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Physical dimensional quantities typesetting
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Abstract. The siunitx package is designed for typographically correct and consistent typesetting of physical
quantities (numbers with units of measurement) in LaTeX documents. It automates formatting according to
the rules of the International System of Units (SI), eliminating the need to manually manage spaces, fonts, and
separators.

Key words and phrases: unit typesetting, LaTeX
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1. Introduction

We use version 3 of the siunitx package. In version 3, the core commands of the siunitx package
have changed:

- 0ld syntax (v2): \SI{number}{unit} and \si{unit}.
- New syntax (v3): \qty{number}{unit} and \unit{unit}.

Global formatting settings for the entire document are set with the \sisetup command in the
preamble.
For example, Russian-language texts often require a comma as a decimal separator:

\sisetup{
locale = DE, % or output-decimal-marker = {,}

}

Here, the locale = DE option will automatically adjust the format for German (and many other
European languages), using a comma as a decimal separator and a period to separate groups of
thousands.

2. Basiccommands
The package provides three basic commands.

- \num{<number>} — for formatting numbers only:
© 2026 Kulyabov, D. S., Korolkova, A. V., Sevastianov, L. A., Rybakov, Y. P.
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Formatting Numbers

\num{12345.67890}\\ 12345.678 90
\num{1.34e{-12}} 1.34 x 10712

The command automatically inserts spaces between digit groups, handles scientific notation,
and replaces decimal points with commas, if configured.
- \unit{<unit>} — for formatting units only.

Formatting Units of Measurement

\unit{\kilogram\metre\per\second}\\ kgms‘1

\unit{kg.m/s"{2}} kg m/s?

Units can be entered using special macros (\kilogram, \metre) or plain text. The package
will automatically convert the font to roman (not italic) and insert the correct spacing. To
multiply units, use a period (.), and to divide units, use \per or the / symbol.

- \qty{<number>3}{<unit>} is the basic command for outputting a quantity (number + unit).

It combines the actions of \num and \unit.

Formatting Units

\qty{9.81}{\metre\per\second\squared}\\ 9.81 ms—2
\qty{100}{\kilo\metre\per\hour} 100 km h™!

3. Additional commands

For more complex cases, separate commands are provided.

- Angles (degrees, minutes, seconds):

\ang{47.99}\\ 47.99°
\ang{47;59;43.373} 47°59'43.373"

- Lists of Values:

Lists of Values

\qtylist{10;20;30}{\milli\metre}\\ 10 mm, 20 mm and 30 mm
\numlist{10;20;30} 10, 20 and 30

- Ranges of Values:
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Ranges of Values

\qtyrange{10} {1003} {\metre}\\ 10m to 100 m
\numrange{5}{15} 5to 15

- Product of quantities:

Product of quantities

\gqtyproduct{2x3x4}{\centi\metre} 2cm X 3cm X 4cm

- Commands for complex numbers:

Complex numbers

\complexnum{1+27}\\ 1+2i
\complexqty{1+2i}{\metre} (1+2i)m
4, Tables

One of the features of siunitx is the ability to align numbers in tables by decimal separators.
For this, a special column type, S, is used.

Working with tables

\begin{tabular}{S S} .
{Speed (m/s)} & {Time (s)} \\ Speed (m/s) ~ Time (s)
\midrule
1.23 & 45.6 \\ 1.23 45.6
0.012 & 789.1 \\ 0.012 789.1
123 & 0.001 \\

\end{tabular} 123 0.001

The numbers in both columns will be aligned so that the decimal separators (periods or commas)
are located below each other. Text in column headings should be enclosed in curly braces to prevent
it from trying to align as a number.

Can be used in conjunction with the tabularray [1] package.

For this to work, you must include tabularray and explicitly load its siunitx library. This
is done with the \UseTblrLibrary{siunitx} command. The siunitx package will be loaded
automatically. To pass global options to siunitx, the \PassOptionsToPackage command must
be used before loading the library.

\documentclass{article}

\PassOptionsToPackage{locale=DE}{siunitx}

\usepackage{tabularray}

\UseTblrLibrary{siunitx} % This command will load siunitx with the options
-~ specified above.
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\begin{document}
\end{document}

The main strength of siunitx in tables is the ability to align numbers by decimal separators using
a column of type S. In tabularray, this column becomes available after including the library. In
the colspec argument, you can use S just like in regular LaTeX tables. The header must be enclosed
in curly braces to prevent it from being aligned as a number.

Tabularray Table

\begin{tblr}{ colspec = { 1 S } }
Element & {Value} \\
A & 123.456 \\
B & 2.34 \\
C & 5678.9 \\
\end{tblr}
Element Value
A 123.456
B 2.34
C 5678.9

Thanks to built-in support, you can use almost all the capabilities of siunitx within tabularray.
You can set column-specific siunitx options directly in colspec, for example, to control the
number of characters.

Tabularray Table

\begin{tblr}{ colspec = { S[table-format=3.2] } }
12.3 \\
456.78 \\
9.01 \\

\end{tblr}

12.3
456.78
9.01

\. J

Since siunitx is loaded, you can use its commands in table cells. For example, you can separate
units of measurement into a separate column and format them using \unit.
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Tabularray Table

\begin{tblr}{
colspec = { S[table-format=1.3] 1 }, % The first column is numbers, the second is

< for \unit commands
column{2} = { cmd = \unit }, % The contents of the second column will be the
- argument for \unit

}
\SetCell[r=1,c=2]{c} {Physical~quantities} \\ % Combined header
1.234 & \metre \\
0.835 & \candela \\
4.23 & \joule\per\mole \\
\end{tblr}

Physical quantities
1.234 m

0.835 cd

423 Jmol™

5. Globalsettings

Here are some useful options for \sisetup.

- locale = DE — quick setup for European standards (comma, spaces).

- output-decimal-marker = {,} — explicitly set the comma as the decimal separator.

- group-separator = {\,} — setthe character to separate groups of digits (e.g., thin space).

- range-phrase = {\,--\,} — set the text for the range (default: “to”, can be replaced with
a dash).

- per-mode = symbol — how to display a symbol to the minus first power: /s instead of s~1. You
can also use fraction to display it as a fraction.

- exponent-mode = scientific — force all numbers to scientific notation.
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CKUX BeJIMYMH (4HCe C eAUHUIIAMU U3MepeHus) B JokyMeHTax LaTeX. OH aBTOMaTU3upyeT GOpMaTHpPOBaHUE
B COOTBETCTBUHU C paBriaMu MexayHapogHoii cuctemsl exuautl (CU), 9To 136aBiseT 0T HEOOXOANMOCTU
BPYYHYIO CJIEIUTH 32 IIpobenaMu, MprudTaMu U pasfeauTeIsIMU.

Knwouesble cnoea: Habop dusmueckux egunui, LaTeX



Discrete & Continuous Models
& Applied Computational Science

ISSN 2658-7149 (Online), 2658-4670 (Print)

2026, 34 (1) 12-23
http://journals.rudn.ru/miph

)
)
W

Research article
UDC 519.7
PACS 07.05.Tp
DOI: 10.22363/2658-4670-2026-34-1-12-23 EDN: URRPMT

Usage of polynomial representation of numbers for

approximate homomorphic encryption
Andrey E. Krouk

Saint-Petersburg State University of Aerospace Instrumentation, 67 B. Morskaia St, 190000, Saint-Petersburg,
Russian Federation

(received: December 16, 2025; revised: January 25, 2026; accepted: January 30, 2026)

Abstract. Introduction In the modern world of computers and networks the idea of expanding of personal computer
resources with the help of cloud storages and computation looks more and more lucrative. However, usage of
these resources may endanger data being processed. In last twenty years several algorithms of homomorphic
encryption were developed allowing solving of this problem among other applications. However such algorithms
are usually constructed as public key systems for long term storage and processing of data. In this article two
algorithms of homomorphic encryption optimized for single data processing are proposed. Purpose The target
of research is development of data coding system which allows safe data processing in public clouds. Results
Two homomorphic coding systems had been developed, first is based on representation of numbers in the form
of polynomials, second based on further representation of polynomials in the form of sets of values. Developed
systems allow approximate calculations of coded data without decryption allowing processing of real numbers.
System has high level of protection and provides high precision of calculations, comparable with standard
personal computer calculation precision. Structure of coded data allows parallel computing. Proposed system
allows safe data processing in public networks. Question of finding of optimal parameters for the system stands
open both for high precision calculation of limited sets of operations and repeatedly good precision for big sets
of operations.

Key words and phrases: homomorphic encryption, cloud calculations

For citation: Krouk, A. E. Usage of polynomial representation of numbers for approximate homomorphic encryption. Discrete
and Continuous Models and Applied Computational Science 34 (1), 12-23. doi: 10.22363/2658-4670-2026-34-1-12-23. edn: URRPMT
(2026).

1. Introduction

People have long been interested in the idea of hidden computing. The need to decrypt data for
subsequent processing made it vulnerable. Now, with the introduction of public networks and
the ability to process data on external, often public, resources, the task of performing hidden
computations on encrypted data has become extremely relevant. To address this challenge, in
the mid-20th century, the idea of homomorphic encryption was proposed, a method of transforming
(encrypting) numerical data that allows operations to be performed on encrypted data without
decryption [1, 2].

© 2026 Krouk, A. E.
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First, so-called partially homomorphic encryption systems were developed. These systems typically
allowed for one type of arithmetic operation without decryption. For example, the RSA and ElGamal
systems [3] enable multiplication without decryption, while the Paillier and Benaloh systems enable
addition.

For a long time, attempts to create a fully homomorphic encryption system or combine several
partially homomorphic encryption systems into one have been unsuccessful. The turning point was
the introduction of a system developed by Craig Gentry in 2009 [4]. The system is based on ideal
lattices. Numerical noise is added to the data, making it impossible to decrypt without knowing the
key. The system allows for any arithmetic operations without decrypting the data. As the number of
operations increases, the noise level increases as well, but the system includes a procedure to reduce
the noise level. This allows for an arbitrary number of operations without decrypting the data, but at
the cost of increased computational complexity.

Development of homomorphic encryption systems has significantly expanded the possibilities for
conducting calculations in cloud and collaborative systems [1, 5].

In 2010, a revised version of Gentry’s scheme based on integers was introduced [6]. Despite using
a different mathematical foundation, this scheme employs Gentry’s method of encryption through the
addition of noise and a noise reduction procedure. However, many fully homomorphic encryption
systems are based on lattices [7].

Along with systems that perform precise arithmetic operations, usually on integers, systems that
perform approximate arithmetic operations have begun to appear, which are applicable to performing
operations on real numbers. In 2016, the CKKS system [8] was released, the first system that performs
approximate calculations and is designed to work with real and complex numbers. In this system,
data is first represented as circular polynomials, and then the problem of learning with errors in
the ring is solved to create a homomorphic encryption system that has a public key for encrypting
data. However, this system is designed to perform a finite number of operations, as increasing the
number of operations increases the complexity of the calculations and negatively affects the system’s
security. The re-encryption procedure proposed a little later [9] only partially solves the problem,
as its use leads to an increase in the complexity of calculations, which does not allow it to be used
too often [10]. A detailed comparison of the CKKS system [8, 11] with systems that perform exact
calculations, such as the BFV system [12-14], is provided in [15]. It should also be noted that although
the presence of a public key opens up additional possibilities for using the system, it is not necessary
for solving certain problems and negatively affects the system’s security [16, 17].

This article presents several variants of approximate fully homomorphic encryption systems that
use a fundamentally new approach to creating systems: representing numbers as polynomials and,
additionally, replacing the represented polynomials with a set of their values at points. Although
this approach does not allow for the use of a public key, it provides near-absolute security by using
session-specific keys that are not transmitted outside of the trusted PC.

This method can be effectively used to process large amounts of data on external (unsecure)
computing resources (so-called public cloud computing).

2. Usage of polynomials for construction of partially homomorphic
encryption system

Simple homomorphic encryption system can be built using residue number system based on Chinese
Reminder Theorem (CRT) [18, 19].
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This system can be further developed by replacement of residual number system with a polynomial
representation. Let’s discuss this approach in more detail.

Let’s suppose that a sequence of arithmetic operations has to be performed on a set of numbers.
We will encode the data for calculations in two stages:

1. We assign to each number a polynomial such that the value of this polynomial at some point x;
is equal to the number. The value of x; is the same for all pairs of number-polynomial and is the
secret key of the system.

2. We will choose a set of points. Values of polynomials in these points we will use to define these
polynomials. (It is preferable to choose points where the polynomial values can be calculated
relatively easily.) We will assign a set of values in the selected points to each polynomial. This
set of values will be the result of the encoding process.

Let’s combine into sets the values of all selected polynomials at each of the points (each set consists
of the values of all polynomials in one of the points). Now, to perform any sequence of arithmetic
operations on the original numbers, it is enough to perform the same sequence of operations within
each set. Indeed, since the result of adding (multiplying) two polynomials will be a polynomial
whose values at any point will be the addition (multiplication) of the values of the polynomial terms
(multipliers) at these points, the resulting values match the values of the polynomial that would result
from performing the given sequence of arithmetic operations on the polynomials corresponding to
the original data. Let us call this polynomial the result polynomial.

The degree of this result polynomial (m) can be easily estimated by the degrees of the original
polynomials. Indeed, when adding polynomials, the degree of the result can be estimated by the
highest degree of the terms, and when multiplying, it can be estimated by the sum of the degrees of
multipliers.

Thus, when we receive m + 1 calculated values back, we can perform polynomial interpolation and
obtain the result polynomial.

By calculating the value of the result polynomial in the secret point x;, we can find the final result
of the calculation.

Let’s evaluate the advantages and disadvantages of the proposed method. This method retains
both the many advantages of the original method (simplicity of calculations, ease of parallelization
of calculations) and the main disadvantage (the absence of a division operation). At the same time,
the presence of a two-step encoding operation and a secret key allows for high data security without
the use of false requests or other additional techniques for data protection.

3. Approximate calculations

Integer homomorphic encryption systems do not allow calculations with non-integer numbers.
When working with real numbers, in particular when performing division, it is necessary to perform
approximate calculations.

Approximate calculations are widely used, especially in technical and physical problems. This
is because many data can only be measured with finite precision, and many elements can also
be produced with finite precision. Increasing the precision of calculations leads to an excessive
increase in the complexity [8, 20, 21]. In the same time there is no reason to increase the precision of
calculations beyond the precision of measurements or production, as the precision of the final result
is determined by the precision of the most inaccurate value.

When a computer works with real variables, it also limits the precision of the calculations, and
these calculations are strictly speaking approximate.
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4. Representation of numbers as polynomials

Let’s improve the encoding procedure so that we can implement an approximate division procedure.
This time, we will encode the data in stages and evaluate the resulting system at each stage.

Let’s replace operations on numbers with operations on polynomials. To do this, we assign to each
number a polynomial so that the value of this polynomial at some point x; is equal to the number.
The value of x; must be the same for all pairs of number-polynomial and is the secret key of the
system (we will call it the “secret point”).

In this representation, it is easy to implement addition and multiplication operations, but there are
problems with implementing division. Indeed, in most cases, it is impossible to divide polynomials
completely, meaning that there will be a remainder when dividing.

J) rx)
500 = 1" gy
However, this problem can be resolved by considering division as an approximate operation and
choosing x to be sufficiently big. Indeed, since the degree of the remainder r(x) is less than the
degree of the divisor g(x), the following formula holds

r(x)
() x—o

However, this imposes restrictions on the encoding procedure. In order to use this formula, it
is necessary that x be sufficiently big, meaning that the value (weight) of the leading term of the
polynomial at the secret point would be significantly greater than the sum of the values of the other
terms.

In addition, it is necessary to complicate the system somewhat in order to be able to divide
polynomials in the case when the degree of the dividend is less than the degree of the divisor. We will
use not polynomials to represent numbers, but constructions f(x)/x¥, i.e. polynomials divided by the
degree of x. In this representation, when performing the division operation, we get the opportunity
to multiply and divide the dividend by x* (division will be carried out after calculating the result of
the main operation, by simply adding the corresponding degree of x to the denominator) so that its
degree exceeds the degree of the divisor. Choosing bigger values of k allows to improve the operation
precision. In addition, this method can be used to improve the precision of division even when the
degree of the dividend is greater than the degree of the divisor.

5. Homomorphic encryption system based on representation of
numbers as polynomials

Let’s build a homomorphic encryption system that satisfies the principles described in the previous
paragraph. We will calculate multiplication, addition, and subtraction in the traditional exact way, and
division in an approximate way. To do this, we will assign to each number in our system a polynomial
divided by the power of x (f(x)/x¥) such that the values of the polynomials at a secret point (the secret
point is the same for all polynomials) are equal to the encoded numbers, and replace operations on
numbers with operations on the coefficients of the polynomials. It is impossible to restore the values
of the numbers in the system without knowing the secret point. The absence of the need to transmit
this secret value and the ability to choose a new secret value for each session ensure high security of
the system.
Operations on polynomial coefficients are implemented as follows.
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Division. An approximate operation. First, the degree of the dividend is increased by multiplying
it by x*, and then division with remainder is performed. The incomplete quotient is used as
the result of the division, and the remainder is neglected. Increasing the degree of x* allows
for greater precision in division, at the cost of increase in the complexity of the calculations
and potentially the complexity of decryption. Finally, x* is included in the weight factor
(denominator) of the element.

For example, when dividing x + 1 by x3, you can multiply and divide x + 1 by x?

xX3+x*1 ( 1)(1) 1
==(1+=)(3)==.
x3  x2 x/ \x2 x2

If x° is used instead of x2, the result will be

X0 +x° 1
x3 x5

1
=(x3+x?) =

this provides greater accuracy, as the polynomials are completely divided.
Multiplication. Polynomials are multiplied classically, and the weight factors (denominators) x*
are also multiplied. For example:

e+ Dx 1 (x+2)x72 = (6% + 3x + 2)x 3.

Addition and subtraction. To add and subtract elements, they should first be brought to
a common weight factor (denominator) (will be x with the highest absolute value of the degree),
and then the polynomials are added or subtracted using the classical method. For example:

c+Dx P+ x+2)x2 =X +x)x 2+ (x+2)x72 = (x? + 2x + 2)x 2.

It is necessary to choose an encoding algorithm to implement the system within the restrictions
described in the previous paragraph. That is, it is necessary to choose the value of the secret point to
be sufficiently big, and the coefficients of the polynomials to be chosen so that the leading term of
the polynomials is sufficiently heavy (that is, so that the leading term contains most of the value of
the number; with 70% of the value, the error is approximately 10 times greater than with 90%).

The following algorithm was used during the analysis of the system.

The degree of the polynomial and the weight of the leading term as a percentage are selected.
These are the parameters of the algorithm.

The coefficient at the highest power is calculated so that the leading term has a value equal to
the specified part of the encoded value.

The next coefficient is chosen so that the value of the second term is equal to the specified part
of the difference between the required value and the value of the leading term. And so on.
The constant term is selected as the difference between the required value and the values of all
other terms, ensuring that the required value is accurately matched.

Let’s consider the algorithm’s operation using the following example. Let’s encrypt the number
100 using a polynomial of the second degree at the point 10 with a weight of 80% for the leading term.

- With the selected parameters, the value of the leading term should be 100 x 0.8 = 80. Since the

degree of the polynomial is 2, the coefficient for the x? should be 80/10% = 0.8.

The value of the second term should be (100 — 80) x 0.8 = 16. Since the degree of the second
term is 1, the coefficient for the x should be 16/10 = 1.6.

Finally, the value of the constant term is obtained as 100 — 80 — 16 = 4.
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Thus, the number 100 is associated with a polynomial 0.8x? + 1.6x + 4.

When encoding using this algorithm, the weight factors x =¥ of the polynomials obtained during the
encoding phase are always assumed to be equal to 1 (k = 0). However, during the division operation,
the weight factor may change and participate in further calculations.

Additional measures can be taken to improve security of the system:

- Variable polynomial degrees: the polynomials describing the different points must have different
degrees, but at least 2.

- Variable weight of the leading term: the weight of the leading term for each polynomial (or even
for each term in each polynomial) is chosen as a random number within a specified range that
ensures acceptable precision, such as between 70% and 90%.

To decrypt, it is enough to calculate the value of the polynomial at the secret point (taking into
account the weight coefficient x¥).

Let’s evaluate the advantages and disadvantages of the proposed system. The main advantages
of this system are its completeness (it supports all four arithmetic operations) and its high security
due to the use of one-time, non-transmittable secret keys. The main disadvantage of this system
is its computational complexity, as it requires operations on sets of numbers instead of individual
numbers, and it does not support easy parallelization of calculations, which is very convenient for
external networks.

6. Usage of interpolation for operations with polynomials

To increase the security of the system, as well as to facilitate parallel calculations, each polynomial
can be represented as a set of values at points. After that, operations are performed not on the
coefficients of the polynomial, but on these values. As the operations on the values at different points
are independent of each other, they can be performed in parallel or, for example, as separate tasks
for cloud computing (including in the public cloud, due to high security of the system).

There is no point in describing these arithmetic operations in detail, as they are literally operations
on values (numbers) — addition, subtraction, multiplication, or division of values.

In principle, to speed up calculations, it is possible to use the values of polynomials at small points,
but research has shown that this leads to a noticeable loss of division operation precision. However,
this allows for the construction of an effective partially homomorphic encription system for three
operations (addition, subtraction, and multiplication), with a high computational speed that can
compete with modular arithmetic (such system was described above). At the same time, as long as the
values used in the calculations (or a part of them) are comparable to the secret value, the precision of
the operations is sufficient, allowing for the freedom to choose specific values or patterns for their
generation. For example, to simplify calculations, values of the form 2 can be used as long as at
least one of them is greater than the secret value.

Encoding process follows these steps:

- Encoding of values with polynomials (as described in the previous paragraph).
- Selecting of a set of points and calculating the values of the polynomials at those points.

The values of the points in the selected set are also a secret, and are also not transmitted anywhere,
which contributes to the high security of the system. The number of points in the set is selected
based on the estimation of the degree of the polynomial that should be obtained as a result of the
calculations.

Decryption process follows these steps:
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- Estimating of the x~* weight coefficient on your own computing base (this is easy to do because
all operations process it uniquely) and the degree of the resulting polynomial (to determine the
number of points required for decryption)

- Calculating of the values of the polynomial at all points, taking into consideration the weight
coefficient x¥ (that is, multiply the obtained values by x*).

- Restoring of the polynomial using the interpolation method.

- Calculating the value at the secret point (again, taking into consideration the x~* weight
coefficient).

To further improve security and reduce waiting times, an excessive set of points can be used
(decoding can be performed as soon as sufficient number of values is obtained). This reduces the
impact of various delays that occur both on data-processing servers and during packet transition
through the network (so-called transport coding) [22].

It should be noted that in order to improve the precision of the system, when evaluating the weight
coefficient, it is possible to include a multiplication-division operation by a weight coefficient of
a relatively high degree in division operation (as in description of division in the previous section),
which allows for a more precise division operation. Let’s refer to the degree of x used for the
multiplication-division operation as the correction and use it as a parameter for evaluating the
precision of the operations. Using higher values of the correction can result in an increase in the
degree of the final polynomial, which can lead to increase in complexity of the decryption process
and number of points required for decryption.

When using the interpolation representation of polynomials, the coefficients of the polynomials
and their degrees are hidden. This makes it unnecessary to use the additional security measures
mentioned in the previous paragraph, as they can negatively impact precision. Moreover, using the
interpolation representation allows for the selection of a specific structure of the polynomials to
facilitate subsequent calculations, such as encoding numbers with monomials of a given degree (i.e.,
using 100% weight in the leading term) without compromising security.

Let’s evaluate the advantages and disadvantages of the proposed system. Usage of interpolation for
polynomial operations further enhances the system’s security while reducing overall computational
complexity by representing data as independent sets that can be processed in parallel.

7. Results of experiments

The system was tested both with and without the interpolation representation of polynomials.

The system’s functionality was tested without the use of interpolation representation. Proposed
methods for increasing the system’s security were also tested. As a result of these tests, the division
precision sufficient for engineering calculations was proved. As this method is inferior to the
interpolation representation, the purpose of these tests was to verify the feasibility of the idea,
and multiple tests were not conducted to verify the precision.

Multiple tests were conducted for the interpolation representation. The interpolation point sets
were selected according to the principle (i + 1) « 25, where i = 0,1, ..., as they allowed for more
precise calculations, and 2/, as using this set allows for faster calculations. The secret point was not
part of either set. The results were obtained for different values of the correction parameter (the
correction parameter was introduced in the section describing the use of interpolation for polynomial
operations) and different numbers of interpolation points.
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Table 1
Single division error with leading monomial weight of 95%
Correction Number of points Average error rate Maximum error
Selecting points based on the principle (i 4+ 1) » 25
1 2 2.6-10716 1.5-107%
1 3 1.5-1071 7.1-107%
2 5 1.5-10714 7.8-1071
Selecting points based on the principle 2!
4 5 3.1-10716 1.6-1071
Table 2

Multiple operation (8 divisions, 7 multiplications, 2 additions) error with leading monomial weight of 95%

Correction Number of points Average error rate Maximum error

Selecting points based on the principle (i + 1) » 25

1 2 5.8-10710 3.2-10715
1 3 2.1-1071 1.4-10714
2 5 1.6-10714 7.6-10714

Selecting points based on the principle 2!

4 5 4.9-10"16 24-10715

During the tests, two important results were achieved. First, by using a weight of 95% for the
leading term in the encoding algorithm, the division precision was achieved at the level of the PC’s
precision in performing precise (addition and multiplication) arithmetic operations (due to the PC’s
inaccuracy in handling real-number variables) for real numbers (with a maximum deviation of 10714
and an average deviation of 1071%).

The results of the most interesting test runs are presented in Tables 1 and 2.

Secondly, a research was conducted on the growth of the error as a function of the number of
operations performed. In this research, significantly less convenient encoding parameters were
used, with the weight of the leading term for each point randomly selected between 80% and 90%.
A large number of operations was achieved through consecutive divisions and multiplications (with
one more division to ensure that the degree of the result polynomial was 0, before taking correction
in consideration) of various randomly selected five-digit numbers. As a result, it was possible to find
parameter values (albeit not optimal) under which the increase in error with increase in operations
number is almost non-existent.

Examples of errors for such parameter values (with different numbers of operations) are given in
Tables 3 and 4.
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Table 3
Error for different number of consecutive operations
Number of operations Average error rate Maximum error
3 2.4-10710 1.3-107°
5 2.4-10710 1.4-107°
17 2410710 1.3-107°

Encoding is used with a leading term weight of 80%-90%, and the values of the points (where the
calculations are performed) are selected using the formula (i + 1) « 25.

11 points are used for correction of 8.

Table 4
Error for different number of consecutive operations
Number of operations Average error rate Maximum error
3 9.1-1078 4.4-1077
5 9.1-1078 5.1-1077
17 9.1-1078 5.33-1077

Encoding is used with a leading term weight of 80%-90%, and the values of the points (where the
calculations are performed) are selected using the formula 2.

14 points are used for correction of 12.

8. System security evaluation

The system decryption is performed in two stages. Let’s try to assess the security of these stages.

1. At the first stage, a polynomial is determined based on the values. The main problem for

unauthorized decryption at this stage is that the attacker does not have information about
the degree of the polynomial (this information is calculated on the base computer and is not
transmitted anywhere) and about the points where the polynomial values are calculated (these
values are also not transmitted anywhere). The attacker may attempt to obtain some information
by using points in the set that are close to the secret point, but he does not know which points
in the set to use for evaluation, and the accuracy of the evaluation remains questionable.

. In the second step, the value at the secret point is determined using the polynomials. To
determine the value at the secret point, secret key is needed. This key is unique for each
calculation and is not shared with anyone, so the attacker does not know its value. If there are
several values in the result, the attacker can try to exploit the higher weight of the leading term
and find the relationship between them by dividing one polynomial by another. The information
obtained in this way depends on the specific polynomials used for the encoding. For example, if
this attack is performed on a system used during research, the result will be inaccurate because
the weight of the leading term is chosen with considerable random error during the encoding
process.
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9.

Conclusions

The paper proposes a method of approximate homomorphic encription that provides sufficient
precision for engineering calculations. The conducted research allows to hope for the existence
of encoding algorithms that ensure the precision of the system’s operation at the precision level
of PC operations with real numbers.

The high security of the method and the ease of dividing calculations into parallel processes
make it suitable for use in public cloud networks.

The ability to increase the number of points and the division operation parameters allows to
adjust the precision and speed of calculations.

The conducted research shows that there are system parameters under which the errors of
multiple operations do not accumulate significantly.
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Wcnonb3oBaHue nNpepcTaB/ieHUs Ynucen B BUgEe MHOro4/IeHOB
ANA peanusauum CKpbITbIX NPUGAMKEHHDBIX BbIYUCIEHUN

A. E. Kpyk

CaHKT-MNeTepbyprckmin rocyaapCTBEHHbIN YHUBEPCUTET a3POKOCMUYECKOTO MPUBOPOCTPOEHUS,
yn. B. Mopckas, a. 67, CaHkT-TeTepbypr, 190000, Poccuiickas degepauus

AHHoTaums. BeedeHue B COBpEMEHHOM MUPE KOMIIBIOTEPOB U ceTel BCE Gosiee IPUBIIeKaTeNbHON BEIIISAAUT
BO3MOXXHOCTb PACIIMPEHHUS PECYPCOB [IEPCOHANBPHOIO KOMIIBIOTEPA 32 CUET 06IaYHBIX XPAHUJIHII ¥ BEIYHCIIE-
HUH, OQHAKO, UCIIOIb30BaHNE TAKUX PECYPCOB MOXKET IIOCTABUTb IO yIPO3y G€30I1aCHOCTb 06pabaThIBaeMBIX
IaHHBIX. B [T0CIIe/{HIE ABa/IIATD JIET [TOSIBUIOCH MHOKECTBO aITOPUTMOB roMoMopdHoro mudpoBaHys, I03B0-
JISIIOIIMX B YACTHOCTH PELIUTD 3Ty 3aa4y. OLHAKO 9TH aJITOPUTMBbI IIPOEKTUPYIOTCSI B OCHOBHOM KaK CUCTEMBL
C OTKPBITHIM KJII09OM, IIpe/Ha3HaYeHHbIe JJIS JOJITOCPOYHOr0 XpaHeH!sI 1 00paboTKY JaHHBIX. B faHHOM
CTaThe MPeAIaraeTcs ABa alrOpuTMa roMoMopdHOro mrbpoBaHus, ONTUMHUUPOBAHHBIX AJIsL O4HOKPATHOH
00paboTKy AaHHBIX. Lleaw Llenpio paboTsl sIBISETCs paspaboTKa CUCTEeMBI KOAUPOBaHUs HH(opManuy, 1mos-
BOJIIOLIE TPOBOAUTH Ge30IacHyI0 06paboTKy JaHHBIX B IyOIHMYHEIX 06aKax. Pesyavmamut PazpaboTaHbl
[iBe CUCTeMbI CKPBITHIX BBIYMCIEHHI: IIepBast, OCHOBAaHHasl Ha IIPE/CTaBJIEHNY YHUCEN B BUJE MHOTOYJIEHOB
Y BTOpasi, OCHOBaHHas Ha JaJbHellleM IIpe/iCTaBIeHNN MHOTOYIEHOB B BUJe Habopa 3HaueHUi. Paspabo-
TaHHbIE CUCTEMBI IT03BOJISIOT IIPOBOAUTD IIPUOIVKEHHbIE BBIYKUCIEHUS Ha, 3aNpPOBAHHBIMU JaHHBIMH
6e3 ux pacurudpoBKY, YTO [103BOJISIET IIPOBOAUTH 06PabOTKY BelleCTBEHHBIX Yyrces. CHCTeMa OTIHYaeTCs
BBICOKMM YPOBHEM 3aIUThl ¥ 06ECIIEYNBAET BEICOKYIO TOYHOCTH BBHIYMCIEHU, CPABHUMYIO C TOYHOCTHIO
obecrie4rBaeMo CTAaHAAPTHBIMY BHIUNCIEHUSIMY KoMIIbloTepa. CTPyKTypa 3amudpoBaHHbIX JaHHBIX [103BO-
JIsIeT [IPOBe/ieHYE [TapalIe/IbHbIX BEIYHCAeHNH. [Ipe/iioxKeHHas CrCTeMa [T03BOJIsIeT 6e30MacHy0 06paboTKy
[aHHBIX B IIyOINYHBIX 00JIa4HBIX ceTsAX. OCTAETCS OTKPHITHIM BOIIPOC OITHMAJIbHBIX [TaPAMETPOB CUCTEMBI 3a-
muTs nHGOPMaINY, obecredyrnBaoIUX 60Iee BHICOKYIO TOYHOCTD /ISl OTPaHUYeHHOro Habopa omepanu,
1160 ITOCTOSHHYO TOYHOCTD s GOIBIINX HAOOPOB OIepariuii.

KnioueBble cioBa: 00GJIauHbIe BBIYHCIEHUS, TOMOMOPdHOe HndpoBaHme
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1. Introduction

Understanding whether extreme events happen independently or in groups is crucial for forecasting
them and minimizing their impact. Extreme value theory can accommodate clustering via so-called
extremal index 6 which, measures the size of the cluster and thus has an appealing physical meaning
[1-4].

When 6 = 1, extremes behave like a Poisson process, occurring in isolation. However, when
0 < 1, extremes occur in groups (form clusters), following a compound Poisson process. In this case,
1/6 estimates the mean cluster size or, equivalently, the mean time spent above the threshold. The
limiting distribution of the maximum value in a stationary sequence is directly shaped by 6, revealing
the local dependence within the data.The extremal index therefore gives a measure of the fraction of
extremes that are approximately independent and identically distributed (i.i.d.) [5]. The extreme
case of 0 = 0 indicates total dependence, where exceedances form very wide clusters. In practice,
this means a sufficiently high threshold may never be crossed. Conversely, independent sequences
always have 8 = 1, with high thresholds exceeded only by isolated events.

© 2026 Peshkova, 1. V.
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It is important to mention that there are other definitions of clustering and extremal index in the
literature [6, 7].

From a practical point of view, the extremal index is useful for estimating the size of clusters or
the average length of intervals between the exceedances. In the telecommunications the interest
is the estimation of the risk to lose customers with maximum waiting times (deadlines) exceeding
the threshold. The study of extremal metrics in queueing theory relies on applying extreme value
theory to regenerative processes. A central objective is determining the limiting distribution for
the maxima of waiting times, virtual waiting times, or queue lengths, see for example, [8-11]. The
extreme value theory for independent and one-dependent regeneration processes is developed in
[11]. The algorithm of computing the extremal index of the stationary waiting time of a stable G/G/1
system with distribution belonging to the domain of attraction of Gumbel distribution is given in [9].
The study of the distribution of the cluster and inter-cluster sizes is also an actual problem (see, for
example, results for the Lindley process in GI/G/1 in [12]).

For a stable GI/G/1 system, if a non-zero solution y > 0 exists for the equation e/5~? = 1, the
maximum waiting time converges to a Gumbel distribution. The extremal index 6 in this case is often
amenable to explicit or numerical computation.

For the case of subexponential distributions of service times distributions, the parameter y = 0, and
the asymptotics of extreme values are studied using alternative methods based on the tail behavior of
the waiting times themselves.

The main contribution of this paper is to establish conditions under which the extremal indexes
of two queuing systems can be compared. Another objective is to determine which monotonicity
properties in terms of the extremal index can be established for the systems with mixed service
times.

The paper is organized as follows. In Section 2, we present known results on the extremal index
for GI/M/1 and M/G/1 systems. In Section 3 Theorems 1 and 2 were proved. They establish the
conditions for comparing the extremal indexes of stationary waiting times in M/G/1 and GI/M/1,
respectively. For M/G/1 system the obtained result is extended to the case of a system with mixed
service times with ordered components (Section 3.1). In Section 3.2 we extend results obtained for
GI/M/1 system to multiserver GI/M/c. In Section 4 we investigate the class of limiting distributions of
the stationary waiting time in GI/G/1 system with service time determined by a finite mixture whose
dominant component of the equilibrium distribution belongs to the subexponential distributions.

2. The extremalindexin GI/G/1 system

Let GI/G/1 system have i.i.d. service times, {S;,i > 1} and i.i.d. interarrivals, {r;,i > 1}. Consider
areflected random walk (Lindley process), given by the recursion

Win=W;+X)", i>21, 1)

where (x)* = max(0, x) and X; = S; — t; — i.i.d. non-lattice r.v.s with common distribution function
(d.f.) Fx, EX < 0. Also assume that there is a y such that

EerX = 1. 2)
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LetY, = X;+--+X,,_1, n = 1 (Y, = 0). The actual waiting time W, (or just waiting time) of customer n is
the time from arrival ¢,, to the system until service starts. This process {W,,,n > 1} is a Lindley process

d
(1) generated by {Y;,, n > 0} [8]. In particular, W, = Omax Y, and, if p = ES/E7 < 1 (corresponds to

<kgn
EX < 0), then a limiting steady-state distribution exists. By W we denote a random variable having

the steady-state distribution of actual waiting time process {W,,},
W,=>W, n- .

It is obvious that the behaviour of the tail of P(max Y,, > x) is determined by the components of
X;. Next we consider two cases: the real positive root of the equation (2) y > 0. This case refers to
light-tailed distributions of X; and exponential asymptotic behaviour of waiting time tail. In contrast,
for subexponential distributions of X; we get Ee"X = oo for any y > 0 [8].

Let Fg(x) = 1 — Fg(x) be the tail of d.f. Fg(x) of r.v. S. A d.f. Fy is called subexponential if

N
lim S_(x) =
x=0 pFg(x)

1 foralln>2,

where F_fg"(x) is the tail of the n-fold convolution of the distributions Fg(x) with itself, i.e.,
F_§”(x) =P(S' + -+« + S" > x), where S' is the stochastic copy of S, i = 1, ..., n.

We denote the class of subexponential distributions by §. We also denote by S, the stationary
residual service time given by the probability density function Fg(x)/ES, and let Fg,(x) be the d.f.
of S,.

It is known [8, 10] that if p < 1 the system is stationary, and equation (2) has a real positive solution
y > 0[13], then:

1) if E[Xe'X] < oo, then the tail d.f. of 151;13( Y, is asymptotically (up to certain constant K > 0)

equivalent to an exponential function, namely:

P(rn)ax Y, > x)
lim —2% -k

X— o0 e~rx

2) if E[Xe’X | = o0, then lim P(m>ag( Y, > x) = o(e77¥), as x - oo, where b = o(a) means lim b/a = 0.
nz

X—>00

If S, € 8, then the the stationary waiting time W is also subexponential, W € §, and [13]

P(m)ax Y, > x)
lim —"22 S ®)
X— 00 P(Se > X) 1-p

Denote by M,, = max(W,, ..., W, the largest waiting time among customers 1,...,n. If p < 1 and
there exists a real positive solution to equation (2), then [14-16]

lim P(yM,, — log(bbn) < x) = A(x), 4

where A(x) = exp(—e™*) is the Gumbel distribution and b is a constant. Moreover, M,,/ log n converges
to 1/y whenever possible [15] for all € > 0:
M,
<| 1 —1| > E>—>0 asn — oo.
logn vy 14

For the GI/M/1 system with p < 1, equation (2) gives a unique positive solution y [8, Theorem
5.8]. Moreover, the distribution of the actual waiting time W is a mixture of an atom at zero and an
exponential distribution with parameter y and mixture proportions y/u and 1 — y/u, respectively, [8,
Theorem 5.1]:

Fp()=1—-QQ—-y/we™™*, x>0.
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Theorem 7.5 in [15] implies that the extremal index of the process {W,,, n > 1} for a GI/M/1 system
is calculated by the formula:

o=r(Hwn+3). 5)

where 1.(y) = Ee™"" is the Laplace-Stieltjes transform of interarrival times, 7, and, in addition,
b=1-y/uin (4).
For a stationary M/G/1 system, equation (2) has the following form [8]:

EerS =1+ % )

Furthermore, if equation (6) has a real positive solution y, then the formula for the extremal index

6y becomes [9]:

0= POW = 0)(1 ~ $u() = 52, o)

3. Comparison of extremal indexes in GI/G/1 systems

Consider two queuing systems () and Z® of type GI/G/1 (we assign index i to quantities related to
the i-th system). Let S(ni) be the service time of the n-th customer and rr(,i) be the interval between the
arrivals of the n-th and n + 1-th requests in the i-th system, Et® =1/4,i=1,2. Let Wn(i) be the actual
waiting time of n-th customer, i = 1, 2. Let us denote (if they exist) the distribution limits

WP wd, pnos e, i=1,2

These limits exist, in particular, if the interarrival times 7, i = 1,2 are non-lattice and p; = L;ES® < 1,
i=1,2[8]

Let us compare the extremal indexes 81 and 8 of stationary waiting time processes {Wn(
and {Wn(z)} in the systems (1) and 3, respectively. Further, to compare the r.v.s, we will need the
stochastic order and the order in failure rate. We say that the r.v. Z; is less that r.v. Z, in stochastic
order, Z; < Z, if

st

Dy

F(0 <F,(0. xeR

Let r;(x) := f5(x)/F4(x) be failure rate function of rv. Z, where f;(x) is density function. We say
that rv. Z; is less than rv. Z, in failure rate order, Z; < Z,, if
r

rz,(x) 2 rz,(x), x€R.

The following theorem allows to compare the extremal indexes of stationary waiting times in two
different M/G/1 systems for which the real positive roots of equation (2) exist.

Theorem 1. Suppose that in two M/G/1 systems =V and 5@, p; < 1, E[SDe"5”] < c0,i = 1,2 for and
any y = 0 and relations
Wl(l) = Wl(z) =0, ™MW>7@ O 5@ (8)

r r

are satisfied. Additionally, suppose that there exist real positive roots y; and y, of equation (2) for both
systems. Then the extremal indices of the stationary waiting times are ordered,

60 > 6@, ©)
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Proof. First of all, note that the ordering in failure rate implies the ordering of the exponential
moments [17]. Consequently, from the relations (8) it follows that

1)

EerSY < Eer5?, Ee 7™ <Ee ™, foranyy > 0.

Let y; denote the positive real root of equation (2) for the system X®, i = 1, 2. If there are several such
roots, then, according to Theorem 7.2 in [15], the smallest of them is chosen. Then the equalities

Eeyl(s(l)_-[(l)) — Eeyz(s(z)_f(z)) -1

are satisfied if

" 272
Since the intervals between arrivals are ordered in failure rate, 7" > 7(®, then 4, < 4,. Consequently,
M1/7 < Ay/y,. Moreover, by S < S@, we also have ES® g ES® and 1—p; = 1 — p,. Substituting

these inequalities into the expresswn for the extremal index (7), we obtain

1-p 1-py
o= 1P _ ),
1+ll/yl 1+lz/y2

To illustrate the statement of Theorem 1 we consider the simple example. It’s easy to show that,
for the M/M/1 system, the extremal index of the stationary waiting time has the form

6=(1-p)>

Consider two M/M/1 systems in which the service times are exponential with parameters u; and
Uy, respectively, and u; > u, > 0. Assume that 4, < 1, and p; = 4;/u; < 1, i = 1, 2. In this case, the
conditions (8) are satisfied and

Nn=p—4 2 7’2—#2—/12,9()=(1—P)2 (1—92)2=9(2)’

i.e., the inequality (9) is satisfied.
Now consider M/We/1 system with Weibull service time d.f.

Fg(x)=1—e @ o 850, x>0

The exponential moments Ee? for the Weibull distribution exist only for 8 > 1, so in this case the
equation (6) takes form

z(“}’) <+1)=1+%, forg>1

Now we compare the extremal 1ndexes of waiting times in two M/We/1 systems. For example, let
A=2,a; =025, 8; = 1.51in the first system and 1, = 2, a, = 0.4, B, = 1.2. With these parameters we
have S® < @, By numerical calculation we obtain a single roots y; = 3.7 and y, = 0.79, respectively,

B
therefore, 6™ = 0.35 > 6@ = 0.07.
Now we prove a statement similar to the Theorem 1 for GI/M/1 systems.

Theorem 2. Let the stationarity conditions p; < 1, E[(S(")eys(l) ] < o foranyy > 0,i=1,2, and the
relations (8) be satisfied for two GI/M/1-type systems XV and ¥, Let there exist real positive roots y; and
v, of the equation (2) for these systems and the following inequality holds:

E[tWe11V] < B[t@e727?]. (10)
Then the extremal indexes of the stationary waiting times are ordered as

6 > 6@,
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Proof. In the proof of Theorem 1 it is shown that the roots y; of equation (2) for systems = are
related by the inequality

"2 Y2

and by (8) the exponential moments are also ordered in the same way. Therefore,
b)) < Yo (02)-
Note, that Ere™”” < oo for any r.v. 7 > 0 and any y > 0 and that
i¢ 0 = —E@De 1) i=1,2,
dy; ™"
Thus, it follows from condition (10), that

d d
d—hlpf(l)(h) > d—hll)fa)(?z)-
The equation (2) for the systems under consideration is equivalent to

boo)+yilm=1 i=12

Therefore, expression (5) can be rewritten as

. d d .
60 = Yi(d_yiwf(i)(yi) +1/p) =0~ ¢T<i)(7i))(/v¢id—yi¢r(i)()’i) +1), i=12

From the ordering in failure rate of service times, it follows that x; > u,. Substituting the obtained
inequalities into the expression for the extremal index (5), we obtain the required inequality

O = (1= (1)) g b () + 1) > (1= ()b b (7) + 1) = 6.

It is worth noting that the set of queueing systems satisfying the inequality (10) is not empty. In
particular it holds for the popular M/M/1 system because

d _ A A
d)’z zlb‘[(l)(J/l) - (ll + }/i)z - 'LLIZ )

and if 1; < Ay, 4; > Uy, then condition (10) holds. As another example, consider two systems ) and
=@, with two-component hyperexponential interarrival times, where d.f. tail has form

- ® O] i ..
Fo()=pei*+(1-per*, 1P>0, 0<p<l, x>0, ij=12

Letp = 0.5,/1(11) =1, /1(21) =3, /1(12) =2, /1(22) = 3. Suppose that the service time is exponential with
parameter y; = 4 in () and with parameter u, = 3 in X?. Then numerical analysis shows that only
positive (numerical) solution of (2) is y; = 2.24, for which 8,y = 0.33. Similarly, the unique positive
solution y, = 0.58 can be obtained by solving numerically the equation (2), for which 8,2 = 0.0385.
With these parameters, the conditions (8) and (10) are satisfied, since

rLm(x) =1 < rex) =2; rsm(X) = 4 > rge)(x) =3,

and
V41 > Y2, 9(1) > 6(2).



30 Computer science DCME&ACS. 2026, 34 (1), 24-39

3.1. M/G/1 system with mixed service times

Consider a single-server M/G/1-type system X with service time S given by an m-component
mixture d.f.

m m
Fg(x) = Z piFsa(x), Z pi=1, p;=0, i=1,...,m (11)
i=1 i=1

Assume that the rv.’s SU, ..., 5™ are independent and S® has d.f. Fw(x), i = 1,..., m. Denote by
p=AES=) == =3 pip;
i=1 Mi i=1

the traffic intensity of the system X where p; = A/u;, u; = 1/ES®W, i = 1,...,m. Assume that the
components S of the service time S are ordered in failure rate

S ... g s,
r r
Consider two queuing systems X and =™ with inputs (1), 7(™), respectively. Let 7 be the input
process in the original system X, and Er® = 1/1;, ETt = 1/1, i = 1, m. (As usual, the index i relates to
the i-th system.) The service time NOST given by the d.f. Fgp)(x),i=1,m.

Theorem 3. Assume the stationarity conditions p; < 1, i = 1,m; p < 1 hold and the following relations
are satisfied:
T(l) > T Z T(m).
r r

Suppose, that the components of the service time mixture are ordered

S g ... g §m),

r r

Assume that real positive roots of equation (2) exist for all three systems. Then
6 > g > gim),

The proof follows from Theorem 1 and the monotonicity property of waiting times (see Theorems 5
and 6 in [18]).

To illustrate the statement of Theorem 3, consider an M/H,,/1 system as the original system where
service times have m-component mixture d.f.

m m
Fs(x) =) pie™*, ;>0, Y pi=1,p; >0, x>0.
i=1 i=1

We consider two systems X and =™ (of type M/M/1), in which the service times S® have
exponential distribution, Fgi)(x) = e #*, i = 1,m. The interarrival times in all three systems
have exponential distribution with parameter 1. Assume that the stationarity conditions are satisfied
in all systems:

m
pi=/1/,ui<1, i=1,m, p=/12pl/,ul<1
i=1
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The service time failure rate function rg in the original system X is equal to

™M siDE

pipieHix
, x2=0.
pie”H*

re(x) :=*

i=1

The service time failure rate functions S and S in the systems X and (™ are, respectively,
equal to rga)(X) = Uy, Tgmy(X) = Uy,. Itis easy to verify that for

WV

M1 2 Mm 12)
the failure rate functions are ordered as follows:
rea (%) = r5(x) = rgemy(x), x>0,

and, therefore, the service times in these systems are ordered in the failure rate as

s <S< s(m)_
r r

The extremal index in the original system X can be calculated by the formula (7). Moreover, from the
condition for the parameters (12) and the equation (2) it follows that

m m
Aty _ N Pt >y b _ M
A Sui-y g1y -y

and, therefore,
Y —4—-y) 20

and y < u; — A = ;. Further, since p; < p, then

1-p 1-—p; 2 @)
T+l STy, ~ AP =90

Similarly, it can be shown that
A+y =§ DPithi_ _ _Hm

=X ’

A Hum-y  Mm—Y

and y <y, — A = ¥, and therefore,

— 1 P 1 Pm_ _ 2 _ alm)
3 > = =
0 1+/1/V/1+/1/Vm a pM) o

3.2. Extension of Theorem 2 to multiserver systems

The extremal behaviour of multiserver system GI/M/c with ¢ working in parallel servers and service
intensity u is the same as the in GI/M/1 system with service intensity cu with identical interarrival
distribution F(x) [9]. Moreover, if p = (uE7)~! < ¢, then waiting time process has (total variation)
limit which is a mixture of an atom at zero and exponential distribution with intensity y, where y is
unique solution of the equation [8][Theorem 3.2]

o)

_ Y
rX -1-
f e 7*F (dx)=1 v
0
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From (5) one can also easily obtain the relation for extremal index of stationary waiting time in
GI/M/c system by substituting cu instead u, namely,

o=y (Fun+ )

The last formula allows us to compare the extremal indexes of waiting times in two GI/M/c; systems
by adding the condition ¢; > ¢, in Theorem 2. We formulate the obtained result as the following
statement.

Theorem 4. Let the stationarity conditions, p; = 1,ES® < ¢;, i = 1,2, and the relations (8), be satisfied
for two systems =V and Z® of type GI/M/c;. Let there exist real positive roots of the equation (2) for these
systems and

c1 2 Cy.

Then the extremal indexes of the stationary waiting times are ordered as
J=1¢9) > 6@,

In particular, it is easy to check that for M/M/c system

1\2
y—cu—l,6_<1—a> .

Therefore, if 1; < Ay, 4y = Ua, €1 = ¢, then 60 > 62,

4. GI/G/1system with subexponential service times

In this section we consider the systems with the subexponential service times. In contrast to the
light-tailed case, the stationary waiting time W is also subexponential and the relation (3) holds.
Moreover, the maximum stationary waiting time M,, = max(W,, ..., W,) has the same asymptotics as
max(Xy, ... , Xp), as n = oo, with X; = §; — 7; [19]. Moreover, if S € 8, then the extremal index of the
stationary waiting time for systems with subexponential service time is zero [19], i.e.,

6=0.

Now consider GI/G/1 system with m-component mixture service times with d.f. given by (11) with
a dominant component.

We say that a component FU), j € {1,...,m} is asymptotically r-dominant for an m-component
mixture of distributions

m
F(x) = pFO@) + - + puF™(x), D pi=1,
i=1

if

o)
)

——=r; i€{l,..,m}, i#],
x=xg F()(x)

where r = (r,...,Iy), rj = 1,and 0 < r; < 1, for i # j, xp is the right endpoint of F(x).
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The following theorem states that, if in a GI/G/1 system, the service time is determined by a finite
mixture (11) whose r-dominant component of the equilibrium distribution belongs to the class of
subexponential distributions, F 5,0 € 8, then the tail of the limit distribution of the stationary waiting
time is equivalent to the tail of this distribution up to a constant,

lim P(W > x) _

x> Fe ()(x)

Furthermore, the limit distribution of the maximum of the stationary waiting time belongs to the
maximum domain of attraction (MDA) of the distribution of extreme values of the same type as the
maximum of the r.v. defined by the d.f. Fse< j), and the extremal index of the stationary waiting time
is obviously 0.

Theorem 5. Let the original system X be stationary, p < 1. Let the service time be defined by an m-
component mixture of distributions (11) and let there exist a set of numbers

r=(,. h), 0<r;<1l, i#j, r;j=1,

such that the equilibrium distribution of the j-th component is r-dominant in the mixture and belongs to the
class of subexponential distributions, F s € 8. Then
1) The equilibrium distribution of service time belongs to the class of subexponential distributions, Fg, € 8.
2) The tails of the equilibrium distributions Fg, and F sy are equivalent up to a constant,

lim Fs,(x) &
wwﬁ%)iﬁ
where
Fo(x)
r; 1= lim = , 0<r<l, i=1l..,m, i#j, rj=1
¥ Foon(x)
_ piESY

™ ES
3) The tails of the distribution of the stationary waiting time, P(W > x), and the equilibrium distribution
F ) are equivalent up to a constant &,

e

m
1Y piriES®
. P(W>x) E““
lim = m
e Faop() > p;ES®
i=1

=4.

4 IfF s € MDA(G), then d.f. stationary waiting time in the original system Fy, € MDA(G?).
5) The extremal index of the stationary waiting time in the original system is zero, Oy = 0.

Proof. 1) Find the equilibrium distribution of service time in the original system

o0

_ 1 _ _ "o, —
7500 = g5 | (BFs00)+ e aFsmOy = 35 £ [ Ty =
i=1
X

m p:E ) L
= z{ To Fsw() = Z; qiF g (x).
= 1=
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m

Obviously, Y. q; = 1. Thus, the equilibrium service time distribution in the original system is
i=1
a mixture of the equilibrium distributions of the components with mixture proportions g;,

m
Se= NS 4 41,88, Yr=1

where the indicator J; takes the value 1 with probability q;, i = 1, ..., m. It is known that if at least one
component of the final mixture has a subexponential distribution, then the mixture of distributions
belongs to the class of subexponential distributions [20]. Therefore, point 1) of the theorem is proved.
2) Since Fg, is an m-component mixture with proportionality coefficients g;, Where the j-th
component is r-dominant, then Fg, and F ) have equivalent tails up to the constant Z qiri [21].

i=1
3) By relation 3 and point 2) of this theorem,

P(W > x) ~ Fse(x) — Z qiriF(x) = F (), asx > oo,

where a ~ b means a/b — 1 and

m A z p;r;ES®
I

1 —AZp ES(‘)

i=1

The point 4) follows from the point 3) of this theorem and [21, Theorem 8].
5) Since Fg, € 8 then, for GI/G/1 system with subexponential service, the extremal index of the
stationary waiting time is zero [19]. O

Corollary 1. Assume that the system X is stationary, p < 1. Let the service time be given by an
m-component mixture of distributions (11) with components ordered by the failure rate

S ... g st (13)

r r

Suppose that S e 8. Then all statements of Theorem 5 are true.

Proof. It suffices to show that the distribution F( ™) is r-dominant for Fg,. Since the ordering by

failure rate of service times (13) implies the stochastic ordering of the r.v. SO,

S <8I,

st st
that
F ()
——— <1, forallx.
Fom)(X)
e
Obviously, there exist r; such that
- Faw®)
lim —=4/——=r;, 0<r;<1, i=1,...m—-1, r,=1

X2XR B (my(X)
Se

In this case, the distribution FI™ is asymptotically r-dominant for the mixture distribution Fg,,
r=(r,...,hy), hy = 1, and the conditions of Theorem 5 are satisfied for j = m. 0O
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As an example, we consider a stationary GI/G/1 system (i.e., p = AES < 1) with the service times
having an exponential-Pareto distribution [22] with parameter o > 1

Xo
Xo+ X

a
Fs(x)=1—pe—’1SX—(1—p)( ) Ag>0, a>1, x,>0, x30.

In this case the equilibrium distribution function of S, has the form

X

_ = peThs¥ (1 - p)x§
Fg,(x) = u / Fy(dt =1 #< T as 1)(x0+‘;)a_1),
0

where ¢ = 1/ES. Note that
Fs, () = @iF g (%) + @F ) (x)

and
Q1 = 1p/ls, gz = pu(1 = p)xo/(a—1).

By Theorem 5 the limiting distribution of the maximum stationary waiting time M,, is a Frechet
distribution of the form

_ (1 — p)/"/—t‘xo 1-a
lim P(M,, < up,(x)) =e (@=Du—2)

with the normalizing sequence (for x > 0)
Uy (X) = apXx + b, = xoxn@ D _x, nx1.
Indeed, itis obvious that the second component of the distribution is -dominant, withr, = 0,7, = 1,

Fon(x) e Asx
im =2 = lim — % —0=r.

o Fy(x) X X (g + x)5!

Now we find maximum domain of attraction of dominant component ng) .

pe

_a-—1 xo \*, X0 )O‘_l
Fs§2>(x)‘ Xo /(x0+y) dy =1 (x0+x ’

0

Obviously, S? has a Pareto distribution with parameters a — 1, x, and therefore belongs to the class
of subexponential distributions [23]. Let v,(x) = xon/(®~Dx — x,. Then for n — oo,

Xo

a—1
— —a+1
nFng)(vn(x)) = (xo T xgriftaDx — xo) - X , asn— oo,
which implies Foo) € MDA(®,_;) [1] where @, (x) = e ", x > 0, is Frechet distribution.
e

Now we can calculate §

_ AprnESY + (1 - prES®)  ud (1-p)xo
T 1-A(pESD +(1—pES@)  p—-2 a-1 °
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Figure 1. left figure: P(M,, < x) and @,_(x — b,,)/d,,, right figure: P(M,, < dy,x + b;,) and &,_; (x) for group size n = 1000

Since stf) € MDA(®,_,), then by 4) of Theorem 5, Fy, € MDA(®S_)).

Thus, the asymptotic behaviour of the maximum stationary waiting time is determined by the
second component (the Pareto distribution).

Note also, that since F, € MDA(®S_,) with u,(x) = a,x + b,, then F, € MDA(®,_,) with
i, (x) = d,x + b, where a, = a,6V«V, b, = b,,.

To illustrate the conclusion of Theorem 5, we carried out a numerical simulation of the system
for 100 replications. We compare the estimate of P(M,, < x) with ®,_;(x — b,)/d, and the estimate
of P(M,, < d,x + b,) with &,_;(x). We have run a Kolmogorov-Smirnov (K-S) test for goodness of
fit. We find the empirical distribution function for M,, from observed maximum waiting times for
k = 100 groups of customers (each group of size n). Figure 1 demonstrates results for x, = 1, a = 5,
p=0,5,1; = 4,1 = 0.5and group size n = 1000. K-S test statistic is 0.81 for left figure and 0.74 for
right figure. Therefore, our hypothesis that the Frechet distribution with the normalizing constants,
ay, by, describes nicely the maxima of waiting times (at level 0.05) is confirmed.

5. Results

The sufficient conditions for comparing the extremal indexes of stationary waiting time in the M/G/1
and GI/M/1 systems are obtained. We have proven that if in both systems the equation ee’S=?) = 1 has
areal positive roots and the interarrival intervals and the service times are ordered in failure rate then
the extremal indexes are ordered. For M/G/1 the obtained result is extended to the case of a system
with mixed service times with ordered components. In the case of multiserver GI/M/c system we
have shown that it is also possible to establish a comparison of the extremal indexes. We illustrate this
results on examples with some special distributions. For GI/G/1 system with service time determined
by a finite mixture whose dominant component of the equilibrium distribution belongs to the class of
subexponential distributions,we have proven that the tail of the limiting distribution of the stationary
waiting time is equivalent to the tail of this distribution up to a constant, the form of which is obtained.
Furthermore, the limiting distribution of the maximum of the stationary waiting time belongs to
the maximum domain of attraction of the distribution of extreme values of the same type as the
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maximum of the random variables defined by the dominant component, while the extremal index of
waiting time is zero.

6. Discussion

The numerical examples given in Sections 2 and 3 of the article demonstrate the correctness of
the obtained statements. Note that applying the order in failure rate makes it possible to compare
systems with different interarrival distributions and different service time distributions (not just with
identical distributions but different parameters).

To demonstrate the assertion of Theorem 5, we considered a system with an exponential-Pareto
service-time distribution. The results of our numerical experiments show that the asymptotic
distribution of maximum waiting time works well when the traffic is light. Continuing the present
work, we plan to extend the numerical experiments with different distributions and investigate the
sensitivity of the approximation scheme to the group size n and the traffic intensity p.

7. Conclusion

The research examined the conditions under which the extremal indexes of two queuing systems
can be compared. This can be used to select parameters for systems that guarantee a given value of
the extremal index. The extreme behaviour of the stationary waiting time is also considered.
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3KCTp€Maanblﬁ UHAEKC BPpeEMEeHU OXXnaaHnAa B CUCteme
Gl/G/1
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AHHoTauus. B 1aHHOIT paboTe MoJIyYeHb! yCIOBHUA CPABHEHH SKCTPEMaJIbHOTO HH/EKCA CTallIOHAPHOTO Bpe-
MeHU OXUJaHuA B cucTeMax M/G/1 u GI/M/1. DTu ycI0BUs BKIOYAIOT 9KCIIOHeHIIaJIbHOe aCUMIITOTHYeCKoe
IIOBe/leHNe XBOCTa BpeMeHH OXHUIaHUA U MOPALOK 10 MHTEHCUBHOCTH OTKA30B /IJI1 MHTEPBAJIOB MEX/y IIPH-
X0/laMU 3asBOK U JJIS BpeMeHH OOCIIy)KUBAaHUA B CDaBHUBAaeMbIX cucTeMax. Jlind cucreMsl M/G/1 oy4eHHbIH
pesyJIbTaT PacIpOCTPAHAETCS Ha CMeIIaHHBEIe BpeMeHa 00CIy)KUBaHUS C YIOPSJ0YeHHBIMU KOMIIOHEHTaMH.
Ecnu B cucreMe GI/G/1 BpeMs 06CIyKMBaHUS ONIPeAiesIIeTCss KOHEYHO CMeChio, JOMUHUPYIONIasa KOMIIOHEH-
Ta PaBHOBECHOTO paclpe/ieleHNs KOTOPOH IPUHAJIEXUT KJIacCy Cy6oKCIOHEeHIIMaIbHEIX Pacipe/ie/IeHui, TO
XBOCT IIpe/leIbHOTO Paclpe/ieleHs CTalliOHapHOTO BPeMeH! 0XXU/JaHNs S5KBIBaleHTeH XBOCTY 3TOTO pacIpe-
ZieJIeHUs C TOYHOCTBIO 0 KOHCTAHTHI, BEIYHMCIEHHOH B ABHOM Buie. KpoMme Toro, mpeziebHOe paclipesiesieHre
MaKCHMyMa CTAIJMIOHAPHOTI'O BpeMEHH OXXU/JaHUA IPUHAIEKUT 00/1aCTH MaKCHMaJIbHOTO IIPUTOKEHNUS pac-
Ipesie/leHNs SKCTPeMasbHEIX 3Ha4eHNI TOTO JKe THUIIA, 9YTO ¥ MAaKCMYM CJIy4aiHbIX BeJINYMH, ONIpeZieieMbIX
JOMUHUPYIOIIe KOMIIOHEHTOM.

Kniouesble cnosa: BKCTpeMaﬂbeIfI HHIEKC, CUCTeMa 06C]Iy)KI/IBaHI/I$I, YIopAA09€HHOCTD 110 MHTEHCUBHOCTHU
OTKa3sa
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Abstract. In this paper, we develop a new family of high-order derivative-free iterative methods for solving systems
of nonlinear equations. Specifically, we propose four two-step derivative-free schemes with convergence orders
four and five, together with twelve three-step derivative-free schemes achieving convergence orders six, seven,
and eight. The main specific of these iterations is that they include a vector or even a scalar iteration parameter
instead of the matrix parameter inherent to other existing iterative methods. This structural simplification
significantly reduces computational cost, storage requirements, and matrix operations, thereby improving
overall computational efficiency. A convergence analysis is presented, establishing the theoretical order of
convergence of the proposed methods. The efficiency indices of the proposed schemes are derived and compared
with those of several well-known derivative-free iterative methods. The numerical experiments on standard
academic problems confirm the theoretical results and demonstrate that the proposed methods are competitive
and, in many cases, superior in terms of efficiency and robustness.
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1. Introduction
We consider the following nonlinear system of equations:

F(x) =0, x=(x1,%,,x,)] €R", 1)
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where F : D C R" — R" is a nonlinear and sufficiently Fréchet differentiable function in an open
convex set D. Additionally, F'(x) is continuous and nonsingular at «, where « is the simple and isolated
solution of equation (1). Most physical systems are inherently nonlinear nature and described by
nonlinear systems. The nonlinear systems (1) also appear in many fields of applied sciences and
engineering [1-12]. The solution of equation (1) cannot be computed exactly and is often approximated
using iterative methods with different orders of convergence. A quite recently have been appeared
some papers devoted to the constructing high efficient iterative methods containing vector and even
scalar parameter coefficients [1, 3, 4, 6, 13-15]. For obtaining the numerical solution of the system (1)
often used the following two-step and three-step iterative methods:

Vi = X — F' ()7 F (xy),

s i NC1 2
X1 = Vi — TlF (xi) T F(i)s

and
Yie = Xk — F' () T F (),
Zk = Y — TF (X ) ' F (i), (3)

Xier1 = Z — aF (%) T F (),

where 7). and o, are iteration parameters to be determined properly.

The aim of this work is to develop derivative-free version of the iterations (2) and (3) with vector
and scalar coefficients. In Section 2, we introduce new derivative-free two-step iterations of orders
four and five. In Section 3, we present new derivative-free three-step iterations of order p (o = 6,7, 8)
and an analysis of the efficiency of the proposed iterative methods. Section 4 devoted to analysis of
efficiency of proposed methods compared with other methods. In Section 5, we present the results
of our experiments and compare them with known methods of the same order. The article concludes
with some conclusions and references used in it.

2. The construction of two-step derivative-free iterations

First, we employ R" with point-wise multiplication and division of vectors. Let
a = (a;,a;...,a,)T € R*and b = (by,b,,...,b,)T € R". The point-wise multiplication and
division of two vectors are defined by

a- b = (albl, azbz, eey anbn)T (S Rn, (4a.)
a_(m & an\T o,
;= bl’bz""’b,,) € R™. (4b)

The direct consequence of (4a) and (4b) is
a®:=(a-a)=(a?d3..,a2)T €R",
1=(11, ...,1)T € R
In [6] the following theorems were proven:

Theorem 6. [6] The two-step iteration (2) has a third, fourth and fifth-order convergence if and only if
the parameter 7 satisfies

Trk=1+ O(h),
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'L_'k =1+ 2®k + O(hz), (6a)
TeF' (x) 7' Fr) = (1 + O)F (i) ™' F(yi) + O(R),

Theorem 7. [6] The three-step iteration (3) have order of convergence p + 1, p + 2, p + 3 if and only if
the parameter oy, satisfies

ar =1+ O(h),
o =14+20; + O(I’lz), (72)
aF' (x) ' F(zi) = (1 + 20)F (yi) "' F(zi) + O(h),
where

_ FOw)
F(xi)’

and p is the order of convergence of iteration (2).

O

Of = (0 - Oy),

We note that the conditions (6a) and (7a) can be replaced by

_ 1+a6;+bO}
T 14 (a—2)0 +d6}’

Tk = Ax

a,b,d € R,

and in this case the convergence order maintained. We now proceed with the construction of
a derivative-free analog of (2) as follows:

Vi = X — [Wie 51 17 F(xg),

o (8)
Xiep1 = Vi — Tie (Wi, sis F17 F(yp),
where [wy, si; F] is first order divided difference with
wg =X+ Fx), sk=xx—nF), n#0, 7 €R
It is easy to show that
Tic = TcF' () ™" [wi, 515 F ©)
or
7 = Tic [wie, 51 F1 ™ F' (). (10)
The passing of (2) to (8) is realized by (9). The converse is realized by (10). It is easy to show that
F'(x)7! [wk, s; F] = I + By + O(h*), (11)
where 1
By = ¢F ") T E" )y F(x)? = O(h?). (12)
If we take (12) into account, then from (11) it follows that
F'(x)™ = [wie, 5 F] ™ + O(R?). (13)

Analogously, using (11) and the Taylor expansion of F(y,) at point x;, we easily obtain

F(y) = 0(h?), F'(yp) = [uk, wi; F1+ O(h*), (14)
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where
u =y + BF(x), wr=yr—BiF(xx), B1#0, B ER
Using (9), (11), (13) and (14) it is easy to show that the p-order conditions (6) can be rewritten in term
of Ty as:
Tk =1+ O(h),
1+ 20y + bO}
1+d6;

T (Wi s FI™ Fi) = (1 + O9) [y, 1 F17 F (). (15b)

T, =1+ 20 + 0(h?) = + O(h?), (15a)

Using (15a) in (8) we obtain the following family of fourth order iterations (M7)

Vi = X — [Wie 51 F17 F(xp),

1 -1 ) > (16)
Xir1 = Vi — ——— (Wi s FI7 [+ bOF(yi) + 20;F(x) ], d,b € R.
1+d6;
Analogously, using (15b) in (8) we obtain the following fifth order iteration (M3)
Vi =X — [Wwie, 51 F17 F(xp0),
(17)

X1 = Vi — (1 + 0D [uy, @ F17 F(yy).

If y; —» 0and 3; — 0then (16) and (17) lead to the iteration with derivative, considered in [6] and in
[4]. The scalar coefficients versions of (16) and (17) are [1]

Vi = Xk — [Wi 51 F1 7 F(xy),

1 _ (18)
k41 = Yk~ T qor [wi 51 F171 [(1 + bu) F(yi) + 20F(xi) ], d,b € R,
_ IFGI?
Vg = e NN2°
[FCel
and
Vi = Xk — [k 51 F1 7 F(xy),

(19)

Xip1 = Vi — (L + vp) [y, @5 F1 F(),

with convergence order 4 and 5 respectively. The iteration (18) completely coincides with scheme
given in [13], while (19) can be considered as new scheme with fifth order of convergence. Let’s
denote the methods (18) and (19) as (M3) and (M3), respectively.

To analyze the convergence behavior of the proposed method, we first present a lemma that will
be used to develop the Taylor expansion of vector functions (see [16]).

Lemmal. Let F : D C R" — R" be p-times Fréchet differentiable in a open convex set D C R", then for
any x, h € D the following expression holds:

Py = O+ S F OGR4 - L po-n(y)pp-1
F(x+h)=F(x)+ F'(x)h + 2!F X)h* + -+ (p—l)!F (x)hP~' + Ry,
where
1 e 2 ;)

IR < o sup |[F®P(x + th)||h|P and hP = (h,h,---,h),
* o<t

and || - || denotes any norm in R", or a corresponding operator norm.
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Definition 1. Let e, = x; — o be the error in the k-th iteration, we call the relation
ers1 = Ler)? + O((er)P*),
as the errorp equation.  Here, p is the order of convergence, L is a p-linear function, i.e.
L e LR X - x R, R™).

In the following result, we establish the convergence of the family of methods given by (16) under
the conditions stated in Lemma 1.

Theorem 8. Let the function F : D C R" — R" be sufficiently differentiable in a convex set D containing
a zero a of F(x). Further, assume that F'(x) is continuous and non-singular at « and the initial guess xg is
sufficiently close to the solution. Then, the sequence generated by method (16) converges to the solution a
with order four, for any nonzero value of parameter y, and for any values of b and d.

Proof. By applying the Taylor expansion of F(x;) around «, we obtain
F(xy) = F'(a)(ey + Ayes + Ases + Agel) + 0(e3), (20)
F'(xi) = F'(@)(I + 2Az¢ei + 3A;¢, + 4A4e}) + O(e}),
F"(x;) = F'(a)(2A; + 6Azey + 12A4€%) + O(e3),
F"(xx) = F'(a)(6A3 + 24A,e)) + O(e}), (21)

where 1
A= ﬁ[F/(a)]—uv(i)(oc), i=23,...

Using the Genocchi-Hermite formula [17] and (20)-(21), we obtain

[, s Fl = F'(x) + %F”’(xk)(hF (X1))* + O((nF(x))*) =
= F'(a)(I + 24,y + 343€2) + %F’(a)6A3y12F’(oc)2(ek)2 +0(e3) =
= F'(a)(I + 2A,ex + As(3I + yF' (a)?)ed) + O(e3).
Inversion of [wy, s; F] yields
[w, s F1™" = (I + Crex + Ce)F' (@)™ + 0(e}), (22)

where C; = —2A4,, C, = 443 — A5(3I + y2F'(a0)?).
Let us denote ¢, = y, — a. From (20) and (22), we get

& = X — & — [Wy, 51 F] 7 F(xp) = Byed + Byey + 0(e}),
where B; = A,, B, = =243 + A;(2I + y?F'(a)?). We then obtain
F(yr) = F'(a)(€ + A8 + A383) + O(e}) = F'(a)(Byes + Byey) + O(e}). (23)

F(yy)
F(xy)

Next, we expand the term 0 = , which appears in the second step of (16). From (20) and (23),

we obtain
0% = A2e2 + (=643 + 24,A5(21 + yiF (a)?)e; + O(e}). (24)
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Then, from (24), we can get

1+ bO?
Pe=Iry d@lg =1 +A3(b — d)ej — 2(Ax(b — d)(343 — A3 (21 + ViF' (@))ej, + O(ep),  (25)
k
and
207 2 2 , X s \
Qx = de " 2A%e% + 4A,(—345 + A3 (21 + ¥EF (@)?))e;, + O(e}). (26)
k

From (25) and (26), it follows that

PeF(yi) + QiF(xi) = Ajeq + A3 (I + yiF'(a)?))e}, +
+ A3(—10 + b — d) + 44,A3(2I + yiF' (@)®)et + O(e3).  (27)

Then, using (22), and (27), the second step of the method (16) gives the error equation as
eyl = Xpq1 — @ = 1043 — bA3 — 8A,A; + ASd — 44,A572F (a)? +

+ 24,4521 + yiF' (a)?) — Ay(443 — A3 (31 + piF' (@)?))ef + O(ep) =
= —A,(A; + A3(=6 + b — d) + A3yiF (a)?)et + O(e3).

This shows the fourth order convergence of the proposed family (16). O

The convergence analysis of the other proposed methods follows a similar approach to the proof of
Theorem 8. Therefore, we omit it here.

3. The construction of three-step derivative-free iterations
The derivative-free analogy of iteration (3) obtained as:
Vi = X — [Wi 515 F1 7 Fxy),

2z = Y — Tk [we 5 F1 7 FOrp),

Xier1 = 2k — Hie [Wie, s F1 7 F(zg),
where T}, is given by (15) and H; determined as:
Hy = aF(x) ™" [wy, s F -
As before, the condition (7) can be rewritten in term of Hy, as:

Hp =1+ 0(h),
1+ 20y + bO;
1+d6;
Hy [wy, 5 F17 F(zi) = (14 209) [w, ) F17' F(zi) + O(h).

Hy =1+20; +0(h?) = + O(h?), b,d € R,

Theorem 7 and the combination of choices (15) and (28) yields different derivative-free three-step
iterations and we list some of these methods below.
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Sixth-order iterations:
-1
Vi =X, — [wi, s F1 F(xge),

Zk = Yk — (Wi, 515 F17" [(1 + bOF(yy) + 202F (x;) 1, (29)

1
1+d6}
Xer1 = 2 — (1 +20)) [y, s F17' F(zy),

and
Vi = X — [Wi 5 F1 7 Fxy),
2z = yi — 1+ 6) [, wis FI7 FOry),
Xy = 2k — [Wi 55 F1 7 Flzy),s

and

Vi = Xk — [Wie, 515 F1 7 FCxp),
zx = Y — (Wi s F17 F(yp),
X1 = 2k — (1 +20)) [uy, @i 17 F(zy).

Seventh-order iterations
-1
Yk =X, — [wi, s F17 F(xge),

1 . 5
=Y — ——— [wk, s, F 1+ bO;)F + 20 F(x;) |,
Z =Yk 1+d@,2([ oS FT [( WF(Vi) F(xi)]

Xip1 = 2 — (1 +200) [uy, @i F1 7' F(zy),
and

Vi = Xk — [Wi 51 F1 7 F(xy),
2k =y — (1 + 0}) [ug, wis F1 7 Fyp),
Xiep1 = 2 — (1 + 20y) [y, 51 F] 7' F(zp0).

Eighth-order iterations

Vi = X — [we, 515 F1 7 Flxy),

2k = Y — (1 + O}) [w, @i F17 F(y), (30)

Xie1 = 2k — (1 +202) [, @i F17 F(zp).
In the remainder of the paper, the methods (29)-(30) will be denoted by ME, M¢, M$, M, M} and M$,,
respectively. If we take the transition rule that established in [14] into account, then we easily obtain
from (29)-(30) its scalar coefficients variants:
Sixth-order iterations

Vi = X — [Wie 516 F1 7 Flxy),

2= Y= T gor [We s P 10+ bonF ) + 20,7 Ge) ) (31)

-1
X1 = 2k — (U, @i FI7 F(2p),
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where R
_IFQI
Vg = e \N2°
IF el
and
Vi = Xk — [Wie 51 F 7 (o),
zi =y — 1+ v) [t T F1 7 F(),s
X1 = 2k — [Wi 55 F1 7' Fzy).
and

Vi =Xk — (Wi, s F1 7 F(xy),
2k = Yk — [k i F1™ FOrio)s
Xes1 = 2 — (1 + 20%) [y, @i F] 7 F(zy).
Seventh-order methods:
Vi = %k — [ 51 F1 7 F(xi0),

e (W s P [0+ 0P + 204F (e )

Zk = Vk —
Xig1 = 2k = (L + 200) [ug, W F1 ™ Flzp),
and
Yie = %k — [ 51 F17 F(xg),
2z = yk — (1 + vp) [we @ F17' Flyy),
Xiew1 = 2k — [ @ F17H (F(zi) — BicF (%)), Bre = %
Eight-order method:
Vi = X — [y, s F1 7 Fx),s
2 = yi — (140 [we w17 Fi), (32)
Xes1 = 2 — (1 + 20%) [y, @i F] 7 F(zg).

In the rest of the paper, the methods (31)-(32) will be denoted by M%,, M%,, M%;, M],, M5 and M5,
respectively.

4. Computational efficiency

The computational efficiency index of an iterative method for solving a nonlinear system is defined
1

by CI = pc, where p is the order of convergence and C is the computational cost of each method. We
will study the computational efficiency of the presented methods and compare it with that of other
methods presented in the literature, namely My [13], Mg, [18], NM7 [19] and PM1 [20]. To compute F
in any iterative method we evaluate n scalar functions, whereas the number of scalar evaluations is
n(n — 1) scalar functions for any divided difference [-, -; F]. In addition, we must include the number
of operations shown in Table 1.

As we can see in Figs. 1, 2 and in Table 2, in terms of computational efficiency the proposed
method M¢ is significantly superior to other considered methods. Additionally, fourth-order M# and
eighth-order M% also have high computational efficiency.
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Table 1
Computational cost of different operations
Computational cost
LU decomposition i(n3 —n)
Solution of two triangular systems n?
Quotients in divided difference operator n?
Matrix-vector multiplication n?
Scalar-vector multiplication n
Component-wise multiplication (division) of vectors n
Table 2

Comparison of computational efficiency

Ne  methods p C cI
1 Mg G = §n3 +5n2 + %n 6l/C1
2 Mg 6 C=:in'+sn’+Zn 6%
3 M3 6 GC3= §n3 +6n% + 2—38n 61/Cs
4 M; 7 Cy= §n3 +6n% + ?n 71/C,
> Mg 7 G= §n3 +6n% + ?n 71/Cs
6 M, 8 Cg= §n3 +6n2+ ?n g1/Cs
/ M3y 6 G = §n3 +6n% + 2—38n 61/Cr
8 MY, 6 Cg= §n3 +6n% + %n 61/Cs
9 M, 6 Co= §n3 + 6n% + ?n 61/Cs
10 M, 7 Cp= §n3 ren 4+ 33_1n 71/Cyo
1 M175 7 Cp= 2”3 + 6n% + ?n 71/Cn
12 My 8 Cp= §n3 +6n® + 23—5n 81/Cr2

5. Numerical results and discussion

To evaluate the effectiveness of the new method and provide a comparison with existing methods,
numerical experiments have been conducted and the results are presented in this section. To achieve
this goal, we consider the following nonlinear problems, most of which are the same as in [13, 19, 21].

Example 1. Considering the following system of 20 equations:

yi—cos<

20

2}’1_23’1):0’ l=1,2,,20

Jj=1
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Computational Efficiency Index Computational Efficiency Index
T T T T T T T T

T 1.0018
e ]
Ml

1.0016

2
My

1.0016 M: ]

e
1.0014 2|

7
3 1.0014 Mis| 4

v

1.0012 T

1.0012

1.001 [
1.001

1.0008 [
1.0008

1.0006 [ 1.0006 [

1.0004 1.0004 [

1.0002 [ 1.0002

~——

10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90
n n

Figure 1. Computational Efficiency Index for n = 10 Figure 2. Computational Efficiency Index for n = 10
to 100 (logarithmic scale) to 100 (logarithmic scale)
The solution is y* = {—0.89,—0.89, ..., —0.89}T. For this solution, we choose the starting vector

X = {=0.9,-0.9, ..., —0.9}".

Example 2. Consider the system of twenty equations

20
—yi—3+ ) yj—ei+4cosIn(|1+y) =0, i=1,2,...,20.
j=1

The exact solution y* = {0,0, ...,0}T of above system. For this solution, we choose the starting vector
X, =1{0.01,0.01, ...,0.01}7.

In Tables 3 and 4, we present the residual error of the example function ||[F(xy,;)|, the error
between two consecutive iterations ||x;4; — Xi| and the computational order of convergence p,. The
computational order of convergence (p,,) is calculated using the formula [4]

po = In(l1%pe1 = X/ 1%k = X1 )
@ In(lle = xpe—1 I/ 16—1 — Xkl

The following stopping criterion is used in these experiments:
Ixieer = xiell + IF el < 107°C.

Tables 3and 4 report the numerical performance of the considered derivative-free iterative methods.
The first column lists the names of the methods under comparison. The second column shows the
total CPU time (in seconds) required by each method to reach the prescribed stopping criterion. The
third column indicates the number of iterations (Iter) needed for convergence.

The fourth column presents the absolute error measured by the norm ||x;,; — x|, while the fifth
column reports the residual norm ||F(xy.,,)| at the final iteration, which reflects the accuracy of the
computed solution. The last column displays the approximate computational order of convergence
(ACOC), confirming the theoretical convergence order of each method.
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Comparison numerical results on Example 1

Methods CPUTime Iter xke1 — xill IF (X )l ACOC
M 0.356 4 1.6016 X 10776 4.4188 x 107390 4.00
M3 0.344 4 1.6016 X 10776 4.4188 x 107300 4.00
M3 0.344 4 5.8123 x 107166 1,9572 x 107822 5.00
M3 0.625 4 5.8123 x 107166 1,9572 x 107822 5.00
M$ 0.343 4 3.4780 x 107228 3.2447 x 10713 6.00
M¢ 0.640 4 9.7496 x 107287 1.8481 x 1071711 6.00
M? 0.703 4 1.2693 x 107274 1.7032 x 1071638 6.00
M, 0.672 4 7.8812 x 107283 4.2801 x 1071088 6.00
MS, 0.735 4 9.7496 x 107287 1.8481 x 10171 6.00
MS, 0.782 4 1.2693 x 107274 1.7032 x 1071638 6.00
M 0.656 4 9.7872 x 107388 3.0845 x 1072523 7.00
M; 0.640 4 2.2881 x 107492 29211 x 1072524 7.00
M, 0.734 4 9.7872 x 107388 9.3521 x 1072524 7.00
M, 0.732 4 1.5722 X 107400 8.5164 x 1072524 7.00
MS, 0.585 3 1.2259 x 1077 2.7310 x 107624 8.00
M 0.532 3 1.2259 x 10779 2.7310 x 1076 8.00
M, [18] 1.614 4 1.4692 x 107197 6.3590 x 107633 6.00
NM7[19] 2.750 3 3.8545x 10771 1.2384 x 10~4%7 7.00
PM1[20] 1.984 4 2.9442 x 1072t 1.0079 x 1072152 8.00

Table 3

From Tables 3 and 4, we observe that the M iterative method is faster than the considered fourth-
and fifth-order methods. Furthermore, Tables 3 and 4 indicate that the proposed M¢ method is the
fastest among the considered methods with orders p = 6,7 and 8. This finding is consistent with the
results presented in Section 4. From these tables, it follows that M% is not only faster but also more
accurate than the considered seventh- and eighth-order methods. Thus, the eighth-order method
M3, can be highly useful in practical applications that require high accuracy. In conclusion, the
numerical results clearly demonstrate that the proposed derivative-free methods with vector and
scalar coefficients are superior to those employing matrix coefficients, both in terms of computational
time and overall computational cost.

Conclusions

We obtain family of two-step derivative-free iterations of order 4 and 5 and three-step derivative-
free iterations of order 6, 7 and 8 with vector and scalar parameter. The specific of these iterations
is that they include vector or even scalar parameter of iteration instead of matrix parameter that
inherent to other existing iterative methods. The theoretical conclusions are confirmed by numerical



Zhanlav, T. et al. Derivative-free iterations

Comparison numerical results on Example 2

Methods CPUTime Iter 1xks1 — Xkl IF ()l ACOC
Mt 20.672 4 7.0707 x 10776 1.6644 x 107300 4.00
M3 20.594 4 7.0707 X 1077 1.6644 x 10730 4.00
M3 35.572 4 59230 x 107172 4.1262x 10788  5.00
M; 37.563 4 59230 x 107172 4.1262x 10738 5,00
M$ 20.282 4 24149 x 107219 1.0347 x 1071310 6,00
M 37.782 4 1.1978 X 107355 2.8416 X 1071893 6.00
M? 37.532 4 44919 x 107392 1,5809 x 1071811 6.00
MS; 29.656 3 7.6581 X 10756 1.9409 x 1073 6.00
MS, 37.469 4 1.1978 x 107315 2.8416 x 1071893 6.00
MS, 37.375 4 4.4919 x 107392 1,5809 x 1071811 6.00
M] 42.219 4 9.1502 X 107380 4.7631 x 1072554 7.00
M; 38.344 4 1.7236 x 1073%°  2,0037 x 1072792 7.00
M, 37.922 4 9.1502 x 10738%  4.7631 x 10726%*  7.00
M, 37.641 4 2.5776 x 107400 33521 x 107278 7.00
M$, 29.906 3 6.0681 X 10778 1.3860 x 107520 8,00
M 29.391 3 6.0681 x 10778 1.3860 x 107%2°  8.00
Ms, [18]  56.801 4 7.8477 X 107204 1.4880 x 1071216 6.00
NM7[19] 186.703 3 3.4339x 10733 5589210728  7.00
PM1[20] 57.985 3 5.8566 X 10778 9.7060 x 107%17  8.00

experiments. Based on numerical examples, one can conclude that our proposed iterations are the
most efficient and faster than the existing ones of similar nature.
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UTepayun 6e3 nponsBogHbIX B R” ¢ NOTOYEYHbIMM
onepauusamMu gis pelieHns CUCTeM HeJIMHENHbIX YPaBHEHUN

T. XXannas:2, X. Otrongopx?, B. Ynsuiibasp?, X. Ixx6asp?

1 WHCTUTYT MaTeMaTUKM 1 MHOPMaLMOHHON TexHoorumn, MoHronbckas Akagemus Hayk, YnaH-6aTop, 13330,
MoHronus

2 MoHronbckuii focypapcTBeHHbI YHnBepcuTeT Hayku u TexHonoruu, Ynau-6atop, 14191, MoHronuns

AHHOTaums. B manHoI paboTe Mbl paspabaTsiBaeM HOBOE CEMEHMCTBO UTEPAIMOHHBIX METOOB BEICOKOTO I10-
psAnka 6e3 MCIIOIh30BaHUS IPOU3BOAHBIX [JIs PELIeHUs CUCTeM HeIUHENHbIX ypaBHEHNH. B 4aCTHOCTH, MBI
IpesiaraeM YeThIpe JBYXIIaroBble CXeMbl 6€3 MCII0Ib30BaHUs IPOU3BOAHBIX C IIOPSIAKAMYU CXOJUMOCTH de-
THIPE U ISITh, & TAKKE ABEHAALIATh TPEXIIATOBBIX CXeM 63 HMCIT0JIb30BAHUS [TPOU3BOAHBIX, JOCTUTAOIINX
[IOPSLKOB CXOLUMOCTH IIeCTh, CEMb 1 BOCEMb. [yIaBHAast 0COGEHHOCTD 3TUX UTEPALNI 3aKII0YAETCS B TOM,
YTO OHM BKJIIOYAIOT BEKTOPHBIN MM AaXKe CKAIIPHBIN TapaMeTp UTepaliy BMeCTO MaTPHUYHOTO [TapaMeTpa,
IPHUCYILIETO APYTUM CYIIeCTBYOIINM UTEPAIIIOHHBIM METOJaM. DTO CTPYKTYPHOE YIIPOILeHNEe 3HAYUTEIbHO
CHIDKAET BBIYVCIUTENbHBIE 3aTPAThI, TPeOOBaHNS K XPAHEHUIO JaHHBIX 1 MaTPUYHbIe OIIePaI[ii, TEM CAMbIM
IIOBBINIAS OOIIYIO BEIYUCIUTENBHYIO 3 (DeKTUBHOCTD. IIpeicTaBlIeH aHaIN3 CXOAUMOCTH, YCTaHABIUBAIOIIUH
TEOPETUYECKUH MOPSIOK CXOANMOCTH ITPeJIaraeMbIX METOZLOB. BbiBeieHbI ToKa3aTenu 3¢ GEeKTUBHOCTH Ipej-
JIOXKEHHBIX CXeM U IIPOBEZIEHO UX CPaBHEHMe C II0Ka3aTe sIMU HECKOJIbKUX M3BECTHBIX UTEPALIIOHHBIX METO0B
6e3 MCIT0/Ib30BAaHUS IPOU3BOAHBIX. YHCIeHHbIe S9KCIIEPUMEHTHI Ha CTAHZAPTHBIX aKaJleMUYeCKUX 3aadax
[IOATBEPKIAIOT TEOPETUIECKIIE PE3Y/IBTATHL U EMOHCTPUPYIOT, YTO IIPE/JIOKEHHBIE METO/BI SIBJISIOTCS KOH-
KypPEHTOCIIOCOOHBIMU 1 BO MHOTUX CIy4asiX IPEBOCXOJAT JPYrye MeTOAbI C TOYKY 3peHns 3pheKTUBHOCTH
Y yCTOMYKUBOCTH.

KnioueBble cnoBa: HeJMHeNHbIe CUCTEMBI, UTepauy 6e3 IpoMu3BOAHbIX, NHAEKC 3DPEeKTUBHOCTH, IIOPIAOK
CXOMMOCTHU
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Abstract. Background Currently, incidents, including fires on board of aircrafts during takeoff and landing, are
becoming more frequent. To address this issue, we introduce new models of fire propagation dynamics and the
evacuation process for aircraft passengers, accounting for their physical interactions, along with an integrated
model combining such processes as the spread of fire, smoke, and temperature. Nowadays aviation incidents
involving onboard fires occur regularly, often resulting in traumas among passengers, as well as material damage.
Purpose The main purpose of this study is to create integrated models that enable analysis of aircraft evacuation
under various fire hazard scenarios. Much attention is given to using these models to analyze the process of
leaving the aircraft, taking into account various scenarios of the spread of damaging fire factors, which will
allow us to develop an optimal sequence of actions for each particular situation. Method It uses mathematical
apparatus of the multi-dimensional cellular automata to describe fire spread, dividing the aircraft into cubic
cells with 4 states: burning, burned, consisting of combustible, and non-combustible materials. Calculation of
the probabilities of combustion is based on the influence of the neighboring cells, while evacuation models
incorporate multi-agent approaches considering passengers’ movements, physical contacts, and hazardous
factor distributions. The model was created, and graphs were obtained using Python 3.12. Results The results
indicate that the integrated model accurately simulates fire dynamics and evacuation interactions, allowing us to
analyze different scenarios to make scenario-based predictions of optimal post-accident exit routes. The model
was implemented for two scenarios: a fire in the left engine of the Embraer E-190 and Airbus A320-100 aircraft.
Conclusions Based on the findings, it can be concluded that this approach facilitates decision support systems for
enhancing safety during ground-based aircraft fires, providing the model for analyzing and minimizing risks in
sudden emergencies.

Key words and phrases: multi-agent model, passenger evacuation, fire, aircraft

For citation: Baklashov, A. S., Filimonyuk, L. Y. Simulation of the evacuation of passengers and crew from aircraft during a fire
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1. Introduction

Aviation incidents involving fires on board of aircrafts are regularly recorded in Russia and worldwide
[1-3]. Such incidents often result in injuries and even victims among passengers and crew members.
Nevertheless, in nearly all cases, they cause substantial material damage [4].

© 2026 Baklashov, A. S., Filimonyuk, L. Y.
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Strict guidelines exist [5] that regulate the actions of the crew and passengers during aircraft
evacuation. However, these guidelines are typically applicable in certain key details only to specific
aircraft types and cannot be effectively implemented in a general context [6].

At the same time, it is important to note that analysis of statistical data reveals a notable trend
driven by the increasing adoption of onboard decision support systems [7]. The relative proportion
of “sudden” accidents, where there is virtually no time for decision-making, has been rising over the
years compared to “anticipated” accidents, which allow sufficient time for preparing the aircraft for
landing and subsequent evacuation [8].

In this field of research, we cannot ignore works about crowds in confined spaces [9, 10] and their
behavior dictated by people’s psychological features [11-13]. However, these works don’t take into
account the features of enclosed spaces such as the cabin of the aircraft.

Both domestic and international researchers conducted studies on modeling fire dynamics in
confined spaces [14-17]. However, these works are primarily useful for analyzing individual hazardous
factors. Some of the models considering people’s interaction neglect the effects of physical connection
and inertial forces between agents [18, 19]. This limitation can be addressed through the application
of integrated model research findings [20-23], although these models, in turn, do not account for the
unique characteristics of fires occurring on board of aircrafts.

This determines the relevance of research focused on developing integrated models that allow
simultaneous consideration of diverse hazardous factors during emergency landings (e.g., the spread
of carbon monoxide, high combustion temperatures, flooding in water landings, and others). Such
models can be employed to analyze the aircraft evacuation process under various scenarios of
hazardous factor spreading, thereby allowing the development of optimal action sequences for each
specific situation.

1.1. Structure of the paper

The article includes several sections, each addressing a specific aspect of the research:

The section “Theoretical Basis” defines models of spreading fire and carbon monoxide, and
mathematical model of people evacuation from the plane.

The section “Results” presents the graphs obtained by application of the model in specific
conditions.

The section “Discussion” summarizes the experimental findings.

The section “Conclusion” outlines the main outcomes and discusses directions for future research.

2. Theoretical Basis

2.1. Problem statement

The specific problem addressed in this study is the development of new models for the dynamics
of fire propagation and the evacuation process of aircraft crew and passengers, taking into account
their physical interactions. It also includes development of the integrated model that combines the
processes of fire, smoke, and temperature spread with evacuation.
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2.2. Proposed mathematical models of the spread of fire hazards on board an aircraft
2.2.1. Fire propagation model

We propose to use the mathematical framework of multidimensional cellular automata for describing
the fire propagation process.

The aircraft, including the volume of the passenger cabin and the cockpit, is discretized into cubic
cells. This yields a three-dimensional grid A = {a;j;, |0 < i <n, 0 < j <m, 0 < k < I}, where n,
m, | denote the number of cubes along the horizontal, vertical, and height axes, respectively; c; ik
represents the elementary cube (EC) at coordinates (i, j, k).

Let

- F, be the set of ECs where combustion is occurring at the given time instant.

- V, be the set of ECs where the material has fully burned out, preventing any further combustion.

- M; be the set of ECs where combustion is fundamentally possible due to the presence of
combustible material but has not yet initiated at time ¢.

- N be the set of ECs where fire is impossible (non-combustible material).

The direction of fire propagation at time ¢ + 1 is governed by the ignition probability Pij.k of an EC
in state I, (a state that subsequently assumes values from the aforementioned sets). The ignition
probability of an EC can be determined via the expression:

where v; i is the fire propagation velocity of the material composing EC c;jy; fitjk is a parameter
characterizing the state of neighboring ECs; and dt is the model time step.
The parameter fi’jk is calculated using the formula:

t t t t
Fijk = 3qijk1 + 24ijix + dijies»

where g jk1 is the number of ECs sharing a face with the considered EC, where combustion is occurring
at time ¢. Their coordinates (see Table 1): (i, j,k + 1), (i — 1, j, k), (i, j — 1,k), (i, j + 1,k), (i + 1, j, k),
G J, k—=1);

qiji is the number of ECs sharing an edge but not a face with the considered EC, where combustion
is occurring at time ¢. Their coordinates (see Table 1): (i — 1, j,k+ 1), (i,j — 1,k +1),(i,j + 1,k + 1),
G(+1,j,k+1),(i—=1,j—1,k), (i=1,j+1,k), (i+1,j—1,k), (i+1,j+1,k), (i—1, j,k=1), (i, j— 1, k—1),
(G, j+1L,k=1),>0+1,j,k-1)

q}jks is the number of ECs sharing a vertex but neither an edge nor a face with the considered
EC, where combustion is occurring at time ¢t. Their coordinates (see Table 1): (i —1,j — 1,k + 1),
(i-1,j+Lk+1),>0+1,j-Lk+1),0+1,j+1,k+1),(—-1,j—1,k—-1),(—-1,j+ 1,k —1),
(i+1,j—-1,k-1),>G(+1,j+1,k-1).

The parameter fi;k can take one of the values 0, 1, 2, ..., 50, determined according to the following
principle (see Fig. 1 and Table 2).

Each non-boundary elementary cube has:

- 6 ECs sharing a common face with the considered EC, and each of these six takes the value 3.

- 12 ECs sharing a common edge but not a face with the considered EC, and each of these 12 takes
the value 2.

- 8 ECs sharing a common vertex but not a face or edge with the considered EC, and each of these 8
takes the value 1.
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Table 1
Coordinates of neighboring elementary cubes to the considered one
Upper row of EC Middle row of EC Lower row of EC
(i-1, j+1, (i, j+1, (i+1, j+1, (i-1, j+1, (i,j+1, k) (i+1, j+1, (i-1, j+1, (i, j+1, (i+1, j+1,
k+1) k+1) k+1) k) k) k-1) k-1) k-1)
(-1}, @i, j, k+1) (i+1, ], (-1,j, k) @i,j, k) (+L,j,k)  @(Ljk1) G kD (i+1, ],
k+1) k+1) k-1)
(i-1,j-1, @G,j1, (i+1,j-1,  (-Ljl, k) (,jLK) (i+1, j-1, (-L,j1,  GjLk1) (L1,
k+1) k+1) k+1) k) k-1) k-1)

Figure 1. Graphical representation of the EC (highlighted in red) and all its neighboring elementary cubes

fitjk will be equal to the sum of the values of neighboring burning ECs.

This value is chosen based on the fact that the distance between the centers of ECs sharing
a common face with the considered EC is smaller than the distance between the centers of ECs
sharing a common edge. At the same time, it is still smaller than between the centers of ECs sharing
a common vertex with the considered EC.

For edge ECs, the parameter f; can take a value from the set {0, 1,2, ..., 35}, and for corner ones —
from{0,1,2,...,24}.

The elementary cube transitions from the burning state at moment ¢ to the burned state at ¢t + 1, if
no combustible mass remains in it. For each EC q;, the mass of combustible substance m;j; and
burning speed v; are specified.

The mass of the combustible substance of the combustible material m; . is determined as follows:

t+1 _ t

Mije = Miji — Vijk dt.

Figure 2 shows an example of fire propagation on board a twin-engine aircraft.

2.2.2. Carbon monoxide propagation model

In the proposed model, the mass of combustible material in each burning EC changes according to
the relation
t+1 to_

Mije = Mijic = Vijk dt.
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Table 2
Values of the terms in the parameter f f ik for neighboring elementary cubes
Upper row of EC Middle row of EC Lower row of EC
1 2 1 2 3 2 1 2 1
2 3 2 3 EC 3 2 3 2
1 2 1 2 3 2 1 2 1

Frraeaaal
C E«:‘_%; , :

Figure 2. Dynamics of fire propagation on board an aircraft during an engine fire

During combustion, carbon monoxide is emitted. The volume of this emission depends on the
type of material being burned. The density of carbon monoxide ;i in the elementary cube a;
increases according to the relation:

t+1
Hite = M+ Uijivije dt/h3,
where Uy is the CO emission coefficient of the burning material, 3 is the cell volume.
The propagation of carbon monoxide is determined by the expression:

t+1 _ t ’ ’ t t
Mijre = Mijic + dijk Do diut - Miji)s
seSi’jk
4

where d;j, ds are coefficients regulating the rate of carbon monoxide propagation; ut is the density
of carbon monoxide for EC.

2.3. Mathematical model of the evacuation process of people from the aircraft

In the proposed mathematical model of the evacuation process, the following objects will be
considered:
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YA

v(t) The passenger’s projection
onto the xOy plane

Vector b(t), specifying the coordinates of the
center of the passenger’s projection onto
the xOy plane

\ 4

Figure 3. Model of the passenger projected onto the xOy plane

1. A finite set of obstacles in the aircraft cabin, each represented by parameters: (xyy, yy/) are the
coordinates of the lower left corner, Xy and yy-y — their length and width, respectively.

2. Afinite set of exits from the aircraft, specified by the coordinates of the lower left corner (xg, yg),
width and length of the opening x5 and yy 5. The exit zone outside of the aircraft should be
located at some distance from the door opening, as after exiting the aircraft, the passenger in
some cases still influences the evacuation process.

3. Afinite set of evacuating passengers, which we will consider as a set of their projections onto
the xOy plane in the form of circles (see Figure 3). The coordinates of these passengers are the
centers of the corresponding circles.

4. A finite set of evacuation zones, each specified by parameters: (x,y;) are the coordinates of
the lower left corner of the evacuation zone, xy 7 and yy,, — its length and width, respectively.
It is assumed that passengers are located within these zones at the initial moment of evacuation.

The parameters considered in the model for passengers (or agents in terms of multi-agent systems
theory):

- vector b(t), specifying the coordinates of the center of the passenger’s projection onto the xOy
plane.

- r— projection radius.

- m — human mass.

- u(t) — velocity vector of movement.

- a(t) — acceleration vector of movement.

- Umax — Maximum possible speed.

- Qmax — Maximum possible acceleration.

Figure 3 shows the passenger’s projection onto the xOy plane.

In the proposed model, the law of motion for passengers is determined by the relations:
b(t + At) = b(t) + v(t)At,
u(t + At) = v(t) + a(t)At,

where At is the model time step.
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Passenger speeds change during collisions. We will consider collisions as partially elastic impacts.
To describe a partially elastic collision, we introduce a restitution coefficient 0 < R < 1. We calculate
the normal components of the motion velocities to the common tangent plane to the surfaces of the
colliding bodies at their contact point (collision plane) after the impact in a partially elastic impact
using the formulas:

m;vLy, + myv m;Vy, + Myv
1%1n 22n, p2n=—RU2n+(1+R) 1¥1n 22n.

= —Rv;, +(1+R
Pin 1in ( ) my, + m, my + m,

)

Here, v,, and v,, are the normal projections of the passengers’ motion velocities to the collision
plane before the impact, and p;,, and p,, are the normal projections of the passengers’ motion
velocities to the collision plane after the impact; m, and m, are the masses of the colliding agents. We
assume that the tangential projections of the velocities to the collision plane do not change during
the impact.

When a passenger collides with an obstacle, the projection of their motion velocity that is in parallel
to the obstacle does not change. The other projection changes its sign to the opposite and decreases
its value depending on R.

Let us determine the direction of the acceleration vector a(t) for each passenger, assuming that
each strives to reach the nearest aircraft exit as quickly as possible. For this, let us introduce the
concept of the optimal (from the passenger’s perspective) velocity vector v, (t), approximating the
passenger to the chosen exit and allowing avoidance of collisions with obstacles such as the other
passengers and obstacles. Also, the actual speed and direction of the agent’s movement v(t) may
change due to these collisions. Then, it can be considered that passengers move with acceleration
a(t), whose absolute magnitude depends on physical capabilities: |a(t)| = apay, and the direction
matches with the direction of vo(t) — v(t). If v,(t) = v(1), it is considered that the agent moves
without acceleration. The absolute magnitude of acceleration is always at its maximum value, except
in the cases when the passenger is already moving with maximum speed. It can be explained by the
stressful situation and the passenger’s desire to leave the aircraft as quickly as possible.

The absolute magnitude of the optimal velocity v,y (t) is bounded above by the agent’s physical
capabilities, namely the speed v,,. If there are no obstacles ahead along the route, then
[Vopt(H)] = Umax- To avoid collision with other agents along the route, the absolute magnitude |v,p(£)|
may decrease.

Let us consider the approach to choosing the vector vy (t). Let w be the vector specifying the
direction to the nearest exit, accounting for the cabin layout. The vector w is an attribute of the space
cell where the agent is located and is determined by the positions of obstacles and exit zones. Let h,
be the distance from the agent’s center to the nearest obstacle in the motion direction at angle y to w,
B is the given critical distance, r is the radius of the passenger’s projection onto the xOy plane.

Consequently, the absolute magnitude of the optimal speed v, (¥) of the passenger in the motion
direction at angle y to the vector w can be calculated by formula:

Umnax if hy>B+r,
Uyopt(}/) = W ifr< hy <B+r,
0 if h, <.

Passengers’ physical capabilities vary, so each passenger must have individual values of v,,,, and

amax‘
Let us introduce the function g(y):
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8(7) = vyop(y) cos(y), vy € [-7/2,7/2]. @)

It can be inferred from formula (3) that the angle « between the vectors v, and w is defined as the
angle at which the function g(y) is maximal.
The absolute magnitude of v, determined as:

|Uopt| = U}/opt(a)-

The presented method for choosing v, allows the agent to maneuver between other agents, aiming
to avoid collisions and approach the nearest exit faster (assuming the passenger knows where the
exit is).

Thus, the choice of the optimal velocity vector v, accounts for the cabin layout and the positions
of other agents. This vector must be recalculated for each passenger at each model time step At.
Agents also exhibit additional properties such as heterogeneity due to differences in their mass and
projection radius, as well as goal-directedness, since all presented passengers strive to exit the aircraft
cabin.

Furthermore, we have to consider the impact of carbon monoxide spreading on the velocity of
agents. This impact can be calculated by formula:

Umax» lf /"ijk S 01,

’
Umax -

Upay - Max (0.6, 1 — 1.1 - pyjx),  if > 0.1

It should be noted that the presented model also includes known attributes such as the angle and
range of the agent’s view of the surrounding space, moment of inertia, and head rotation angle. The
direction leading the agent to the exit (considering obstacles) is determined by the vector w. The
agent’s view angle can be considered equal to 180°, since y € [—7/2, /2], i.e., the agent analyzes all
possible alternatives for movement in the plane ahead.

Since the agent calculates the optimal speed values based on analyzing the situation within the
critical zone, the agent’s view range is at least B.

Part of the energy during impact transfers to rotational motion. In the model, these energy losses
are accounted for by the restitution coefficient.

2.4. Algorithm for modeling the evacuation process

We created an algorithm for modeling emergency situations (an event of fire on the ground in our
case) consisting of such steps:

1. Inputinitial data: cabin dimensions, coordinates of obstacles, exits from the cabin, number of
agents and their parameters.

Generate agents inside evacuation zones according to seating positions.

Calculate v,y for each agent.

Calculate a for each agent.

Calculate v for each agent.

Calculate b for each agent.

Check for collisions for each pair of agents. If a collision occurs, recalculate velocities.

Check collisions with obstacles for each agent. If a collision occurs, recalculate velocities.
Check the condition for reaching the emergency exit for each agent. If the agent has reached
the exit, exclude them from the list.

VXN ®WN
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10. Collect and store statistics. If no passengers remain in the cabin, proceed to step 12.
11. Proceed to the next model time step. Go to step 3.

12. Display the results of the experiments (graphs of functions).

13. Go to step 1 (upon user request).

The model is created according to this algorithm.

3. Results

The model was built using Python 3 according to the proposed theoretical basis, the application of
the mathematical apparatus of multidimensional cellular automata, and the rules of mathematical
models of fire and carbon monoxide propagation. Also, a mathematical model of the evacuation of
passengers was implemented.

All of the mentioned models were integrated into the program according to the algorithm suggested
in Section 2.4.

The results include graphs of the dependence between the time and passengers evacuated, as well
as of the dependence between the time and burned cubes.

The scenario of the model is the combustion of the left engine of an aircraft. One of the model
conventions is the fact that the fire begins its propagation from the cabin (exactly from the part of
the cabin in front of the left engine).

The graphs introduced for the aircraft models, such as the Embraer E-190 with 100 seats and a full
load of passengers and the Airbus A320-100 with 150 seats and also a full load of passengers.

Let us introduce the common parameters of the model for Airbus A320-100 and Embraer E-190.
(see Table 3).

As we can observe, the parameters in question are primarily relevant to passengers and the general
model configuration. A uniform distribution is set for the parameters that are calculated at each step
of the algorithm.

Also, there are differing parameters to consider (see Table 4).

Figures 4, 5 display the dynamic of evacuation from the aircraft and fire propagation via displaying
the cubic cells that have been burned.

In comparing the scenarios for the Embraer E-190 and Airbus A320-100, it is noted that the bigger
A320, accommodating 50% more passengers and featuring a broader cabin, requires approximately
50 seconds longer for total evacuation (140 seconds against 90 seconds). Meanwhile, the fire extends
to 43 additional burned cells, and the time increases to 140 seconds, illustrating how larger cabin
volume and passengers’ capacity affect the model. The uniform distribution applied for parameters
like Upaxs Qmax, ¥ and m makes this model and the result more realistic. These findings highlight the
vital role of right exits and evacuation zone locations.

4. Discussion

The results obtained from the integrated model show that combining cellular automata for fire and
carbon monoxide propagation with the dynamics of agent evacuation provides a method to predict
the evacuation process from aircraft in the event of a fire on the ground.

For example, in the Embraer E-190 case (Fig. 4), 100 passengers could evacuate in about 90 seconds
when only 94 cubic cells was burned. As the maximum count of burning EC is 528, and for this time
only 94 of them were burned, this time is enough to evacuate all of the passengers without injuries.
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Table 3
Common parameters of the E190 and A320 models

Parameter Value Description
Cell size 0.5m Size of elementary cube (EC) in
meters

Time step At 0.05s Model time step
Restitution coefficient R 0.2 Coefficient for collision handling
Critical distance B 2.0m Distance for optimal velocity
calculation

Initial temperature 20°C Initial EC temperature

. . 1.2-1.8 m/s .
Maximum agent velocity vy (uniform distri]/aution) Maximum speed of agents
. . 2.0-4.0 m/s? . .
Maximum acceleration a,, (uniform distribution) Maximum acceleration of agents
. . 0-8s .
Reaction time . ol Delay before agent starts moving
(uniform distribution)
0.20-0.28 m
Agent radius r . e Radius of projection for agents
& (uniform distribution) Pro] &
50-90 kg

Agent mass m

(uniform distribution)

Mass of agents

Table 4

Differing parameters of the E190 and A320 models

Parameter E190 Value A320 Value
Aircraft model Embraer E190 Airbus A320-100
Number of passengers 100 150
Cabin length 25.0m 27.5m
Cabin width 2.74m 3.70 m
Cabin height 2.0m 2.22m
Grid size 52x7x6 57x9x6
Engine fire position (26, 0, 0) (28, 0, 0)
Max. burning EC 528 682
Number of exits 4 6

Seat configuration 2+2 3+3
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Figure 5. Dynamic of evacuation from the aircraft / fire propagation for Airbus A320-100

At the same time, the Airbus A320-100 scenario (Fig. 5) took longer, around 140 seconds for 150
passengers with 137 cells affected. These results are obtained because of the larger cabin and more
people involved.

The fire spread follows a smoothly growing curve due to the mechanism of neighbor influences
in the automata, as does the curve of evacuation in both cases. It follows from this that physical
interactions, like passenger collisions handled through restitution coefficients (Eq. (2)), and hazard
progression (Eg. (1)) lead to accurate and realistic results of the model.
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There are no major deviations in the graphs. The variability of the random starting conditions
(e.g., reaction times 0-8 s) confirming the model’s stability. The suggested approach stands out by its
simple adaptation to aircraft specifics and could feed into real decision-support tools to cut down on
casualties in the “sudden” incidents.

There is a perspective for the future work, as could be added more data for the output in the model,
such as detailed temperature maps, a map of cabin and burned cubes etc. Overall, this research
enhances the importance of comprehensive models for aviation safety. This research could reduce
sudden accidents by generating results for different scenarios and considering them when designing
aircraft.

5. Conclusion

A complex of mathematical models and algorithms has been developed that enables the simulation
of situations arising during aircraft fires, the calculation of the dynamics of hazardous fire factors,
and passenger evacuation under the spread of these factors.

The integrated model of the dynamics of hazardous fire factors development and the process of
evacuating passengers and crew from the aircraft is built on the basis of the mathematical apparatus
of cellular automata and multi-agent systems.

It is proposed to use the integrated model for analyzing the process of leaving the aircraft, taking
into account various scenarios of the spread of fire’s hazardous factors, which will allow developing
optimal lists of actions for each specific situation.
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MopaenunpoBaHue 3BaKyaL M NacCaXKMpoB U IKUMaXKa
N3 BO3AYyLWHbIX CyAOB NMpU noXape Ha 3eMne

A. C. baknawos, /1. FO. DnnnmoHok

WHCTUTYT Nnpobnem ynpaeneHus um. B. A. TpanesHnkoBa PoCcuIACKON akageMum Hayk,
yn. NMpodcotosHas, g. 65, Mocksa, 117997, Poccuiickas degepauus

AHHoTaums. ITpednocuiaku B HacTosIIee BpeMst IPOUCIIECTBYS, B TOM YHCJIe IIOXKaphl Ha HOPTy camoiéra npu
B3JIeTe/IocaKe, BOSHUKAIOT BCE yare. [l MCCIel0BaHNUs 3TOM IIpo6IeMbl B CTaThe IIPeCTaBIeHbl HOBbIE MO-
Jeny AMHAMUKY PaclpoCTPpaHeHUd MoXapa U IIpoliecca 3BaKyaliy acCAKUPOB BO3AYIIHOTO CyAHA C YIETOM
rx GU3NYECKOTO B3aMO/IeCTBY, a TAKKe HHTETPUPOBAHHAA MO/ie/Ib, 00'beIUHAIONAs IIPOIECCH, TAKKEe KaK
pacmpocTpaHeHMe OTHs, JbIMa U TeMIiepaTyphl. Lleab OCHOBHas 11e/b JaHHOTO MCCIe0BaHMs 3aKII049aeTcs
B CO3JJaHUU KOMILJIEKCHBIX MOZIeJIel, TO3BOJIIOINX aHATU3UPOBATh IIPOIleCC SBaKyally U3 BO3AYIIHOTO CYZ-
Ha IIpY PasiINYHbIX cleHapusx. Ocoboe BHUMaHME YAEJSeTCS UCII0NIb30BAHUIO 9TUX MOZeel sl aHaIn3a
Ipoliecca IMOKUJaHUs CaMOJIETa C YIETOM Pa3JIMYHBIX CIleHAPHEB PACIIPOCTPAHEHNUS IIOPAXKAIOIINX (PaKTOPOB
IIOKapa, YTO II03BOJIUT pa3paboTaTh ONTUMATIbHYIO II0CAEA0BATEIbHOCTD IeHCTBUN AJI KXK/A0H KOHKPET-
HOM cuTyanuu. Memodsl [l ONMCaHYS PacIpPOCTPaHEeHUs Or'HS HUCIIOIb3yeTCs MaTeMaTUYeCKUH annapar
MHOTOMEPHBIX KJIETOYHBIX aBTOMATOB, Pa3fesIolUX BO3AYIIHOE CYAHO Ha KyOudecKye T9eiiKy, KOTOPBIM
IIPUCBANBAIOTCS 4 Pa3IUIHBIX COCTOSIHUS: TOPEHMS, BRITOPEBIIIETO, COCTOSIIIETO M3 FOPIOYETO M HETOPIOYETO
MaTepHraaoB. BeposaTHOCTU BO3ropaHUs pacCYMTHIBAIOTCS Ha OCHOBe BIMSHHUSA COCEJHUX gUeeK, a MoJle/I1 3Ba-
Kyaluu o6beJuHSIOT B cebe My/IbTHareHTHBIE TOAXO0 b, YIUTHIBAIOIIME ABIDKEHHS [TaCCAXUPOB, GU3UIECKHe
KOHTAKTHI U pacIipefieleH s onacHbIxX GakTopoB. Mozess 6bu1a co3faHa 1 rpa UKy [MOIyIeHs! C UCIIOIb30Ba-
HUeM sI3bIKa IIporpaMMupoBanus Python 3.12. Pe3yavmamul Pe3ynpTaTsl I0Ka3bIBAIOT, YTO MHTETPUPOBAHHAS
MOZieJIb TOYHO CUMYJIUpPYeT AUHAMUKY IIoXKapa U AeHCTBUS IacCaXUPOB IIPU 3BaKyanuu. Takke oHa I03BO-
JIIeT aHAIN3UPOBATh PA3IUIHBIE CLIIEHAPUU /JIS IPOTHO3MPOBAHUS ONITUMAJIbHBIX Iy TeH 9BAaKyalllH II0CIe
aBapuy. Mogesnb Oblia peann3oBaHa s JBYX CLIeHApUeB: BO3TOPaHUs B IEBOM ABUrarese camonéros Embraer
E-190 u Airbus A320-100. 3akatoueHue B 3aki04eHIE MOXXHO KOHCTaTUPOBATh, YTO IIPeI0KEeHHBIH IIOAXOZ,
CIOCOBCTBYeT pa3paboTKe CUCTEM MOAJEPKKY [IPUHATHUS PEIIeHUH, He06XO[UMBbIX JIJIsI [TOBBILIeHMsI Ge3omac-
HOCTH IIPU NO)KapaxX Ha BO3JYIIHBIX Cy/ax Ha 3eMJle, IpeZjiaras Mojesb A aHaIn3a U MUHUIMHU3aI Y PUCKOB
B YCJIOBHSIX BHE3AITHBIX YPE3BbIYANHBIX CUTYaIIUH.

Knioyesble cnosa: MyJIbTHAareHTHada MOZeJIb, 3BaKyallid I1aCCaXXNPOB, I103Kap, BO3AYIIHOE CYyTHO
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Abstract. Background In a previous article we discussed the use of dual quaternions for modeling points, lines
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1. Introduction

In the previous article [1], we considered parabolic biquaternions (dual quaternions), the discovery
of which is attributed to W. Clifford and systematic study began later in the works of E. Study [2, 3]
and A. P. Kotelnikov [4] including under the guise of the theory of screws [5-9].

This article logically continues the previous one [1] and focuses on the application of dual
quaternions to the description of isometries (proper and improper motions) of three-dimensional
space. There are two main objectives.

- Output the necessary formulas for calculating all possible movements of three-dimensional
space for points, lines and planes. These movements include rotations, translations (parallel
transfers), and mirror symmetries.

- Inthe process of deducing formulas, illustrate the work of mathematical formalism, for which
the conclusion is given in great detail, with all the details. A number of quaternion formulas
have also been preliminarily obtained, also for the purpose of illustrating the notation.

© 2026 Abakumova, O. M., Gevorkyan, M. N., Korolkova, A. V., Kulyabov, D. S.
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As a novelty of the paper we can mention the description of not only the movement of lines (or
screws, as it is done in the fundamental monograph [10]), but also points and planes, as well as
consideration of reflections, which is rare in the literature. In the process, we relied on books [11-13],
however, we also provide a number of new formulas. We also base our conclusion on the principle of
Kotelnikov-Study transference, which is apparently unknown in foreign papers.

Dual quaternions have significant applied importance, as evidenced by publications on the topic [14-
19]. In this article, we do not provide any software implementations, since adding this material
would make it necessary to shorten the calculations. Examples of software implementation and an
illustration of the operation of all the formulas obtained are planned in further publications by the
authors.

1.1. Structure of the paper

The article consists of an introduction, 2 parts and a conclusion listing the results.

In the first part of the article, the quaternionic rotation formula is derived. The conclusion is
based on the Rodrigues formula, which can be obtained from relatively elementary geometric
constructions. The relation of quaternions to rotation matrices is shown below. Much attention
is paid to the algorithm for calculating the rotation quaternion according to a given matrix. This
algorithm takes into account the problem of rounding when working with floating-point numbers. In
the last paragraph, a formula is derived for reflection relative to a plane, including one that does not
pass through the origin.

The second partis the main one. It begins with the formulation of the Kotelnikov-Rudy transference
principle. Next, this principle is applied to the quaternionic formula of rotation, which allows you
to immediately obtain a dual quaternionic formula of helical motion for a straight line. The dual
quaternion of helical motion is written out explicitly and a number of properties are proved for it.
Next, it is divided into translational and rotational parts, and their actions on the direct line are
studied separately. By creating compositions from these parts, it is possible to describe more complex
cases, for example, the mismatch of the axis of rotation with the axis of translation.

Further, using the duality principle allows us to generalize the formula of helical motion to the
cases of points and planes. For these cases, explicit formulas for pure translation and pure rotation
are also given in detail.

This part ends with the derivation of dual quaternion formulas for reflecting straight lines, points,
and planes relative to an arbitrary plane.

1.2. Notations and conventions

The following naming conventions are accepted in this article

Quaternions are indicated by lowercase Latin letters from the end of the alphabet: p, q, r. The

components of the quaternions are indicated by the same letters, but with the indexes p,, p, etc.

- Dual quaternions are indicated by uppercase Latin letters from the end of the alphabet: P, Q, R.
The components of the quaternions are indicated by the same letters, but with the indexes R,
R, etc.

- Vectors and pure quaternions are indicated by lowercase bold Latin letters: q, v, etc.

- Pure dual quaternions are indicated by uppercase bold Latin letters: Q, V, etc.

- Individual scalars (real numbers) are denoted by the Greek letters «, 3, etc.
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To avoid ambiguity in the notation system, we do not use multiple quaternions and dual quaternions
designated by the same letter, but distinguished by an index. The only exceptions are dual quaternions
of points, lines, and planes, the components of which are denoted by letters other than the letters
denoting these dual quaternions.

1.3. Description of geometric motion in three-dimensional space using quaternions

By motion in Euclidean space we mean an affine transformation that preserves the scalar product
(metric). An affine transformation can be written as:
Motion in three-dimensional space is reduced to three:

- translation (parallel translation);
- rotation;
- reflection.

The linear part of the affine transformation is responsible for the rotation.

1.4. Rotations using quaternions

1.4.1. Sandwich formula for quaternion rotation of a point

The quaternion formula for rotating a point about an axis passing through the origin is widely
known [20, 21]. Let a unit quaternion be given

A=290+ =90+ 4i+ )+ A3k, Ay =cos 2 A; =sin gai,

where a = (a;,a,,a3)7 is the direction vector of the rotation axis passing through the origin, and
6 is the magnitude of the rotation angle. Then, for a point P with homogeneous coordinates
P = (x,y,z | w), given in quaternion form as p = wo + xi + yj + zk, the following sandwich formula
holds:

p' = ApZ,

where p’ is a quaternion that specifies the homogeneous coordinates of the point P’, into which the
original point P has passed after the rotation.

Note that the interpretation of the scalar component of the quaternion p as a homogeneous
coordinate w is not often encountered in the literature, and here we rely on the sources [12].

Let us prove the above formula purely algebraically using the Rodrigues formula in the Rodrigues-
Hamilton form. Recall that this formula in the space R? is written as

P =p+2Xp+2x(Xp),

where p is the radius vector defining the initial position of the point P, and 4, 4, 4,, 45 are the
Rodrigues-Hamilton parameters that completely coincide with the components of the quaternion 1
and obey the condition 4% + |||> = 1. The proof of the Rodrigues-Hamilton formula does not use the
concept of quaternions in any way, so if we transform it so as to replace vector multiplication with
quaternion multiplication and the components 4; with the quaternion 4, then we will also prove the
quaternion sandwich formula.

We transform the Rodrigues-Hamilton formula using the normalization 43 + |||? = 1

P =G+ PP +22 Xxp+2x(Xp) =P+ I’P+ 24 Xp+2X (X Pp).
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Using the formula a X (b X ¢) = b(a, ¢) — c(a, b) we write
x(xp)=(p)—pG)=(p) - pllI%
and substitute into the Rodrigues-Hamilton formula
P =4p+IIPP+20Xp+(P)—plI*+ X (XP) =P +21o X P+ (P) + X (XP).

We make the following transformation: X (X p) = —( X p) X and add a dummy term ( X p,) = 0.
Equality to zero is true due to X p L, then

P =A2p+2oxp+(p)—(—=(xp,)+(xp)x)

Let us now temporarily, within the limits of this derivation, denote quaternion multiplication by
the symbol o and interpret all vectors in the formula as pure quaternions. We write

—(xp)+(xp)x =(xp)e u (p)=(pe.
and also replace 2 X p = o p — p o and continue transforming the Rodrigues-Hamilton formula:
P =4p+220xp+ (o +(Xp)o =P+ A(ep—po)—(—(P)+ Xp)o =

=P+ Ao(ep—po)—(op)o =Ggp—Agpo +Agop—(op)o =A(Aep—Pe)+dgop—(op)o =
=Aopo(do =)+ opo(dg—)=Aep+ cp)o(Ao—) =g+ )opo(dy—)

As a result, we obtained a sandwich formula:
pP=@ot+)opo(dg—)=Acpol”
Due to A1* = 1 we can finally write:
pP=w+p =will +Aopol =do(w+p)od"=>p =1opol.
1.4.2. Calculating a rotation matrix given a rotation quaternion
Let’s use the Rodrigues formula, written in terms of the Rodrigues-Hamilton coefficients
P=pP+2,Xp+2X Xp,
but let us represent the vector product in matrix form as follows:
0 -4 4 ||p¢

X P= Ap = 13 0 —/11 D2
A A 0 p3

0 A A 0 -4 A4 ||m;
XXp=AAP)=AP=| 2, o 4|l o —Allp]=
0 —lz

-4 A A 0 2]
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-(B+3) M, s p1
= M, -B+2) A3 p2 |
A3 Ads - +28)]1p;

where A is a matrix composed of the components of the vector part of the unit quaternion . Now
Rodrigues’ formula can be rewritten in matrix form as follows:

P’ = Ip + 22Ap + 2A%p = (I + 22A + 2A%)p,

1 0 0 0 22015 220,
I+20A+2/4% =10 1 of+] 22015 0 =204 |t
0 0 1 =201, 24oA4 0
—2(% +2%) 2442, 24415 1-22+243) 24, —Agds)  2(Apd, + 4145)
= 244, —2(2 +22) 2M,45 =120pAs + 4dy) 1=2B +3) 245 — Aody)
2125 20,25 =202 + 22) 23 — Agdy)  2(AoAy +Ax45) 1 —2(42 + A3)

+B=-B-25 20— As) 2(Ao2; + A143)
=l 23+ B-H+B-4 24— Aody)
2(A4145 — Ao42) 2o +A243) - K-B+ 4

The last matrix was obtained by replacing 1 = 2 + ||q|| = 2 + 2 + 24.

1.4.3. Calculating a rotation quaternion from a given rotation matrix

Here we present an algorithm for calculating the coefficients of a quaternion A given a rotation matrix
R. The algorithm follows the calculation method described in [22, pp. 90-94], which allows for some
compensation for the loss of precision when working with floating-point numbers.

Let us write the rotation matrix in quaternion form

1-25+23) 20— 20d3) 24123 — Agdy)
R=12ds + 11;) 1=28 +23) 2445 — Aohy)
2 — AgAy)  2(AA5 + Ady)  1—2(05 +43)

6, . 06 . . 6
where A = cos 5 tsins, = Al + Ayj + A3k, 4g = cos 5H [4] = 1.
Note that 1 and —1 define the same rotation, since the minus sign is neutralized in the sandwich

formula

(=D)p(-1)* = Apx".
This property allows us to choose the sign before the quaternion so that the scalar part is always
positive. If 1, > 0, then we can store only three vector components 4, 4,, 13, and calculate the scalar

part from the unity condition Ay = 4/1 =[] = /1 — £ — 43 — 4% and choose a positive sign before the
root.
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Let us represent the matrix R as coefficients r}, where i = 1,2, 3 is the column index, and j is the
row index
nor o
R=|7 B 7
BB B

Let us show that the scalar element 1, can be calculated through the trace of the matrix.
g+ =3-20+B+8+B+5+8) =3-4B+8B+25) =3-4> =3-401-213) =425 - 1.

Next we write 443 = 1 +r{ + 1 + r3 = 1 + Tr R, which will finally give an expression for 4,

Ao = i%\/l +TrR.

Note that the expression under the root is always positive, since 1 + TrR = 443 > 0.
To calculate 1;, 1,, A; we write

13— 1} = 2(AxA5 + Apd; — A5 + ApAy) = 4dody,
1 =1 = 2445 4+ Aody — 1145 + Apdy) = 4dohy,
1t =1 =2(AgAs + 114, — 114, + Aods) = 4115.
As a result, we obtain a set of formulas
4y =15 — 12,
Nody =1} =1}, = MAi=1]

Slopdt =123 1)
4},0/13 = r12 - }’21,

If |Ao| is large enough, say |1o| > 1/2, then the quaternion coefficients can be calculated using the
following formulas:

1 3

B —r? r—r r2—rl
lo=iV1+TrR, /11=W, /‘[2= 410 , A3= 4/10 .

If |Ap| is small, say |1y| < 1/2, then a more sophisticated calculation scheme will have to be used.
We will need a set of three groups of formulas. To obtain the first group, we write

H—r—rB+1=1-23-23-1+22 +223 —1+285 + 28 +1 =44,
R+ -4+ 1=-1+22+28+1-22 -2 - 1+282 + 2 +1 =44,
—H =+ +1==-1+22 423 -1+285 +25 +1-28 - 28 +1 =44,
obtained the following set of formulas:
A2 =1+ -1 -nr, 43=1+-r-r, 4 =1+r—-r -1} 2)

Let us further consider the diagonal elements of the matrix R and using the unity condition of the
quaternion A we write
H=1-2B+2)=1-2R2+2B2+B)+282 =1-20-3)+283 = -1+22 + 24,
=1-2B+28)=1-20+2+28)+23=1-200-23) + 225 = -1 +223 + 243,
B=1-2B+8)=1-20+2+8)+23=1-200-2)+22 =—-1+22% +24.
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The second group of formulas we need is obtained:
23 =r-23+1, 26=r2-23+1, 284=r-23+1 (3)

Formulas (3) allow us to find the largest absolute value component 4,, 1,, 15 of the vector part of
a quaternion using the elements of the matrix and A,.
We obtain the last set of formulas by summing the symmetric elements of the matrix R:
r12 + rzl = 2/10/13 + 2/11/12 + 2/1112 - 210/13 = 4&112,
r+ 13 = 24145 + 204, + 24445 — 2404, = 4445,
r23 + r_% = 2/1213 - 2&0/11 + 2&2&3 + 2&0/‘11 = 4/12/13,

we obtain the third, final group of necessary formulas:
Ay = 1+ 1,805 = 1L+ 13,40,45 = 15 + 1l 4)

Now we have the entire necessary set of formulas at our disposal and we can move on to the

presentation of the algorithm itself.

- If || < 1/2, then dividing by 4, when calculating 4,, 1,, 15 using the set of formulas (1) can
lead to an accumulation of errors, so it is more correct to start calculating from the largest
component of the vector part.

- To find out which of the components 1, 4,, 45 is larger, use the formulas (3). From the formulas
it is clear that there is no need to calculate the entire expression; it is sufficient to compare the
components of the matrix r{, rZ, and rj.

- If i > 7 and r} > r3, then the component 4, is the largest. We calculate it using the formula
from (2), 1, and 1; using the formulas (4), and 4, using the formula from (1), i.e.

1 r+ri Pl ¥ —r?
M=xJ1+1-B-13, A=122 2,=2"1 j5=2_23
1 2 =277 "2 42, 3 42, 0 42,

- Otherwise, if 7 > r3, then 4, is the largest, then

1 1+ B4 rl— 3
h=x\1+B-r-n, 4=222, L=22 ==
2 2 21 ! 42, 3 42, 0 42,

- Otherwise, the only option left is when the largest is 45, then

1 3 3 1 2
ry3 + 1y r+r; H—r
A — /1 —

42, 2 4, "0 425

1
/I3=i§ 1+ -r-1r2, A=

1.5. Reflections using quaternions

1.5.1. Reflection about a plane passing through the origin

Vector formula Consider a point P with radius vector p and a plane 7 passing through the origin
O with unit normal vector n, where n L 7. Relative to the vector n, the vector p splits into two
components py, and p, ,:

P =Pjnt+ P1n-
Reflection with respect to the 7 plane affects only the vector py,, while leaving the vector p,,
unchanged. However, the vector py, changes sign upon reflection. As a result, the reflected vector p’
is calculated as follows:

P’ =Pin~Pjn
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where pj, = (p,n)nand p,, = p — pjn = p — (P, n)n, therefore

p =p-(p,n)n—(p,n)n = p—2(p,n)n. (5)

Pin In

The same formula can be written in matrix form:

p’ =1 -2nnT)p.

Quaternion formula If we associate with the radius vector p a pure quaternion p = 0 + p, then the
quaternion formula for reflection can be obtained from the equalityby setting q = n and applying it
to (5) from right to left:

npn = n|’p - 2(p.n)n = p - 2(p.n)n = p'.

Above, we associated a point with a quaternion of the general form p = p, + p,i + p)j + p;k, so in
the quaternion formula for reflecting a point, we would like to see a quaternion p with a nonzero
scalar part. However, the formula npn will give an incorrect result:

npn = n(py + p)n = nnp, +npn = —p, + p’,
where the scalar part becomes negative, although it should remain positive.
To eliminate this discrepancy, we change the formula as follows:
p' =n(p =2po)n =n(py + P — 2po)n = n(p — po)n = —nnp, +npn = po +p'.

If we additionally note that p — 2p, = —pg + p = —(pg — p) = —p*, then the quaternion reflection
formula can be written in its final form as follows:

p' = —np*n

1.5.2. Reflection relative to an arbitrary plane

Vector formula Consider an arbitrary plane 7, with a unit normal vector n, located at a distance —d
from the origin O. Such a plane is given by the equation:

(q,n)+d =0,

where q is the radius vector of an arbitrary point Q belonging to the 7 plane. The radius vector of the
projection of the origin onto the plane is calculated as 00, = —dn.

The reflection of a certain point P with a radius vector p is carried out in three stages:

1. transferring the origin to a point on the plane by subtracting the vector 00, from p;

2. reflection using the formula (5);

3. returning the origin by adding the resulting vector to 00, .

Combining all three actions into one formula, we write:
p=p+dn—-2(p+dn,n)n—dn=p-2(p,n)n-—2dmn,n)n=p-2p,n)n-—2dn
and as a result we get:
p' =p—2(p,n)n —2dn. (6)

It is worth paying attention to the minus sign in the formula 00, = —dn, due to which, when
subtracting the vector 00, in the calculations, addition with dn occurs, and when adding, on the
contrary, subtraction occurs.
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Table 1
Kotelnikov-Study Transfer Principle

Radius vector p Screw L
Angle 6 Dual angle ©®
Real number 1 Dual number A

Quaternion formula Similarly, it can be written in quaternion form:
p' =p—2(p,n)n — 2dn.
To prove the formula, we perform some transformations

p'=-n(p+dn)'n—dn=—-np*n—ndn*n—dn=-np'n—dn—dn=

=-n(l —p)n—2dn = —nn + npn = 1 + npn — 2dn.
Since npn = ||n|?p — 2(p, n)n = p — 2(p, n)n, we can finally write
pPP=1+p—-2(p,nn—2dn=1+p’,

from which it is clear that the vector part completely coincides with the formula (6).

2. Description of screw motion and reflection using dual quaternions

2.1. Kotelnikov-Study’s transfer principle

Transfer principle. All formulas of the theory of finite rotations and the kinematics of motion of
a rigid body with one fixed point, when replacing real quantities with dual analogs, are transformed
into formulas of the theory of finite displacements and the kinematics of motion of a free rigid
body [10, p. 67].

The principle was formulated by Alexander Petrovich Kotelnikov and Eduard Study (Eduard
Study) [5, pp. 12-13].

In other words, if in the formulas for the rotation of a point in space we replace real numbers,
vectors, angles and quaternions with dual numbers, screws, dual angles and dual quaternions, then
we obtain the correct formulas for screw motion (table 1).

If the formulas for rotations in space are applied to affine points (radius vectors), then the formulas
obtained by the principle of transfer should be applied to screws, that is, to lines in space.

2.2. Application of the Kotelnikov-Study transfer principle

2.2.1. Obtaining a dual quaternion of screw motion

Let’s apply the Kotelnikov-Study transfer principle to derive dual quaternion formulas for screw
motion. First, we write down the necessary quaternion formulas. Rotational motion around an
axis passing through the origin defines a unit quaternion, which is most conveniently written in
trigonometric form:

1= 6 . 6 . . K
=cosy +sin-a, a=ad+aj+ak
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where 0 is the angle of rotation around the axis with unit direction vector a = (ay, a,, a,)’, |la|| = 1.
The rotation of an affine point P, represented in homogeneous coordinates by the quaternion
p =1+ xi + yj + zk, is given by the sandwich formula:

p/ — Ap/‘l*,

where the new position of the point is expressed by the quaternion p’ = 1+ x'i + y'j + z'k.
Note also that the quaternion p need not have a unit scalar part and can define a projective point of
any form, since the sandwich formula leaves the coordinate w unchanged due to the unity of A4* = 1:

AW + P)A* = Awd* + ApA* = wAL* + ApA* = w + Apa*.

The scalar part w can also be equal to zero, in which case the formula defines the rotation of a point
at infinity in projective space or an equivalent free vector in Cartesian space.

According to the translation principle, dual quaternion defining screw motion (translation +
rotation) is obtained from a rotational quaternion by the following substitution:

- 8 — O = 0 + 6% — the angle is replaced by its dual angle;
- a— A = a+ a% — the vector is replaced by a pure dual quaternion (a screw);
- % — T — the quaternion conjugate * is replaced by the dual quaternion conjugate 7.

As a result of such a replacement, the dual quaternion of screw motion will be written as follows:
e .06
A=cosz+sm3A, O=0+6%, A=a+a‘. @)

A pure dual quaternion A defines an arbitrary axis of rotation with a direction unit vector a and
a moment a°. The set of vectors {a | a°} are the Pliicker coordinates, for which th Pliicker condition
(a,a°) = 0 must be satisfied. The Pliicker condition and the condition |a|| = 1 guarantee the unity of
the pure dual quaternion A, since |A| = AA* = (a + a%)(—a — a%) = ||a? + 2(a,a%)¢|| = ||a|]* = 1.

The dual angle O specifies both the magnitude of the rotation angle 6 around the axis A and the
translation distance 6° along the same axis A. Trigonometric functions of the dual angle are calculated
using the formulas

sin ® = sin(6 + €6°) = sin 0 + 6° cosBe, cos O = cos( + 6%) = cos 6 — 6° sin He.

Using these formulas, we replace the dual number © in the formula (7) with the real numbers 6
and 6° and transform the dual quaternion A as follows:

® . 06 6 o . . 6 6 6
A=cos—+51n—A=cos———sm—s+<sm—+—coszs)(a+a°s)=

2 2 2 2 2 2 2
=Ccos = — —0 sin gs +sin—a+ —0 cos —¢a + sin ga"s + g cos ga"sz =
- 2 2 2 2 2 2 2 2 2 -
[0} [0} 6
= cos 377 sin 55 + sin Ea + - cos Eaa + sin Ea"s.

Having grouped separately the terms with 6° and without 6°, we write the formula in the following
form: 0 0 0 0\ 6°
- g isin2 0 Za—sin~)—

A_cosz+sm2(a+a z)+(cosza smz)zs. (8)

This notation has the advantage of allowing us to distinguish between pure rotation and pure
translation:
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- for 6° = 0, we obtain pure rotation around an arbitrary axis A defined by the dual quaternion
6 . 6 o
R= cos 5 +51n§(a+a €);

- for 6 = 0, the trigonometric functions take the values sin0 = 0 and cos0 = 1, and we obtain
(o]

pure translation along the axis A defined by the dual quaternion T =1 + %aa.

2.2.2. Conjugate dual quaternion of screw motion

Now let’s find the conjugate dual quaternion A. Recall that dual quaternion conjugation is introduced
in three different ways:

- Q* =(q+ q°%)* = q* + q°*¢ is the quaternion conjugation, which can also be called complex
conjugation.

- Q = q + g% = q — q° is the dual conjugation.

- Q" = (g + q%)* = q* — q°*¢ is the dual quaternion conjugation.

We need to calculate the dual conjugation of the dual quaternion A:
AT =cos0/2 + sin©/2AT, AT =a* —a%ec=—a+a% =—(a—a).

Next, we can use formulas for trigonometric functions of dual numbers:

—_— 6 6° . 6 - . 6 f° 6
cos ®/2 = cos 5 + > sin 55, sin ®/2 = sin 575 cos EE.

We can, however, obtain this formula differently by writing A in quaternion form:

A—cos€+sin€a+ ——Osin€+—ocos—a+sin€a° e=A+ %
- 2 2 2 22 2 2 - ’
60

6 . 6
where 1 = cos;+sm ;aand/l" ==

. 0, 6° ] .0, .
sin ~ + — cos ~a+sin ~a® are quaternions. Then we calculate:

6 6 6o 6 o° 6 6
1': * __ 0% Y ein 2 Y inZ 2 Za_ ein a0 —
AT =% = %%¢ (0082 81n2a) ( 2 sm2 2 cosza sm2a >s
—(cosg—sin§a>+<e—osing+9—ocos§a+singa°)s—
N 2 2 2 2 2 2 2 -

= (cos °_ sin g(a - a"z)) + (sin o + cos Qa) grs
B 2 2 2 27) 27

Accordingly, the final formula for the conjugate dual quaternion will look like this:

6 6 6 6 °
T: — —si - —a° i - - -
A cos > sin 2(a a%) + <51n > + cos 2a> ) E.

2.2.3. Proof of the unity of the dual quaternion of screw motion

Let us also recall the definition of a unit dual quaternion: a dual quaternion Q is called unit dual
quaternion if its modulus is equal to 1, that is, |Q[> = QQ* = |q|? + 2(q, q°)c = 1. Let us check that A is
unit dual quaternion, for which it is necessary to calculate the quaternion conjugate. Let us do this
and at the same time note that the expression for A* will differ from AT,

60

A*—/1*+/1°*£—cos€—sin€a+(——sin€——ocos—a—sin€a°>s—
- - 2 2 2 2 2 2 2 -
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0 [0} e 60 6 2
— Y Y Nl dina 2 el Qi 2a0s 2 202 —
= cos 2" sin 25 sin 2a 5 cos zas sin 2a € 3 cos 2a 13
= <cos 6 — o sin ez)— <sin 0 + o cos 6z:)a+(sin 6 + o cos es)aos =
N 2 2 2 2 2 2 2 2 2 N

= (cos 6. sin gs) — (sin 2 + &® cos Qa) (a+ a%) = cos o_ sin QA
- 2 2 2 22 2 - 2 27

where A = a + a%. Finally:

(©] e \* (] (©]
* = T — — —_— — QN —
A" = (cos > + sin 2 A) cos 2 sin 2 A,
since A* = —a —a% = —A.
Now we can find the modulus of the dual quaternion |A[]> = AA*:

® 0] [©] ®
* 1 - —gin — =
AT = <cos 5 + sin 2A> (cos 2 sin 2A)

C) C) ] C) ©) ] €]
_ 29 0. 06 . 0 e .06, .0
= COS > coszs1n2A+sm2Acos2 s1n2As1n2A.
Recall that the multiplication of dual numbers is commutative (a + be)(c + de) = (¢ + de)(a + be),
and the multiplication of a dual number by a pure dual quaternion is also commutative:

(a + be)(a + be) = (a + be)(a + be). This allows us to write the expression AA* in the following
form:

e [©] ® e )] ()] e e
ko 2__ e e . e e al 2_ — 2__ . 2_
AA* = cos > cos 2 sin 2A+sm > cos 2A sin 2AA cos > sin 2AA.

Let us calculate the product of pure dual quaternions AA:
AA = (a + a%)(a + a%) = aa + aa’ + a®ac + aa’s? = aa + (aa® + aa):.

For further simplification, we use the rule of multiplication of pure quaternions pq = —(p,q) + p X q,
then aa = —(a,a) = —|a|> = -1 since |a] = 1 by condition. In view of the fact that
aa’ = —(a,a’) + a x a® and a°a = —(a°, a) + a° x a the dual part of AA is simplified:

aa® + a°a = —2(a,a’) +axa’ —axa’ = —2(a,a’).

In addition, by the Pliicker condition (a,a®) = 0, because a L a°, therefore AA = —1 subjectto ||a|| = 1.
We obtain that AA* = cos? g +sin® %. We use the formula (a + be)? = a? + 2abe to calculate cos? /2

and sin” /2, for them the following will be true:

cosz@— cos Osin 52—00526 Zcosesine os
2 2 2 2°) © 2 2 227

.20 (. 0 - .0 oe°
sin” — = sm—+—cos§£ =sin” = 4+ 2sin — COS — —¢.

2 2 2 2 2 22
Hence:
coszQ+sinZQ—coszg+sin2€—2cosgsin9—os+25ingcos——os—
2 2 2 2 27722 2 2277
6 . 29 S} . 2(’3
— 2 2 - = 2 = _——=
= COS 2+sm 2 1= cos 2+sm 2 1,

where O is the dual angle.

As a result, we have proved the unity of the dual quaternion A = cos % + sin %A. It should be
especially noted that an important condition is the unity of the pure quaternion a, i.e. [|a| = 1 and
the fulfillment of the Pliicker condition (a, a®) = 0. Without these two conditions, A will not be unity.



82 Modeling and simulation DCM&ACS. 2026, 34 (1), 70-97

2.3. Screw motion of a point and a vector

2.3.1. Rotation around an arbitrary axis without translation

Let us consider the dual quaternion representation of an affine point P:
P=1+p°%=p+p°

where p° = p° is a pure quaternion (radius vector), and p = 1 is a scalar quaternion (point O). Let’s
now construct a sandwich operator from the dual quaternion R:

e . 0
R = cos ) + sin z(a + a°%).

where A = a + a% is a pure dual quaternion defining the axis of rotation, a is the direction vector
of the axis of rotation, a° is the moment of the axis of rotation, and 6 is the actual angle of rotation
about the axis.

Once again, we require two important conditions to be satisfied:

1. vector a must be the unit vector |a|| = 1;
2. vectors a and a° satisfy the Pliicker condition (a, a®) = 0.

Let’s find the conjugate dual quaternion Rt = (R)* = (R*):

0 0 6 — 2] 3] 6 0 0
* = — —s8in —a — sin —a° T: *) = — —sin — in —as = — —sin — —a°
R* = cos 5 —sinza—sin>a% R" = (R*) = cos 5 —sin 2a+ sin Sa% = cos 5 —sin 2(a a’%).

The final formula for the sandwich operator will look like this:
P' = RPR" = R(1 + p°)R" = RRT + Rp°eRT.

Let’s first find the dual quaternion product RR':

2] 6 6 6
i = —_ in — o Qi — — a0 —
RR (cos 3 + sin 2(a+ a a)) (cos 5 —sin 2(a a a))

6 . 0 6 . 6 2] . 20
—cos?Z —sin 2 cos Z(a — a® Y cos 2 0g) — 4 0c)(a — a¢) =
= cos” 5 smzcosz(a as)+sm2cosz(a+a €) — sin 2(a+a €)(a—a’)

6 . 0 0 .20
= cos? 3 + sin 5 €08 5(a+a°s— a+a‘%)+ sin’ 5(1 +2axa’%)=

0 ) 0 0 0
_ 2 Y 2 Y a2 Y a0 2 Y 0 —
= cos 2 + sin 2 + 2sin 2 cos 2a €+ 2sin 2a><a €
=1+sinfa’ + (1 —cosB)a x a°s =1+ (sinba® + (1 — cosH)a x a°)e.
Note that to simplify the product of vectors (a + a°c)(a — a’%), the following calculations were

performed:
(a+ a%)(a —a’) = aa — aa’ + aac — a®a’cc = aa + (aa — aa’)e,

where aa = —(a,a) + a x a = —|a|?> = —1, therefore aa = —1. The subtraction was simplified as
follows:
a’a—aa’ = —(a’%a)+a’xa+(a,a’)—axa’=-2axa°.

The result of simplifications is an expression of the form:

(a+a%)(a—a‘) =(—1—2ax a’%).



Abakumova, O. M. et al. Dual quaternion representation of geometrical motion in 3D space 83

As a result, we obtain the formula for the dual quaternion product RR:
RRT =1+ (sin6a° + (1 — cos B)a x a°)e, 9)

where a X a° has the geometric meaning of the projection of the origin onto the A axis or, in other
words, the point of the axis closest to the origin.
Now we calculate the second term Rp°sR":

Rp°eRT = (cos 2 + sin g(a + a"a)) p°e (cos o_ sin g(a - a"a)) =
2 2 2 2
— 9 3 Q o Q Oc _ o Q (o] 3 Q 0,0 2)_
—<cosz+s1n2(a+a s))(cos 5P’ —sin>p at + sin Spoa%e’ | =

6 . 6 ) . 6 ] .20
= cos? EPOE —sin 5 cos zp"as +sin > cos E(a + a%)pPe — sin’ E(a + a%)p°ac =

—coszg "s—singcosg "as+sin§cos ga ¢ — sin? ga Cac =
= oS oP 2 €O53P 2 €05 2%P 2P A=
= cos? gp°£+sin§cos§(ap° — pa)e — sin® gap"as=

= cos? gpos +2sin g cos ga X p°e — sin’ 2 (p° —2(a,p®a)e =

= (0032 g — sin® g) Pp°c + sin Ba X p°e + sin’ g -2(a, p°)ac =

= cos Op°c + sin fa X p°c + (1 — cos 6)(a, p°)ac.
The following simplifications were used in calculating the main part:
(a + a%)p°e = ap°c + a°p°e? = ap’s,
(a + a%)p°ac = apPac + a®p°as? = apCac,

ap® —p°a = —(a,p°) + ax p° + (p°,a) — p° x a = 2a X p°,

ap®a =a(—(p°a)+p° xa)=—(p°a)a+a(p’xa)=
=—(p°a)a—(a,p’xa)+axp’xa=—(p°aa+axp’xa=
= —(p%a)a + p°|lal|* — (a,p)a = p° — 2(a, p%)a.
In the end we got:
Rp°cRT = (cosOp® + sinBa x p° + (1 — cosH)(a, p°)a)c.

Note that in this expression the moment a° is missing and the expression in brackets at the imaginary
unit € exactly repeats Rodrigues’ formula for the rotation of the radius vector around the axis with
the direction vector a passing through the origin.

Let’s now write down the complete formula:

RPR" = RRT+Rp°eR" = 1+[cos 6p°+sin Bax p°+(1—cos 6)(a, p°)a+sin 6a®+(1—cos B)axa’|e, (10)

where a x a° corresponds to a point on the axis of rotation. The part responsible for rotation around
an arbitrary axis in this case is hidden in the term RR".

It is also worth noting the importance of the scalar part in the dual quaternion representation of
the point P = 1 + p%. Without this part, there would be no RR' term in the final formula.
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A direction vector (free vector) can be represented by a pure dual quaternion:
V=0+v%
and the «translational» part of RRT does not act on such a dual quaternion:
RVRT = RORT + Rv2eRT = Rv2cR" = (cos Ov° + sin Ba x v° + (1 — cos 8)(a, v°)a)e. (11)

Similarly, a point in projective space with homogeneous coordinates (x,y,z : w) = (p° | w) is
represented by the dual quaternion B, = w + p°c and the same formula can be used:

RP,R" = RwR" + Rp°eR" = wRR + Rp°:R' =

= w + [cos Op° + sinBa X p° + (1 — cos B)(a, p°)a + w sin 6a® + w(1 — cos H)a X a"]e.

2.3.2. Rotation around an arbitrary axis using Rodrigues’ formula

Let us show that the formulas (10) and (11) can be obtained from the usual Rodrigues vector formula.
We will consider the rotation of a point using the usual vector notation. We will associate a point P
with a vector p, where the superscript o is removed since we have moved to the vector formalism.

We perform the rotation around an axis passing through point R, in the direction of the radius
vector a. We associate point B with the radius vector p,. We perform the rotation using Rodrigues’
formula in three steps:

1. Subtract the vector p, from p, thereby moving the origin to point R, or, alternatively, moving the
axis to the origin of the new coordinate system.

2. We use Rodrigues’ formula to perform the rotation by applying it to the vector p — p,.

3. Add the vector pg to the result of the rotation, returning the coordinate system to its original
position.

If Ry ,(p) = cos Bp +sin 8a X p+ (1 —cos 8)(a, p)a, then the rotation around the axis passing through
the point B with the direction vector a will be given by the formula:
P’ = Roa(P — Po) + Po-

Let’s expand on this formula:

Ro,a(P = Po) + Po = c0s (p — Po) + sin6a X (p — po) + (1 — cos 6)(a, p — po)a + po =
= cos6p —cosOp, + sinfa X p —sinBa X py + (1 — cos 8)(a, p)a — (1 — cos 6)(a,pg)a + py =
= cosOp +sinba x p+ (1 — cosf)(a, p)a — cos Op, — sin ba X py — (1 — cos 6)(a, pg)a + po-
The choice of the point B on the straight axis of rotation is generally arbitrary, however, if we
define the axis by Pliicker coordinates using the screw A = a + a%, then we can choose p, = a X a° —
the projection of the point O onto the straight line. With this choice of point, the expressions in the

tail will be simplified:
axXpy=axaxa’°=a(a,a’)—a’(a,a)=—a°

due to the Pliicker condition (a, a®) = 0 and the normalization of a |a| =1
(a,po)a=(a,axa)a=0,
because (a,a x a°) = 0.

—cosOpy + sinfa + py = (1 — cosO)py + sin Ba® = (1 — cosf)a x a° + sin Ba°.
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As aresult, given that py = a X a° we get:
Roa(P—Po) + Po = cosOp + sinfa X p + (1 — cos 6)(a, p)a + sin 6a® + (1 — cos f)a x a°,

which completely coincides with the formula (10) obtained by the dual quaternion method up to the
notation p — p°.

2.3.3. Translation along an axis without rotation

Let’s write the dual quaternion for translation along the axis A = a + a%:

0

0
T=1+ —as,
+ae

where 6° is the dual part of the dual angle ©.

[

—_— 0 [
TH=(T* =1+ %a*a) =(1- 67ae)= 1+ %az: T.

We get that Tt = T.
Let’s apply the sandwich product to the point P = 1 + p°e:

[ [
P =TPTT =TPT = (1 + %as) 1+ p°£)<1 + %as) =

[ 0 60 60 0 QO 2 60 )
— - - (o] — - (o] - - - (o] -
_(1+2a£)(1+za£+p£> 1+2a£+ps+za£+2 2aa£+zap£

0 [

6
=1+ 7as+p°£+ Sae= 1+ 6°c+p°c=1+(0°a+p°e=1+(p°+ 6%)e.
P'=TPT" =1+ (p° + 6°a)e.
2.3.4. Composition of rotations and translations

Above, we used the translation principle to obtain the screw motion dual quaternion and wrote it in
terms of the dual (7) and real (8) angles. However, interestingly, it can be obtained by dual quaternion
multiplication of only the rotational and only the translational dual quaternions.

Let us designate:

R =cos g + sin g(a + a%),

0

0
T=1+ —ne,
+2

_ 6 . 0 o 6° _
RT = (cos 5 + sin E(a+ a e)) <1 + 7as> =

= cos = + sin g(a +a%) + g cos gaa + sin —a—oas + sin —ga"as2 =
2 2 2 2 2 2 22
= cos o + sin g(a+ a%) + cos ggas —sin ——Os =
2 2 22 22

e . 0 o ] CANCA
—cosz+sm5(a+a a)+(cos§a—sm§)7£—A.
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Taking into account the simplification aa = —(a,a) + a X a = —||a||> = —1, we obtain the final
formula:
A =RT,

which completely coincides with the full formula:

60 e . 0 o 6 ©° 0 . 0 o . 6e°
TR = (1 + ?as> <cos§ + sin §(a+a E)) = cos 5 + —acos §£+sm §(a+a €) + sin 5 aac =
e . 0 o ] . 0\ 6°
—cosz+sm5(a+a a)+(cos§a—sm§)75—A.

It turns out that translation and rotation along the screw axis commute:

A=RT =TR.

2.4. Screw motion of a straight line

An arbitrary line with a specified direction a is defined by a pure dual quaternion L = v + me. The
components of the vectors {v | m} are Pliicker coordinates, and the Pliicker condition (v,m) = 0 is
satisfied. Screw motion is defined by the same dual quaternion A, but the sandwich formula looks
somewhat different:

L' = ALA*.

Just as for a point, we will first consider the translation of a straight line, then rotations, and then
find their composition.

2.4.1. Translation of a straight line along an axis

Consider the line L = v + me and apply T to it as a sandwich operator:

o 0
T=1+— T =1-——
+2az-:, 235,

T(v+me)T* = (1 + %az)(v + ms)(l - %as).

o
It can be shown that TT* =1, since T* = 1 — %as, then

[

(1+ %aa)(l— %ae) =1- %a£+ %ae= 1= |T|=TT*=1.

Let’s now reveal the formula:

T(v+me)T* = TvT* + TmT*c.

Because
" 60 90 60 0
TvT* = (1 + 7a£>(v — Tvas) =vV+ Tavs - Tvas

and

[0 eO

TmT* = m+ —ame¢ — —mac,

2 2

that
90 [}
TmT*e = me + —ame? — —mac? = me.

2 2
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eO
TvT* 4+ TmT*e =v + 7(av—va)s+ms.
av—va=—(a,v)+axv+(v,;a)—vxa=2axv.

Then it turns out that:

60
L'=TLT* =v+ 72a><v5+mg=v+(m+6°a><v)s,

wherem = py X v=>m + 6°a X v =py X v+ 0% XV = (pg + 6°a) X v, therefore we get:
L' =v+(py + 6°a) X ve.

As a result, as expected, the direction vector v does not change during parallel translation
(translation), but the moment of the line is transformed. The line was moved from the point B
towards the a axis by the amount 6°. Note that we can map T~! onto T*, since |T| = 1 and T* = T~1.
Therefore, the sandwich formula for translation can also be written as follows [13, p. 51]:

L' =TLT* =TLT™ L.

2.4.2. Rotation of a line around an axis

Let’s consider the rotating dual quaternion R and find its conjugate dual quaternion R*:

6 . 6 . 6 . 0
R=cos§+s1n§(a+a"s), R*=cos§—sm§(a+a"e).

It was shown earlier that AA = —1, where A = a + a%, so:

. 6 . 0 6 . 6 6 .20 6 .20
RR* =coszz —s1n§cos 5A+s1n5cos zA—st 5AA= coszz +sm2§ =1= RR*=1,

from which it follows that R~! = R*.
The rotation of the line L = v + me is carried out by the sandwich operator:

L’ = RLR* = RVvR* + RmR*¢,
Let’s calculate the first term in this formula:
e . 06 e . 6
RVR = (cos 5 + sin EA)V(COS 5~ sin §A> =
6 6 6 6 6 6
_ 2V Y o Y o _an2 Y —
= COS 2v sin 2 cos 2vA+ sin 2 cos 2Av sin 2AvA

= 2 —_— 1 —_— —_— — —_— 1 2 f—
Cos V + sin = CoS (AV VA) sin AvA.

Because

Av=(a+a%)v=av+a’ve=—(a,v)—(a’,v)e+axv+a’xve
and

vA =v(a+a’)=va+va’ =—(v,a)— (v,a’)e+vxa+vxa‘sg,
that

Av —vA =2a X v+ 2a° X ve.
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Next, we calculate the dual quaternion product AvA:
AvVA = (a+a%)v(a+a’) = (a+a’)(va+va’c) = ava+ava®c +a’vac +ava’s? = ava+ (ava® +ava)e,

where to simplify the dual part ava® + a®va we take into account that

ava’ = —a(v,a’) +avxa’ = —(v,a®)a—(a,vxa®)+axvxa’ =

= —(v,a%a— (a,v x a°) + v(a,a’) — a’a,v),

a’va = —a’(v,a)+a°vxa=—(v,a)a’® —(a°,vxa)+a’xvxa=

= —(v,a)a’ — (a°,v x a) + v(a®,a) — a(a’,v),
after which the expression in brackets is simplified:
ava® + a°va = —2(v,a%a — 2(v,a)a’ + 2(a,a%)v = —2((v,a%a + (v, a)a®).

We used the Pliicker condition (a°, a) = 0 and the mixed product property (a°,v x a) = —(a, v x a°).
Given that

ava = —a(v,a) +avxa= —a(v,a)—(a,vxa)+axvxa=—a(v,a)+v(a,a) —a(a,v) = v —2a(v,a),
we obtain the final expression:
AvA = v —2a(v,a) — 2((v,a%)a + (v,a)a’)e.

Substituting into the formula for RVR we get:

cos? gv + 2sin g cos g (a X v+ a° x ve) — sin® g (v—2a(v,a) — 2((v,a%)a + (v,a)a%)e) =
= (cos2 g — sin? g) v +sin6(a X v + a® X ve) + 2sin’ g (a(v,a) + ((v,a%)a + (v,a)a%)) =
= cos6v + sinBa X v + (1 — cos H)a(v,a) + [sin 6a® X v + (1 — cos O)((v,a%)a + (v,a)a’)] e.

The expression RmR*¢ is calculated in a completely similar way and is significantly simplified by
multiplying by the dual imaginary unit €:

RmR*e = (cos 6m + sinfa X m + (1 — cos H)a(m, a)) e.
Now we can write a sandwich formula for the rotation of a line around an axis:
L' = RLR* =V +m’s,

where:
v/ = cosOv + sinfa X v+ (1 — cos O)a(v, a),

m’ = cos m + sin 6a x m + (1 — cos 6)a(m, a) + sin 6a® X v + (1 — cos B)((v,a®)a + (v,a)a’).

To check this equality, we can take Rodrigues’ formula and use the principle of transfer to write:

L' = cosOL + sin6A X L + (1 — cos 0)(A, L)A,
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where
L=v+mg,
A=a+a’.
The arguments of the functions cos and sin are real, since we have pure rotation without translation:
AxL=axv+(axm+a’Xxv),
(A,L)A = (a,v)a + [(a,m)a + (a°,v)a]c + (a, v)a’.
Combining the expressions we obtain:
L' = cosOv +sinBa X v+ (1 — cos B)a(v,a) + [cosOm + sinfa X m + (1 — cos O)(a,m)a] € +
+ [sinfa® X v+ (1 — cos 6) ((a°,v)a + (a,v)a®)] e =
= Rga(V) + Rg ,(m)e + [sin 6a® X v + (1 — cos 0)((v,a%)a + (v,a)a’)] e,

which exactly repeats the result obtained from the dual quaternion formula.

2.5. Screw motion of a plane

Let us recall that the dual quaternion representation of a plane has the following form:
II=ai+bj+ck+de=n+de

where n is the unit direction normal vector, and d is the distance from the origin to the plane. The
sandwich formula for the screw motion of the plane will have the form [13, pp. 49-50]:

IT' = ATIAT,
where the dual quaternion of screw motion is already known to us:

_ 6 . 0 o ] CANCA
A—cos§+s1n§(a+a £)+<cos§a—s1n5)7s.

2.5.1. Plane Translation

o
Consider the translation T =1 + %aa. Note that:

Qo 2 6o
TT = (1 + 7as> =1+ 27a5 =1+ 6%as,
THOT" = TIT = TdeT + TnT.

Let’s carry out the calculations separately:

TdeT = deTT = de + 26°aede = de,

6° 6° 6° 6°
TnT = (1 + 7as)n(1 + ?as) = (1 + ?M) <n + Enaz) =
[0] 90 60
=n+ - mac + Sanc=n + 7(na +an)e =n—6°a,n)e

because the product of vectors:
na+an=—(n,a)+nxa—(a,n)+axn=-2(a,n).

As a result we get:
IT'=THT =n+ (d — 6°(a,n))e
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2.5.2. Rotation of a plane

Consider now the pure rotation R = cos g + sin g(a +a%)and RY = cos g —sin g(a + a%). Using the
formula (9), we write:
R(n + de)RT = RnR' + deRRT = RnRT + d¢,

The calculation of RnR" is similar to the calculation we already did for a straight line, but it differs
from it in details, so we will also present all the calculations in detail:

9 4t sinZiaya0 9 n — sin 2 (na — na >_
(c032+31n2(a+a s))(coszn 31n2(na na’)| =

0 6 . 06 . 06 5} . 20
= cos? En — cos > sin E(na —na’) + sin > cos E(an + ang) — sin? E(ana — ana’c + a’nac) =

= cos? gn + 2cos g sin g (axn-—(a%n))— sin? g (n—2(n,a)a + 2(a,n,a’)e) =
= cosOn +sinf(ax n—(a°, n))+ (1 —cosb)[(n,a)a — (a,n,a’)e| =

= cos6n +sinfa x n + (1 — cos 6)(n,a)a — [sin 6(a’,n) + (a,n,a’)(1 — cos O)] e.
The following simplifications were used during the calculation:
—na + na¢ + an + a’ne = (an — na) + (a°n + na®)e = 2a X n — 2(a’ n)e,
ana = ||a||?’n — 2(n,a)a = n — 2(n, a)a,

a’na = —a’(n,a)+a°n xa = —a’(n,a)—(a’,nxa)+a’°xXxnxa=

= —a’n,a) — (a’°,n x a) + n(a’,a) — a(a’,n),

ana’ = —a(n,a’) + an X a° = —a(n,a’) — (a,nxa’°) +axnxa’ =
= —a(n,a’) — (a,n x a°) + n(a,a°) — a°(a,n),
a°na —ana® = —(a°,n x a) — (a,n X a°) = +(a,n,a’) + (a,n,a’) = 2(a,n,a’).

The result is that:

II" = RIIR" = cos6n + sinfa x n + (1 — cos 8)(n,a)a + [d — sin 6(a®,n) — (1 — cos 8)(a,n,a’)] ¢

In [13] there is only a formula for rotation around an axis passing through the origin, but there is
no formula for an arbitrary axis of rotation.

2.6. Relationship of dual quaternions to projective transformation matrices in RP3

Let us write the dual quaternion that defines the screw motion in quaternion form:

6 6 6 6° 6 ° 6
— Opr — - H el : — a0 —_— — — Q1 —
A—/1+/15—cosz+s1n2a+(smza +—2 cosza zsmz)a,

[ [
A=A+ i+ ]+ k= cos§+sin ga, 2 =2+i1+ 25+ 3k = sin §a°+ %cos ga— %sing.

The quaternion A specifies the rotation, and the quaternion A° is responsible for translation operations.
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Table 2
Relationship of dual quaternions to projective transformation matrices
Comparison criterion Matrixes Dual quaternions
Number of scalar coefficients 4x4 =16 4+4=38
Multiplications 48 scalar multiplications 48 scalar multiplications
(compositions)
Point motion 12 scalar multiplications 96 scalar multiplications

The projective transformation matrix that defines rotation and translation looks like this:

oot

R |t oot
M = =
oT |1 BB Bt

o 0 0|1

where the matrix R is written in terms of the quaternion coefficients 1y, 1,, 4,, 45 as

/1%) + 2 -1 - /123 2(Aq4 A5 + Apds3) 20443 + Apdy)
R = 2(&1/12 + 2,0/13) ﬂ% - 121 + /122 - ﬂ% 2(/12/13 - 10/11)
2(A143 — Apd3) 223+ A0hy)  B-B-B+ 4

Let us show that the column vector t can be calculated using the formula
t =200
Using the Pliicker condition (a, a°) = 0 and the unity of the vector a, we can prove:
2000* = 6°a + sin 6a° + 2sin’ ga X a° = 6°a + sin6a’ + (1 — cos f)a x a°.

This formula has two terms:
- sinBa®+(1—cos f)axa’ — coincides with the part of the formula for rotation around an arbitrary
axis (translation and return to the origin);
- f°a — specifies a translation along the a axis by a distance 6.
If the matrix M is given, then the principal part A of the dual quaternion A can be calculated using
a special algorithm, described in detail in section 1.4.3, and the calculation of A° can be carried out

using the formula:

1 1
/10=§t/1=§t/1, t=0+t.

The formula is valid due to (see table 2):
0 7% 1 1 () o
t=21°0 = -tl=21°1=2°
27 T2 =
- Dual quaternions are computationally less efficient than matrices.

- Dual quaternions are more convenient for defining an arbitrary axis.
- Dual quaternions are easier to use for making heuristic inferences.
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2.7. Reflection about a plane using dual quaternions

For a point P represented by a dual quaternion P = w + pe = w + (xi + yj + zk)g, the reflection formula
with respect to the plane represented by the dual quaternion N = n + de, where ||n|| = 1, has the
following form:

P’ = —NP*N.

A similar reflection formula is valid for an arbitrary plane 7, represented by the dual quaternion
II = +éde:
1T’ = —NIT*N.

In the case of reflection of a straight line represented by the dual quaternion L = v + me, a different
formula is valid:
L =NL'N7L
Since usually |n| = 1, then |N|? = |n|?> = 1 and N~! = N*/|N|?> = N*.
Let us prove the formulas.

2.7.1. Pointreflection

P’ = —=NP*N = —(n + de)(w — pe)(n + de) = —(n + de)(wn + dwe — pne — dpe?) =
= —(n + de)(wn + dwe — pne) = —(wnn + dwne — npne + dwne + d’we? — pnde?) =
= —(—w + 2dwne — npne) = w + npne — 2dwne =
= w + (npn — 2dwn)e = w + (p — 2(p, n)n — 2dwn)e.
It can be seen that in the dual part of the dual quaternion P’ we obtain exactly the same expression as

in the formula (6), if the point is affine and w = 1.
For an affine point the expression is somewhat simplified:

P'=—-NP*N =1+ (p —2(p,n)n — 2dn)s =1+ (npn — 2dn)e.

2.7.2. Reflection of a plane

The reflected plane is defined by the dual quaternion IT = + ¢, and the plane relative to which the
reflection occurs is represented by the dual quaternion N = n + de, |n| = 1.

Note that IT* = —v + 8¢ and write

— NIT*N = —(n + de)(— + de)(n + de) =
= —(n + de¢)(—n — de + Sne + 6de?) = —(n + de)(—n — de + Sng) =
= —(—nn — dne + dnne — dne — d?¢? + 5dne?) = nn + dne + 5¢ + dne =
=nn+d(n+n)+ 8= —2(,n)n—(2d(,n) - §)e.
As a result, we obtain the formula:

—NIT*N = —2(,n)n — (2d(,n) — d)e.

This formula can be rewritten in a different form if we consider the case when the planes N and IT
are not parallel and have a common point P, then

6e=—(P,)=—(1+ps)=—-1,)—(p,)e =—(p,)s; de=—(P,m).
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Using these two relations, the plane reflection formula can be written as follows:

—NII*"N = =2(;m)n — (=2(P,n)(;n) + (P,)) = —2(;n)n — ((P,-2(,m)n) + (P,)) =
= -2(,n)n— (P, —2(,n)n) = —2(,n)n — (P, — 2(,n)n) = nn — (P, nn).

2.7.3. Reflection of aline
We will assume that the normal vector of the plane relative to which the reflection occurs is unitary.
Then N~! = N*/|N| = N*/|n|| = N*. Asaresult, N"! = N* = n* + de = —n + de.

Let us now find the dual conjugation of the dual quaternion of the line L

F'=w4+me) =v —me = —v+ me.
Now we transform the expression
L' = NI'N7! = (n + de)(—=v + me)(—n + de) = (n + de)(vn — dve — mne + dme?) =
= (n + de)(vn — dve — mne) = nvn — dnve — nmne + dvne — d?ve? — dmng? =

= nvn — nmne¢ + d(va — nv)e = nvn — nmne¢ + 2dv X ne =

= |nJ|*>v = 2(v,n)n — (|n|?m — 2(m, n)n)c + 2dv X n¢ = v — 2(v,n)n — (m — 2(m, n)n — 2dv X n)z.

Let us express the moment m = p X v through the point P on the line and the vector v. In this case,
we take into account that v — 2(v,n)n = nvn and m — 2(m, n)n = nmn, then

NL'N~! = nvn — n(p X v)ne + 2dv X ne = nvn + (npn) X (nvn)c + 2dv X ne.
Consider the expression 2dv X n and transform it as follows:

nvn =v—2(v,n)n= v = nvn + 2(v,n)n,
2dv X n = —-2dn X v=—2dn X (nvn + 2(v,n)n) =
= —2dn X (nvn) — 2d(v,n)n X n = —2dn X (nvn),
2dv X n = —2dn X (nvn).

Let’s substitute into the basic formula for reflection:
NL'N-! = nvn + (npn) X (nvn)c — 2dn X (nvn) = nvn + (npn — 2dn) X (nvn)c.

Above we obtained the formula P’ = —NP*N =1 + (npn — 2dn)e, with the help of which we can
write

(npn — 2dn)e = (P' — 1)
NL'N-! = nvn + (P’ — 1) X (nvn) = nvn + (—NP*N — 1) X (nvn).

In this form, this formula is written in [13, p. 59]. As a result, we have the formula in three versions:

L' = NL'N~! = nvn + (2dv X n — nmn)c = v — 2(v,n)n — (m — 2(m, n)n — 2dv X n)c =
=nvn + (—NP*N — 1) X (nvn).
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3. Results

As a result of the work, dual quaternionic formulas were obtained for

- of screw motion of a straight line, point, and plane;

- for pure rotation and pure parallel transfer (translation) of straight lines, points and planes;

- formula for calculating the projective matrix of screw motion according to a given dual
quaternion;

formulas for reflecting points, straight lines, and planes relative to randomly positioned planes.

We dare to attribute to one of the results the very fact of detailed derivation of these formulas, as this
will make it easier for readers of the article to master working with dual quaternions.

4, Discussion

The material presented in this article shows that dual quaternions can be used to comprehensively
describe both proper and improper movements in three-dimensional space. Currently, there are
many alternative formalisms, the most popular and actively promoted of which is the geometric
algebra formalism.

We will not go into a comparison of dual quaternions and geometric algebra here, since without
a detailed presentation of the latter in terms consistent with dual quaternions, this comparison is
unproductive. However, we note the following.

- Inour opinion, when applying the Cayley-Dickson procedure, dual quaternions cannot be called
some kind of artificial formation and they are quite logical.

- All dual quaternion formulas, when disclosed, are reduced to standard calculations with three-
dimensional vectors, which makes it possible to efficiently implement calculations using, for
example, shader languages where support for these vectors is implemented at the hardware
level.

5. Conclusion

All the formulas obtained are of practical interest, as they can be used to calculate finite complex
movements, as well as to construct surfaces (for example, linear ones). In future publications, we
plan to use them to visualize various examples of movement, focusing on software implementation.
The detailed material in this article will allow you not to be distracted by mathematical details and
focus on the subtleties of software implementation and the algorithmic side of the issue.

Author Contributions: Conceptualization, Migran N. Gevorkyan, Dmitry S. Kulyabov; methodology, Migran N. Gevorkyan;
writing—original draft preparation, Migran N. Gevorkyan, Olesya M. Abakumova; writing—review and editing, Anna V.

Korolkova. All authors have read and agreed to the published version of the manuscript.
Funding: This research received no external funding.

Data Availability Statement: Data sharing is not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Declaration on Generative Al: The authors have not employed any Generative Al tools.



Abakumova, O. M. et al. Dual quaternion representation of geometrical motion in 3D space 95

References

1.

10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.
22.

Gevorkyan, M. N., Vishnevskiy, N. A., Didus, K. V., Korolkova, A. V. & Kulyabov, D. S. Dual
quaternion representation of points, lines and planes. Discrete and Continuous Models and Applied
Computational Science 33, 411-439. d0i:10.22363/2658-4670-2025-33-4-411-439 (Dec. 2025).
Blaschke, W. J. E. Anwendung dualer Quaternionen auf Kinematik German (Suomalainen
tiedeakatemia, Helsinki, 1958).

Blaschke, W. J. E. Kinematics and Quaternions trans. from the German by Delphenich, D. H.
Berlin, 1960. doi:10.1002/zamm.19620420724.

Kotelnikov, A. P. The Screw Calculus and Some of Its Applications to Geometry and Mechanics 222 pp.
(Annals of the Imperial University of Kazan, Kazan, 1895).

Dimentberg, F. M. The Screw Calculus and Its Applications in Mechanics 162 pp. (Foreign Technology
Division, Springfield, 1969).

Fischer, I. Dual-Number Methods in Kinematics, Statics and Dynamics 240 pp. (CRC Press, 1998).
Huang, Z., Li, Q. & Ding, H. Basics of Screw Theory in Theory of Parallel Mechanisms (Springer
Netherlands, Dordrecht, 2013). doi:10.1007/978-94-007-4201-7_1.

Featherstone, R. A Beginner’s Guide to 6-D Vectors (Part 1). IEEE Robotics and Automation
Magazine 17, 83-94. d0i:10.1109/MRA.2010.937853 (2010).

Featherstone, R. A Beginner’s Guide to 6-D Vectors (Part 2) [Tutorial]. IEEE Robotics and Automa-
tion Magazine 17, 88-99. doi:10.1109/MRA.2010.939560 (2010).

Chelnokov, Y. N. Quaternionic and biquaternionic models and methods of solid mechanics and their
applications. Geometry and kinematics of motion 512 pp. (FIZMATLIT, Moscow, 2006).

Goldman, R. An integrated introduction to computer graphics and geometric modeling 592 pp. (CRC
Press Taylor & Francis Group, Boca Raton, London, New York, 2009).

Goldman, R. Rethinking Quaternions. Theory and Computation doi:l0 . 2200 /
S00292ED1V01Y201008CGR013 (Morgan & Claypool, 2010).

Goldman, R. Dual Quaternions and Their Associated Clifford Algebras 279 pp. (CRC Press Taylor &
Francis Group, Boca Raton, London, New York, 2024).

Kenwright, B. A Survey on Dual-Quaternions 2023. arXiv: 2303.14765 [math.0C].

Thomas, F. Approaching Dual Quaternions From Matrix Algebra. IEEE Transactions on Robotics
30, 1-12. doi:10.1109/TR0O.2014.2341312 (Aug. 2014).

Bruno, V. A. Robot Kinematic Modeling and Control Based on Dual Quaternion Algebra. Part I:
Fundamentals working paper or preprint. https://hal.science/hal-01478225.

Wang, X., Han, D., Yu, C. & Zheng, Z. The geometric structure of unit dual quaternion with
application in kinematic control. Journal of Mathematical Analysis and Applications 389, 1352—
1364. d0i:10.1016/j.jmaa.2012.01.016 (2012).

Bekar, M. & Yayli, Y. Kinematics of Dual Quaternion Involution Matrices. SDU Journal of Science
11, 121-132 (2016).

Dantam, N. T. Practical Exponential Coordinates using Implicit Dual Quaternions (Workshop on the
Algorithmic Foundations of Robotics, 2018).

Kuipers, J. B. Quaternions and rotation sequences a primer with applications to orbits, aerospace
and virtual reality. 371 pp. (Princeton University Press, 41 William Street, Princeton, New Jersey
08540, 1999).

Vince, J. Rotation transforms for computer graphics 1st ed. 232 pp. (Springer-Verlag London, 2011).
Lengyel, E. Foundations of Game Engine Development. 1: Mathematics 4 vols. 195 pp. (Terathon
Software LLC, Lincoln, California, 2016).


https://doi.org/10.22363/2658-4670-2025-33-4-411-439
https://doi.org/10.1002/zamm.19620420724
https://doi.org/10.1007/978-94-007-4201-7_1
https://doi.org/10.1109/MRA.2010.937853
https://doi.org/10.1109/MRA.2010.939560
https://doi.org/10.2200/S00292ED1V01Y201008CGR013
https://doi.org/10.2200/S00292ED1V01Y201008CGR013
https://arxiv.org/abs/2303.14765
https://doi.org/10.1109/TRO.2014.2341312
https://hal.science/hal-01478225
https://doi.org/10.1016/j.jmaa.2012.01.016

9% Modeling and simulation DCM&ACS. 2026, 34 (1), 70-97

Information about the authors

Abakumova, Olesya M.—Student of Department of Probability Theory and Cyber Security of RUDN University (e-mail:
1132220832@rudn.ru, ORCID: 0009-0002-5236-0027)

Gevorkyan, Migran N.—Docent, Candidate of Sciences in Physics and Mathematics, Associate Professor of Department of
Probability Theory and Cyber Security of RUDN University (e-mail: gevorkyan-mn@rudn.ru, ORCID: 0000-0002-4834-4895,
ResearcherID: E-9214-2016, Scopus Author ID: 57190004380)

Korolkova, Anna V.—Docent, Candidate of Sciences in Physics and Mathematics, Associate Professor of Department of
Probability Theory and Cyber Security of RUDN University (e-mail: korolkova-av@rudn.ru, ORCID: 0000-0001-7141-7610,
ResearcherID: 1-3191-2013, Scopus Author ID: 36968057600)

Kulyabov, Dmitry S.—Professor, Doctor of Sciences in Physics and Mathematics, Professor of Department of Probabil-
ity Theory and Cyber Security of RUDN University; Senior Researcher of Laboratory of Information Technologies, Joint
Institute for Nuclear Research (e-mail: kulyabov-ds@rudn.ru, ORCID: 0000-0002-0877-7063, ResearcherID: I-3183-2013,
Scopus Author ID: 35194130800)


mailto:1132220832@rudn.ru
mailto:1132220832@rudn.ru
https://orcid.org/0009-0002-5236-0027
mailto:gevorkyan-mn@rudn.ru
https://orcid.org/0000-0002-4834-4895
https://www.webofscience.com/wos/author/record/E-9214-2016
https://www.scopus.com/authid/detail.uri?authorId=57190004380
mailto:korolkova-av@rudn.ru
https://orcid.org/0000-0001-7141-7610
https://www.webofscience.com/wos/author/record/I-3191-2013
https://www.scopus.com/authid/detail.uri?authorId=36968057600
mailto:kulyabov-ds@rudn.ru
https://orcid.org/0000-0002-0877-7063
https://www.webofscience.com/wos/author/record/I-3183-2013
https://www.scopus.com/authid/detail.uri?authorId=35194130800

Abakumova, O. M. et al. Dual quaternion representation of geometrical motion in 3D space 97

VAK 511.84:512.523.282.2:519.711
DOI: 10.22363/2658-4670-2026-34-1-70-97 EDN: UOBPEG

BMKBaTePHUOHHOE NpeAcTaB/IeHUe ABUNXEHUSA B TPEXMEPHOM
NPOCTPaHCTBe

0. M. A6akymoBal, M. H. FeBopkan?, A. B. Koponbkosal, l. C. Kyns6os':2

L Poccuniicknii yHueepcuTeT apyx6bl Hapoaos, yi. Muknyxo-Maknas, a. 6, Mocksa, 117198, Poccuiickas
depepaymsa

2 06beVHEHHbIN MHCTUTYT AAEPHbIX MCCNefoBaHwii, yn. Xonvo-Kiopu, a. 6, fly6Ha, 141980, Poccuiickas
depepaymsa

AuHoTaums. [Ipednoculaxku B mpeppigymieit cTaTbe aBTOPOB GBI IOAPOGHO PACCMOTPEH BOIIPOC KCIIOAb30BAHUS
OUKBaTEPHUOHOB JJIs1 3alaHNs TOYEK, IPSIMbIX U IIJIOCKOCTE! 1 pellleHNs CTaHJapTHEIX TeOMeTPUYECKUX 3aad.
JlaHHAas CTaThs ABIAETCS JIOTHYECKUM NIPOJODKEHUEM U PaCKPBIBAeT IPUMeHeHYe OMKBATEPHUOHOB I
ONUCaHUs U30MeTPUil TPEXMEPHOTO [IPOCTPaHCTBa. Lleqb BRIBOZ BCcex HEOOXOAMMBIX (GOPMYII [1JIsI BHHTOBOT'O
JBIDKEHUs TOYeK, IPSMBIX U IUIOCKOCTEH, a TaKKe 3epKaJbHOM CUMMeTpHUH (OTpaskeHUsI) OTHOCUTENBHO
miaocKocTu. JJopaboTka obo3HadeHUH u popmanusMa. Memodel Mcrionb3yeTcs anrebpa AyaabHBIX YHCe,
KBaTEPHUOHOB 1 OMKBATEPHIOHOB, a TAK)KE 3IEMEHTH TEOPUU BUHTOB U CKOJIB3SIIIIUX BEKTOPOB. Pesyavmamot
ITosy4eHB! ¥ CUCTEMATU3UPOBAHBI (POPMYIIBI AJIs BpalLlleHUsI, TPAHCISAIIUY, OTPAXXeHUs], BUHTOBOT'O JIBIKEHUS
U 3epPKaJIbHOIO BpallleHUs. Bbigodbt BUKBaTEpHUOHBI MOTYT CIY>KUTH IIOJHOLIEHHBIM WHCTPYMEHTOM AJIS
ONUCaHUs BUHTOBOI'O ABIKEHUS B IPOCTPAHCTBE. Barogapst BO3MOXXHOCTH BHIPAKEeHUs OMKBATEPHUOHHBIX
omepanui yepe3 CTaHJapTHOE BEKTOPHOE U CKJIIPHOEe IIPOU3BeleHHs, IToJydeHHbIe GOPMYJIBbI LOIIYyCKAIOT
3¢b(deKTUBHYIO IPOIrPAMMHYIO Pealn3aluio.

KnioyeBble cnoBa: HaTypHOE€ MOJEeJIMNPOBaHNEe, BOCIIPON3BOANMOE HCCIeN0BaHNe, NCCIeOBAHNE KaK KO/
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1. Introduction

Dynamical systems with quadratic right-hand sides can be approximated by finite-difference schemes.
Timestep of these schemes is a birational map [1-5]. Appelroth’s quadratization allows any dynamical
system with a polynomial right-hand side to be transformed into a system with a quadratic right-hand
side to which the Kahan scheme can be applied [6]. Consequently, a very broad class of continuous
dynamical systems admits approximation by t-symmetric finite-difference schemes that define
a birational map between time layers. Following [5], we refer to such schemes as reversible. This
property is of fundamental physical relevance. The time evolution of a dynamical system should,
in general, be reversible: every initial state corresponds to exactly one final state, and every final
state comes from exactly one initial state. Surprisingly, although the discrete-time methods often
preserve one-to-one correspondence, it is not always true for the original continuous systems over
the different time intervals [5].

It is worth mentioning that in the papers above the time step was implemented using a quadratic
Cremona transformation. However, in the 1980s, V. N. Abrashin proposed a multicomponent
alternating-direction method, which was successfully applied by S. N. Sytova. This method was used
for modeling the nonlinear dynamics of electromagnetic radiation generated by charged particle
beams in multidimensional spatially periodic structures [7, n. 4]. Like Appelroth’s quadratization,
this approach also introduces extra variables. However, instead of using a complicated substitution,
it does so in a very simple and clear way: by duplicating every original variable. Because of this
straightforward construction, we call it the system doubling method. A closer look shows that this
method can be used almost for any dynamical system to build a finite-difference scheme where each
time step is described by a Cremona transformation. In this paper, we give a general description of
the doubling method and explain its key algebraic properties.

2. Methods

2.1. System doubling method

Let g = (x4, ..., X,) and there is a dynamical system

dy
=i M
For simplicity, assume that the right-hand sides in (1) are polynomials.

Introduce a new set of variables ', which duplicate the original set of variables g, and form the
doubled system:

dg ,

Tl G,

dy’ 2
v f®).

We formulate the equivalence of these systems as a theorem.

Theorem 9. Every solution ¥ = }(t) of system (1) extends to a solution ¥ = ¥' = Y(t) of the doubled
system (2). Conversely, any solution of system (2) that satisfies the initial condition ¢ = §' at some time t,
satisfies the equation ¥(t) = ¥'(t) for all t, and & = ¥(t) is a solution of the original system (1).

Proof. (i) Suppose & = j(¢) is a solution of system (1). Then

dy _
7 = 1.
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Substituting #(¢) = #'(¢t) = h(¢) into system (2), both equations are satisfied identically, since

E_Doiw=ic), L -D_jm)=w.

Thus, ((¢), h(¢)) is a solution of the doubled system (2).
(ii) Conversely, let (¢(¢), ¥'(t)) be a solution of (2) satisfying the initial condition ¢(0) = #'(0). Define
the differences
u(t) = x;(t) —x;(t), i=1,..,n,
and collect them into the vector u(t) = ¥'(¢) — ¥(t). Differentiating gives

dui_dxl{ dxi_ ,
T Ty = fi(® — fi(&).

Since each component f; is a polynomial (by assumption), the difference f;(¥) — fi(¢') can be

expressed as a linear combination of the differences x} — x; = u; with polynomial coefficients. More

precisely, there exist polynomials g;;(z, ) such that

f[i® = [i) =D &ij& ¥ .

j=1
Hence, u(t) satisfies the linear homogeneous system

du; = , .
d_tl = Zlgij(f(t),x ) u;, i=1,..,n
J:

This system has continuous (in fact, smooth) coefficients along the trajectory ((¢), ¥'(¢)), and the
initial condition 1(0) = 0 holds by hypothesis. By uniqueness of solutions to linear ODEs, it follows
that 1(t) = 0 for all ¢ in the interval of existence. Therefore,

() =¢(@) forallt.
Substituting this identity into the first equation of (2) results in

dy
T f®,

so () is indeed a solution of the original system (1). 0o

Remark 1. The polynomials u; arising in the proof are a natural generalization of Darboux
polynomials [8-10].

System (2) is more complex than system (1), yet it admits a straightforward finite-difference
discretization:

- =i@)4
{ze E=i )

- =f®ar
This scheme defines a birational map between the points (¢, ') and (%, ).

In contrast to Kahan’s method, the scheme (3) is not t-symmetric [5]. However, it possesses
a generalized analogue of t-symmetry: the equations (3) are invariant under the transformation

At = —At, i F, - f

We shall refer to this property as generalized ¢-symmetry.
We have implemented the doubling-based scheme (3) in our fdm package for SAGE. All
computations presented below were made using this package.
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2.2. Quadraticintegrals

Theorem 10. Suppose that system (1) admits a homogeneous quadratic first integral
L= Z U; j XX i
L,j
Then the doubled system (2) possesses the first integral

w= Z Vij XX},
i,j
which is exactly preserved by the discrete scheme (3), i.e.,

w(E, §) = w(E, ¥).

Proof. We first observe that
v=¢"Vg
where V is the symmetric matrix representing the quadratic form v. By assumption,
dv
ar =%
along solutions of (1), i.e.,
f®VE+ Vi) = 0.
Since V is symmetric, this simplifies to
#ViGE) =0. “
This identity holds for all # € R,,, as it is satisfied along every solution of (1).
The quantity w is the bilinear form associated with the quadratic form v, so we can write

w=3§"V¢.
Differentiating w along solutions of the doubled system (2) gives

& iy +avie.

Each term on the right-hand side vanishes by identity (4). Consequently, w is a first integral of
system (2).
We now turn to the finite-difference setting. Consider the increment

w-w=w) -wkEE)=FVY -V
Adding and subtracting the term §"V3' gives
w—w=FVY¥-3Ve)+(EFVE—EVE).
Using the discrete scheme (3), we have
F-g=i®a, i-x=iG")4ar,
and therefore
FVY —ETVY =ETV(E - ) = ARV,
FVE -V = (2 —8) Ve = AtiG)TVE.
By identity (4), both terms vanish. Hence & = w, which shows that w is exactly preserved by the
discrete map (3). 0o
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2.3. Hamiltonian formulation
Suppose the original system (1) is Hamiltonian, i.e., it can be written as

dp;  8H dq; _OH

AT Taq At T apy TR
Then the doubled system takes the form
dpi _ _OH' " day _OH' -, _,
dt — dq;” dt ~ dp;’ T TV
dt dq;" dt  dp;’ T
where H = H(p,q) and H' = H(p', q'). We introduce
H, =H(p,q) + H(p'.q') ®)
and rewrite the system in the following way
dpi _ _0H, dq; _0H, ,_,
dt dq;’ dt  dp;’ e ©
dpi _ oM,  dai _ oM, i=1,..n

dt ~ dq° dt  ap]’

This combined Hamiltonian allows us to write the doubled system in a compact Hamiltonian form.
It is now clear that this system is Hamiltonian, with the same Hamiltonian as in (5). Its symplectic
structure is defined by the 1-form

n
® = Y (p;dq; + pj dg;).
i=1
Note the “cross” pairing of coordinates and momenta — each momentum is paired with the other set
of coordinates.
The finite-difference scheme obtained by the doubling method reads

Di— bi oH' , di — qi oH'  , . .
_— —_— —_— =1 eee g Fl,
= 5 (P apg(p,q), i=1...n

At At
Pi—pi _ OH . G—-q _ OH, . . . _
YT aqi(p,q), YT api(p,q), i=1,..,n
Or, using (6), the scheme can be written as
bi—pi _ _OH, 4i—4q _ 0H, i=1 . .n
At aq;’ At dp; p:p,q:q’ T
L . @
bi—pi __0H, di—q _0H, . _ n

T
i lp=p,q=q
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Figure 1. Time evolution of the variables p(t) and p’(t) for the Jacobi oscillator

3. Results

3.1. Jacobi oscillator

To understand the purpose of doubling the variables, consider a simple and well-studied example —
the Jacobi oscillator:

dp

a

d

dr

4 E = —kzpq’

p(0) =0,
q(0) =1,
r(0) = 1.

It is well known that the solution of this system is periodic and can be expressed in terms of elliptic
functions. Figure 1 shows the time dependence of p(t) and p'(¢): the amplitude of oscillations of p
grows over time, while the amplitude of p’ decreases. The exact solution lies somewhere between
these two trajectories. The behaviour shown in Fig. 1 closely resembles the classical idea of upper
and lower solutions for differential equations, first introduced by Chaplygin [11].

Looking at this figure, one can expect that the average of p and p’ approximates the exact solution,
while half the absolute difference §| p — p'| provides an estimate of the error incurred by the method.
The graph of this error estimate is shown in Fig. 2.

Nevertheless, taking arithmetic averages does not produce the behavior typically expected from
a geometric integrator. This is particularly clear from the phase portrait in the (p, q)-plane. Figure 3
displays the trajectories of the points (p, q) and (p’, ¢'). As anticipated, (p, q) spirals outward to infinity,
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Figure 5. Phase portrait of the Jacobi oscillator in the (g, p)-plane obtained using the geometric mean
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whereas (p’, q") spirals inward toward the origin. Forming the arithmetic mean — namely, the point

——_(pt+p q+tq
(p’CI)—( 2 ’ 2 >’

partially corrects this behavior (see Fig. 4), but the improvement is incomplete. The averaged
trajectory still fails to lie on a closed curve, in contrast to the exact periodic orbits or those obtained
with Kahan’s method. This indicates that the discretization introduces a small amount of numerical
dissipation into the system.

However, if we use geometric means in our calculations, the situation improves dramatically. As

clearly seen in Fig. 5, the point
®9 = (Vrr -Vaq)
lies exactly on the circle
P47 -1

which is precisely the first integral of the Jacobi oscillator,
p’+q’ =1

Thus, in this case, using geometric averages exactly preserves the original system’s motion integral.
As an example of the quadratic integral preservation, the Jacobi oscillator possesses the quadratic
first integral
v=p?+q-.

Consequently, the doubled system admits the invariant
w=pp' +qq,
which is exactly conserved under the numerical scheme (3). When expressed in terms of geometric
means, B B
p=vpprs q=vqq,

—2 -2
w=p +q,

this invariant takes the form

which explains the exact preservation of the circular phase trajectories observed in Fig. 5.

3.2. Vanhaecke system

To see how integrals of degree higher than two behave under the discrete scheme (3), we look at
a well-known example of a completely integrable Hamiltonian system — the Vanhaecke system [12-
14], first introduced by P. Vanhaecke in the 1990s. This system has two degrees of freedom and
Hamiltonian

1 1
H=3(pt+p3) + 5(at + @3)° + aqi + Bg5 —a = B,
where o and f3 are parameters of the system. This system has two polynomial first integrals:
F = (p2q1 — 1192)” — (241 + 2413 + 2aq7 + pi)(a — B),

and
G = (p2q1 — P192)* + (24395 + 245 + 25 + p3) (@ — B),
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which are in involution. Moreover, their difference is proportional to the Hamiltonian H.
We integrated the system using the scheme (3) with the initial conditions

¢:(0) =0,
(0) =1,
pi(0) =1,
p2(0) =0,

parameters @ = 1, 8 = 2, and time step 4t = 0.05.

Figure 6 shows the values of H = H(p,q) and H' = H(p',q’). Even with such a small time step, the
energy changes noticeably — already in the first decimal place. However, H and H' oscillate out of
phase around a value close to the exact one, and — most importantly — neither shows any long-term
drift upward or downward.

Averaging in different ways reduces the size of these oscillations. We tried three approaches:

- the simple average ;(H + H') — shown as the solid line in Fig. 7,

- H(p,q), wherep = [%p’ andq = %q’ — dashed line,

- H(ﬁ 5), Wheref =+/pp’ andc:1 =14/qq’ — doted line.
This keeps the energy with an error of order 1073, and, most importantly, the energy shows no
long-term drift upward or downward.
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Figure 8 shows how the integral F behaves over time. When computing the averages (Fig. 9), we
used only the first two of the three methods described above. The geometric mean was not used here
because the expression for F involves more than just squares of coordinates and momenta, which
caused technical difficulties.

The same pattern is clearly visible as in the energy plot: the two copies F and F’ oscillate out of
phase around the true value, and averaging reduces the oscillation amplitude without introducing
any drift.

3.3. Symplecticity

The scheme (7) is a partitioned (or split) finite-difference method [15, 16]. The first 2n variables
(p, q') and the last 2n variables (p’, q) are updated using different formulas, which is typical for such
methods. Because of this structure, the scheme is expected to be symplectic.

Theorem 11. If the Hamiltonian splits as
H =T(p)+ U(q),
then the discrete scheme (7) is symplectic, i.e.,
Q—w=dS
for some function S.

Proof. Let us denote the partial derivatives of T and U by

oT |, _9U

T=22, =
' ap; ' g

Recall that the discrete symplectic form is
@ = > (P dg; + b day).
i=1
We treat the two parts separately. First, using the update rule from (7),
4 = q; + At Ty(p),
so
2. bidd; =} pid(q; + At Ti(9)) = 3 pidaj + At Y pi dTy(p)-
The second term is an exact differential. Indeed,

> bidTi(p) = d(Y piTi(p) — T())»

SO we can write
2. bidd; = 3 pida] +dSy(p),
where $,(p) = At(Y piTi(p) — T(P)).
Now use the other half of the scheme: p; = p; — 4t U;(q’), so

D pidg; =Y, pidq; — At ) Uy(q)dq; = ), p;dq; — dU(q).
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Putting everything together,

> pidd; =Y, pidq; — dU(q) + dS,(p).

A similar calculation for the second part gives
2, bidd; = Y pidd; +dU(@) = Y pj dg; + dSy(p') + dU(Q),

where S,(p') = At(X piTi(p") — T(p")).
Adding both contributions and subtracting the original form

W= Z(Pi dq; + p;dgq;),
we find that all non-exact terms cancel each other out, and
O—w=dS

with S = S1(p) + S,(p’) — U(q") + U(G). Hence the scheme is symplectic. 0

4, Discussion

In general, it is highly convenient when a numerical method inherently includes a built-in error
estimator. In contrast, methods like Runge-Kutta require such error estimation techniques to be
added separately [17].

Nevertheless, taking arithmetic averages does not produce the behavior typically expected from
a geometric integrator. This is particularly clear from the phase portrait in the (p, g)-plane. Figure 3
displays the trajectories of the points (p, q) and (p’, q'). As anticipated, (p, q) spirals outward to infinity,
whereas (p’, q') spirals inward toward the origin.

Forming the arithmetic mean — namely, the point

——_(p+D q+q
(p,a)-(—2 g )

partially corrects this behavior (see Fig. 4), but the improvement is incomplete. The averaged
trajectory still fails to lie on a closed curve, in contrast to the exact periodic orbits or those obtained
with Kahan’s method. This indicates that the discretization introduces a small amount of numerical
dissipation into the system.

However, if we use geometric means in our calculations, the situation improves dramatically. As
clearly seen in Fig. 5, the point

(7.9 = (Vor' . Vaa)

lies exactly on the circle
—2 =2
_p + ZI =1,
which is precisely the first integral of the Jacobi oscillator,
PP+q¢ =1

Thus, in this case, using geometric averages exactly preserves the original system’s motion integral.
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In this sense, scheme (3) actually works better than Kahan’s method. Unlike the doubling scheme,
Kahan’s method does not preserve the original integral p? + g. Instead, it conserves a modified
expression dependent on At. Finding this expression for the Kahan scheme was the main result of
the work [18], in [5] this expression was found according to the Lagutinsky method.

Exact preservation is important in many cases. For example, one conservation law for the spinning
top simply says that the sum of the squares of the direction cosines is always 1 [19]. Kahan’s method
preserves a modified expression [20], i.e., adds tiny corrections that don’t have a clear geometric
meaning. Because scheme (3) preserves this integral exactly, it looks very promising for building
geometric integrators — methods that respect the underlying geometry of the problem.

Overall, we can say that the scheme (3) keeps all integrals of the system close to their exact values
allowing only small oscillations around them. This is a very good property and suggests that the
scheme may be reliable for long-time simulations. At the same time, it is important to note that the
energy integral is not preserved exactly, no matter how we average it.

It should also be mentioned that the Vanhaecke system has cubic right-hand sides, so it cannot be
directly discretized by Kahan’s method. Even if it could, there are no general results guaranteeing
that Kahan’s method preserves arbitrary polynomial integrals. The only case that is well understood
is the preservation of the energy (Hamiltonian) itself [2].

Energy conservation in symplectic integrators has been studied extensively. It is well known
that the original Hamiltonian is not preserved exactly. However, one can construct a modified
Hamiltonian H that is conserved up to any desired order of accuracy [15, 21]. Because of this,
numerical experiments typically show the energy oscillating around a constant value that is close to —
but not exactly equal to — the true energy. This is precisely what we observed in the Vanhaecke system.
Looking at Fig. 7, one might even guess that the different averaging strategies we used correspond to
modified Hamiltonians of different orders.

5. Conclusion

In this work, we studied reversible finite-difference schemes for dynamical systems based on the
doubling method introduced by V. N. Abrashin and S. N. Sytova. We carried out a detailed analysis of
algebraic integral preservation for two benchmark systems: the classical Jacobi oscillator and the
Vanhaecke system.

First of all, quadratic integrals are proven to preserve exactly (Th. 9). In particular, the quadratic
integrals for the Jacobi oscillator are preserved exactly if we replace the squares of the quantities
with the geometric mean. For comparison’s sake, Kahan’s method does not preserve the original
quadratic integral p? + g%, but conserves a modified expression dependent on A¢. Exact preservation
is important for geometrical interpretation of expressions like the sum of the squares of the direction
cosines.

For Hamiltonian systems, this method is symplectic in the sense of the theorem 11. Thus the
original Hamiltonian is not preserved exactly, but one can construct a modified Hamiltonian H(™
that is conserved up to any desired order. It seems that the different averaging strategies we used
correspond to modified Hamiltonians of different orders. In any way, the scheme keeps all integrals
of the Vanhaecke system close to their exact values allowing only small oscillations around them.
Thus the scheme may be reliable for long-time simulations.
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06 opgHOM pa3HOCTHOM cxeMe, 3apalowien 6upaynoHanbHoe,
HO He KBapaTU4HOEe COOTBETCTBUE MeX Ay C/10MU

N.0. Nanwexkosat, K. C. Mawkosuesa®, A. A. Tpycosa®, M. 1. Manbix} 2

L Poccuiicknii YHUBEPCUTET ApYxObl HAPOAoB, yN. Muknyxo-Maknas, 4. 6, MockBa, 117198, Poccuiickas
depepauns

2 06beAVNHEHHbIN WHCTUTYT SIAEPHbIX UcCnegoBaHuin, yn. Xonvo-Kiopu, a. 6, lybHa, 141980, Poccuiickas
depepaymsa

AHHoTauus. B cTaTbe pacCMaTpPUBAIOTCSI 0OpaTUMBble PA3HOCTHBIE CXEeMBI /I JUHAMUYECKHUX CUCTEM, OCHOBaH-
HBIE Ha MeTOo/le YABOEHHs CUCTeMBI, IIpefiioxkeHHOM B. H. A6pamuasiM u C. H. CeToBOM. MeToz 3aKio4aeTcs
B Iy6IMPOBaHUY MCXOAHOTO HabOpa IIepeMeHHBIX, ITO [T03BOJISIET IIePENTH K PACIIMPEHHOM CUCTeMe, [JIs
KOTOPO¥ CTPOUTCS KOHEUHO-Pa3HOCTHAs alllIPOKCHMAIIV, 3aialolas GupaloHalbHOe 0TOGpaXKeHe MeX-
Zly COCeIHMMMU BpeMeHHBIMU CI0SIMU. ViccienyeTcs coxpaHeHNe airebpandyecKiux HHTETPajoB TAaKUX CXeM.
JlokasbIBaeTCs, YTO eCJIU MCXOHAS CHCTeMa AOIyCKaeT OZHOPOAHBIN KBaPATUIHBIN IIEPBBIN HHTETPaJ, TO
COOTBETCTBYMOIIAs OrinHeHas popMa SBISETCS TOUHBIM HHTETPAJIOM JUCKPETHOH CXeMBI. DTO CBOMCTBO [Je-
MOHCTPHUPYETCs Ha KJIaCCUIECKOM IIpuMepe oCcLHIIIsITOpa IK06H, Ije cxeMa COXpaHseT TOYHYIO BeIUINHY,
BBIPOKEHHYIO Yepe3 cpefiHee reoMeTpUYecKoe Ay6IMpOBaHHBIX IIepeMEeHHBIX, BOCIIPOU3BOSI KOPPEKTHYIO I'eo-
MeTpuio (has3oBbIX TpaeKTOpuil. Bosee riay6okuii aHAIN3 IPOBOAUTCS Ha IIpUMepe HETPHUBUAIBHOI CHCTEMBL
BaHxaeKe — UHTerpHpyeMoi raMUIBTOHOBOM CUCTEMBI C IBYMS CTEIIeHIMU CBOOOBI, 001a/at011el! TOTMHOMU-
aJIbHBIMU MHTETpajTaMy BhICIINX CTeIleHeH, HHTerpUpyeMOCTh KOTOPOH BbIpaXKaeTcst uepes abesneBsl GyHKIIH.
YucieHHBIe 9KCIIEPUMEHTEI, pean30BaHHbIE B CHCTEMe KOMITBIOTEPHOM anre6phl Sage ¢ UCIIOIb30BaHUEM CIIe-
I[MaIu3upoBaHHOro naxkera fdm.sage, MOATBEPKAAIOT, YTO IIPU AUCKPETU3AINH METOJOM Y BOEHUS iBE KOTIUU
CHCTEMBI CHHXPOHHO KOJIEBIIOTCST OKOJIO TOYHBIX 3HAYeHUI IePBBIX NHTETPAJIOB, a IPHIMEHEHHe YCPeJHeHUs
CHIDKAeT aMILIUTYAy KonebaHuil. [l cenapabebHBIX TaMUIBTOHOBBIX CHCTEM IIOKa3aHa CUMILUIEKTUYHOCTD
cxeMsl. [TolyueHHBIe pe3yabTaThl II03BOJISIOT PEKOMEHI0BATh METO/L YIBOEHUS AJIs TIOCTPOEHUS YCTONYH-
BBIX U CTPYKTYPOCOXPAHSIOMINX YUCIEHHBIX HHTETPATOPOB [JIA IIHPOKOTO KJIacca JUHAMUYIECKUX CUCTEM
C IOJMHOMMATIbHBIMU [IPAaBBIMU YaCTSIMU, BKJII0YAsd CCTeMBI BLICOKOI pa3MepHOCTH.

KnioyeBble cnoBa: ArHaMHYecKHe CUCTeMbl, KOHeUHble pa3HOCTH, cxeMa KaraHa, MHTerprupyemble CUCTEMBI,
cuctema Banxaeke



Discrete & Continuous Models
& Applied Computational Science

ISSN 2658-7149 (Online), 2658-4670 (Print)

2026, 34 (1) 113-124
http://journals.rudn.ru/miph

)
)
W

Review
UDC 537.533.7
PACS 52.25.0s, 52.30.~q, 52.35.~g, 52.38.~1, 52.40.Db, 52.50.Jm, 52.57.~z
DOI: 10.22363/2658-4670-2026-34-1-113-124 EDN: UPXGCS

Interaction of relativistic electrons with intense
electromagnetic fields: ponderomotive effect,
acceleration, refraction, reflection,

dependence oninitial conditions
Alejandro J. Castillo >3, Yuriy Gr. Rudoy!

L RUDN University, 6 Miklukho-Maklaya St, Moscow, 117198, Russian Federation

2 P.N. Lebedev Physical Institute of the Russian Academy of Sciences, 53 Leninskiy Prosp, Moscow, 119991,
Russian Federation

3N. I. Pirogov Russian National Research Medical University, 1 Ostrovityanova St, Moscow, 117513, Russian
Federation

(received: July 17, 2025; revised: December 25, 2025; accepted: January 10, 2026)

Abstract. The rigorous theory and characterization of charged-particle dynamics in high-intensity electromag-
netic fields are fundamental for the development of advanced plasma-based applications. Accurate analytical
models must bridge the gap between smoothed trajectories and exact particle motion to predetermine injec-
tion and energy gain. The main objective of this review is to establish a rigorous framework for the averaged
relativistic motion of electrons, focusing on the strict derivation of ponderomotive forces and the impact of
fast-oscillating periodic additions on dynamical variables. By making use of the Krylov-Bogoliubov-Mitropolsky
averaging method to obtain the equations of motion, the study analyzes relativistic effects in laser beams and
waveguides. These theoretical predictions are substantiated through numerical validation, including test-particle
simulations and three-dimensional particle-in-cell simulations (PIC) of relativistic self-trapping regimes such as
“laser bullet” and “bubble” structures. The review details the independence of the results on the formulation
framework, the strict dependence on wave polarization, and the non-strict potential character of the relativistic
ponderomotive force. The analysis demonstrates that periodic fast-oscillating additions are essential for a com-
plete description, accurately setting initial conditions in averaged equations and enabling precise predictions of
electron reflection and refraction. Simulations confirm that these fast-oscillating corrections determine elec-
tron injection and beam charge in realistic laser-plasma acceleration scenarios. The present review clearly
shows that the dual framework of test-particle and PIC models is vital for probing the limits of averaged motion
theory. The findings are of direct practical relevance for the optimization of radiation sources and guide the
development of future theories incorporating non-adiabatic and field topology dependent effects.
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1. Introduction

The dynamics of charged particles in intense electromagnetic (EM) fields is a fundamental area of
research with significant implications for fields such as laser-plasma interaction, particle acceleration
[1], and plasma heating [2]. The complexity of particle motion increases significantly when the EM
field is inhomogeneous in space and time [3] or the relativistic effects become considerable [4].
To address this, various approximate methods, particularly averaging techniques [5], have been
developed to derive simplified equations of motion for the “guiding center” or “smoothed” variables
of the particle, while accounting for the “fast oscillations” or “periodic additions”, as mentioned in
[6-9], is treated as an intrinsic intermediate procedure.

A central concept derived from the averaging analysis is the ponderomotive force, which describes
the averaged driving of a high-frequency EM field on a charged particle [10-13]. Initially derived by
Gaponov and Miller [10] for nonrelativistic particles in a weak monochromatic field, this force is
potential and points towards regions of lower field intensity [11, 14]. Its relativistic generalization,
initially presented by Kibble [15], introduced the concept of an “effective mass” of the particle,
m* = my'1 + A2, where A? = (e/mcw)*(E?) is the normalized vector potential, redefined as a function
of the averaged (slow) coordinates. This initial relativistic treatment also introduced the concept of
mutual refraction of electrons and photons, an appealing name that captures the physical analogy of
an electron’s deflection in a wave field mirroring light refraction in plasmas. This powerful, physical
similarity offers considerable insight into the problem, much of which has unfortunately vanished
from modern discourse.

Further analyses of applicability were conducted, yielding various generalizations, particularly
considering the influence of the relativistic nature of particle motion [16, 17], the superposition of
multiple waves [18], and external magnetic fields. Such diversity of scenarios, field configurations, and
formalisms employed leads to a wide range of significant results. Notably, the average wave-particle
interaction can depend on propagation direction, polarization, spatiotemporal amplitude profile,
and wave intensity, and it may not necessarily be potential. However, the absence of a unified
rigorous approach to these problems often results in contradictions across studies [13, 19, 20].
Furthermore, while averaging particle motion simplifies the description of dynamics in non-uniform,
rapidly oscillating fields, the rapidly oscillating components of dynamic variables, along with their
initial conditions, are frequently overlooked. This omission prevents a complete and unambiguous
understanding of particle motion.

The collective works [6-9] offer a rigorous and consistent application of the Krylov-
Bogoliubov-Mitropolsky (KBM) [21] averaging over fast phase [22] method to analyze the relativistic
motion of charged particles in a variety of intense and inhomogeneous EM fields. These studies go
beyond typical derivations of ponderomotive forces by meticulously calculating oscillating additions
and highlighting their crucial role, particularly in defining initial conditions for averaged equations.
They refine theoretical models and uncover previously overlooked complexities in particle-wave
interactions [2]. In this review, we assess the results, validity, and significance of these researches.
Our goal is to provide a coherent framework that connects foundational principles with modern
applications.

2. Relativistic averaged motion theory: model and methods

Classical averaging techniques, mainly applied to finding the ponderomotive force, often prove
insufficient when examining the motion of charged particles in relativistic regimes. Early attempts
introduced more rigorous derivations using multiple-scale perturbation theory [12], Hamiltonian
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[23] and Lagrangian [24] averaging, and covariant formulations [17, 25] . These efforts primarily
revealed that the relativistic ponderomotive force is not only amplitude-dependent but also sensitive
to polarization and space-time structure of the EM field. The KBM averaging over the fast phase
theory suggests that a correct averaging procedure first requires establishing a standard form of the
equation of motion. This allows one to prove the existence of a specific change of variables that
excludes time from the right-hand sides of these equations with a prescribed degree of accuracy in
terms of a small parameter [26]. Here, we present a synthesis of results from theoretical manuscripts
[6-9], which make use of the KBM method. These works consider a full coupling between field
geometry [27], relativistic particle momentum [28], and relativistic kinematics [29], while scrutinizing
the meaning of the fast oscillating terms explicitly obtained by the KBM method, thus including their
influence, especially in the setting of initial conditions.

2.1. Polarization effects

The paper [6] extensively examines the relativistic motion of a charged particle in intense linearly
and circularly polarized EM radiation within the geometrical optics approximation [30]. Whereas it
is usually accepted that ponderomotive forces are independent of the polarization of the wave [31],
research as [13] has shown that the averaged equations of motion of the particle (and consequently
the expressions for the ponderomotive force) are different for circularly and linearly polarized waves.
A key aspect of the work [6] is the consistent derivation of averaged relativistic equations of motion,
confirming that the expressions for the ponderomotive force differ for circularly and linearly polarized
waves. This directly addresses and clarifies previous contradictions between [13] and [31].

The analysis introduces two dimensionless parameters: g = eE/mcw, representing the ratio of the
particle’s oscillating velocity amplitude to the speed of light, and u, associated with the space-time
variations of the amplitude. For intense radiation fields, g can be comparable to or greater than
unity (e.g., g = 1 for a wavelength of 1 um and intensity of 10'® W/cm?). This means that g is not
generally small, making averaging via this parameter unfeasible according to the Bogoliubov-Krylov
theorem.Thus averaging must be performed by expanding in the small parameter u, which is small
in the geometrical optics approximation, u ~ 1/kL ~ 1/wT. Let us note that all references to the
parameter g in cited works [6-9] correspond to the amplitude of the normalized vector potential in
the averaged description and should be identified with the standard symbol q, for consistency [32].

The derived expressions for the averaged relativistic force for both polarizations contain new
additional small terms weakening its module. While these terms are small, their effect can be
noticeable at small radiation field gradients. A critical distinction arises for linearly polarized
waves: rapidly oscillating terms in the relativistic factor, specifically those oscillating with a doubled
phase whose amplitude depends only on wave intensity, are not associated with the small expansion
parameter. This implies that for a linearly polarized wave, the field cannot be excessively strong,
as the usual binomial expansion for the relativistic factor might become invalid, complicating the
averaging procedure significantly. The averaged action of a linearly polarized wave on a particle is
shown to be more weakened than that of a circularly polarized wave.

2.2. Theimpact of spatiotemporal wave structure

The manuscript [7] focuses on ponderomotive forces in intense laser radiation fields described as
the superposition of Gaussian beams of arbitrary modes in the quasi-optical approximation. This
approximation is often considered more adequate for laser radiation [33] and provides a physically
realistic description of the field’s spatial structure analysis [30]. The small parameter here is u = 2/ka,
where a is the beam waist. The ponderomotive force for circularly polarized Gaussian beams is
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derived. The method involves representing the laser field via a vector potential A(r, t) and expanding
its complex amplitude Ay(r) in even powers of u. The longitudinal component of the vector potential,
AD emerges in odd powers of u from the Coulomb gauge condition vA = 0. Similar to the previous
work [6], a generalized momentum vector, 7 = p + (e/c)A is employed to handle large, fast-oscillating
terms. A significant finding is that relativistic effects lead to a weakening (attenuation) of the averaged
force of high-power laser radiation on the particle. The ponderomotive force is proportional to the
gradients of the Gaussian radiation intensity, aligning with experimental data [34]. The difficulties in
averaging the longitudinal motion equations, particularly due to large rapidly oscillating components
proportional to the wave field, are addressed by assuming weakly relativistic motion in the transverse
plane, which is often a natural assumption for acceleration problems. The mean energy of the
particle-radiation system is conserved to second-order terms when the amplitude is time-independent.
Furthermore, particle acceleration or deceleration is shown to depend on its injection into a divergent
or convergent Gaussian beam, respectively.

2.3. Beat waves approach to modulated wavefronts

The study in [8] extends the analysis to the relativistic motion of a charged particle in the field of
a laser beat wave, formed by the superposition of two circularly polarized Gaussian beams in the
fundamental mode propagating in the same direction. This is crucial for understanding mechanisms
of particle acceleration [35, 36] and plasma heating [37]. A unique and significant result in this context
is the demonstration that, although a relativistic generalization of the ponderomotive potential is
defined, the averaged force in the field of a beat wave is not completely potential. This contrasts
sharply with the potential nature of the standard form of the Gaponov-Miller force. The force is found
to depend significantly on the slowly varying combination (beat wave) phase, which evolves according
to its own nonlinear equation. This implies a more complex interaction than for single-wave fields.
The averaging procedure here has a distinct feature: while partial phases of the constituent waves are
considered “fast” and averaged over, the combination phase is “slow” and is not averaged. Relativistic
effects and the diffractive spreading of the beams further weaken the averaged action on the particle.
It is also shown that the transverse components of the ponderomotive force are first-order effects
in their expansion, while the longitudinal component is a second-order effect. This implies that
ponderomotive expulsion of particles in the radial direction (towards weaker fields) occurs faster
than acceleration in the direction of wave propagation. The particle’s trajectory in the transverse
plane can be approximated as a circle whose radius slowly decreases as the beat wave propagates,
unlike the constant radius for a plane wave.

2.4. Oscillating additions and initial conditions

Reference [9] delves into the relativistic motion of a single electron entering a rectangular waveguide
supporting an arbitrary H,,,,-mode wave. Here, the small parameter for expansion is g = eE/m,cw,
which is typically small for waveguide fields. A salient finding is that the averaged (ponderomotive)
force along the longitudinal axis of the waveguide is absent, regardless of the wave mode, meaning
that no non-gradient forces are generated in this direction. As a standard effect, the transverse
components of the ponderomotive force expel the charged particle from regions of high field intensity.
The constant of motion, y — p,/mc = C , which behaves analogously to the refractive index for plane
waves in a dielectric medium, is confirmed. Owing to the influence of the explicitly presented periodic
additions terms, the analytical and numerical results from [9] are crucial: together, these results
address and reconcile the contradiction between [19] and [38].



Castillo, A. J., Rudoy, Y. G. Interaction of relativistic electrons 117

The crucial role of oscillating additions and Initial Conditions is studied deeper in this work. Across
all the studies [6-9], a consistent and highly emphasized theme is the meticulous calculation and
application of “periodic additions” to the smoothed (averaged) dynamical variables. While previous
works often used these oscillating parts only for deriving averaged equations and then disregarded
them, the aforesaid works rigorously derive the terms usually up to second-order expansions. The
numerical simulations repeatedly demonstrate that an excellent agreement between the exact
equations of motion and the averaged solutions is achieved only when the initial conditions for
the averaged equations are correctly defined by incorporating the periodic additions across the
entire time evolution, including the initial moment. For the initial moment onward This “initial leap”
between the exact and averaged momenta, determined by the periodic additions, is critical. For
example, in the waveguide case, the longitudinal averaged momentum at the initial instant may differ
from zero and even be negative, which is correctly predicted by their model and verified numerically.
This detailed treatment of initial conditions allows for an accurate description of phenomena like
electron refraction and reflection by the waveguide field, consistent with Kibble’s [15] earlier work on
mutual refraction of electrons and photons. As remarked and shown in [9] and collectively supported
by [6-9], depending on injection conditions and initial phase, an electron may either penetrate or be
reflected by the waveguide field, with the critical momentum being defined by the periodic additions.

2.5. Methodological constraints and physical limitations

A rigorous application of the Krylov-Bogoliubov-Mitropolskiy (KBM) averaging method to the
relativistic equations of motion reveals fundamental constraints on the resulting analytical models
for the ponderomotive forces. These constraints establish the foundational bounds within which the
KBM-derived formalism remains both mathematically correct and physically adequate. A primary
limitation arises because the Lorentz force equation in an intense field (ay = eE/mcw ~ 1) is
not initially in the “standard form” required by the KBM formalism, which presupposes a clear
separation between slow dynamics and small, fast oscillations. The right-hand side of the equation
of motion contains large-amplitude terms, proportional to the field strength a,, that oscillate
at the optical frequency. Direct averaging is therefore impossible [6]. As demonstrated in the
works [8], is a preliminary transformation to the particle’s canonical momentum, 7 = p + (e/c)A
automatically absorbs and eliminates the dominant oscillatory force terms. However, this necessary
step complicates the subsequent averaging of the relativistic factor y = y/1 + (p/mc)?. Expressed in
terms of the canonical momentum 7 and the field momentum pg = (e/c)A, y becomes depending
on the 7 — pg. A consistent KBM expansion of y is only straightforward if the oscillatory part pg is
the dominant momentum scale. This leads to a critical, often implicit, assumption: the smoothed
transverse canonical momentum must satisfy |7, | < |pg|- When this condition holds, a binomial
expansion of y in powers of ( - pg) is justified and allows for systematic averaging [6, 7]. Violation of
this condition signals a regime where the particle’s quiver motion is no longer the primary relativistic
effect, and the standard ponderomotive expansion fails.

A separate and stringent limitation concerns the longitudinal motion. For the wave phase 6 = kz—wt
to be a “fast” variable suitable for averaging, its derivative d6/dt = —w (1 — v,/c) must remain large.
This requires that the quantity G = y — p,/mc = y(1 — v,/c) is not too small [6]. Physically, this
condition |1 — v,/c| > u (where u is the slow-variation parameter) ensures that the Doppler-shifted
frequency experienced by the particle remains high [39]. As the particle’s longitudinal velocity
approaches c, this condition breaks down; the phase evolution becomes slow, the separation of time
scales vanishes, and the averaging procedure is invalidated.
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Finally, accounting for the finite extent in time of the EM fields is essential, particularly in laser EM
fields, where attaining higher radiation intensities unavoidably entails shorter pulse durations. We
note that the entire KBM approach and the adopted aprroximations(e.g. quasioptical or geometrical)
rest on adiabatic assumptions, and consequently the laser pulse envelope (characterized by scales L,
T, or waist a) must vary slowly compared to the optical period (1 < 1). This assumption underpins the
definition of the small expansion parameter u = 1/(kL) ~ 2/(ka) [31]. For few-cycle or sub-cycle laser
pulses, this clear scale separation collapses. In such ultra-short pulse regimes, the particle dynamics
is intrinsically and strongly phase-dependent, the concept of a time-averaged ponderomotive force
becomes ill-defined, and analysis must revert to fully time-resolved models or direct numerical
integration of the Lorentz equations.

Let us remark that within the regime of laser intensity and particle energy considered in the articles
which are the scope of this work, radiation reaction and quantum electrodynamical (QED) effects
are negligible [40]. Collective plasma behavior is treated qualitatively within a phenomenological
framework.

3. Numerical and experimental verification

The theory of averaged relativistic motion for single charged particles, developed in [6-9], requires
systematic benchmarking against both numerical simulations and experimental data. In particular,
the works [1, 41] have been instrumental — not only in validating the foundational framework —
but also in extending it to more complex, less idealized scenarios of laser-plasma interaction. The
theoretical predictions derived therein show strong agreement with both single-particle simulations
and full particle-in-cell (PIC) results for canonical configurations, such as Gaussian laser pulses
interacting with preformed or self-generated plasma channels, as well as in the relativistic self-
trapping regime. Key validation metrics include trajectory fidelity over multiple laser cycles, long-
term energy gain or loss, the spatial distribution of electrons expelled by the laser field, and the
subsequent dynamics of these particles under quasi-static fields.

However itis crucial to recognize the boundaries of this averaged description. Beside the limitations
described in section the formalism based in KBM method breaks down in stochastic regimes.
Specifically, when stochasticity develops, for instance in complex field configurations where a laser
field is assisted by large-amplitude plasma waves [42] the foundational KBM averaging method loses
its strict applicability [43]. In such cases, the concept of a well-defined ponderomotive force is partially
employed, serving primarily for qualitative estimates or as a guiding approximation and the particle
dynamics must be analyzed using tools for chaotic systems, such as Lyapunov exponents, Poincaré
maps, and other indicators of non-integrability and phase-space mixing.

Experimental [14, 44, 45] benchmarking remains more challenging due to the difficulty of isolating
pure ponderomotive effects from competing processes such as collisional heating, space-charge
fields, and instabilities. Nevertheless, combined diagnostics can enable semi-quantitative validation
of predicted density modulations and EM field structures consistent with relativistic ponderomotive
theory [46, 47].

3.1. Test-particle models

For controlled investigations of single-particle dynamics, test-particle models offer a complementary
and highly flexible approach. In these models, prescribed EM fields — such as Gaussian laser beams,
beat waves, or idealized waveguide modes — are used to integrate the relativistic equations of motion
for ensembles of particles. This setup allows direct comparison with analytical expressions for the
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ponderomotive force and enables the isolation of effects due to field geometry [44], polarization
[48], and carrier-envelope phase [49]. Future studies will employ hybrid approaches that combine
test-particle trajectories with envelope-averaged field models, thereby bridging the gap between rapid
quiver motion and slow drift dynamics.

Accurate modeling of the ponderomotive force, augmented by information from the periodic
additions to the smoothed motion, has proven essential for predicting injection thresholds, beam
quality, and energy spread. These parameters are critical for applications ranging from compact
accelerators and bright radiation sources to medical therapies.

A related study of direct laser electron acceleration in plasma channels formed by ultrashort,
relativistically intense pulses, both linearly and circularly polarized, examines post-injection electron
dynamics governed by self-generated quasi-static fields [41]. Using test-particle simulations, this
work incorporates the radial electric field, azimuthal magnetic field, and, in the case of circular
polarization — an axial quasi-static magnetic field component, the latter having been first identified
in PIC simulations. Through consistent application and numerical testing of the KBM averaging
method, this research reveals distinct mechanisms of drift, diffusion, and acceleration, alongside
detailed analyses of trajectory stability and chaotic motion.

3.2. Particle-in-Cell (PIC) simulations

Relativistic ponderomotive forces lie at the heart of modern laser-driven plasma acceleration schemes.
The leading edge of an intense laser pulse expels background electrons via the ponderomotive
force, creating a trailing, charge-separated cavity that sustains enormous longitudinal electric fields
[50]. Particle-in-cell (PIC) simulations serve as the primary computational tool for self-consistently
modeling these interactions at relativistic intensities; crucially, they capture ponderomotive effects
naturally by resolving the fast oscillatory motion of particles without invoking explicit cycle averaging.

Among mechanisms associated with the formation of an ion cloud in material that moves together
with the laser pulse by the effects of ponderomotive force, Relativistic self-trapping (RST) of an intense
laser pulse represents one of the most efficient mechanisms for laser-driven electron acceleration,
delivering extreme charge (> 10nC) with high energy conversion efficiency (~ 40-50%). This
mechanism operates in two characteristic regimes: the “laser bullet”, where the pulse length ct
is comparable to the cavity diameter D (ct ~ D), and the “bubble” regime, where ¢t < D. The
distinction depends on the fraction of the cavity volume filled by the laser field. A quantitative
comparison of these regimes, supported by recent work [1], relies on a physical interpretation
grounded in the averaged dynamics of test particles. This approach has clarified distinct electron
injection mechanisms and enabled predictive scaling laws for injection efficiency.

The equilibrium size of the plasma channel (or cavity) is governed by a balance between the
outward radial ponderomotive force and the inward Coulomb force of the ion core at the channel
boundary [51]. The standard scaling law for the channel radius, R « I(l)/ 4 emerges from this force
balance. However, its derivation traditionally assumes a uniform transverse laser profile, where the
dimensionless field amplitude q, is constant. In a more realistic, non-uniform transverse profile,
the field amplitude at the boundary, a(()b), is lower than the peak axial value, aéaXis). Consequently,
the proportionality constant « in the scaling law must be adjusted when the boundary field is used,
resolving an ambiguity present in the literature [52].

Although full-scale particle-in-cell (PIC) simulations naturally capture collective, non-adiabatic, and
stochastic effects in ultra-short laser-plasma interactions, the underlying ponderomotive dynamics
can still be identified through tailored diagnostic procedures. In the analysis of [1], signatures of the
averaged ponderomotive force will be extracted by examining phase-averaged particle momenta,
correlating particle expulsion with local intensity gradients, and reconstructing effective force fields
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from simulation data. These methods allow for the assessment of the relative contribution of
ponderomotive mechanisms even in strongly nonlinear regimes, providing a self-consistent bridge
between single-particle averaged theory and collective plasma behavior.

It should be noted that high-resolution simulations of modern relativistic laser-plasma interactions
often uncover phenomena that lie beyond conventional averaged descriptions, such as phase trapping,
stochastic heating in chaotic field regions, and transient momentum kicks during the pulse rise time.
These effects underscore the limitations of adiabatic approximations and motivate the development
of refined, non-perturbative theories of relativistic ponderomotive dynamics [51].

4. Conclusion

The body of work exemplified by the articles [6-9] provides a comprehensive and rigorous framework
for understanding the relativistic motion of charged particles in intense and inhomogeneous EM
fields. Through the consistent application of the KBM averaging method, these studies yield refined
expressions for the ponderomotive force, revealing its dependence on wave polarization, its non-
potential character in beat-wave fields, and its complete absence along the propagation axis in certain
waveguide modes.

Crucially, these works highlight the often-overlooked importance of the fast-oscillating “periodic
additions” to the smoothed dynamical variables. It has been both analytically derived and numerically
validated that these terms are essential for accurately setting initial conditions in the averaged
equations, thereby bridging the gap between exact and approximate solutions and enabling precise
predictions of phenomena such as electron reflection and refraction.

Collectively, these contributions significantly advance the theoretical understanding of charged-
particle dynamics in strong fields, offering robust analytical tools for analyzing complex interactions
relevant to high-intensity laser-matter physics, plasma-based accelerators, and radiation-source
development. Their systematic methodology and thorough validation render them particularly
valuable for future research.

Moreover, the complementary use of test-particle models and full particle-in-cell (PIC) simulations
provides a powerful dual framework for probing the validity and limitations of the theory of averaged
relativistic motion. While PIC simulations capture collective plasma effects and self-consistent
field evolution, test-particle models isolate the fundamental single-particle physics underlying
ponderomotive acceleration, injection, and transport. Together, they not only validate existing
analytical models but also guide the development of next-generation theories that incorporate non-
adiabatic, phase-resolved, and field-topology-dependent effects — capabilities essential for the design
and optimization of next-generation laser-plasma accelerators and compact radiation sources.
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Abstract. Electron cyclotron resonance (ECR) discharges are an effective way to generate plasma at low working
gas pressure. The aim of this work is to develop a mathematical model of the ECR discharge implemented at the
RAPIRA facility (RUDN University), which is used for a wide range of scientific research. The evolution of plasma
particles is described within the framework of the hydrodynamic approximation (a two-dimensional model with
cylindrical symmetry). A three-dimensional model of cold plasma is used to calculate the spatial distribution of
the electromagnetic field. Calculations have shown that in the operating mode of the facility (gas pressures from
4 -107* to 1072 Torr, magnetic field up to 2500 G), the electron temperature is equalized along the magnetic field
lines, and at the same time, the magnetic field ensures a decrease in energy losses to the side walls of the facility.
The spatial distributions of the electron density and temperature and the electromagnetic field in the plasma are
calculated. The implemented model can serve as a basis for developing a more advanced set of software codes
that take into account the non-Maxwellian nature of the electron velocity distribution function, caused by the
non-adiabatic nature of their heating in a non-uniform magnetic field.

Key words and phrases: ECR discharge, discharge in a resonator, discharge in a magnetic trap, drift-diffusion
model
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1. Introduction

Electron cyclotron resonance (ECR) discharge is currently used in various fields of science and
technology: plasma-chemistry installations for material processing [1-7], sources for multiply
charged ions (MCI) [8-10], sources of hydrogen ions for proton accelerators [11, 12], and microwave
plasma thruster [13]. The multitude of possible applications has led to a variety of discharge
installation geometries in which ECR interaction is realized, differing both in the spatial configuration
of the constant magnetic field and in the method of exciting the electromagnetic field and its
frequencies. On the other hand, the diversity of installation options determines different approaches
to constructing mathematical models of the processes occurring in these installations.
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Figure 1. Setup diagram: A—processing chamber, B—quartz plasma pipeline, C—gas inlet connection point, D—helicon
antenna, E—microwave resonator, F1, F2, F3—magnetic coils. Axial distribution of magnetic field induction along
plasma pipeline under microwave (1) and HF (2) discharges

The purpose of this work is to formulate an approach for developing a model of microwave discharge
implemented on the multifunctional installation—RAPIRA (Resonant Accelerated Plasma Installation
Research & Application, RUDN University), used to study the absorption of microwave power by
a magnetized plasma filling a cavity, the processes of plasma transport along a cylindrical quartz
discharge tube (plasma pipeline) from the source to the processing chamber and processing of
various chemical and biological objects by plasma created.

2. Experimental setup and computer modeling tools

The schematic view of the RAPIRA installation is shown in Figure 1. First of all, we list the
elements and systems that are important and relevant for the numerical model being developed.
The installation contains (A)—a processing chamber in which the processed samples are placed,
(B)—a quartz plasma pipeline, (C)—a gas inlet system, (D)—helicon antenna for generation of RF
(13.56 MHz) discharge, (F)—coils (1, 2, 3) for generating a magnetic field, and (E)—a microwave cavity.
The magnetic field configuration is controlled by currents through coils (F.1-F.3).

The experimental setup was developed to use RF and microwave plasma discharges to create
plasma flows to study their interaction with various substrates. The RF discharge is generated using
a half-wave helicon antenna, the microwave discharge is initiated in a cylindrical resonator with
the fundamental oscillation mode H;;;. The curves of two longitudinal magnetic field distributions,
providing resonant conditions during the operation of microwave 1 and RF 2 plasma sources, are
also shown in figure 1. The range of possible pressures of the plasma-forming gases and mixtures of
the installation is quite wide, but in this paper, we will consider the option of generating microwave
plasma at 0.01-0.04 Pa. The microwave resonator is excited by two rod antennas inserted into the
resonator perpendicular to the side wall. Each rod is 6 mm in diameter and inserted 32.1 mm deep
of the cavity. An electrodynamic model for a microwave discharge is considered as an example for
calculation. To prevent the loss of microwave radiation through the holes in the end walls of the
cavity, the axisymmetric quartz pipeline was shielded with cylindrical evanescent waveguides.

The paper shows that in the specified pressure range (with the possible exception of the lowest
pressures), the discharge can be described within the drift-diffusion model, including the particle
balance equations, the energy balance equation, and Maxwell’s equations. This approach is standard
for most gas discharge models [14]. The specificity of this work is that this system of equations is
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used to describe the discharge in a non-uniform magnetic field. The system of equations obtained
below was solved using the Comsol Multiphysics software package [15]. The RF module of Comsol
was used to solve the electrodynamic equations, and the diffusion and heat transfer equations were
solved using the main module. The magnetic field of each coil was approximated as the field of the
current flowing along a ring of radius R. The radius R was chosen in such a way as to approximate
the experimentally obtained dependence of the magnetic field of each coil along the plasma guide
axis as accurately as possible. The zero coordinate of the calculation problem corresponded to the
position of the resonator exciters.

The model of a microwave discharge in the specified pressure range (with the possible exception of
the lowest pressures) can be described in the framework of the drift-diffusion approach, which
includes particle balance equations, energy balance equation, and Maxwell’s equations. This
approach is standard for most gas discharge models [14]. The specificity of this paper is that the above-
mentioned system of equations is used to describe discharge in a non-uniform magnetic field. The
system of equations was solved using the Comsol Multiphysics software package [15]. The specificity
of this paper is that the system of equations is used to describe the discharge in a non-uniform
magnetic field. The RF module of Comsol was used to solve the electrodynamic equations, and the
drift-diffusion model equations were solved using the main module. The magnetic field of each coil
was approximated as the field of the current flowing along a ring of radius R. The radius R was chosen
in such a way as to approximate the experimentally obtained dependence of the magnetic field of
each coil along the plasma guide axis as accurately as possible. The zero coordinate of the calculation
problem corresponded to the position of the resonator exciters.

3. Diffusion and loss of particles in the discharge

Estimates show that the longitudinal dimensions of the plasma conduit in the pressure range of
0.01-0.04 Pa are greater than the wavelength, with the possible exception of the lowest pressures in
this range. In the transverse direction, the magnetization conditions are satisfied: |{2,|t, > 1, where
2, = eqB/mgyc, 13! = v, is the cyclotron frequency and the collision frequency of type a particles
(a = e for electrons and a = + for ions). In this case, the transverse discharge dimensions also
exceed the Larmor radius, so the latter can be considered as the mean free path when considering
the radial motion of charged particles. Therefore, in this case, the discharge can be described within
the framework of the drift-diffusion (hydrodynamic) model.

In this case, the diffusion and thermal conductivity coefficients become anisotropic [16]. In
a uniform magnetic field, the diffusion equations have the form:

n, Vn Vn
ool i« ea-n S
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Here n,, n,, §2,, {2, and v,,, v,, are the densities, cyclotron frequencies and effective collision
frequencies for electrons and ions, y,, 1, D,, D, are the mobilities and diffusion coefficients of
electrons and ions along the magnetic field, E is the ambipolar field. Thus, the magnetic field does not
affect the motion of particles along the magnetic field lines. In addition, from equations (1) and (2) it
follows that particles participate in drift motion in the direction perpendicular to both the electric
and magnetic fields, with negative and positive particles drifting in different directions. Finally, there
is drift and diffusion of particles in the direction parallel to the electric field and the density gradient
of charged particles. The value of diffusion coefficients in the direction across the magnetic field are
significantly smaller than the value, when particles moves along a magnetic field.

D, = _ Db D, = L

1+ (2e/ven)’ T (2 /v
po = —He oy =B
1+ (£2:/V0,)? 14+ (2, /v,,)?

The complete system of equations in the drift-diffusion model for a homogeneous magnetic field
includes equations for the electron and ion currents (1), (2), and the electron and ion balance
equations. The Poisson equation, which should close the system of equations, is replaced by the quasi-
neutrality condition, whereby the equation for the electron density is excluded from consideration,
and instead, the equation for the electric current is used, which is also a consequence of the quasi-
neutrality condition: n, = n, = n, (V-n(V, - V,)) = 0. Using equations (1) and (2), we also eliminate
the equations for the electron and ion currents. Thus, the complete system of equations takes the
form:

0 on 0 0 on d
_E<D+Zza_z + n:u+zza_z> - a_x(D+xxa_x + n/"+xxa_§j) =vin, (3)

d on d d on d
E((Dezz - D+zz)£ - n(:uezz + /"+zz)£) + a((Dexx - D+xx)a - n(:“exx + /*{+xx)£) =0. (4

The final system of equations for a system with one type of ion includes equations (3), (4). The
boundary conditions are usually set in the form (5 is the normal to the wall surface, A; is the mean
free path of the ion).

(n-Vn)=n/A, (- (e +ijs) =0. (5)

Equations (5) are valid in the case when ion mean free path is less than the size of the sheath
between the plasma and the quartz tube. Otherwise, the Bohm criterion is used, which states that
the plasma flow velocity at the boundary is equal to the ion-sound velocity. The partial differential
equations were solved using the Comsol Multiphysics mathematical package [15].

In a nonuniform magnetic field, the induction is not directed along the 0Z axis. Therefore, the
diffusion and mobility tensors of charged particles will no longer be diagonal. Below we write the
ion balance equation and the equations for the currents, which replace equations (3) and (4). Further
in the formulas we replace n, and n, by n.

1. Equation of charged particle densities (The upper sign + corresponds to ions, the lower sign —
to electrons):

on 0 . on . on
5 "5 [(De,u —D,;)sinB cos 65 — (D, sin® 6 + D, ; cos? Q)Ei
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2. Equations for the ambipolar field potential
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In these equations, 6 is the angle between the direction of the constant magnetic field and the
0Z axis: 6 = arctan(Hr(r, z)/H,(r, z)). The boundary conditions coincide with the conditions in
a uniform magnetic field.

4. Heattransferin the discharge. Heating and energy loss of electrons in
the plasma

The charged particle balance equations include the electron and ion production rate, which depends
on the chemical reactions occurring in the plasma. The rate of these reactions, in turn, depends on
the electron temperature and the temperatures of the heavy particles. Since a low-pressure discharge
is being considered, it can be expected that no temperature change along the field line should occur.
In the transverse direction, where particle transport is suppressed by the magnetic field, energy
transfer may be insufficient and the temperature may vary. Ideally, to calculate the frequencies of
chemical processes, it is necessary to solve the heat conduction equation for electrons, which has the
form

3 oT, ol oT
o T (fer = )(e”)slnecose— — (Xey sin® 6 + xg cos? G)a ]

.2 .
- E[(Xel cos? 6 + x| sin G)ra—: — (Xer — )(eH)ra—Ze sin 8 cos 9] =

3
=22 04EE Q. (7)

j=1li=1



130 Physics and astronomy DCME&ACS. 2026, 34 (1), 125-138

Here y is the thermal conductivity coefficient of the plasma, which was calculated in accordance
with [16, 17], k is Boltzmann constant. The role of the magnetic field was taken into account in
accordance with [16]. Here Q = nw is the energy transferred by electrons to other particles in elastic
and inelastic collision. The calculation of w; will be discussed below. It can be expected that under
the experimental conditions, due to the high thermal conductivity along the magnetic field lines,
the electron temperature in this direction should equalize. Here, o;; is the plasma conductivity,
accounting for its anisotropy and the high-frequency nature of the field. The field absorption is
calculated using the effective collision frequency, which takes into consideration both collisional and
collisionless energy gain by electrons.

In the direction perpendicular to the magnetic surface, the thermal conductivity of the electron gas
is significantly lower, so radial temperature non-uniformity can be expected in cases where heating
across the plasma cross-section is non-uniform. Therefore, the process of establishing the spatial
distribution of electron temperature should be investigated using mathematical modeling.

According to models of a steady-state low-pressure discharge, ionization balances losses. Losses
are determined by the discharge geometry (i.e., the position of the boundaries and the magnetic
field strength profile), the chemical properties, and the pressure of the working gas. If the spatial
distribution of electron temperature is uniform, then particle losses determine the ionization required
in the discharge and, consequently, the electron temperature.

Then the value of this temperature should ensure particle balance, i.e., as is usually the case
in a stationary discharge, the required temperature is determined by the particle balance. If the
ionization cross-section is known, the temperature is determined from the relation

o0
vy = 47N f Vau (V. TV dV, ®)
0

where q; ; is the ionization or excitation cross-section, N is the density of neutral atoms, f,(V) is the
electron energy distribution function, which is assumed to be isotropic. If the function is Maxwellian
and a linear approximation is used for the process cross-section (g; is ionization threshold),

q; = ae — &), ©)
or Fabrikant’s approximation (g, is the energy at which the ionization cross-section is maximum and

equal to q,,,)
E—¢ Ems — €
s = Ams = eXp( = >’
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then the following expressions can be obtained for the frequencies (e, m are electron charge and

mass):
- N o el
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If more accurate results are required, approximations [18] and numerical integration (8) can be used.
The energy losses of electrons are determined by the relation

2m_ 3
wl(Te) = ﬁvenik(Te - Tg) + ZVS(TQ)ES + Vi(Te)(Ei + ZkTe + Eist)'
s
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The first term accounts for elastic energy losses, the second for excitation losses, and the third for
ionization losses. The last term accounts for the energy carried away by ions toward the wall. Ion
acceleration occurs due to the ambipolar field. The temperature distribution in the discharge is given
by the thermal conductivity equation (7).

By integrating equation (7) over the entire discharge volume, we obtain the energy required to
maintain a discharge with a given electron density. Note also that using cross-section (9) for the
ionization frequency yields a temperature of 4.5 eV in the setup’s operating modes, but the formula
itself overestimates the ionization frequency. The energy required to create an electron under these
conditions was 10° eV/s/Torr.

5. Spatial distribution of the electromagnetic field in the discharge

The particle balance equation (6) allows us to determine the ionization frequency (averaged over
the volume) required to maintain the discharge at steady state. The particle balance equation (7)
quantifies the energy required to create the required number of electrons in 1 second. Knowing this
energy, we can determine the power required to maintain a plasma with a given average density n,
by integrating the solution of equation (7) over the entire plasma volume:

W = /I/ dxdydzn,(x,y,z)w,(x,y, z).
1%

The final step required to complete the mathematical model is to solve Maxwell’s equations.
Knowing the microwave power required to maintain the discharge allows us to determine the
amplitude, spatial distribution of the microwave density, and discharge impedance, and select an
appropriate method for matching the discharge to the generator. The model construction procedure
described above is not self-consistent, since the solution of the particle balance equation assumed the
electron temperature to be uniform throughout the volume, etc. Nevertheless, it usually allows for
a fairly accurate determination of the averaged discharge parameters as functions of given conditions
(geometry, chemical nature of the gas, etc.). The necessary refinement of the model can be made at
later stages, possibly using well-developed perturbation theory or other methods.

Let us now turn to the presentation of the electrodynamic part of the problem. Electrodynamically,
the discharge was described using the cold plasma model [19, 20]. Maxwell’s equations were solved
using the “Comsol Multiphysics” software package. The permittivity is written as:

e ig 0
(eij) = —ig e 0}

where

(=1 n, A + i, /w)
e no(1 + iVpp/w)? — (22 /0?2’
e 2,/
e (1 4+ iVpp/w)? — §22/w?’
N, 1
N 1+ v/’

g:

&g =1-
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Here wy, = \/47ne2/m is the Langmuir frequency, n, is the electron density, e and m are their charge
and mass, v,, is the effective electron collision frequency, and , = eB,/mc is the cyclotron frequency.
In an inhomogeneous medium [21]

e, ig O cos@ 0 —sinf

éij = Cb—lT—l —lg €, 0 T, T = 0 1 0 s

0 0 ¢ sin6 0 cos6

cosp sing 0

S
|

—sing cosp O]
0 0 1

The electrodynamic models used in the calculations differed in the geometry of the excitation
system, the configuration of the magnetic field, the frequency of the microwave, and the frequency
of electron-neutral collisions.

6. Simulation results and their discussion

The results of numerical modeling of the equations discussed above working gas argon, pressure
4 -10~* Torr, spatial distribution of constant magnetic field corresponded to that measured in the
experiment (Figure 1), describing the diffusion and drift of charged particles and heat transfer in
plasma in cylindrical geometry (azimuth distribution was considered uniform) showed the following.

The size at which the electron temperature equalization along and across the magnetic field occurs
can be estimated from the theory of dimensions L = ()/n.)/w; and L, = (x,/n.)/w;, where y ,/n,
are the thermal conductivity coefficients per electron along and across the magnetic field, and wl
is the energy lost by an electron in collisions per unit time. Furthermore, energy losses at the wall
play a significant role in equalizing temperatures in space. In earlier studies, these energies were
neglected when calculating spatial plasma density distributions due to the fact that the bulk of the
electrons are reflected at the boundary from the resulting potential barrier, equalizing the electron
and ion flows to the wall. Calculations showed that using plasma thermal insulation conditions leads
to a significantly more uniform electron temperature distribution in space. Examples of calculating
the spatial electron temperature distribution are shown in Figure 2.

It was assumed that electron heating occurs in a region of space near the resonator (the resonator
center corresponds to the coordinate z = 0 in figure 2), and its intensity is independent of the radial
coordinate.

Figure 3 shows a similar calculation for the case where heating occurs only in the central region of
the plasma with a radius of 1 cm. It is evident that temperature equalization along the radius does
not occur, indicating good thermal insulation of the plasma due to the magnetic field.

Figure 4 shows the calculated spatial distribution of the plasma density under the assumption of
a constant spatial distribution of the electron temperature. A leveling of the electron density in the
central region and a noticeable decrease in the region where the magnetic nozzle begins to form are
noticeable.
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Figure 2. Electron temperature (eV) distribution in space. Energy is deposited uniformly across the cross section. All energy
is deposited within a region of |z| < 10 cm relative to the resonator center
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Figure 3. Electron temperature (in relative units) distribution in space. All energy is deposited within a region |z| < 10 cm
and |r| < 1 cm relative to the resonator center

The spatial distribution of the electromagnetic field in the cavity was also calculated (figure 5).
In [22], the cavity was excited using a slit in the side wall excited by a waveguide in the center; waves
propagating in the azimuthal direction were excited, and the amplitude of the z-component of the
electric field was small. In this case, the observed spatial distribution of the field has a more complex
structure, with axial components of both the magnetic and electric fields present. Furthermore,
various figures suggest the excitation of fields with azimuthal modes m = 2, 3, 4, and 5. When
calculating the distribution of the electromagnetic field in the plasma near the cavity, the longitudinal
distribution of the plasma density was considered constant, since the field is concentrated almost
entirely in the region limited by the cavity due to the presence of cutoff waveguides surrounding the
quartz tube, where the longitudinal inhomogeneity of the plasma is small.

Azimuthal non-uniformity of the magnetic field energy input may lead to the need to move from
solving a two-dimensional axisymmetric problem to solving a three-dimensional one, which will
take into account the more complex nature of the movement of charged particles, which is quite
possible in a given range of working gas pressures and magnetic field strengths [23-27].

7. Conclusions

1. The paper formulates a simple discharge model based on the solution of the diffusion equations
for charged particles, the energy balance equation for electrons, and Maxwell’s equations. The
solutions are not completely consistent, as the assumptions of uniform plasma heating by the
microwave field inside the resonator, equalization of the electron temperature along magnetic



134 Physics and astronomy DCME&ACS. 2026, 34 (1), 125-138

Figure 5. Distribution of the z-component of the electric (V/m) and magnetic (A/m) field in space in the excitation plane of the
resonator. Electron density in the center of plasma is equal to 10'° cm™3. The ratio of the effective frequency of
electron collisions v to the field frequency w during calculation is 0.1. In-phase voltages with a frequency of
2.45 GHz and a voltage of 1 V are applied to the rod exciters. In the approximations used, Maxwell’s equations are
linear for a given electron density distribution, so the fields at other supplied powers increase or decrease
proportionally to the gender of the exciting wave

lines, and uniformity of the longitudinal plasma distribution along the quarts pipeline were
used to speed up the computation time.

2. Solutions to the heat conduction, diffusion, and Maxwell equations showed that the
approximations used are satisfactorily fulfilled in the model under consideration, with the
exception of the assumption of azimuthal heating homogeneity. Therefore, to assess the
influence of this effect, it is necessary to complicate the model to a fully three-dimensional
form.

3. The decrease in electron density near the working chamber may be due to the fact that parts of
the field lines in the magnetic nozzle can pass through the boundaries of the quarts pipeline,
which increases particle losses in this region.
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Abstract. In the work by the power series method the one-dimensional Schrédinger equation is solved with
a triangular potential function which is applied in various modern heterostructures, in particular for GaAs
and the others. By varying available parameters it is possible to obtain the desired precision of the numerical
solution of the Schrédinger equation with any type of potential function for modern heterostructures. For the
original Schrédinger equation are obtained wave functions in the form Airy functions and the analytical formula
for the energy levels through the zeros of the Airy function. The values energy levels from this analytical formula
agree with its results obtained by direct power series method with precision up to 10~ percents, that is, up to 5
decimal signs. However, it is more rational and easier to use the Schrédinger equation solution, because the
numerical calculations zeros of Airy function present separate complex and complicated numerical problem.
But in order to achieve high numerical accuracy, it is necessary to set the Digits flag to several dozen significant
digits and increasing the number of power series, that leads to an increasing in the time spent on the computer.
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1. Introduction

In this work, the one-dimensional Schrédinger equation with a triangular potential function has
been solved using the power series method [1-4], which is used in the study of semiconductor nano-
dimensional structures in the field of modern advanced microelectronics for the creation of new
devices and devices in various fields of technology [5-16]. However, heterostructures are complex
quantum systems with many quantum features. For example, the heterostructure between the layers
GaAs and Al,Ga,_,As electrons are in the triangular potential well [13, 17, 18].
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A very promising direction is their use in the field of the new generation of microelectronics for
the creation of devices and devices that will become elements of large integrated circuits capable
of storing huge amounts of information and processing them at high speed and will form the basis
of a new generation of electronic and optoelectronic machines of small sizes [6, 12, 15]. Motion of
electrons in these structures is essentially described by the laws of quantum mechanics, and various
quantum models have been developed to describe them [5-10, 12, 13, 15].

2. Solving of the basic equations

In our work, we solved the Schrédinger equation with the triangular potential function as

ax, a=le|-|E , x>0,
V(x) = lel-|E| )
00, x<O0.

In the atomic system of units(m = e = & = 1), the Schrodinger equation has the form

1 d?
3 g2t V(x) [(x) = Epp(x), 2
where
$(0) =0, P(c0) — 0. (3)

Is boundary condition. Here e is the elementary charge, E is the electric field strength. The
integration of equation (1)-(2) is performed on the segment [Ryeq; Ryighe] with the help of a developed
computer program [1] in the Maple system. Our maple program have three parameters Rief; Ryignt, and
n-number of member in power series. By variation of these parameters one can achieved desirable
exactness.

The optimal cut-off values of segment select in our calculations by variation method and it are
equal R = —0.28-1072% 1 Riight = 13.5 and with the number of members in the power series equal to
n = 200. As it know, the power series method first calculates two linearly independent solutions and ,
which depend on the total energy as a parameter. Their linear combination gives the general solution
of the Schrédinger equation (2). Consideration of the boundary conditions (3) leads to a homogeneous
algebraic system, the nontrivial solutions of which are given by the allowable energy levels and the
corresponding wave functions. The following lower energy levels were calculated. The optimal
cut-off values were the target of selection and in our calculations are equal and with the number of
members in the power series equal . As know, in the power series method first calculates two linearly
independent solutions ¥, (x, E) and ¥,(x, E) , which depend on the total energy as a parameter. Their
linear combination gives the general solution of the Schrédinger equation (2). Taking into account
the boundary conditions (3) leads to a homogeneous algebraic system, the nontrivial solutions of
which are given by the allowable energy levels and the corresponding wave functions. If « = 1 the
following lower energy levels were calculated:

Ej = 1.855575; 3.24446; 4.381671; 5.386613; 6.305263.

and the corresponding wave functions, which because of their bulkiness are represented in the
following form:
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P1(x) = 0.61139759 - 10~5x — 0.142163116 - 10732 — 0.0000169241805x3 + ---
—0.593525574 - 10~ 1x%5 + 0.590773946 - 10~ 16x26 + 0.171191325 - 10731 x?7

P,(x) = 0.136823205 - 10~%x — 0.31814343910 - 10-32x2 — 0.378742190 - 1076x3 + ---
—0.132823670 - 10~ 16x25 + 0.132207889 - 10717x26 + 0.383104973 - 10~33x%7

P3(x) = 0.353019093 - 10~°x — 0.820845473 - 10~3x2 — 0.977196991 - 10~°x3 + ---
—0.198239895 - 10™17x?2 + 0.999308236 - 107 18x23 — 0.131621212 - 10719x%4—
—0.342699846 - 10~ 19x25 + ...

It is shown also, that initial problem admit the analytical solution. Indeed, rewrite equation (2) in
the form

;C’X—Za(x— §>1,b(x) =0

=

Then by 8% = 2qa initial equation (2) bring to [19-21]:

and do following substation:

2z — 29(2) = 0. 4)

Solution of this equation (4) will be known function Airy and solution initial problem (2) - (3) will
be following wave function:

P(x) = const - Ai[z(x)] = const - Ai [ﬁ (x - g)] . (5)

From (5) and (3) obtain equality 8 - E = —a - zy, where z, are zeros of Airy function Ai(z;) = 0. And
thus we have analytical expression for energy levels in atomic units:

a2
Ey = = (2k41) - |/ 5 k=012 6)

The values energy levels from formula (6) agree with its results obtained by direct power series
method with precision up to 10~4%. However, it is more rational and faster to calculate the energy
levels with the help of direct solution of the Schrodinger’s equation by some known method [2].

3. Results

A computer program of symbolic-numerical solution of the one-dimensional Schrédinger equation
is developed, and calculations of energy levels and wave functions of a perspective gallium arsenide
semiconductor with a triangular potential function are carried out, which is experimentally detected
for electrons at the boundary between layers of this semiconductor.
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4, Discussion

It is shown that the Schrodinger equation with a triangular potential function admits analytical
solutions, both for wave functions and for the energy spectrum. In particular, an analytical formula for
energy levels is obtained. which uses the zeros of the Airy function. In the calculations, it was found
that the energy levels obtained by direct numerical calculation of the Schrédinger equation practically
coincide with their values calculated by the analytical formula (five decimal places coincide). It should
be pointed out that the developed method for solving the Schrodinger equation is quite applicable
for calculations with other types of potential functions in other heterostructures. It can be hoped
that the results of the calculations and the developed program will be applied in the field of modern
research on semiconductors.

5. Conclusions

Thus, this program finds the solution of the Schréodinger equation with high precision by variations
of its three parameters: (R, Ryighe> ) and the Digits commands from the Maple system provide
high precision in solving the Schrédinger equation with other potential functions that are used in
heterostructures. Thus, It has been shown that the developed method of solving the Schrédinger
equation allows for high numerical accuracy and our program can be made available to interested
parties.
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PelwleHne ogHOMepHOro ypaBHeHus LLipepguHrepa
AN FeTepoCTPYKTYP C TPEYrosibHOM NOTEHNaIbHOM
¢dyHKLUMEeNn MeToaOM CTENEHHbIX pSAOB

N. H. Bensieal, H. A. YekaHos!, P. B. KopoTeHko!, H. H. YekaHoBa?

! BenropoAcKunii rocyaapCcTBeHHbIN HaLMOHaNbHbIN NCCNeaoBaTeNbCKNIA yHUMBepCUTeT, yn. Mobeasl, a. 85,
Benropog, Poccuiickas ®epepauus

2 XapbKOBCKMIi HAaLMOHaNbHbI yHNBepcUTeT UMeHu B. H. KapasuHa, yn. MnpoHocuukas, a. 1, Xapbkos, 61001,
YKpaunHa

AHHoTauus. B paboTe MeTOOM CTEIIEHHBIX PA/IOB pelllaeTcsi OfIHOMePHOe ypaBHeHue IlIpéanHrepa ¢ Tpe-
YTOJIbHOY IOTEHLINAIbHOH (QYHKITMEH, KOTOopas IPYMeHseTCs B Pa3TNYHBIX COBPEMEHHBIX l'eTepOCTPYKTYpax,
B 4acTHOCTH i1 GaAs U pyrux. Bapbupys JOCTyIHBIE TapaMeTPhl, MOXKHO ITOJyIUTh JKeJaeMylo TOYHOCTh
YHCIEHHOTO peleHus ypasHeHus LIIpéaunrepa ¢ J06bIM TUIIOM IIOTEHIINAIbHON QYHKIUY AJIsI COBPEMEHHBIX
reTepoCTPyKTyp. [ ncxogHoro ypaBHeHUd lIIpéauHrepa norydeHsl BOJHOBBIE QYHKIIUY B BUjle QYHKIIUN
Diipu u aHanuTHdIecKasa GopMyIia g ypOBHel SHepruu ¢ oMollbio Hyleli GyHKIuu Diipu. 3HaueHus sHepre-
TUYEeCKUX YPOBHEN U3 3TOI aHATUTHIECKOH (DOPMYIIBI COIIACYIOTCS C Pe3y/IbTaTaMU, IIOJIyYeHHBIMU METOLOM
IPSMBIX CTENIEHHBIX PAZOB, C TOYHOCTHIO K0 10™* IIPOLIEHTOB, TO €CTh /40 5 AECATUYHBIX 3HAKOB. OZHAKO PaLjro-
HaJIbHee U IIPOIIie MCII0Ib30BaTh pellleHNe ypaBHeHus IlIpéannrepa. Ho /15 JOCTIKEHUSA BBICOKOH TOYHOCTH
BBIYUCJIEHUH HEOOXOLUMO YCTaHOBUTH (koK Digits Ha HECKOIBKO AECSTKOB 3HAYAIINX [UGDP U YBEIUIUTH
KOJIM4eCTBO YJIeHOB CTeIleHHOTO P/, YTO IPUBOJAUT YBeJINUYeHUIO BpeMeHU cueTa Ha KOMIIBIOTepe.

Kniouesble cnoBa: ypaBHeHue IlIpénuHrepa, TpeyroapHas MOTeHUUAIbHAs (QYHKLIUs, TeTepOCTPYKTYPHI,
9HepreTUYeCKHe YPOBHU, BOTHOBBIE GYHKIIMY, YpaBHEHUE DHPH, HYIN QYHKINY DHPHU, CTEeIIeHHBIE PSAZBL,
MaTeMaTH49eCKoe MOZleIMPOBaHue, KOMIIbIOTEPHAsI cucTeMa Maple
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1. Introduction

The problem of conference evaluation is currently very pressing for researchers in the field of
scientometrics, as there is no universal methodology for evaluating all conferences in all fields.
Several conference rankings exist, such as the Australian CORE, the Chinese CCF Conference
Rankings, the Brazilian QUALIS, and the industry-specific Microsoft Academic Conference Rankings.
All of these rankings are compiled for computer science conferences, due to the extremely important
nature of conferences in this field, as over 60% of research results are published in conference
proceedings.

A study of the development of scientific conferences showed that conferences develop unevenly,
with some becoming stellar, while others quickly fade away. This led us to use the standard Verhulst
model [1] for our study, but to expand it by taking into account the Matthew effect [2].

2. Basic model

Let there be n conferences in a given scientific field. Let Ri(t) > 0 denote the numerical measure of
the ranking of the ith conference at time ¢. The ranking is considered as a single aggregate value.
Let the ranking dynamics of each conference be determined by the following mechanisms:

- internal growth;

- competition;

- natural decay;

- external influences.
© 2026 Ermolayeva, A. M.
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Internal growth is associated with the desire to increase ratings through internal efforts (attracting
renowned speakers, improving the quality of peer review, and improving organization). Competition
is caused by the mutual inhibition of conferences, as resources (people, money) are limited. Natural
decay (dissipation) is associated with obsolescence, loss of relevance, etc. External influences are
caused by unpredictable factors (black swans) (e.g., changes in program committees, publication of
breakthrough results, scandals).

We will use the Verhulst model for an isolated conference as a basis:

‘;—1: = rR(1- %)—5}2,
where r is the maximum growth rate, K is the capacity (the maximum achievable rating in the absence
of competitors), & is the decay coefficient.

Then the equilibrium rating is:

=K1 -46/r), r> 4.

We'll introduce competitive inhibition for several conferences. The growth of each conference is
slowed not only by its own rankings, but also by the rankings of other conferences.

. n j
R _ R (1 2o “l’J'RJ)
@&y _Z=m )

di K

where «a;; is the coefficient of influence of conference j on conference i. It is natural to assume «;; = 1.
a;j for i # j shows how strongly competitors suppress the growth of the ith conference.
Let’s add attenuation and external influences:

. .

dR! . 2o iR .

- "iRl< % = 8iR +y:Fi(0),
1

where:

- r; > 0 — potential growth rate,

- K; > 0 — maximum possible rating in the absence of competitors,
- ;20— competition coefficients,

- §; 2 0 — natural decay rate,

-y, 20— sensmVlty to external influences,

- Fj(t) > 0 — external impulse function.

In a more compact form, we can rewrite:

dR! Fi —
E ( i — o> Z R] - ) + yiFi(t)-
l j=1

The term —%ai jR'RJ describes mutual inhibition.
i

3. Accounting for Matthew’s law

Matthew’s Law (for to everyone who has, more will be given, and he will have abundance; but from
him who does not have, even what he has will be taken away) is a manifestation of cumulative
advantage. The higher a conference’s rating, the easier it is to attract the best authors, receive more
citations, and, consequently, further increase its rating.
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3.1. Dependence on the current rating

Let’s add the term 8;R%, which increases the growth rate proportionally to the current rating:

dR’ riR! (1 _ 2k R
1

dar K;

) + BiR, — 8R! + ¥ F(1),
where:

- Bi > 0 — intensity of the cumulative advantage,
- 0> 0 —nonlinearity index.

3.2. Capacity dependence on rating

Let’s make the capacity K; dependent on the rating:

K; =K + xR,

where x; > 0.
Then the logistical constraint becomes less severe for the leaders, which facilitates their further
growth.

3.3. Asymmetric competition

To take Matthew’s law into account, we can make «;; dependent on the difference in ratings:

Aij = Ajjpase - €Xp(—A(R' — RY)), R > RJ,

where 1 > 0.
A conference with a higher rating R} experiences less inhibition from a conference with a lower R/.
This creates a positive feedback loop: leaders become less vulnerable to competitors.

3.4. Threshold effect

If the cumulative advantage is very strong, the system may exhibit bistability. The conference either
becomes a leader or remains at a low level. To achieve this, we add a threshold term:
dR!

= = R'(pi(R"—Ry,)) — SR + ...

3.5. Cumulative advantage

Cumulative advantage means that the rating increase is proportional to the current rating (or its
degree) with a positive coefficient. In the simplest case (8; > 0, 6 = 1) at the initial stage we obtain:
i

dR ;
E ~ (l"i + ﬁi)Rl.

This leads to exponential growth, limited only by the capacity K; and competition. If two
conferences initially have similar parameters, but one gains a small advantage ¢, this advantage will
increase over time, and the system may converge to an equilibrium with a strong leader dominance.
The equilibrium becomes unstable, and a “winner-takes-all” regime emerges.



148 Letters DCME&ACS. 2026, 34 (1), 145-149

Author Contributions: All authors have read and agreed to the published version of the manuscript.
Funding: This research received no external funding.
Data Availability Statement: Data can be sent by the authors on reasonable request.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the study; in the

collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.

Declaration on Generative Al: The author has not employed any generative Al tools.

References

1. Verhulst, P. F. Notice sur la loi que la population suit dans son accroissement 113-117 (1838).
2. Merton, R. K. The Matthew Effect in Science: The reward and communication systems of science
are considered. Science 159, 56-63. doi:10.1126/science.159.3810.56 (Jan. 1968).

Information about the authors

Ermolayeva, Anna M.—Assistent Professor of Department of Probability Theory and Cyber Security of RUDN University (e-mail:
ermolaeva-am@rudn.ru, ORCID: 0000-0001-6107-6461)


https://doi.org/10.1126/science.159.3810.56
mailto:ermolaeva-am@rudn.ru
https://orcid.org/0000-0001-6107-6461

Ermolayeva, A. M. A model of cumulative advantage for conference dynamics 149

VJIK 519.87
DOI: 10.22363/2658-4670-2026-34-1-145-149 EDN: UYXCCK

Mopenb AMHaAMUKKN KOH(EepeHLUI C Y4ETOM KYMYIAITUBHOTO
npenMyLLecTBa

A. M. EpmonaeBa
Poccuitcknii yHuBepcnTeT apyx6bl HapofoB, yn. Muknyxo-Maknas, g. 6, Mocka, 117198, Poccuiickas
depepaymsa

AHHoTauus. B cTaThe fesnaeTcsd IONBITKA MOAUGUIIPOBATL CTAHJAPTHYIO MoZiesib @epXIoabCcTa /71 ONUCaHu
JVHaMUKY HAyIHBIX KOHMEPeHINH ¢ y4ETOM KyMYJIITUBHOTO IIPEUMYIIECTBA.
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