфона во время вождения. Исследования проводились следующими способами: с помощью опроса, путем наблюдения за водителем с помощью
видеокамеры, установленной внутри транспортного средства, которое он ведет, и с помощью наблюдения за проезжающими автотранспортными
средствами извне. В настоящей работе предложен использующий методы математической статистики подход к оценке корреляционной связи между
побочными действиями, отвлекающими от вождения, и факторами, влияющими на частоту таких действий. 

Ключевые слова: безопасность дорожного движения, факторы риска, корреляционная связь, факторный статистический анализ.
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It is natural to consider the rolling dynamics of an auto-
mobile wheel when it interacts with the road surface. At
the same time the most difficult and important task is to
determine the force components applied to the wheel,
such as the friction driving force, the drag force, the
rolling and spinning resistance moments that occur in the
contact spot from the side of the roadbed. The paper
investigates the aspects of dry friction, rolling and sliding
of an automobile wheel presented as a deformable body.
In this case, it is of great importance to take into account
the treads, which is reflected in the tire models. An
important aspect is the study of the laws of distribution of
normal stresses in the contact area. To solve practical
issues of road transport, approaches based on the Magic
Formula of Pacejka and calculation methods based on
brush, ribbon and string models, in particular, the Brush
model of Svendenius, are highlighted. The conditions of
its applicability are obtained and justified.

Maria Yu. Karelina, 
Moscow Automobile and Road Construction State Technical
University, Moscow, Russia, karelina@madi.ru

Alexey V. Terentyev, 
Moscow Automobile and Road Construction State Technical
University, Moscow, Russia, gr51@mail.ru

Gregory M. Rosenblatt, 
Moscow Automobile and Road Construction State Technical
University, Moscow, Russia, a-tatashev@yandex.ru

Vladimir B. Yashin, 
Moscow Automobile and Road Construction State Technical
University, Moscow, Russia, hekkoki@gmail.com

DOI: 10.36724/2072-8735-2021-15-12-72-80

Manuscript received 26 November 2021;
Accepted 16 December 2021

TRANSPORT



T-Comm Vol.15. #12-2021 73

TRANSPORT

Introduction 

When modeling the rolling dynamics of a wheel, the most 
difficult and important task is to determine the force components 
applied to the wheel, such as: the driving friction force, the re-
sistance force, the rolling and spinning resistance moments that 
occur in the contact spot from the side of the roadbed (for an 
automobile wheel) or from the side of the rail (if we are talking 
about a railway wheel). For example, it is known that the friction 
force (clutch) applied to the driving wheel of the vehicle (a mo-
ment from the engine is applied to it) is always directed forward 
in the direction of movement, and a similar force applied to the 
driven wheel is directed (as a rule) backwards and slows down 
the movement of the vehicle.  

It is clear that the model of the point contact of the wheel 
with the road is overly simplified and does not correspond to the 
real practical tasks of studying the dynamics of motor vehicles. 
With stationary and rectilinear motion, such a model is quite 
acceptable. The first results in this direction in 1779 were ob-
tained by Sh. Coulon that investigated rolling friction (Figure 1 
shows a diagram of the Coulon’s experiment). 

Figure 1. Coulon’s scheme of rolling friction experience 

Closer to reality is the model of a deformable wheel, which 
also contacts the deformable road in a certain area (multipoint 
contact). The O. Reynolds rod model is known [4], in which the 
wheel is represented as a set of elastic rods emanating from the 
common center of the wheel or thin disks on a single shaft. At 
any given time, the wheel contacts the road with several rods, 
and some rods slip while doing so, and some remain in constant 
contact. A similar effect occurs for the disk model. 

For such models, O. Reynolds in 1876 drew attention to the 
effect of longitudinal pseudo-sliding, which consisted in the fact 
that the path traveled by the center of the wheel of the vehicle 
(locomotive) DID NOT COINCIDE with the product of the angle 
of rotation of the wheel by its rolling radius. Further, in 1925, 
motorists (Brulier) discovered the phenomenon of lateral pseudo-
sliding (withdrawal), which consisted in changing the trajectory 
of the car under the action of lateral forces (for curved move-
ments) in comparison with what should have been for a car with 
absolutely solid wheels. Finally, the rolling theory, which takes 
into account the effects of longitudinal and lateral pseudo-sliding 
in the case of a railway wheel, was developed in 1926-28 by 
F.Carter.  

Thus, when the deformable wheel is rolling, coupling zones 
and sliding zones appear in its contact area. Similar (flat) models 
for continuous (distributed) contact were considered in the works 
of A. Y. Ishlinskiy. At the same time, the classical 
Coulon’smodel was used to calculate the friction force (the main 

vector of tangential forces applied to the wheel), which was de-
termined by the distribution of normal stresses in the contact 
area. Calculating the moments of distributed normal and tangen-
tial forces, A. Yu. Ishlinsky explained (both qualitatively and 
quantitatively) the origin of the moment of friction of rolling 
resistance. The main result of these studies is as follows. The 
rolling friction moment is determined by the distribution of nor-
mal reactions in the wheel contact area, and also depends on the 
accepted model for friction forces. 

Further development of the dry friction model (for the wheel, 
in particular) was obtained in the works of N. E. Zhukovsky, M. 
A. Levin, N. A. Fufaev, Kontensu and V. F. Zhuravlev. In these 
works, dry friction models were developed based on the principle 
of summation (integration) of elementary friction forces, as well 
as their elementary moments. In addition, it is also necessary to 
consider various (theoretically and practically acceptable) laws 
of distribution of normal stresses in the contact area. It is these 
stresses that determine the elementary friction force of the Cou-
lomb. In turn, the law of distribution of normal stresses is deter-
mined by the dynamics of vehicle movement (for example, this 
law depends on whether the vehicle is moving with acceleration 
or not). Thus, it turns out that the driving force of friction de-
pends on the way the vehicle moves, and this dependence is mu-
tual. 

In the tasks of describing the dynamics of ground vehicles, 
great importance is given to non-holonomic dynamic systems. 
By the term "non-holonomic systems" we mean a class of non-
linear systems that cannot be coordinated by continuous time-
invariant feedback, i.e., there are times when certain constraints 
are imposed on the state of the system (non-holonomic connec-
tions). These systems are controllable, but they cannot move in 
some directions instantly.  

They belong to the class of nonlinear differential systems 
with non-integrable constraints on motion. Non-holonomic con-
trol systems resulting from the formalization of non-holonomic 
systems include control inputs, are nonlinear control tasks requir-
ing nonlinear tuning. Non-holonomic control systems are being 
actively studied in connection with the development of robots, 
including mobile robots, wheeled vehicles and space robotics, 
etc. In the case of wheeled vehicles, kinematics and dynamics 
can be modeled based on the assumption that the wheels roll 
perfectly (Fig. 2). 

Figure 2. The contact spot of the tire with the support surface 
without load and under load 



T-Comm Tом 15. #12-2021
74

TRANSPORT

Typical limitations of wheeled vehicles are rolling. contact, 
such as rolling wheels on the ground without slipping, or sliding 
contact, such as skates sliding. 

1. The spinning top model

For the most part, the spinning top was driven into rotation 
using a thin string previously wound on its shaft. Quickly pulling 
the string from the shaft of the spinning top, the latter was in-
formed of rotation around the axis AA, 1 which lasted until the 
friction forces acting at the point 

About the supports of the spinning top on any base, did not 
stop its movement. Many scientists of the world have taken up 
the study of the laws of motion of the spinning top. The famous 
English scientist I. Newton (1642-1727) and a member of the 
Russian Academy of Sciences L. Euler (1707-1783) also worked 
on this task.  Euler in 1765 for the first time published the theory 
of motion of a solid body near a fixed point of its support and 
thereby created a theoretical basis for further in-depth study of 
the laws of motion of the spinning top. The works of French sci-
entists J. Lagrange (1736-1813) and L. Poinsot (1777-1859) 
greatly contributed to the further study and development of 
methods for the practical use of the properties of a rapidly rotat-
ing spinning top. 

In 1886, the French Admiral Fleurieu proposed a new device 
– sextant – for measuring the geographical latitude of the ship's
location during a storm, the basis of which was a rapidly rotating 
spinning top. The spinning top itself was made in the form of a 
cylindrical body B (Fig. 3), supported by a pointed hairpin at 
point N. During operation, the device was held by the handle R 
in an upright position. With the help of a hand pump, com-
pressed air was pumped into it through the hose M, which hit the 
side surface of the spinning top with directed jets and caused it to 
rotate around the AAX axis. With the weight of the spinning top 
at 175 g, it was possible to inform it of rotation at a speed of 
about 3000 rpm. To ensure the rotation of the spinning top invar-
iably in the horizontal plane, its center of gravity was positioned 
approximately 1 mm below the fulcrum. The spinning top, even 
when the handle deviated from the vertical position, continued to 
remain in the horizontal plane, providing an artificial horizon on 
the rocking ship. 

Figure 3. The spinning top model 

For the convenience of fixing the horizon plane on the upper 
end surface of the spinning top, two plano-convex lenses C were 
fixed, on the flat surfaces of which thin strokes were applied, 
located parallel to the end surface of the spinning top. The dis-
tance between the lenses C corresponded to the focal length, as a 
result of which, when the spinning top was rotated, the strokes 
applied to the lenses for the eye observing through the eyepiece 
D of the device merged into one line. This feature fixed the posi-
tion of the horizon plane, with respect to which the angle was 
measured, and the height of the luminary L, similar to how it was 
described above (Fig. 3). 

For simultaneous observation of the artificial horizon line and 
the luminary, two mirrors A and K were installed in the device. 
To the turns of the mirror K, the beam coming from the luminary 
L was combined with the line of the artificial horizon. In this 
case, the magnitude of the angle a was determined by the angle 
of rotation of the mirror K. This device is considered to be the 
first invention in which a spinning top was used, in its shape and 
device not fundamentally different from ordinary spinning tops, 
which were widely used in everyday life. 

Imagine a spinning top, for example, a thin brass disc (gear) 
mounted on a thin steel axle. The dynamics of such a spinning 
top generates the occurrence of precession, gyroscopic moment 
and other characteristics of the movement of the spinning top. 

We introduce a unit vector , showing the direction of the ax-
is of a symmetrical spinning top in space, i.e., coming from the 
origin of the coordinate system (from the center of mass) and 
directed along the axis of the spinning top (Fig. 4). 

Figure 4. Geometric interpretation of the free precession 
of a symmetric spinning top 

Let  – the moment of the pulse, and  – angular velocity 
vector. At each moment of time, all three vectors  and  they 
lie in the same plane, and when the body moves, their relative 
position remains unchanged. In the absence of moments of ex-
ternal forces, a plane containing vectors   , rotates uni-
formly around the direction of the vector unchanged in space . 
In fact, the speed  the point of the spinning top axis that coin-
cides with the end of the vector n, expressed in terms of angular 
velocity by the formula .  
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This means that at any moment the end of the vector n it 
moves perpendicular to the plane under consideration, dragging 
it along with the vectors lying in it  and . Thus, the entire 
plane rotates uniformly around , and the vectors lying in it  and 

 synchronously describe cones in space, the vertices of which 
lie at the origin. About this behavior of vectors  and  they say 
they commit around  regular precession. It can be shown that 
the angular velocity of this precession  proportional to the mo-
ment of the pulse  and is inversely proportional to the central 
moment of inertia of the spinning top  relative to the trans-
verse axis: . Such a free precession of the axis of the 
spinning top, which occurs in the absence of external moments 
when the angular velocity does not coincide with the axis of the 
spinning top, is also called nutation. Note that the axis of the 
spinning top retains its direction in space (does not precess) if, 
during free rotation, the angular velocity is directed along the 
axis of the spinning top, i.e., in such cases nutation does not oc-
cur. 

2. From gyroscope to multicomponent dry friction

As a result of experimental observations of the behavior of 
the Fleurieu gyroscope, which Contence conducted, he began his 
research, as he received evidence of unsatisfactory compliance 
with the theory. Theoretical predictions initially followed from 
the ideas about the interaction of the gyroscope support with the 
base axle either in the form of one-dimensional dry friction, or in 
the form of no slippage at the point of contact (non-holonomic 
formulation), or in the form of purely viscous friction. 

Contensu noted [15] that the use of Coulomb's law to de-
scribe friction in the case of a combination of simple movements 
(sliding and rolling, sliding and twisting) should not be true. This 
is evidenced by simple and well-known experiments, for exam-
ple, rotation around the vertical of a car wheel when rolling or 
the sliding of a polisher brush when it rotates. Although the con-
tact zone of the rubbing bodies in the case of the Fleurieu gyro-
scope was negligible and many simply considered the contact 
point, Contensu called this zone a circle and considered Cou-
lomb's law in differential form inside this circle so. 

Figure 5. Rotating rod 

We will consider a vertically rotating rod resting with a 
spherical end on a flat support moving at a constant speed 
(Fig. 5.). The contact area is a circle of radius , in which the 
normal voltage depends only on the distance  to the center of 
the circle:  Relative sliding is carried out at a speed of v, the 
angular velocity of the spin is indicated by  (Fig. 6). 

Relative sliding speed  at a point having polar coordinates 
in the contact area  it is expressed as follows: 

v = (v - sin , cos ). 

The differential of the friction force directed against the rela-
tive velocity at this point, in accordance with Coulomb's law, has 
the form: 

ƒ . 

Figure 6. Contact area 

The moment of this elementary force: 

ƒ  

As a result, for the moment and force we get the following 
expressions: 

ƒ , 

F ƒ  

Note that due to the symmetry, the expressions for the force 
relative to the x-axis of its component along the y-axis are zero. 

Let 's introduce the notation . Given these 
notations, we rewrite the expressions for the modulus of the 
moment and the modulus of the nonzero component of the force: 

ƒ , 

ƒ .  

Let us first consider as an example a point contact by Hertz. 
We assume that both contacting surfaces are locally spherical, 
then: 

 .

From the presented relations it follows that when 0 the 
moment of friction also tends to zero, and for this reason it was 
not even considered. As for the friction force, it has the form: 

ƒ
ƒ
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Argument  has the order of smallness  at the end . 
In a small area  this function can be approximated by a 
tangent at zero, and outside of it by a horizontal line correspond-
ing to the usual Coulon’s law. 

The obtained ratio allows us to draw a fundamentally im-
portant conclusion: in the case of point contact, the friction force 
does not have the form of the original Coulomb law, in particu-
lar, it is equal to zero identically by : , . 
That is, there is no resting friction force, if only the twisting 
takes place, no matter how small it may be. So, references to the 
law of dry friction to justify the absence of slippage when using a 
non-holonomic formulation of the problem of rolling some bod-
ies by others, as is often done, are inappropriate. 

The dependence of the friction force at a point on the spin-
ning speed is very significant and there is no way to neglect it. In 
cases where researchers in problems with combined friction ac-
cept the condition of no slippage, they must either indicate by 
what physical forces it can be provided, or, realizing such a con-
dition is approximate, talk about evaluating the accuracy of such 
an approximation. The term "absolutely rough surface" cannot be 
based on the idea of dry friction. 

3. Rolling theory approaches

In addition to sliding friction, Sh. Coulon studied rolling fric-
tion, for which he created an experimental setup (Fig. 7) consist-
ing of two parallel wooden bars on which a cylindrical wooden 
roller rolled. A moment proportional to the difference in the 
weights of the loads fixed at opposite ends of the rope was ap-
plied to the roller by means of a rope thrown over it. The results 
of experiments on this installation Coulomb expressed the widely 
used and currently used formula for the force overcoming the 
rolling resistance of the roller: 

where Q – the weight of the roller together with the loads, 
r – radius of the rink, k – the proportionality coefficient having 
the dimension of length. 

Figure 7. Coulon’s experimental setup 

Similarly, to the sliding friction law, in a more detailed entry, 
the rolling friction force has the form: 

where  represents the angular velocity of the roller. If there is 
no rolling, then the rolling force can take any value in the speci-
fied interval. 

Rolling friction is a more complex phenomenon than sliding 
friction. In the case of sliding, the contact area is stationary rela-
tive to the sliding body, in the case of rolling, this area is mova-
ble both relative to the body and relative to the stationary sur-
face. In addition, rolling cannot occur without sliding friction. 

Let the center of the rink be carried away by force T, attached 
to its center, moving at a constant speed V (Fig. 8). It is required 
to find the law of changing the angle of rotation of the roller. 

Figure 8. The scheme of the skating rink movement 

Let 's write down the equations of motion of the rink 

(We assume for certainty that 

If the velocity of the center of mass is constant 
that  and the second equation of the written 

system takes the form: 

. 

If  (sliding friction prevails over rolling friction), then 
the rotation of the roller accelerates until the slipping of the roller 
relative to the base stops. The sliding friction force becomes sig-
nificant at the point of rupture: 

If   (rolling friction prevails over sliding friction), then 
the rotation of the roller slows down, the limiting movement of 
the roller is translational, the sliding speed of the roller relative to 
the base is equal to the speed of the center of the rink. The roll-
ing friction moment becomes significant at the point of rupture: 

. 
If , then the angular velocity does not change its mag-

nitude, both rolling and sliding take place in stationary mode. 
It is known that mankind invented the wheel as a means of 

overcoming dry friction. In the case of rolling an absolutely rigid 
wheel on an absolutely rigid horizontal surface, there is really no 
friction, i.e., slippage. In reality, energy losses during rolling 
remain, although they become significantly less. 

A significant contribution was made to the construction of a 
qualitative rolling theory in 1876. Osborne Reynolds, [4], who 
discovered the following experimental fact. It consists in. That 
the area of contact of elastic bodies during rolling is divided into 
areas of sliding (slipping) and adhesion (setting), Figure 9. At the 
same time, with an increase in the moving or braking moment, 
the area of the slip zone increases, and the area of the adhesion 
zone decreases. 
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Figure 9. Diagram of zones in the tire contact spot with the road 

This happens until the area of the coupling zone becomes ze-
ro and a complete slip occurs. The zones are characterized as 
follows. In the slip zone, the points of contact between the 
wheels and the road move relative to each other, and in the 
clutch zone these points are stationary relative to each other and 
the wheel is rolling. 

4. Classical examples are Chaplygin's sleigh and the
Appel mechanism 

In [5], the problem of controlling the movement of three-
wheeled robots with two driving and passive piano wheels is 
considered.  The generated model is reduced to a system: 

, 

.      (1) 

Here are the parameters ,  determined by the in-
ertial mass characteristics of the system, ,  set the position of 
the center of mass of the body relative to the wheels,  – 
normalized viscous friction in wheel axles, –– pa-
rameter that determines the asymmetry of friction, –– co rol
of the longitudinal speed and rotation of the housing. It is as-
sumed , since the reverse situation is equivalent to chang-
ing the sign of the speed. 

The behavior of the system is investigated in the case when 
the control signals  permanent. Then the system (1) is auton-
omous and the use of the phase plane  it is very convenient 
for studying movements at different parameter values. 

Simple cases. At certain values of the parameters, equations 
(1) turn into equations of nonholonomic systems considered by 
the classics in the works.  

Chaplygin's Sleigh. When  system 
(1) takes the form: 

,      (2) 

coincides with the system obtained and studied by Chaplygin 
[11] and Karateodori [12], who studied the inertia motion along 
the horizontal plane of the "Chaplygin sleigh – a nonholonomic 
mechanical system representing a solid body resting on the plane 
with two "slippery" points and the point of the skate blade. The 

position of the contact point of the skate corresponds to the mid-
dle of the segment connecting the attachment points of the 
wheels of the mobile robot. Stationary points
systems (2) fill the entire ordinate axis. It is obvious that the sta-
tionary points correspond to the robot's movements at a constant 
speed along straight line. 

System (2) has an integral: 
, 

which defines a family of ellipses –– pha  trajectories
on the plane . When  the image point moves along a 
phase trajectory from bottom to top; hence, stationary points 

unstable, –– able. Thus, the movements of the
robot with the center of mass of the body behind the wheels are 
unstable, in front - stable. The intersection of the phase trajectory 
of the abscissa axis corresponds to the point of return of the tra-
jectory of the robot. 

Appeal Mechanism. When  system (1) 
takes the form: 

.    (3) 

These equations coincide with the equations obtained and 
studied by Appel [13] and later by Hamel [14] for a non-
holonomic mechanical system, which differs from Chaplygin's 
sleigh in that it has a wheel instead of a skate, which is affected 
by a constant torque created by means of a load on a thread 
thrown over a block mounted on the body and wound on a pulley 
coaxial with the wheel. Here are some results of these works. 
If , then there are no stationary points; if , then we 
have two stationary points: 

.     (4) 

Autonomous equations (3), excluding time, can be reduced to 
the form 

.       (5) 

Equation (5) obviously has an integral 

, 

where  – an arbitrary constant. Phase trajectories for the case 
 are shown in Fig. 10. The stationary points in this case 

are the centers. It can be seen that stationary motion (4) – the 
rotation of the body at a constant speed relative to a non-moving 
point – is realized under the condition that the moment  on the 
wheel balances the centrifugal force 

Figure 10. Phase trajectories of the "Appel Mechanism" 
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5. Connection of dry friction, rolling and contact spots

The forces acting on the tires of a ground vehicle determine 
the trajectory or path of the vehicle. These forces are limited by 
the friction of the contact spot between the tire and the road sur-
face.  

The ability to obtain information about the value of the coef-
ficient of friction before using maximum tire forces can be a de-
termining factor in preventing an accident or in significantly mit-
igating the severity of the situation. It is known that in practice 
all chassis safety is provided by systems such as electronic stabil-
ity control and anti-lock braking system and more modern sys-
tems that mitigate the consequences of collisions by braking. The 
efficiency of such systems can be significantly improved if in-
formation about the current level of friction is sent to the control 
systems. 

Tire modeling is an important step in the process of under-
standing and evaluating the friction and force components acting 
in the contact spot between the tire and the road.  Research on 
tire characteristics and modeling of their dynamics has been ac-
tively conducted over the past 70 years. The level of detail in 
these models ranges from basic first-order local effects at the 
macroscopic scale to detailed high-level models at the micro-
scopic scale, for example, described by finite element methods. 

The classical representation of the dynamics of the wheel of a 
ground vehicle in modern engineering is a tire model that takes 
into account the phenomenon of force sliding in the contact spot 
on a macroscopic scale. Practical applications of complex theo-
retical models of mechanics require simplified, basic relations, so 
it is sufficient to consider stationary steady-state tire models 
where the parameters take constant values. Then the onboard 
sensors will not display fast stochastic and poorly controlled sig-
nals taken from the bus zones.  

Another aspect related to the choice of a model is its models 
and, in particular, complexity in terms of the number of parame-
ters. It is well known that excessive parameterization in models 
leads to a lack of convergence of model parameters or to incor-
rect modeling results. Due to the complexity of interaction and 
the presence of random factors of road infrastructure, this fact is 
especially evident in the problems of estimating friction parame-
ters in real automobile traffic. Therefore, models with a minimal 
set of parameters describing the dynamics of the wheel have a 
high priority for technical applications. 

Most adequate tire models are tied to the properties of power 
components that provide interaction with sliding and rolling 
forces. It is worth noting the dependence discovered by Bakker 
[9] and then developed by Pacejka [8], which is now commonly 
called the "magic formula". 

The general form of the Magic Formula, given by Pacejka 
[8], [9], is:  

, 

where B, C, D and E represent fitting constants and y is a force 
or moment resulting from a slip parameter x. The formula may 
be translated away from the origin of the x–y axes. The Magic 
Model became the basis for many variants. 

Figure 11. Pacejka’s graph of function dependence 
from Magic Formula 

An interesting application of this formula for the design of 
multi-wheeled mobile robots is proposed in [10]. 

The most productive for applications is the brush, brush 
model (Brush model), the advantages of which are that it allows 
you to describe the evolution of force components in the contact 
spot. 

Swedish researchers, namely the well-known scientific group 
of Svendenius, [3], proposed a simple version of the model of a 
clean sliding brush (Brush model). This model has been con-
firmed by experiments on real data, and allows it to be adapted to 
different road surfaces and different types of tires. 

The advantages of the brush model are that only some simple 
assumptions about the properties of the tire, the contact spot and 
the characteristics of the road surface are enough to formalize it. 

We formulate standard assumptions that allow us to obtain a 
model that is completely determined by two parameters. The 
basic assumption is that the tire can be divided into an infinite 
number of bristles that deflect when in contact with the road sur-
face. Each bristle stretches in the transverse direction, is consid-
ered to have an elastic reaction and deforms independently of 
other bristles. The spot of contact with the bristles is additionally 
illustrated in figure 12. 

In addition, standard assumptions are introduced. 
1. The vertical distribution of tire pressure is a parabolic

function. 
2. The friction force between the tire and the road is de-

scribed by Coulomb friction, i.e., there is a pre-shear effect, etc.  
3. The friction force is considered isotropic, i.e., the fric-

tion force is limited to a circle in the plane of the road. 
4. The influence of the camber angle is not taken into ac-

count. 
5. It is assumed that the tire frame is rigid, and it is as-

sumed that all flexible movements occur in the bristle in the con-
tact spot. 

The road surface is considered flat and solid, i.e., no part of 
the road surface is moved or transported in a contact spot, for 
example, on snow-covered roads or gravel roads. 
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Figure 12. Scheme of brush model bristles in the contact spot 

Note that Assumption 1 is standard, and the arguments in fa-
vor of this assumption are confirmed by experimental data. 
Moreover, it is valid both for the case of pure longitudinal sliding 
and for the case of pure lateral sliding.  

Assumption 2 reduces the number of parameters, so that only 
one parameter related to friction is sufficient necessary. 

Assumption 3 allows us to characterize the tire friction in both 
the longitudinal and transverse directions, and with one parameter. 
This is also a simplification of the tire model of a real ground ve-
hicle, which should not have a frame and the same thread pattern 
in the longitudinal and transverse directions. The assumption made 
is a compromise between simplicity and accuracy. 

Assumption 4 does not take into account the camber angle is 
also introduced to simplify the model, it is assumed that the 
camber angle is 0. If we do not make this assumption, we will 
also get an additional parameter.  

Assumption 5 is the standard assumption for the brush ap-
proach and has higher confidence in the longitudinal direction. 
The assumption is not to include the rigidity of the frame also to 
minimize the number of parameters. 

Assumption 6 on the road surface makes it possible to simpli-
fy the description of the interaction of the tire with the road with 
fewer parameters. 

Conclusion 

In this paper, we present an approach that allows us to ana-
lyze the processes of wheel dynamics during the movement of a 
ground vehicle. Comparisons of various elastic wheel models are 
carried out within the framework of the theory of multicompo-

nent dry friction. The ways of theory development for practical 
engineering applications are outlined. 
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Аннотация
Динамику качения автомобильного колеса естественно рассматривать при его взаимодействии с дорожным покрытием.   При этом  
наиболее трудной и важной задачей является определение силовых компонентов, приложенных к колесу, таких как движущей
силы трения, силы сопротивления, моментов сопротивления качению и верчению, которые возникают в пятне контакта со стороны
полотна дороги. В работе исследованы аспекты сухого трения, качения и скольжения автомобильного колеса, представленного
как деформируемое тело. В этом случае большое значение имеет учет протекторов, что отражается в моделях шин. Важным
аспектом является изучение законов распределения нормальных напряжений в области контакта. Для решения практических
вопросов автомобильного транспорта выделены подходы, основанные на Magic Formula Пасейки и методы расчетов, основанные
на щеточных, ленточных и струнных моделях, в частности, Brush-модель Свендениуса. Получены и обоснованы условия ее
применимости.

Ключевые слова: Модель шины, модель щетки, сухое трение, пятно контакта.

Литература

1. Козлов В.В. Лагранжева механика и сухое трение // Нелинейная динамика. 2010. Т. 6. № 4. С. 855-868.
2. Андронов A.A., Журавлев В.Ф. Сухое трение в задачах механики. М.-Ижевск: НИЦ "Регулярная и хаотическая динамика", Институт компьютерных
исследований, 2010. 184 с.
3. Svendenius J. Tire Models for Use in Braking Applications // Department of Automatic Control Lund Institute of Technology. Lund, 2003. 95 p.
4. Rynolds O. On rolling friction // Philosophical Transactions of the Royal Society of London. 1876. Vol. 166 (I). Pp. 155-174.
5. Bruzelius F., Hjort M., Svendenius J. Validation of a basic combined-slip tyre model for use in friction estimation applications. Proc IMechE Part D: J
Automobile Engineering 2014, Vol. 228(13) 1622-1629. DOI: 10.1177/0954407013511797.
6. Буданов В.М., Девянин Е.А. О движении колесных роботов. Прикладная математика и механика, 67(2), 244-244.
7. Коронатов В.А. Представление новой теории качения на примере описания движения ведомого колеса локомотива (автомобиля). Современные
технологии. Системный анализ. Моделирование, 2018, (1 (57)). С. 49-59.
8. Rosenblat G., Tishkin V., Yashin V. Model of carriage movement on plane with dry friction forces. iJOE. Vol. 16, No. 8, 2020. С. 85-89.
9. Pacejka H.B. Tire and vehicle dynamics. Besselink, Igo (3rd ed.). Oxford: Butterworth-Heinemann. 2012. 165 р. ISBN 978-0-08-097016-5. OCLC
785829133.
10. Bakker E., Pacejka H.B., Lidner L. A New Tire Model with Application in Vehicle Dynamics Studies. Proc. 4th Int. Conf. Automotive Technologies,
Monte Carlo, 1989, SAE paper 890087, 1989.
11. Алисейчик А.П., Павловский В.Е. Методика исследования динамической комфортабельности движения многоколесного мобильного робота //
Препринты ИПМ им. М.В.Келдыша. 2010. № 84. 27 с.
23. Чаплыгин С.А. К теории движения неголономных систем, теорема о приводящем множителе // Математический сборник. 1911, Т.28, вып. 2.
С. 303-314.
13. Carathodory C. Der schlitten. ZAMM Journal of Applied Mathematics and Mechanics/Zeitschrift fur Angewandte Mathematik und Mechanik, 1933.
13(2), 71-76.
14. Appell M.P. (1911). Exemple de mouvement d'un point assujetti une liaison exprime par une relation non lin?aire entre les composantes de la vitesse.
Rendiconti del Circolo Matematico di Palermo (1884-1940), 32(1), 48-50.
15. Hamel G. Theoretische Mechanik: Eine einheitliche Einf?uhrung in die gesamte Mechanik. 2nd ed. Berlin: Springer, 1978. 796 p.
16. Контенсу П. Связь между трением скольжения и трением верчения и ее учет в теории волчка. Проблемы гироскопии. М.: Мир 1967. С. 60-77.

TRANSPORT


