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Abstract

Objectives. This article discusses a new way of generating keyboard handwriting using a touch keyboard for
authentication in currently existing mobile systems.

Methods. Due to the insufficient reliability of single password authentication, the proposal is to use it in combination
with characteristics which correspond to handwriting on mobile devices. This article demonstrates the possibility of
using individual user characteristics in the formulation of keyboard handwriting on devices with touch keyboards. The
type of keyboard used affects the characteristics of keyboard handwriting, so this aspect can be used to improve
password authentication reliability. The authentication process in the information environment can be supplemented
with data on the nature of the impact on a touch keyboard. The use of the built-in 3D Touch function is also of
interest. Thisis available when working on mobile devices and appliances equipped with a touch keyboard. The paper
demonstrates that the use of one parameter only is insufficient for accurate authentication. The study proposes
a method of determining an acceptable error range for both the touch force and the intermediate interval during
authentication. For this purpose, the Laplace function which formulates the interval of each characteristic depending
on the required probability of user recognition is used.

Results. Touch force and the intermediate interval are sufficient to obtain the necessary characteristics, in order to
formulate a refined user portrait depending on the user’s keyboard handwriting. Experimental statistics are given
separately for an average sample of three different users depending on touch force. They also provide the results of
authentication when using both standard deviations of pressing and the intervals when using the touch keyboard for
the iOSXcode platform.

Conclusions. The conclusion relates to the possibility of user authentication by keyboard handwriting, formulated
on the basis of both the touch force on the keyboard symbols and intervals between pressing. Using the values of
the sample mean and standard deviations allows authentication according to the required recognition probability.
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clicks
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Pe3iome

Llenu. B ctaTbe paccmartpuBaeTcst HOBbI cnocob GopMUPOBaHUS KaBMaTypHOro rnovyepka npu Mcrnonb3oBaHum
CEHCOPHOW KNaBmaTypbl A1t ayTEHTUDUKALMN B CYLLLECTBYIOLLMX HA A@HHbLIA MOMEHT MOOUIIbHBIX CUCTEMAX.
MeTopabl. B cuny HeQoCTaToO4MHOM HAAEXHOCTU OTAENbHO B3ATOWM MaposibHOM ayTeHTudukaumm npeanaraetcs
MCMNoNb30BaTb e KOMOUHALMIO C XapaKTEPUCTMKAMM, KOTOPblE COOTBETCTBYIOT MNOYEPKY HA MOOUIIbHbLIX YCTPO-
cTBax. B cTtatbe npoaeMoOHCTPMPOBaHa BO3MOXHOCTb UCMOb30BAHUS MHONBUAYANIbHBIX XapakTepPUCTUK NOb30-
BaTens npu GopmMmMpoBaHNKM KNaBnaTypHOro novyepka Ha ycTpomcTBax C CEHCOPHOM knaBuaTypon. NokasaHo, 4To
TUN NCNONb3YEMON KaBMaTypbl BANAET HA XapakTePUCTUKM KNaBMATYPHOrO NoYepka, NO3TOMY AaHHbIA acnekT
MO>XHO MCM0J1Ib30BaTb 4151 NOBbILLEHUS HAAEXHOCTU NapofibHOM ayTeHTudukaunn. NpeanaraeTcsa 4ONOAHUTb NPO-
Lecc ayteHTudunkaumm B MHGOPMaLMOHHON cpeae JaHHbIMU O XapakTepe BO3AENCTBUS HA CEHCOPHYIO KnaBma-
Typy. MHTepec npeacrtaBnsieT ncnonb3oBaHme BCTPoeHHoW dyHkumm 3D Touch, koTopas goctynHa npu paboTte
Ha MOOWbHBLIX YCTPOMCTBAX U TEXHMKE, OCHALL,EHHOM CeHCOPHOW KnaBmaTypoii. B ctaTtbe NpoaemMoHCTPUPOBaHO,
4YTO MCMNONBb30BaHNSA TOSIbKO OAHOrO NapamMeTpa HegOCTaTOYHO ANs TOYHOW ayTeHTudwukaumn. MNpeanoxeH cno-
cob onpeneneHns oNycTMMOro AmanasoHa norpeLlHoCTY, B KOTOPBIN AOKHbBI YKNaAbIBaTbCS Kak CuUla HaxaTus,
Tak 1 NPOMEXYTOYHbIN MHTEPBA NpPu NPOBeAeHUn ayTeHTUdUKauumn. ng aToro ncnonbdyetcsa GyHkumvs Jlannaca,
noseonsiowas chopMnpoBaTb MHTEPBAS KaXKAOWM XapakTePUCTUKN B 3aBUCUMOCTU OT Tpebyemol BEPOSITHOCTHU
pacno3HaBaHVsa NoNb30BaTENS.

PesynbTatbl. [Toka3aHo, 4TO CUJbl HAXXATUS U MPOMEXYTOYHOIO MHTEPBaa AOCTATOYHO AJ1si MONy4YeHUs HeoOX0-
OVIMBbIX XapakTepucTUK, NO3BONSIOLLNX CHOPMMPOBATL YTOHHEHHbIV MOPTPET NOb30BaTENS MO €ro K1aBnaTtypHoOMy
noyepky. MprBeneHbl aKCneprUMeHTasbHblE CTAaTUCTUYECKNE AaHHbIE OTAENIbHO CPEeAHEro BbIOOPKM A TPEX pPas-
JINYHBIX NOb30BaTENEN COMrNAacHO CUie HaxaTus, a Takke pesynbTatbl ayTeHTUdmKaumm npm NCNoAbL30BaHUN O4-
HOBPEMEHHO CpeaHEeKBaAPaTUYHbIX OTKIIOHEHN CUJIbl HAXATUIA U MHTEPBASIOB MEXAY HUMW MPU UCMOSIb30BaAHUN
CEeHCOpHOM knaemaTypbl ans nnatdopmel iOSXcode.

BeiBoabl. CoenaH BbIBOL, O BO3MOXHOCTY NMPUMEHEHMS cnocoba ayTeHTudurkaumm nonb3oBaTenel no knaBmaTyp-
HOMY Mo4epky, COOPMMPOBAHHOMY HA OCHOBE OQHOBPEMEHHO CUJbl HAXATWIN HA CUMBOJIbI KNaBuaTypbl U UHTepBa-
NIOB Mexay HaxaTtusmn. Micnonb3oBaHne 3Ha4YeHU cpefHero Belbopky 1 cpeaHeKBaapaTuyHbIX OTKIOHEHUIA MO~
3BONSIET MPOBOAMTbL ayTEHTUDUKALMIO COrNacHO TPeByeMO BEPOSTHOCTY pacno3HaBaHus.

KnioueBble cnoea: ayteHTUdukaums, MobunbHOE yCTPOMCTBO, KNIaBMaTYPHbI NOYEPK, CU1a HaXaTus, BPDEMEHHOM
MHTEpBan Mexay HaxaTuamu

e Moctynuna: 24.04.2023 » fopa6oTaHa: 22.06.2023 ¢ MpuHgaTa k onyonukoeaHuio: 04.09.2023

Ansg uutupoBanua: MeaHosa C.M., NnbuyeHkosa 3.B. dopmMurpoBaHme kKnaBnaTypHOro nodepka npu ayteHTnudunkaumm
Ha MOOWNbHBIX yCcTpoicTBax. Russ. Technol. J. 2023;11(6):7—-15. https://doi.org/10.32362/2500-316X-2023-11-6-7-15

Mpo3payHocTb hMHAHCOBOIN AEeATEJNIbHOCTU: ABTOPbI HE UMEIOT PUHAHCOBOM 3aUHTEPECOBAHHOCTM B NPEeACTaB/IEH-
HbIX MaTepuanax uam meTogax.

ABTOpbI 329BNSI0T 06 OTCYTCTBUWN KOHMNNKTA MHTEPECOB.
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INTRODUCTION

Authentication systems on mobile devices today
are usually based on knowledge possessed by the
user (password or graphical authentication) or on the
user’s biometric characteristics (fingerprint or face
authentication) [1, 2]. However, the above methods,
as a rule, do not provide the required accuracy! and do
not have the functionality of customizing the required
level of security [3—5]. There may also be situations
when itis not possible to use a biometric authentication
device. For example, such situations may arise when
a person is in non-standard conditions, for example
when the user is unable to raise the Smartphone to
face level [6, 7]. In this regard, it seems reasonable
to use multi-factor authentication using the keyboard
handwriting of mobile device users. Since the owner
of the device enters text regularly, the handwriting
can remain pertinent at all times. Also, if necessary,
it allows the use of handwriting not only for
authentication.

Keyboard handwriting can be formulated based on
the use of user preferences and modern technologies
available for these types of gadgets. Such technologies
include 3D Touch? technology based on determining
the touch force on various characters on the touch
keyboard [8, 9]. The capabilities of this development
can be used on all modern iPhone devices® and on most
smartphones. 3D Touch makes it possible to personalize
the way the user interacts with the device.

Keyboard handwriting generation and recognition
systems are usually based on software signal
processing [10-12]. Therefore, the method of
authentication on mobile devices based on keyboard
handwriting, including the use of 3D Touch technology,
is relatively inexpensive and well integrated into existing
systems.

Biometric handwriting includes the statistical
processing of data obtained when a user enters a given
phrase [13, 14]. When a user performs password
authentication, the phrase entered is usually fixed.
However, when the passwords of different users roughly
coincide, there is an increased probability of matching
the keyboard handwriting, based on the duration of
pressing a certain symbol. Studies have shown that the
use of keyboard handwriting alone does not guarantee the
necessary authentication reliability [15, 16]. Moreover,
with the widespread use of mobile devices, the duration

' Golubkova V.B., Braginskii A.L. Issues of theoretical and
applied computer science: textbook. Moscow: MADI; 2018.
72 p. (in Russ.).

2 What Is 3D Touch and How It Works. https://itechguidesad.
pages.dev/posts/what-is-3d-touch-and-how-it-works-/. Accessed
April 22, 2023.

3 https://www.apple.com/iphone/. Accessed April 22, 2023.

of pressing is gradually changing. Thus, this parameter
cannot be considered as a determinant [17].

When determining the keyboard handwriting
of a user, the following factors should be taken into
account: identity of a smartphone or other authentication
device, and psychophysical characteristics of the state
of the device owner [18, 19]. However, if handwriting
statistics are requisite for authentication on a particular
device, the first aspect can be neglected [20].

GENERATING INFORMATION
ON KEYBOARD HANDWRITING

With the rapid evolution of software in the use of
password authentication, factors such as how the user
interacts with the touchscreen keyboard should also be
taken into consideration.

The following characteristics can be used to
generate the keyboard handwriting: input speed and
dynamics, frequency of errors, duration of pauses/signal
overlapping, and 3D Touch value when working with
a touch keyboard.

There are several types of touch keyboards in
mobile devices. Most of the time, the user uses the same
layout to which he or she is accustomed. However, the
keyboard type may sometimes be altered for ease of
input. Depending on the type of keyboard, it is not so
much the duration of pressing the keys which changes,
but rather the interval between significant keys. When
entering a password, the spacing also changes, if the user
has to switch from a character keyboard to a numeric
keyboard. On mobile devices, the duration or the touch
force applied upon the character may be different when
selecting digits or service characters. This depends on
the use of the keyboard, since they can be selected on the
basic layout by holding down the finger or by including
a special corresponding character set.

The results of the 3D Touch mechanism can be
used to gradate the touch force and several levels can be
defined according to the value obtained. It is simplest of
all to follow the gradation of normal pressure and strong
pressure. In the first case, the user is operating the screen
of the mobile device in a standard way when performing
actions. In the second case, there is a stronger pressure on
the characters, leading to a physical impact accompanied
by deflection of the glass panel. The 3D Touch mechanism
can differentiate between these levels of impact force.
In order to determine touch force, Force property of the
UlTouch object can be used. This function is present
in the objects of iPhone version 6 and above and
characterizes touch force. The MaximumPossibleForce
property characterizes the maximum possible value of
the touch force. Using both values, the relative value of
the character’s touch force can be defined. A value of
1.0 represents the average force defined by the system.
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For increased passphrase security, Latin characters
should be used in combination with numbers and service
characters. Different mobile devices use different types
of keyboards. However, in all devices special characters
are placed in a separate keyboard. Sometimes there
are also numeric keys on a special tab. It is proposed,
therefore, to supplement the touch force applied on the
characters with information about the duration of pauses
between informational (included in the password)
characters which require keyboard switching.

User recognition is a two-stage process. The first stage
is required for initial generation of the user’s keyboard
handwriting. The resulting data is then used in the next stage
for authentication. The combination of the two stages makes
it possible to conclude that either the user is legitimate or that
an intruder has attempted to log on to the system.

In accordance with the above, the proposal is to
formulate keyboard handwriting by taking characteristics
of the sample mean and standard deviation of the touch
force and the intervals between pressing characters.
This pair of statistical data is characterized by their
heterogeneity which allows for more accurate estimation.

At the first stage, each user enters a passphrase which
meets the security requirements several times. In order to
increase the representativeness of the sample, additional
password requirements can be formulated to include not
only generalized rules, but also to define the sequence of
typing. For example, the need to switch repeatedly from
one character type to another can be included.

Depending on the parameters selected, the required
characteristics are calculated character by character and
then grouped (Tables 1, 2).

Table 1. Format for character touch force data
presentation

Standard

Sample mean () deviation (o)
X

Character (x,)

Table 2. Format for presenting data on intervals between
pressing characters

Standard
deviation (o,)

Sequential

characters (x,) Sample mean (X)

Calculation of the values of the second and third
columns of the tables is carried out by means of the
following formulae:

where the variable n shows how many times the
passphrase has been repeated.

Since during authentication, the received data
x, . will differ, a possible range of values (x; , x...)
needs to be established within which user legitimacy is
indicated. The ability to vary the length of the interval
depending on the required probability of errors will also
be useful. Therefore, when determining the interval
boundaries, it seems reasonable to take into account the
value of the standard deviation:

P(xmin < Xn+1 < xmax)

-F xmax_)_c _F f_xmin
Ox Oy ,

where F(-) is the Laplace function and the distribution of
the random variable x is normal.

During authentication, errors of the first kind (i.e.,
a legitimate user is not recognized as such) and of the
second kind (an attacker is recognized as a registered
user) are possible. In order to reduce errors of the
second kind, the value of the probability of erroneous
recognition of the user will be reduced.

Since in recognition systems the deviations from the
mean value in both directions are equivalent, the probability
of hitting the required interval can be written as:

X—X_.
P(xmin <X, < xmax): 2F£—mln J

Oy

Thus, the values of the acceptable range limits can
be adjusted depending on tolerance of errors of the first
or second kind.

After formulating the keyboard handwriting, user
authentication is performed by entering a password.
For a new phrase, the same statistical characteristics
are defined and they are checked to to see whether they
fall within the specified interval. Depending on the
result, a decision about the user’s legitimacy is to be
made.

EXPERIMENTAL AUTHENTICATION

In order to test the performance of the proposed
method of user control, a program to obtain information
about the intensity of data input and the force of
pressing the characters on the keyboard of the mobile
device was written. In this work, the iOSXcode*
platform was wused. Calculations were performed
for 10 consecutive inputs performed under the same
conditions. For three different users (Userl, User2,
User3), the corresponding statistical characteristics were
calculated for the input data “1@35f1” (Tables 3-5).

4 Xcode.
April 22, 2023.

https://developer.apple.com/xcode/.  Accessed
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Table 3. Character touch force data (User1)

Character Sample mean Standard deviation
1 0.4334 0.034916
@ 0.4872 0.033796
3 0.558444 0.033623
5 0.539917 0.033619
f 0.492778 0.031256
1 0.479875 0.018871274

Table 4. Character touch force data (User2)

Character Sample mean Standard deviation
1 0.35947 0.024012
@ 0.460015 0.031145
3 0.501201 0.035001
5 0.54102 0.032115
f 0.402495 0.030598
1 0.483985 0.032012

Table 5. Character touch force data (User3)

Character Sample mean Standard deviation
1 0.590235 0.034985
@ 0.58098 0.032998
3 0.6001 0.025198
5 0.63101 0.028957
f 0.56398 0.032015
1 0.55356 0.030011

The value 1.0 of the pressing force represents the average
force determined by the system.

Figure 1 shows data obtained on the magnitude
of the touch force on different characters in the form
of a comparison chart for each of the three users. The
results were obtained for a user recognition probability
equal to 0.95.

According to this data, only for the character “3”
do the ranges obtained not overlap. However, a single
character sample cannot be considered sufficient.
Therefore, it is suggested that s data about the pressing
intervals of significant characters be added to the
analysis without taking into account the keyboard type
switch presses (Tables 6-8).

0.65 0.65 0.70
Q [0] (]
o o o
] (] (]
+ 0.60 - + 0.65
§ 0.55 g g 0.60
S 2 0.55 Q
° © °
CINJ 0.50 ——. g g 0.55 -
© © 0.50 ©
£ 045 | £ . € 0.50 O
z z z
0.40 0.45 0.45

User2
(a)

User1 User3 User1

User2

User3 User2

(c)

User1 User3

Fig. 1. Permissible touch force ranges: (a) character “@”, (b) character “3”, (c) character “5”
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Table 6. Data on interval between pressing characters (User1)

Sequential characters Sample mean (1079, s) Stand?lr ggexsf;ation
1-@ 46915.5 143.2862
@-3 47625.13 141.8598
3-5 46764.5 139.9112
5-f 47696.38 133.5322
-1 46917.25 118.9138

Table 7. Data on interval between pressing characters (User2)

Sequential characters Sample mean (1079, s) Stand?lr (C)l_%e\s/;atlon

1-@ 59807.5 181.7389

@-3 69081.63 171.6768

3-5 46779.13 158.8777

5-f 69025.38 106.3336

f-1 59943.13 144.3076

Table 8. Data on interval between pressing characters (User3)

Sequential characters Sample mean (1079, s) Standzllr g,%e:;atlon

1-@ 57835.25 152.0627

@-3 67866.13 150.8391

3-5 45906.38 137.8881

5-f 67908 162.6047

-1 57937.25 104.8996

Analysis of the data obtained shows that the time
interval between pressing the symbols located on
the same keyboard does not guarantee the required
differentiation of values (Fig. 2c¢). Switching the
keyboard from symbolic to numeric (User2, User3)

or selecting numeric or service symbols with the help
of increased pressure on the symbols of the main
keyboard (Userl) enables the required difference in the
characteristics of keyboard handwriting (Fig. 2a, 2b) to
be attained.

59 000 — 70000 — 47 500
T » 57000 — =R - B
© © ©
2% 55000 g5 00000 5% 47000 -
£ IS ESI
2 2 53000 2 2 60000 29
£3 =3 = 2 46500 -
5% 51000 5o 5o
§¢ § g 55000 §%
© 2 49000 T = T =
) e = = 46 000
38 3 & 50000 38
47 000 — _
45000 45000 45 500
User1 User2  User3 User1l  User2 User3 User1  User2 User3
(a) (b) (c)

Fig. 2. Permissible ranges for interval between pressing characters (a) “1-@”, (b) “@-3", (c) “8-5"
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CONCLUSIONS

When using password authentication, the use of
additional information about keyboard handwriting,
based on the touch force applied on the keys and
the duration between successive presses, allows the
accuracy of recognition to be increased to the requisite
probability. The advantages of the method proposed
include the possibility of modifying the parameters to
balance between first and second type errors. Obtaining
new information in the same format as the original
information, allows data to be updated, if necessary.
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Abstract

Objectives. The work analyzes features of one of the most promising approaches to solve the problems for motion
planning of autonomous robotic manipulators of various types and purposes using the rapidly exploring random tree
(RRT) method. The development of modern robotics is shown to be inextricably linked with the improvement of the
designs of the created samples, for which the placement of a manipulator on platform becomes a typical layout option.
Prospects for using the RRT method as a constructive basis for creating a universal motion planner are evaluated for
mobile and robotic manipulators, including autonomous robotic systems with a manipulator on a moving platform.
Methods. The object of the research is the RRT method and its well-known modifications RRT* and RRT-Connect.
The effectiveness of applying such methods for solving problems associated with planning the motions of robotic
manipulators of various types was evaluated using computer and natural simulation methods.

Results. Based on a review of the literature and the results of the research, the wide possibilities of the RRT method
can be used for solving motion planning problems not only for mobile and robotic manipulators, but also for robotic
systems on whose transport platform an onboard manipulator has been installed (including those having a redundant
or reconfigurable structure). The effectiveness of the applied application of the RRT method is confirmed by examples
of modeling a mobile platform with an onboard manipulator and the results of full-scale experiments with a prototype of
the ARAKS reconfigurable mechatronic-modular robotic manipulators (RTU MIREA, Russia). It can be experimentally
demonstrated and theoretically substantiated that the final dimension of the exploring tree, and hence the time of its
construction up to reaching a given target state, is largely determined by the value of the growth factor.

Conclusions. The generalization of the results obtained opens up real prospects for using the RRT method as a
constructive basis not only for creating universal means for motion planning mobile robotic systems with an onboard
manipulator, but also for solving the problems of automating the docking of autonomous mobile platforms.

Keywords: autonomous robotic manipulator, intelligent control, reconfigurable robotic manipulator, variable

kinematic structure, rapidly exploring random tree method

e Submitted: 17.02.2023 ¢ Revised: 29.03.2023 ¢ Accepted: 05.09.2023

For citation: Golubov V.V., Manko S.V. Features and perspectives of application of the rapidly exploring random tree
method for motion planning of autonomous robotic manipulators. Russ. Technol. J. 2023;11(6):16—-27. https://doi.
org/10.32362/2500-316X-2023-11-6-16-27

Financial disclosure: The authors have no a financial or property interest in any material or method mentioned.

The authors declare no conflicts of interest.

© V.V. Golubov, S.V. Manko, 2023

16


https://doi.org/10.32362/2500-316X-2023-11-6-16-27
mailto:golubov@mirea.ru
https://doi.org/10.32362/2500-316X-2023-11-6-16-27
https://doi.org/10.32362/2500-316X-2023-11-6-16-27

Features and perspectives of application of the rapidly exploring random tree method Vladimir V. Golubov,
for motion planning of autonomous robotic manipulators Sergey V. Manko

HAYHYHAA CTATbA

OC00eHHOCTH U NMEePCNEeKTUBbI NIPUMEHEHUS METOAA
MOMCKOBbIX CJIYyYAWHBIX AePEeBbEB /I IJIAHUPOBAHUA
nepeMeneHu aBTOHOMHBIX pO00TOB

B.B. l'ony6os @, C.B. MaHbko

MWP3A — Poccuiicknii TexHos1Iorm4eckuii yamsepcutet, Mocksa, 119454 Poccus
@ AsTOp AN nepenvicku, e-mail: golubov@mirea.ru

Pe3iome

Llenu. CtaTbs NocBsLLeHa aHannm3y 0COOEHHOCTEeN 0aHOro 13 Hambosniee MHOro06eLLALLIMX MOAXOA0B K PEeLUeHUNIo
3a7a4 NNaHMPOBaHUSA NEPEMELLEHNIT aBTOHOMHBLIX POGOTOB Pa3fIMYHbLIX TUMOB Y HA3HAYEHWS C NMOMOLLbI0O METOAA
NMOWCKOBbIX Cly4aliHbIX AepeBbeB. [1okasaHo, YTO pa3BUTME COBPEMEHHON POOOTOTEXHUKM HEPA3PLIBHO COMPSiXe-
HO C COBEPLLEHCTBOBAHNEM KOHCTPYKLUMIA co3aaBaeMbix 06pa3uoB, AJ1si KOTOPbIX PAa3MELLEHME MaHUMYNATOPa Ha
noABWXHOW NnaTdopMe CTAaHOBUTCS TUMOBLIM BapUaHTOM KOMMOHOBKM. Llenbio paboThl sBNsSeTCS OLeHKa nepcnex-
TUB UCMOJIb30BaHNSA METOAA MOVCKOBbIX CIyYalHbIX AEPEBLEB B KAYECTBE KOHCTPYKTUBHOW OCHOBbI A1 CO30aHUS
YH/BEPCANbHOIO NMIaHMPOBLLMKA NEPEMELLEHNI MOBUBHBIX 1 MaHUMYNSLMOHHBLIX POOOTOB, BKJHO4Yas aBTOHOMHbIE
pPOBOTOTEXHMYECKME CUCTEMBI C MAHUMYNIATOPOM Ha NMOABWXHOM nnatdopme.

MeTtoabl. O6bEKTOM NPOBOAMMbIX UCCIIEA0BaHUI ABNSETCA METOo[ MOMCKOBbLIX ClydaiiHbix aepeBbeB RRT (rapidly
exploring random trees) n ero nasectHole mogndukaunm RRT* n RRT-Connect. OueHka addEeKTMBHOCTU X NpU-
KNagHOro NpPUMMEHEHUS ANs pelleHns 3a4ay NiaHMpPoBaHUS NepeMeLLEH T POOOTOB PasfiMyHbIX TUMOB NPOBOAM-
acb C MOMOLLBIO METOA0B KOMMBIOTEPHOIO Y HATYPHOIO MOAENNMPOBAHNS.

PesynbTaTtbl. Ha ocHoBe 0630pa nuTepaTypbl U MO UTOram NPOBEAEHHbIX UCCNEA0BAHNIA NOKa3aHo, YTO LWMPO-
K1e BO3MOXHOCTM METO/a NMOUCKOBbLIX CIlyHalHbIX AEPEBLEB MO3BOAIOT 06ECMNEeYnTb PELLEHME 3a4a4 NJ1IaHMPOBa-
HUS NepeMELLLEHNIA He TONbKO AJ11 MOBUIIbHBIX 1 MaHUMYNSLUMOHHBIX POOOTOB, HO U A5 POOOTOTEXHUYECKMX CU-
CTEM C pasmelleHeM 60PTOBOro MaHmMMnynaTopa (B T.4. C U3ObITOYHOM UK PEKOHDUTYPUPYEMOIA CTPYKTYPOI1) Ha
TpaHcnopTHOM nnatdopme. APDEKTUBHOCTb NPUKIALHONO NPUMEHEHNS METOAA NOMCKOBBIX CTyYalHbIX JEPEBLEB
NnoATBEPXAAETCS NpYMepamMu MoaeIMpoBaHNsa MOBUIbLHOM NnaTtdopMbl ¢ GOPTOBLIM MaHUMYNATOPOM 1 pe3ybTa-
TaMu HaTYpPHbIX 3KCNEPUMEHTOB C OMbITHLIM 06Pa3L,O0M PEKOHDUIYPUPYEMOrO MEXAaTPOHHO-MOAYNIbHOro poboTa
«APAKC» (PTY MUP3A, Poccus). OKcrepruMeHTaslbHO YCTaHOBNIEHO Y TEOPETUYECKM OOOCHOBAHO, YTO KOHEYHas!
pa3mMepHOCTb AepeBa Noucka, a, cnefoBaTeslbHO, U BPEMS ero NoCTPOEHUs, BNIOTb A0 AOCTUXEHUS 3a4aHHOIo
LLeNIeBOro COCTOSIHMS, BO MHOFOM OMNpeaensiioTcs BENMYNHoOM dakTopa pocTa.

BbiBogpbl. O606LEHME MOJNYHEHHBIX PE3Y/bTATOB OTKPbLIBAET pPeasibHble MEepPCrnekTUBbl UCMONb30BaHUS MeToaa
MOMCKOBbIX CNy4aliHbIX AEePEBbEB B KAYECTBE KOHCTPYKTUBHOM OCHOBbI HE TOMbKO 411 CO34aHUS YHUBEPCAJIbHbIX
CpencTB NaHNPOBaHUSA NepemMeLLLEHNA MOOUITbHBIX POBOOTOTEXHUYECKMUX CUCTEM C BOPTOBLIM MaHUMYNSTOPOM, HO
1 ON§ peLleHns 3aa4a4 aBToOMaTuU3aummy CTbIKOBKM aBTOHOMHbIX MOABVXKHBIX MAaTdOopMm.

KnioueBble crnoBa: aBTOHOMHbIV POGOT, MHTENNEKTYaSIbHOE YyrpaBfieHne, PeKOHOUIyprpyeMsblii poGoT, namMeHsie-
Mas KuHemMaTuyeckas CTPyKTypa, MEeTOZ, MNOMCKOBbIX Cly4aiHbIX AePEeBbEB

e Moctynuna: 17.02.2023 » fopa6oTaHa: 29.03.2023 ¢ MNMpuHaTa k ony6nukoeaHuio: 05.09.2023

Ana uutupoBaHua: [ony6os B.B., MaHbko C.B. Oco6eHHOCTM 1 MEPCNEKTUBbI MPUMEHEHUS METOAA MOUCKOBbIX
cny4yaliHbIX OepeBbeB AJS NIaHMPOBaHUSA NepeMeLLeHnin aBTOHOMHBIX poboToB. Russ. Technol. J. 2023;11(6):16-27.
https://doi.org/10.32362/2500-316X-2023-11-6-16-27

Mpo3payHocTb hMHAHCOBOM AEATENBHOCTU: ABTOPbLI HE UMEIOT PUHAHCOBOM 3aMHTEPECOBAHHOCTM B NPEACTaB/IEH-
HbIX MaTepuanax nnvu MeToaax.

ABTOpPbI 3a9BAAOT 06 OTCYTCTBUN KOHDIMKTA MHTEPECOB.
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Features and perspectives of application of the rapidly exploring random tree method

for motion planning of autonomous robotic manipulators

Vladimir V. Golubov,
Sergey V. Manko

INTRODUCTION

Prospective models of semi-automatic and
autonomous robotic manipulators designed to work under
conditions of uncertainty should offer a wide range of
functional capabilities for analyzing sensory information,
assessing the environment, as well as planning appropriate
actions and their subsequent elaboration.

Among problems that arise, one of the most acute is
related to the development of principles of construction
and composition of software and algorithmic tools for
solving the tasks of motion planning and motion control
of manipulators of various types and layouts, taking
into account a variety of constraints determined by
the type of trajectories to be formed, the nature of the
external environment, the peculiarities of the working
scenario, and other factors. Research actively conducted
in this area since the early 1960s represents a consistent
accumulation of theoretical and applied achievements,
which in one or another combination find their practical
application in modern robotic control systems.

Nevertheless, the search for ways to improve the
efficiency of software-algorithmic means of constructing
routes of purposeful movement and motion planning of
autonomous manipulators continues to remain relevant.

It should be noted that the steady development of
robotics technologies, as well as the expansion of their
areas of applications and the range of tasks to be solved,
are inextricably linked with the improvement of the
created samples, increasing the level of their functional
capabilities and consequent complication of design
layouts.

Thus, in particular, for manipulators of special and
industrial purposes, the placement of a multifunctional
manipulator on a mobile platform has become one of the
typical construction schemes (Fig. 1).

Another type of robotic manipulators can be
illustrated by the mechatronic modular ones capable
of automatically transforming their structure from
a mobile platform configuration to a mobile manipulator
configuration as shown in Fig. 2.

In this regard, rapidly exploring random tree (RRT)
method [1, 2] is of particular interest. Its specific
features open up the prospects of creating a universal
motion planner for mobile and robotic manipulators,
including robotic systems with manipulator layout on
a transportation platform.

ANALYSIS OF FEATURES AND EVALUATION
OF PROSPECTS FOR APPLICATION
OF THE RRT METHOD FOR MOTION PLANNING
OF MOBILE AND ROBOTIC MANIPULATORS

Use ofthe RRT method [3, 4] implies the construction
of a route of purposeful robotic motion on the set
of operatively generated examples from the number
of admissible states in the configuration space. The
generated tree, which acts as a discrete reconstruction of
the manipulator’s configuration space, is built randomly
from the root vertex corresponding to a given initial
state.

Each synthesized branch of the tree defines a possible
transition to one of the new states, whose generation is
performed in the configuration space taking into account

(c)

Fig. 1. Autonomous robotic manipulators for special (a), (b), and industrial (c) purposes with on-board manipulator:
(a) autonomous robotic manipulator for special purposes (N.E. Bauman Moscow State Technical University, Russia);
(b) Curiosity Mars rover (NASA, USA); (c) KMRiiwa (KUKA Roboter GmbH, Germany)

Fig. 2. Automatic transformation of the SMORES-EP mechatronic-modular robotic manipulator (University
of Pennsylvania, USA) from a mobile platform configuration to a mobile manipulator configuration
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the check for its admissibility and continues until the

target position is reached. In generalized form, the

corresponding algorithm is described by a sequence of
key steps.

1. Point ¢, ;. corresponding to the initial state of the
manipulator in its configuration space C is set as the
root vertex of the tree T being formed.

2. During a priori given number of iterations N or
until the target state Cyoal is reached, the following
sequence of actions is performed (cyclically):

e generation of a random point ¢, ;€ C;

e finding the vertex of the tree ¢ . € T, which is
the closest to the selected point ¢, , (as shown
in Fig. 3);

e finding the point ¢' lying on the ray p(c, .,.» C;ang) @nd
remote from the vertex c, ., at the distance Ac (given
by the tree growth parameter) (Fig. 3):

!

c |c =Ac;

:[cnear’c'] cep, near’c'||

e checking the conflict of the transition between the
states Cnear and ¢’ for getting 1nt9 the region of the
configuration space C_, € C, which corresponds to
the intersections with obstacles with the accuracy up
to the a priori established value €, characterizing the
error of conflict detection (Fig. 4);

¢ finding the point Cyop NCATESLEO €, ON the boundary

of the admissible states area Cy, ., = C\C  ; along the
ray p(Cyear Crang) (F1g- 4):
cstop :[cnear’cstop:| €p N Cfree; | cstop ’Cobs N rl<s
e finding the point ¢ as a new configuration state:
c', [cnear c'le Cfree ?

r .
cstop > [cnear’ c'l¢ Cfree >

Chew =

e updating the tree by adding new elements c, .,
Coew and [c, . Cpey] tO the de.scrlptlon 11§ts of its
vertices and branches, respectively, provided that
cnew € Cnear; . .

e check the found point ¢ ., for remoteness with

respect to the target point; if the condition

‘| Chew > Cgoal [ <& is met (3 is a priori accuracy), the
path search problem is considered to be solved.

During the tree building process, periodic

attempts are made to include the target configuration

into the composition of its vertices by repeating all

the actions of step 2 once, provided thatc, , = Cooal

3. If no solution is found, then return to step 2 is to be

performed.
Figure 5 shows an example of route planning in
a two-dimensional configuration space C(x, y) using the

RRT method.

‘
.
i
ot

o
x
.-t
o
o®
.t
ot

(b)

Fig. 3. Options for finding the vertex of the tree nearest
to a randomly chosen point

Fig. 4. Checking for transition conflicts between adjacent
configuration states

Fig. 5. Using the RRT method to plan a route for
purposeful motion of an autonomous mobile manipulator
on an automatically synthesized map

In general, the practical application of the
RRT method involves additional procedures for
smoothing the found tracks.

It should be noted that the ideological basis and
features of the method make it possible to use it in
solving the motion planning problems, not only for
mobile, but also for robotic manipulators, including
those with redundant kinematic structure [5, 6].
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Obviously, the final dimensionality of the exploring
tree, and, consequently, the time of its construction,
will largely depend on the given growth factor, which
characterizes the values of increments of coordinates of
child points relative to parent points in the configuration
space of the manipulator. Thus, at small increments,
randomly generated points will be located quite
close to each other, determining the corresponding
dimensionality of the exploring tree. With successive
increases in increments, the remoteness between the
synthesized points will also increase, resulting in
a higher propagation speed of the tree branches and
a steady decrease in the total number of its vertices,
whose density ensures achievement of the target
position. However, a further increase in increments
leads to a gradual change in the very nature of the
algorithm, when the generation of a new point, which is
carried out in reference to the parameters of the parent
point, becomes essentially equivalent to the selection of
random coordinates having a significant dispersion. The
corresponding increase in the length of tree branches
is accompanied by a significant acceleration of its
growth with a proportional decrease in the density of
the exploring space coverage. In this connection, the
parameters of the search process duration as well as
the finite dimensionality of the tree, both of which are
determined by the level of coverage density at which
the desired target state will be achievable, will steadily
increase. The objectivity of such dependence of the
finite dimensionality of the exploring tree on the choice
of the value of random increments of the coordinates
of the parent points to obtain the children points is
convincingly confirmed by the experimental data shown
in Fig. 6.

120

100

@
o

Number of nodes, units
D [e)]
o o

2

o

111213141516 1718 19 2 2122 232425 3 4 5
Increment, °

However, the specificity of application of the
RRT method in application to robotic manipulators is
connected with the necessity to organize indirect checking
of selected points of the configuration space for belonging
to free, forbidden or target areas. The unavoidability of
such an approach is due to the complexity of mapping
the peculiarities of the real working environment in the
configuration space of a robotic manipulators. Therefore,
in the general case, the evaluation of a particular point
of the configuration space implies the need to solve the
direct kinematics problem X, = F(c) to calculate the
current state of the manipulator X}, using the known
values of the generalized coordinates ¢ € (g, ..., q,)

Obtained data allow providing control of the
parameters of the manipulator remoteness in relation to
the objects of the external environment and the given
target position. In the formal form of the record, the
conditions of such a check can be represented as follows:

if X

obs

ceC N Xy # 9,

obs’

if X

ceC obs

N X, =0,

free’

ceC if [ Xy,

goal’ Xgoal| <7,
where X\, and X are geometric locations of the
points occupied by the manipulator and the objects of
the external environment acting as obstacles; X al is
the goal position of the manipulator; r is the a pr10r1
established accuracy of the goal position.

Figure 7 shows fragments of model experiments on
planning of purposeful movements of the manipulator
based on the RRT method. The use of heuristics to
determine a reasonable choice of parent nodes (such as

6 7 8 9 10

Fig. 6. Changing the dimensionality of the exploring tree depending on the value of the range of the random coordinate
increments of the parent points for obtaining the children points in the manipulator configuration space
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Fig. 7. Fragments of model experiments on planning of purposeful movements of the manipulator based
on the RRT method: in the original version (a); with the involvement of heuristics determining a reasonable choice
of the parent configuration (b)

Fig. 8. Fragments of modeling of the purposeful motion formed on the basis of the RRT method for a seven-link
manipulator in the environment with a point obstacle: evasion from the obstacle while moving to a given target
state (a—d); processing of the required positioning point with a given approach vector (e—f)

those closest to the target state) permits a significantly
reduction in the dimensionality of the generated
tree (Fig. 7b) with simultaneous reduction of the problem
solution time.

Invariance to the dimensionality of the configuration
space in which the necessary solutions are searched
is one of the most important advantages of the
RRT method, which opens up possibilities and prospects
of'its application for manipulators, not only those having
redundant, but also with variable kinematic structures.

Thus, in particular, the modeling results presented
in Fig. 8 clearly confirm the effectiveness of the
RRT method for the example of planning the purposeful
movement of a seven-link mechatronic-modular robotic
manipulator in an environment with a point obstacle.

In turn, Fig. 9 shows fragments of field experiments
on the use of the RRT method for motion planning of
a reconfigurable robotic manipulator, when modification
of'its kinematic structure is carried out through automatic
docking with an additional mechatronic module.

Russian Technological Journal. 2023;11(6):16-27
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The data of the conducted research represent a practical
confirmation of the reality of the development of unified
means for motion planning and motion control of robotic
manipulators taking into account the requirements for
invariance to the composition and operational changes
of the existing kinematic structure.

In application to special robotics, many samples of
which are built according to the “manipulator on a mobile
base” scheme, the application of the RRT method is
of special interest. For example, in automatic search,
capture and evacuation of objects of target interest, the
tasks of planning the movements of the mobile platform
and the manipulator are closely interrelated. It is obvious
that a successful choice of platform location will not
only determine the nature of the manipulator movement,
but also the principal achievability of the required point
of the working scene with the given parameters of the
approach and orientation vectors. In particular, as shown
in Fig. 10, the use of the RRT method in its original
version provides the possibility of motion planning,
not only for the mobile platform and the manipulator
considered in a certain order, but also in the case of
their representation in a common configuration space as
a single system.

The high computational efficiency of the algorithms
implementing the RRT method makes it possible to
solve the problems of route formation without, however,

guaranteeing its optimality with respect to any quality
criterion. Attempts to eliminate this disadvantage led to
the emergence of the RRT* method focused on finding
asymptotically optimal solutions [7-9]. The key features
that distinguish the RRT* method from its prototype
are related to the introduction of a number of additions
and modifications to the basic principles of search tree
generation. Thus, in particular, the main innovation
consists in establishing the notion of the cost of a path to
a particular vertex of the tree.

Finding a new vertex ¢, in the course of tree
construction by the RRT* method is done by analogy
with the RRT method. Integration of the found node ¢,
into the synthesized structure implies the choice of such
a variant at which the cost of the path cost(c, . c,..,)
leading to it in the direction from the root node ¢, .
would have a minimum value. In this regard, in the
neighborhood centered at the point ¢, ., and with a given
radius r the search is carried out for such a vertex ¢ .
which meets the following condition:

Conin = ar€MIN, _~«(cost(c

- ¢) + cost(c, ¢, ,)s

init’
where C* is the subset of tree vertices lying inside the
neighborhood of radius r centered at the point ¢, .

The vertex c, ., is included in the tree element lists
as a child of the vertex ¢, .

Fig. 9. Fragments of the full-scale experiment on using the RRT method for motion planning of the ARAKS
reconfigurable mechatronic-modular robotic manipulator (RTU MIREA, Russia): motion of the manipulator to the place
of docking with an additional mechatronic module (a—c); automatic docking with an additional mechatronic module (d);

return movement of the manipulator with a modified kinematic structure (e—f)
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(c)

Itisimportant to note that the size of the neighborhood
in which the search is performed, which is determined
according to the current number of tree nodes, decreases
as the tree grows [8]:

r=vy(log(nym)""** 1,

where d is the dimensionality of the configuration
space; n is the current number of the tree vertices; vy is
a constant coefficient determined by the volume of the
allowed configuration space [7].

The following steps are aimed at local optimization
of the tree structure in the neighborhood selected earlier
around the c . vertex. As part of their execution,
for each vertex ¢ € C* the possibility of re-forming
the path leading to it through vertex ¢, is analyzed,
taking into account the actual change in the cost of the
corresponding route. If the value of cost(c, ., ¢) index
decreases, a local restructuring of the tree is performed,
where the considered vertex ¢ € C* becomes a child
of ¢ ., As shown in Fig. 11, the application of the
RRT* method to robotic manipulator motion planning
problems provides the construction of much smoother
trajectories compared to those formed on the basis of the
original version of the RRT method.

Minor changes in the algorithmic implementation of
the method ensure its applicability for solving robotic
manipulator motion planning problems in the conditions
of a priori unknown and dynamic scenes due to
additional mechanisms of operative rearrangement of the

(d)

Fig. 10. Application of the RRT method for the purposeful motion planning for a manipulator on a mobile base

synthesized tree [10—12]. Thus, Fig. 12 shows fragments
of model experiments on mobile robotic manipulator
motion planning in an a priori unknown scene, when the
search tree is rebuilt as obstacles are detected directly in
the process of movement.

Along with the classical version of the RRT method,
its modification RRT-Connect, which is associated with
a radical transformation of the order of route network
formation to find the trajectory of purposeful manipulator
motion in the space of possible configurations, has become
widespread. According to the new scheme of its step-by-step
reconstruction, the model of the discrete search space is
represented by a set of two trees, the alternate growth
towards each other of which reflects the allowable changes
in the robotic manipulator’s states, starting from both the
initial ¢; , and the goal Cooal? respectively (Fig. 13).

Mutual integration of the synthesized structures is
ensured by periodic attempts to include each emerging
vertex of one tree into the composition of the other.
As is commonly believed, the RRT method with
a counter-growth and its modifications [ 13] have increased
efficiency compared to the original prototype, which
is fully confirmed by the data of experimental studies
shown in Figs. 14 and 15. The capabilities, advantages,
and distinctive features of the RRT-Connect method
make it promising for use not only in tasks of planning
purposeful motions by moving objects of various types
in complex environments, but also for group control of
autonomous robotic manipulators when performing
mutual convergence and automatic jointing operations.
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Fig. 11. Fragments of a complex experiment on motion planning of an autonomous mobile robotic manipulator
using the RRT* method: configuration of a real scene (a); construction and adjustment of the desired route during
the algorithm operation (b, c, d)

Fig. 12. Fragments of model experiments on using the RRT method for planning mobile robotic manipulator motions
in the conditions of a priori unknown scene: rebuilding the search tree (a, c, e, g) as obstacles are detected
in the process of manipulator motion (b, d, f, h)
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goal

Fig. 13. Bidirectional exploration of configuration space according to the RRT method
with counter-growth (RRT-Connect). ¢, ¢ is the nearest vertex for ¢, for which the check
on the possibility of combining two trees is performed

(d) (e) (f)
Fig. 14. Experimental results on motion planning of an autonomous mobile robotic manipulator in an obstacle-ridden
environment based on RRT (a—c¢) and RRT-Connect (d—e) methods

1400 mRRT
1200 B RRT-Connect
1000 -

800 -
600
400 -
200 +—

Number of steps of tree
construction

1 2 3
Number of experiment

Fig. 15. Experimental results on evaluating the effectiveness of RRT and RRT-Connect methods for motion planning of
an autonomous mobile robotic manipulator in an obstacle-ridden environment
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CONCLUSIONS

Review of specialized literature and experimental
studies have convincingly demonstrated the broad
capabilities of the RRT method for providing solutions
to motion planning problems for mobile and robotic
manipulators of various types and layouts, including
manipulators with redundant or reconfigurable structure,
placed on a stationary or mobile base. Generalization of

the obtained results opens up real prospects for using the
RRT method as a constructive basis not only for creating
universal means of motion planning for mobile robotic
systems with on-board manipulator, but also for solving
problems of automating the docking of autonomous
mobile platforms.

Authors’ contribution. All authors equally contributed
to the research work.
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Abstract

Objectives. A variety of technical condition control methods are used in the production and operation of printed
circuit assemblies (PCA) for radio-electronic means (REM). The main methods are optical, electrical, and thermal.
However, not all possible defects can be detected using these methods. For example, a weakened PCA fastener
in a block or the incorrect installation of an electric radioelement (ERE) on a printed circuit board (PCB) can be
detected only by analyzing the mechanical characteristics of the REM. These factors, in particular, are the values of
the vibration acceleration amplitudes on ERE or at selected PCB control points (hereinafter referred to as the PCA
vibration acceleration amplitude). In order to draw a conclusion about the presence of a defect, the measured values
of the vibration acceleration amplitudes obtained as a result of testing PCA for the effects of harmonic vibration are
compared with the permissible values calculated during the simulation of mechanical processes in PCA. This takes
into account the variations in the physical and mechanical parameters of materials and geometric parameters of the
PCA design. The aim of this paper is to determine the permissible values of PCA vibration acceleration amplitudes to
be compared with the measured values.

Methods. The Monte Carlo simulation method is used to calculate the permissible deviations of vibration
accelerations. This consists in repeatedly calculating the values of the vibration acceleration amplitudes at random
values of the physical and mechanical parameters of materials and geometric parameters of the PCA design within
their tolerances.

Results. Experimental verification of this method was carried out using the SolidWorks software for modeling
mechanical processes. This enabled the tolerance values for PCA vibration acceleration at the control point at the
first resonant frequency to be established and experimental data to be obtained when introducing various defects.
The results of comparing the measured values with the calculated tolerance enabled conclusions to be made with
regard to the possibility of detecting PCA defects.

Conclusions. Using this method of calculating tolerances for the PCA vibration acceleration amplitude allows the
presence of defects in REM that do not affect the electrical or thermal characteristics of REM to be determined, thus
increasing the efficiency of technical condition control.

Keywords: non-destructive testing, simulation modeling, Monte Carlo method, printing circuit boards, electronic

means, mechanical processes
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HAYYHAA CTATb4A

Pacyer 10nmycTUMBIX OTKJIOHEHU BUOPOYCKOPEHU I
MEYATHBIX Y3JI0B METOJOM UMUTALMOHHOI'O
MOJCJTUPOBAHUSA

B.K. buTtiokoB,

A.B. AonmaTtoB @,
A.A. 3apepHOBCKUMA,
A.U. CTapuKkoOBCKUM,
P.M. YBancos

MUWP3A — Poccuiicknii TExXHOIOrm4eckuii yHmsepcutet, Mocksa, 119454 Poccus
@ AsTOp AN nepenvcku, e-mail: dolmatov@mirea.ru

Peslome

Llenu. MNpun npon3BoacTBe 1 aKcryaTaumm nevatHbix y3nos (MY) pagmoanekTpoHHbix cpeacts (PAC) ncnonbayoTes
pasnnyHble METObI KOHTPOMS TEXHNHYECKOrO COCTOSAHNSA. OCHOBHBbIE U3 HUX — 3TO OMTUYECKMIA, NIEKTPUHECKNIA 1 TEMO-
BOI. Ho He BCce BO3MOXHbIE AeDEKTHI BLISB/SIOTCS C MCMNOMb30BaHWMEM yKa3aHHbIX METOO0B. Hanpumep, ocnabneHHoe
kpenneHue MY B 6n1oKke M HEKOPPEKTHAsA YCTaHOBKA anekTpopaamoanemMeHTa (9P3) Ha neyaTHoOM nnate BbISBASIOTCS
TOJSIbKO MYTEM aHaIM3a MEXaHNYECKMX XxapakTepncTnk POC, B YaCTHOCTM 3HAYEHWIA aMnanTy g, BUOpOycKopeHuii Ha QP
WS B BbIOPaHHbIX KOHTPOJIbHBIX TOYKaX NeYaTHOM nnaTel (fanee — amnauTyaa BubpoyckopeHus Y). Yrtobel coenatb Bbl-
BOZ, 0 HaNM4um aedekra, UISMEePEHHbIE 3HAYEHUS aMMNTYL, BUOPOYCKOPEHUIA, MOJTy4YEHHbIE B Pe3y/bTaTe UcnbitaHuii MY
Ha BO3AENCTBUE rapMOHMYECKON BUOpaLMm, CPaBHUBAKOTCS C JOMYCTUMbIMU 3HAYEHUSIMU, PACCHUTAHHBIMW NMPUY UMU-
TaLMOHHOM MOJENNPOBAHNN MEXaHUYECKNX MPoLLEeccoB B 1Y ¢ yueToM pa3bpocoB GrU3MNKO-MexaHNHECKNX MapamMeTpoB
MaTepuanoB 1 reOMETPUYECKNX MapaMeTpoB KOHCTPYKLmK Y. Lienb paboTbl COCTONT B ONpeaeneHnm oNyCTUMbIX 3Ha-
YeHUI aMnnTy, BUGpoyckopeHuia MY, ¢ kKoTopbiMy OyAyT CPaBHMBATLCSH M3MEPEHHBIE 3HAYEHNS.

MeToabl. [1ns pacyeTa [ONYCTUMbIX OTKIOHEHMIA BUOPOYCKOPEHUI NpeafiaraeTcs UCnosib30BaHMe MeToaa UMu-
TauMOHHOro MopenupoBaHns MoHTe-Kapno, 3aknoyalolerocss B MHOMOKPaTHOM pacyeTe 3HayYeHuin aMnianTyz,
BMOPOYCKOPEHMWI NPU ClyYalriHbIX 3HaYEHNSX GUIMKO-MEXaHNYECKMX MApPaMEeTPOB MaTEPMANOB U FEOMETPUYECKUNX
napameTpoB KOHCTPykuun MY B npeaenax CBOMX AOMYCKOB.

PesynbTaTthbl. B pesynbtate akcneprMeHTabHON NPOBEPKM OMMCAHHOIO0 MeToAa C MOMOLLbIO MpOorpamMMbl MOAE-
NMpoBaHns MexaHu4deckux npoueccoB SolidWorks onpefeneHbl 3Ha4eHus gornycka Ha BubpoyckopeHust MY B KOH-
TPOJIbHOM TOYKE HA NEepPBOM PE30HAHCHOW 4YacTOTe W MOy4eHbl 3KCNEPMMEHTa/IbHbIE [A@HHbIE NPW BHECEHUN pa3-
NNYHBIX e DeKTOB. Pe3ynbTaThl CPaBHEHMS NU3MEPEHHbIX 3HAYEHWUI C PACCUYUTAHHBIM J,0MNYCKOM NO3BONSAOT cAeNaTb
BbIBOZ, O BO3MOXHOCTM 00HapyxeHus gedektos Y.

BbiBoAbl. VIcnonb3oBaHne [aHHOro MeTofa pacyeTa [OMYyCKOB Ha aMnauTyny BubpoyckopeHnus MY nossonser
onpenenstb Hannune pedektoB B POC, KOTOpble HE BAMSIOT HA 3NEKTPUYECKME UMW TEMNOBbLIE XapaKTEPUCTUKN
P3C, n Taknm 06pa3om noBbICUTb 9DDEKTUBHOCTb KOHTPOJIS TEXHNHECKOTO COCTOSIHUS.

KnioueBble cnoBa: Hepa3pyLlaloLLNiA KOHTPOSIb, UMUTALMOHHOE MoaenupoBaHue, meton MoHnTe-Kapno, nevat-
HbI y3€es, paamoaNeKTPOHHOE CPEeACTBO, MEXaHNYECKME NPOLLECChI
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Mpo3spavyHocTb hUHAHCOBOW AeATENIbHOCTU: ABTOPbI HE UMEIOT PMHAHCOBOM 3aMHTEPECOBAHHOCTU B MPEeACTaB/IEH-

HbIX MaTepunanax nin metogax.

ABTOPbI 3a5BASIOT 06 OTCYTCTBUM KOHMIMKTA MHTEPECOB.

INTRODUCTION

Modern radio-electronic means (REM) are complex
devices, both in terms of electrical circuits and in terms
of design. A wide variety of circuit and design solutions, !
as well as materials used in REM production? can cause
the presence of deviations in their characteristics from
their nominal values. As a rule, the technical condition
of REM can be diagnosed [1, 2] by electrical, thermal,
and mechanical characteristics.? Methods for diagnosing
electrical and thermal characteristics are fairly well
developed and elaborated [3—6], while diagnostics by
mechanical characteristics still remains relevant due to
the difficulties in controlling mechanical characteristics
and the variety of mechanical connections present in
modern REM designs [7-9].

Despite the high requirements for the quality and
reliability of products at the production stage, there is
a probability of various defects such as: deformation
of electro-radio elements (ERE); weakening of their
fasteners or printed circuit board (PCB); formation of
cracks in PCB, which to a certain extent would affect the
mechanical mode of operation and may result in REM
failure.

The production stage of printed circuit
assemblies (PCA) is completed by testing, in order to
confirm their reliability throughout their life cycle.
Depending on the REM specifics, they are subjected to
a large number of different in situ tests* [10]. The vast
majority of REMs are tested for mechanical effects:
primarily vibration [11-13]. In this case, the measured
characteristics are compared with the maximum
permissible, in order to assess the vibration resistance

I Muromtsev D.Yu.,, Tyurin LV, Belousov O.A.,

Kurnosov R.Yu. Design of functional units and modules of
radioelectronic devices: A textbook for universities. 2nd ed.
St. Petersburg: Lan; 2021. 252 p. (in Russ.).

2 Pokrovskaya M.V., Popova T.A. Materials and structural
elements of REM: A textbook. Moscow: RTU MIREA; 2021.
Part 1: Material science and structural materials. 200 p. (in Russ.).

3 Davydov PS. Technical diagnostics of radioelectronic
devices and systems. Moscow: Radio and Communications; 1988.
256 p. (in Russ.).

4 Baranov V.M., Karasevich A.M., Sarychev G.A. Testing
and quality control of materials and structures: A textbook for
universities. Moscow: Higher School; 2004. 359 p. (in Russ.).

of REM [14]. However, a number of defects (e.g., PCA
weakened mounting, ERE incorrect installation, etc.)
may not lead to the measured value of the mechanical
characteristic exceeding the maximum permissible
value. They may, however, result in REM failures
during operation. Therefore, the paper proposes that
the measured values of mechanical characteristics be
compared with the values of their tolerances due to
the wvariation of physico-mechanical and geometric
parameters of REM materials. This will enable
a conclusion about REM technical condition based on
the results of comparison to be drawn.

METHOD FOR CALCULATING PERMISSIBLE
DEVIATIONS OF PCA VIBRATION
ACCELERATIONS

One of the technical condition control methods
necessary to ensure high reliability of REM involves
non-destructive testing by mechanical characteristics.
This is based on a comparison of values of the ERE
vibration acceleration amplitudes and in PCB control
points of the tested PCA and the PCA reference sample.
The presence of defects in PCA results in the deviation
of the ERE vibration acceleration amplitudes from their
nominal values, both higher and lower.

The PCA vibration acceleration amplitude depends
on the physico-mechanical parameters of PCA materials,
geometric parameters of PCA structural elements, and
PCA fastening points.

To control PCA by mechanical characteristics,
a reference mechanical model needs to be created, the
calculation results of which would be used for comparison
with the measured values of vibration acceleration
amplitudes of the studied PCA samples. In order to
create the mechanical model, a variety of programs can
be used to model the mechanical processes in REM. The
accuracy of modeling PCA mechanical characteristics is
determined by many factors. These include: correctness
and completeness of describing the topological model
of mechanical processes; precisely describing fastening
conditions; as well as setting such values of physico-
mechanical parameters of materials and geometrical
dimensions of construction elements which correspond
to real values as much as possible. Practice shows
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that for the majority of engineering calculations the
modeling error of mechanical characteristics is no more
than 30% for preliminary calculations and about 5-10%
for calculations with refined data.

Initial data on the values of physico-mechanical
parameters of REM materials necessary for modeling
mechanical processes, as indicated in a range of reference
books, can be obtained as a rule from experimental
studies and set in a certain range of values. The model
of mechanical processes in PCA, analyzed by specified
physico-mechanical parameters of materials and with
experimentally investigated distribution of PCA ERE
vibration acceleration amplitudes, can be taken as
a reference model. This model can also be used for
technical condition control during experimental tests of
PCA samples.

When using the reference mechanical model of
PCA, the tolerances for the values of ERE vibration
acceleration amplitudes are calculated using the program
for modeling mechanical processes. Based on the results,
the maximum permissible value ¢™®* and minimum
permissible value ™" of vibration acceleration
amplitudes for each ERE can be determined. These
modeling results form the basis for comparison with
experimentally obtained values, wherein the deviations
beyond the tolerance limits are considered as various
kinds of defects [2].

In order to determine the PCA suitability for
operation, the tolerance interval [afif . ,ab@% ] needs
to be calculated for each mth control point of the vector

of vibration acceleration measured values dpcp ,, PCA
would be considered serviceable, if the following
condition is met:

min max
pcam € [aPCA m>9PCA m ]

When controlling PCA technical condition, the
minimum permissible value apy ,, and the maximum

permissible value ap@} ,, of PCA vibration acceleration

amplitudes are used, while the maximum value apd} ,,
can be used to calculate reliability factors.

After calculating the PCA reference mechanical
model, vibration accelerations are measured in the
control points of the studied PCA group using vibration
detectors. The values of the PCA vibration acceleration
amplitudes obtained as a result of measurements are
compared with their maximum permissible values.
Then a conclusion about the PCA technical condition is
made on the basis of the comparison results. The values
of vibration acceleration amplitude of elements for
serviceable PCA samples should lie within the range of
values obtained by calculating the reference mechanical
model. A PCA sample with a deviation of PCA vibration
acceleration amplitude beyond the calculated limits
detected is considered defective.

The PCA reference mechanical model is obtained
at parameter values of REM designs lying within their
tolerances. However, the mechanical model can also be
used to form a fault base which can form a reference
book of the vibration acceleration amplitude distribution
over the PCA surface in the presence of any defect.
Such a reference book is formed in advance before PCA
diagnostics. Applying this method allows defects related
to the ERE installation, as well as defects related to PCB
production.

Thus, the PCA reference mechanical model
takes two factors into account: the spread of various
parameters  (physico-mechanical  parameters  of
materials, geometric parameters of designs) within their
tolerances when using the model to search for defective
products; and the possible presence of typical defects
in PCA when using the model to identify defects in the
studied PCA.

In some cases, the existing models and methods for
calculating the mechanical modes of REM designs do not
allow the influence of physico-mechanical parameters
of REM design materials and geometrical parameters of
REM designs on the mechanical mode of the product
to be analyzed in detail. The Monte Carlo method of
statistical testing used for modeling various physical
processes in REM, in particular, mechanical processes
in PCA design and REM as a whole, is highly capable
of resolving this problem [15, 16]. The advantages of
the Monte Carlo method over other methods of studying
physical processes offer a fairly simple mathematical
apparatus of calculations, as well as a clear physical
interpretation of the considered problem. These factors
thus simplify the programming process and provide ease
of control at the stage of program debugging.

When applying the Monte Carlo method, a special
random number generator program is used. This
program repeatedly outputs random values of a certain
quantity distributed in accordance with the specified
distribution law. For each random variable value,
the values of REM mechanical characteristics are
determined. This calculation is repeated a number of
times as specified by the user. For each calculation,
the values of the model parameters take random values
lying within their tolerances. Based on modeling
results, histograms showing the laws of distribution
of mechanical characteristics are built. Then the
mathematical expectation and standard deviation of the
PCA vibration acceleration amplitudes are calculated
from these.

The applied method does not require parametric
sensitivity functions to be calculated. However, it
requires a large amount of machine time depending on
the complexity of the mechanical model and the number
of iterations. At the same time, the error of the method is
usually of the order of 10%.
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Figure 1 shows the flow diagram of the method
for calculating the maximum permissible values of the
ERE vibration acceleration amplitude using simulation
modeling of mechanical processes.

When modeling using this method, such factors
as deviations physico-mechanical parameters of
materials and geometrical parameters of REM design
within their tolerances are taken into account. The
use of simulation modeling allows a lot of statistical
information to be collected. In this way the permissible
variation of ERE vibration accelerations can be
determined.

The input data for modeling is:

e the description of REM design;

gmin, gMaX being minimum and maximum values of

the ith physico-mechanical parameter of REM

design, respectively;

o qgm , qgax being minimum and maximum values of
the jth geometric parameter of REM design,
respectively.

Using the program for modeling the mechanical
modes of REM operation, a multiple (N times)
mechanical calculation of REM design containing
PCA (the block, as a rule) is carried out at the first stage.
This calculation is performed, in order to determine
the spread in vibration acceleration amplitudes in PCA
fastening points.

The parameter nominal value can be determined
from the minimum and maximum limits of its actual
value spread range, taking into account the normal law

Modeling the spreads

of parameter distribution according to the following
equation:

qnom — (qmax + qmin) /2.

The relative tolerance value for the parameter value
is determined by the following equation:

S= ( qmax _ qmin) /qnom.

The values of physico-mechanical parameters of
materials (g,,) and geometric parameters of designs (¢ g)
for each implementation of the Monte Carlo method take
random values within their tolerances. These take into
account the value of random variable £, in accordance
with the following equations:

G = M (48,8, 4, =gI™(+E,3,).

The random variable £, values are generated
according to the normal law of distribution of the
random variable with zero mathematical expectation
and standard deviation ¢ = 0.33. The truncated normal
distribution of variable &, on the interval £3c is derived.

After performing N calculations of the mechanical
mode of PCA design, N values of vibration acceleration
amplitudes (ap) in PCA fastening points are obtained.
According to these values, the mathematical expectation
of the vibration acceleration amplitude in each PCA
fastening point m(a;) can be determined as follows:

qmin gmax . .
mi > Hmi of physico-mechanical Calculating
ag", g parameters of materials and - tolerances
a g . Modeling the . . min max
—  »| geometrical parameters mechanical for vibration ag, &
of REM block design > processes > ;r(r;‘f)(leilti?;fir:]
_ in REM block .
— G =™ (146,81, n oc PCA fastening
Gy =qe™ (1 + Eanag) points
L Modeling the spreads
Generation £ of \_/ibration acceleratiop
of random n > amplitudes at‘PCA fastening
variable points
-1<g, <1 ayg =ajom (1+&,3,) Calculating gmin max
» Modeling the tolerances EREm’> “EREm
i »| for EREvibration ———»
Modeling the spreads - mechan_lcal acceleration
f physico-mechanical *| processes in PCA ;
orphy | amplitudes
Ly parameters of materials and
geometrical parameters of | |
> REM PCA block design
am" ame
gmin, gmax In = qrr:]om (1 + E-‘nSm)
g g

9g =57 1+ 203

Fig. 1. Flow diagram of the method for calculating permissible deviations of PCA vibration accelerations.

nom _ (omin max min max
ag°™ =(af"" +af*®)/2. agpe . dcpe

are tolerances for ERE vibration acceleration amplitudes
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N
2.af
m(ap) =5 —,

where af is value of the vibration acceleration amplitude
at the PCA fastening point on the nth implementation.

The dispersion of vibration acceleration D(ay) is
determined by the following equations:

N

Z(ali’ —m(af))2
D(ag)="= T
or
N 2
> (af)
Dlag)=| "=~ (m(ap))” |-
f N Pl IN-1

The standard deviation o(ag) of the vibration
acceleration amplitude at the PCA fastening point is
calculated by the following equation:

o(ag) = D(a;).

In order to determine the range of permissible values
of vibration acceleration amplitude [af"",a"*],
confidence probability [ should be specified as

follows:
B= P(a}nin <ap < alﬁnax),

with which the actual value of vibration acceleration
amplitude may lie within this range. Taking into account
the value of probability B, the value of coefficient y is
determined according to the reference data. For example,
for a confidence probability value B = 0.9973, the value
of coefficient y is equal to 3.
The minimum value a?‘in and the maximum value
af™ of the vibration acceleration amplitude taking
into account the value coefficient y for a given
probability P are calculated according to the following
equations:

a{“in =m(ag)—yo(ap), af™™ =m(ap)+yo(ag).

As the result of calculating the mechanical mode of
the block, the range [a?‘in,aflax] within which the
vibration acceleration amplitude values may lie at PCA
fastening points can be determined.

Then the statistical modeling of mechanical
processes in PCA is carried out in the same way. This

involves randomly specifying the values of vibration
acceleration amplitude at PCA fastening points from the
range [af"™,a™ ], as well as the values of physico-
mechanical parameters of PCB material and geometrical
parameters of PCA design from the range of possible
values. The modeling thus determines the range
[apn ,.a%3% 1 within which the values of ERE
vibration acceleration amplitudes for serviceable PCAs
lie.

The process of PCA control by mechanical
characteristics imposes increased requirements to the
reliability of modeling mechanical modes in PCA.
When building a model of mechanical processes, certain
assumptions also need to be taken into account when
analyzing the modeling results.

The error AS of calculating the ERE vibration

acceleration amplitudes is determined by the following
equation:

lc 2 2 2 2
Al = A2 + A2+ A2 + AZ,

where A is the error at which physico-mechanical
parameters of REM design materials are specified,
A, is the error at which geometrical parameters of
REM design are specified; A, is the error depending
on the computational grid step; Ai is the error
determined by the number of the Monte Carlo method
implementations.

The error in determining the maximum permissible
deviations of ERE vibration acceleration amplitudes is
determined by the number of implementations N in the
Monte Carlo method, in addition to error ASC
introduced by various assumptions when creating the
mechanical model. The relative error related to the
number of implementations can be determined by the
following equation:

Ny )
N

It is very important to ensure the accuracy of
modeling mechanical processes, since the result of PCA
control by mechanical characteristics depends on it. An
incorrect result may lead to “rejecting” the serviceable
product or to missing the product with a defect posing
serious consequences in its operation.

In order to apply this method, a variety of programs
for modeling mechanical processes in REM designs
of different hierarchy levels, such as ASONIKA-TM?,
SolidWorks®, etc., may be used [17, 18].

5 https://asonika-online.ru/products/asonika-tm/ (in Russ.).
Accessed June 15, 2023.
6 https://www.solidworks.com/. Accessed June 15, 2023.
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(a)

EXPERIMENTAL VERIFICATION
OF THE METHOD FOR CALCULATING PCA
VIBRATION ACCELERATION TOLERANCES

For the experimental verification of the method
described, an onboard radio-electronic device for
controlling run-up parameters is used. This device is
a PCB with the following EREs installed upon it: Atmel
ATmega2560microcontroller(AtmelCorporation, USA);
InvenSense MPU-6050 accelerometer (InvenSense Inc.,
USA); Global Navigation Satellite System receiver
U-blox Neo 7M (U-blox, Switzerland), Bluetooth chip
HC-05 (Core Electronics, China); and AMS1117-3.3
power supply (UMW, China).

In order to calculate tolerances for the vibration
acceleration amplitude value, PCA mechanical processes
are simulated using SolidWorks software. The PCA and
its model are shown in Fig. 2.

During modeling, the spread of PCB material density
1500-1800 kg/m> and elastic modulus 2226 GPa is set.
The number of the Monte Carlo method implementation
is 500. As a result of modeling, the spread of the PCA
vibration acceleration amplitude is obtained at the
PCA control point in a serviceable condition at the first
resonant frequency whose value is 170 Hz. The control
point is located in the center of PCB and is selected
by the results of analyzing distribution of vibration
acceleration values on PCB based on the maximum
value. The spread of vibration acceleration amplitude
values ranges from 4.8 m/s? to 5.2 m/s?, respectively,
while the tolerance value is equal to +0.2 m/s2. Then
the modeling of mechanical processes in PCA is
carried out with simulation of various defects such as:
a weakened PCA fastening (defect No. 1); the absence of
ERE (defect No. 2); a crack in PCB (defect No. 3); and
a different PCB thickness (defect No. 4). As a result, the
amplitude—frequency characteristics (AFC) of vibration

(b)
Fig. 2. The PCA (a) and its model in SolidWorks software (b)

acceleration at the PCA control point shown in Fig. 3 are
obtained.

6
Defect 1
5 Serviceable condition
Defect 2
Defect 3
4
| __Defect4

Amplitude, m/s?
w

N

100 150 200 250 300 350 400
Frequency, Hz

Fig. 3. Calculated values of AFC
at the PCA control point in serviceable condition
and under different defects

It can be seen from the graphs that each of the
defects causes deviation of vibration acceleration AFC
at the PCA control point from AFC for the serviceable
condition. It is most effective to compare AFC at the first
resonant frequency since at other frequencies, the result
of comparison may be incorrect. This can be due to
small differences in the values of vibration acceleration
amplitudes, comparable to the calculation errors.

Further, experimental studies are carried out of
the mechanical characteristics of serviceable PCA
and PCA with single defects simulated by modeling.
The experiment is conducted using a vibration test
bench (Fig. 4) at the harmonic vibration frequency equal
to the first resonance frequency (170 Hz) obtained as
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aresult of modeling. As a result, the experimental values
of vibration acceleration amplitudes at the PCA control
point at the resonant frequency under different defects are
obtained: for a weakened PCA fastening (defect No. 1),
it is 5.6 m/s%; for the absence of ERE (defect No. 2), it is
4.7 m/s?; for a crack in PCB (defect No. 3), it is 4.5 m/s%;
and for a different thickness of PCB (defect No. 4), it is
3.5 m/s?.

L

Fig. 4. Setup for experimental study of PCA
under the impact of harmonic vibration

As seen from the experimental results, each of
the defects causes deviation of vibration acceleration
values at the PCA control point from the value for the
serviceable condition beyond the calculated tolerance
obtained as a modeling result. Moreover, a number
of defects may cause approximately the same change
in vibration acceleration at the PCA control point (for
example, defects No. 2 and No. 3 in the experiment)
compared to the measurement error. This indicates
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Abstract

Objectives. Radio-technical information transmission systems are widely used in various sectors of our life, not
only for telecommunications and associated domestic needs, but also for the functioning of various special services,
such as emergency response units, which increasingly use robotic complexes in the course of their work. In the event
of an emergency, robot devices can be used to get in under rubble, in concrete pipes or other municipal facilities,
which typically result in a sharp deterioration of the necessary conditions for the propagation of radio waves. In this
regard, the problem of ensuring reliable communication with the robotic complex becomes rather acute. The aim of
the present work is to reduce the effect of multipath propagation of radio waves in the communication channel under
complex interference conditions.

Methods. The methods of statistical radio engineering and mathematical modeling are used according to optimal
signal reception theory.

Results. The presented model for a multi-element, spatially-distributed, in-phase receiving antenna of various
configurations, featuring an electronically adjustable radiation pattern, is designed to ameliorate the multipath nature
of signal propagation. A simulation of a multipath communication channel was carried out in the presence of one
main and three reflected beams of radio wave propagation, as well as with harmonic interference at two angles of its
arrival and different frequency detuning relative to the frequency of the useful signal. The probability of a bit error when
receiving discrete information using the proposed antenna is estimated.

Conclusions. The proposed signal processing algorithm on the receiving side can be used to partially compensate
for the influence of the multipath effect. As a result, the noise immunity of information reception in comparison with
reception on an omnidirectional antenna with one antenna element increases: for a bit error probability of 1073, the
energy gain ranges from 2 dB for two beams to 7-10 dB for three or four beams. In the presence of concentrated
harmonic interference in the radio channel, its simultaneous spatial (by the antenna) and spectral (by the demodulator)
filtering is also observed, the effectiveness of which depends on the direction of arrival and the frequency detuning of
the interference, which also leads to a significant decrease in the error probability.

Keywords: spatially distributed in-phase antenna, electronic beam control, multipath propagation of radio waves,
harmonic interference, noise immunity, bit error rate
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HAYYHAA CTATbA

HUcnosb30BaHne MPOCTPAHCTBEHHO-PACHIpeaeIeHHOU
cUH(a3HOU AHTEHHBI [IJISl NOBbIILICHUS
IMOMEX0yCTOHNYMBOCTH NPUEMA CUTHAJIOB

r.B. Kynukos,
l0.A. NoneBopa @,
M.C. KocTuH

MUP3A — Poccuiicknii TexHOI0rn4eckni yumsepeutet, Mocksa, 119454 Poccus
@ AsTOp AN Nnepenvicku, e-mail: polevoda@mirea.ru

Pe3iome

Llenu. PagnotexHnyeckme cuctembl nepenadm MHGopmMaLMm HaxoasaT LWMPOKOE NPUMEHEHME B Pa3finyHbIX OTpac-
NISIX HALLENM XM3HM He TOJIbKO A 06ecrneyeHnst TENEKOMMYHUKALMIA 1 ObITOBbIX MOTPEOHOCTEN YeNoBEKA, HO U A
GYHKUMOHNPOBaHMSA pasfnyHbIX creucnyxo, Hanpumep, cnyx6 MYC, koTopble B CBOel paboTe NpUMEHSIIOT pobo-
TMU3MPOBaHHbIE KOMMEKCHI. B cnyyae 4pesBbl4aiHOro NponCLLECTBMS BO3MOXHO NonazaHne Takoro podoTa nopg, 3a-
BaJl, B )X€1€300€TOHHbIE TPYObI W ApYrie KOMMYHaslbHble 0OBEKTbI, B PE3YJIbTATE YEro YCNoBMS PACMPOCTPAHEHWS
paamoBOSIH PE3KO YXyALIAOTCS. B 9TOM CBA3M OCTPO CTOUT BONPOC 06ecneyvyeHnst HalexHol CBa3n ¢ poboTM3npo-
BaHHbIM KOMMAEKCOM. Llenb paboTbl — CHUXEHME BNVSHUS 9ddeKTa MHOMOly4eBOr0 pacnpoCcTpaHEHUS PAANOBOIIH
B KaHasie CBSA3U B C/IOXHbIX MOMEXOBbIX YCNOBUSIX.

MeTopabl. Vicnonb3oBaHbl METOAbLI CTATUCTUYECKOW PaAMOTEXHUKM, TEOPUN ONTUMASIBHOTO NpUemMa CUrHasoB 1 Ma-
TEMaTUYECKOr0 MOAENMPOBAHUS.

PeaynbTaTthl. [lpnBegeHa Moaesnb NPUEMHON MHOMFO3/IEMEHTHOW NPOCTPAHCTBEHHO-PACcCNpPeaeneHHoN cuHdasHoM
QHTEHHbI Pa3HblX KOHPUIypaLnii C 9NEKTPOHHO-PErYIMPYEMON AnarpaMmMOoOn HanpaBAeHHOCTHN, NpeaHa3HaYeHHOoM
Anst 60pbbbl C MHOIONMYYEBLIM XapakTeEPOM PacrnpoCTpaHeHus curHana. poBeneHo MoAenMpoBaHMe MHOMONy-
4EeBOro KaHasna CBSI31 NMpu HaIMYUKU OHOrO0 OCHOBHOIMO M TPEX OTPaXKEHHbIX Jly4el pacnpoCTpaHEHUS PaANOBOIIH,
a TakXe C rapMOHMYECKOW MOMEXOM NP OBYX yraax ee npmMxoaa U pasHon YaCTOTHOM PacCTPOMKOM OTHOCUTESb-
HO YacTOTbl NONe3HOro curHana. OueHeHa BepPOATHOCTb OGUTOBOM OLIMOKM NpY NPUEME ONCKPETHOM MHdOopMaLmn
C NPUMEHEHNEM NPEAJIOKEHHOM aHTEHHbI.

BbeiBoAbI. [prMeHeHME NPeaSIoXKEHHOr0 anroputMa 06paboTKm CUrHaNOB HA MPUEMHOI CTOPOHE NO3BOJISIET YaCTMY-
HO CKOMMEHCMpPOoBaTh BAUSHNE addekTa MHOrOy4eBOCTUN. B pesynbtate NOMexoyCTOMYMBOCTbL Npuema nHdopma-
LUMN NO CPaBHEHMIO C NMPUEMOM Ha BCEHanpaBSIEHHYIO aHTEHHY C OLHWUM aHTEHHbIM 3/IEMEHTOM MOBbLILIAETCS: AJ1S
BEPOATHOCTM 6UTOBOI owMbKK 1073 sHEpreTUYeckuMii BLIMIPLIL COCTaBnaeT oT 2 ab npu 2 nyyax Ao 7-10 a6 npw
3-4 nyyax. MNpwn Hann4MKM B pagmokaHane CoCPefoTOHEHHOM rapMOHNYECKOM NMOMEXM Takxke HabniogaeTcs ee ogHo-
BPEMEHHAas MPOCTPAHCTBEHHAs (C MCNONIb30BAHMEM aHTEHHbI) U CNeKTpanbHas (C NCNOb30BaHNEM OEMOAYNSTOPA)
dunbTpaums, 9OPEKTUBHOCTL KOTOPOWM 3aBUCUT OT HanpaBfeHUS NMPUXO4a M YaCTOTHOWM PacCTPOMKM MOMEXMN, HTO
TakXe NPUBOAUT K CYLLLECTBEHHOMY CHUXXEHWIO BEPOSTHOCTU OLUMOKN.

KnioueBble cnoea: NnpocTpaHCTBEHHO-pacnpeaeeHHas cuHdasHaa aHTeHHa, 3/IeKTPOHHOE perynMpoBaHme ama-

rpaMmbl HanpaBfeHHOCTM, MHOTOly4eBOE PacnpoCTPaHEHWEe PaauoBOSIH, rapMOHMYecKas moMexa, NoMexoyCToN4Yn-
BOCTb, BEPOATHOCTb OMTOBOM OLLMOKMN
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Mpo3spayHocTb pMHAHCOBOM AeATENbHOCTU: ABTOPbI HE UMEIOT PUHAHCOBOM 3aMHTEPECOBAHHOCTN B MPEACTaB/EH-

HbIX MaTepuanax nin Metoaax.

ABTOpPbI 3a9BASAOT 06 OTCYTCTBMM KOHMIMKTA MHTEPECOB.

INTRODUCTION

Radio-technical information transmission systems
are widely used in various sectors of our life, not only
for telecommunications and associated domestic needs,
but also for the functioning of various special services,
such as emergency response units, which increasingly
use robotic complexes in the course of their work. In
the event of an emergency, robot devices can be used to
get in under rubble, in concrete pipes or other municipal
facilities, which typically result in a sharp deterioration
of the necessary conditions for the propagation of radio
waves. In this regard, the problem of ensuring reliable
communication with the robotic complex becomes
rather acute.

Radio signals are significantly affected by the radio
propagation environment though which they pass. In
addition to additive noise interference, concentrated
interference from other radio facilities and retranslated
interference caused by multipath propagation of radio
waves in their reflection from obstacles and refraction
are observed in the communication channel [1-3]. The
formation of such a multipath communication channel
causes distortion of the useful radio signal parameters;
such changes to its amplitude, phase, and angle of
arrival (AoA) result in the essential decrease of noise
immunity of receiving information [4—10].

There are various methods for counteracting
multipath propagation in the communication channel.
These include the use of channel equalizers, radiation
pattern (RP) control, increasing the intervals in the
transmitted pulse sequence, and using the dispersed
reception systems. One such approach 1is the
Multiple-Input Multiple-Output (MIMO) [11] system
widely used in wireless local area networks of different
standards, as well as in wireless mobile communication
systems.

Another effective way to counteract multipath in
communication channels involves the use of beam
antennas and antenna systems to spatially filter received
signals. When using such antennas, RPs are formed
either by design methods or by special methods of the
received signals processing [12].

One complex beam antenna system is represented
by an in-phase antenna array, comprising separate

near-omnidirectional antennas, which are arranged in
such a way that the phases of the signals induced in them
are the same, allowing the signals from each antenna to
be added up in phase.

This eventually results in the increasing signal level
at the output of the antenna system, a narrowing of the
RP, and, finally, increasing the gain factor as compared
to that of a single antenna included in the array.

MODEL OF THE IN-PHASE ANTENNA
WITH ELECTRONICALLY ADJUSTABLE RP

A spatially distributed antenna system containing
N = 2 up to 8 antenna elements may be used under
complex interference conditions for reducing the effect of
multipath radio wave propagation in the communication
channel with a robotic system [13].

Such an in-phase antenna system (Fig. 1) consists
of resonator antenna elements /-8, electronically
adjustable delay elements 9-/6, and am in-phase
adder /7. The resonator antenna elements are arranged
uniformly with an angular step of 2n/N in a circle of
diameter equal to half the wavelength of the received
signal A/2. The signals from antenna elements come
through adjustable delay elements to the in-phase adder
to form the resulting signal S_ . The purpose of the
adjustable delay elements consists in ensuring the in-
phase condition of the received oscillations and forming
the summarized antenna pattern.

Time delays of'the received oscillations from antenna
elements to the in-phase adder with allowance for the
required angle ¢ of the RP rotation are determined as

follows:
T . T IT
c=—<l4sin| | ——— |+ , 1
k 4{ Hz 4] (p}} W

where i=1,8 is the antenna element number of the
system while 7'is the wave period of the received signal.

In [14, 15], RPs of the in-phase antenna under
consideration are calculated for three cases: nominal
frequency of the received signal, reduced frequency, or
increased frequency. It is shown how the RP width and
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Fig. 1. Schematic diagram of the in-phase antenna array with electronically adjustable RP control

sidelobe level change with frequency. The plots show
that structurally simple two-element antennas have
quite wide RP and very high sidelobe levels. Four- and
eight-element antennas, which have good, very close
indices, can be used for spatial filtering in channels with
multipath wave propagation. Here, it may be noted that
the selective properties of these antennas remain normal
when the signal frequency deviates from the nominal
frequency even by as much as 10%.

The possibility of adjusting the antenna RP
electronically is illustrated in Fig. 2 showing the
directional characteristics at various angles ¢ set in

delay elements (1). It is worth noting that at different
angles of rotation, the pattern shape itself, and hence the
selective properties, remain unchanged.

MODELING RESULTS

In order to assess immunity to interference of the
communication system with the proposed in-phase
antenna on the receiving side under difficult interference
conditions, mathematical modeling was carried out.

A. Signal and disturbance models. A signal with
binary phase-shift keying s(¢) = 4 cos(w, + C;m) is used

90’ 90
120° 60° 120° 60° 120° 60°
08 08
150° 08 30" 150° 30" 150° 0 30°
04 04
02 0
180° 0" 180° 0" 180° o
210° 3300 210° 330" 210° 330°
240° 300° 240° 300° 240° 300°
270° 270° 270°

(a) (b) (c)
Fig. 2. RPs of the in-phase antenna: (a) =0, (b) p=1/2,and (c) p =T
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as a test signal. Here, 4, =/2E /T is its amplitude,
®, is carrier frequency, ¢ is time, C; = +1 is information
symbol, E is signal energy, and 7 is signal duration.
A coherent demodulator is used. Gaussian noise with
uniform spectral density N, is used as fluctuation noise.
The communication channel has been assumed to be
multipath with one main beam and several (M =1, 2, 3)
retransmitted beams

s () =ps(t—Tt)

with different relative intensity p, time delay 7, and
AoA 0.

In addition, harmonic oscillation s, (1) = py A cos(®,f + @, )
with random phase @,, relative intensity p,, frequency o,
close to the useful signal frequency, and different AoAs 6,
have been used as a concentrated disturbance.

B. Multipath communication channel. For
modeling the multipath communication channel, one
main beam (AoA 0, = 0) and three reflected beams
are used: 0, = w/4, p. = 0.5, and t, = 0.5T for the first
reflected beam; 0, = n/3, p.= 0.3, and 7, = 0.17 for the
second reflected beam; and 6, = n/5, pu. = 0.4, 7. = 0.77,
for the third reflected beam. The signal-to-noise ratio
E/N,, varies within the range from 1 to 13 dB.

Figure 3 shows the obtained dependencies of the bit
error probability P, on the signal-to-noise ratio (SNR)
for different numbers of received beams including the
main one. Curves / corresponds to the in-phase antenna
with four antenna elements, curves 2 correspond to the
one with eight antenna elements, curves 3 corresponds
to the simple omnidirectional antenna with one antenna
element, while curves 4 correspond to the simple
omnidirectional antenna with one antenna element and
one main received beam (the classical case is given for
comparison). Although the presence of reflected beams
during reception can be seen to significantly increase
the bit error probability compared to the classical case,
the proposed in-phase antenna can be used to partially
compensate their influence. As a result, the noise
immunity of receiving information is improved as
compared to the omnidirectional antenna reception with
a single antenna element. For error probability P, = 1073,
the energy gain ranges from 1.5-2 dB for 2 beams to
7—-10 dB for 3—4 beams; it is noticeable that the difference
for the 4-element and 8-eclement antennas is small, which
indicates the possibility of simplifying its design.

C. Communication channel with harmonic
interference. The following harmonic interference
parameters are used in the communication channel
modeling: relative intensity w, = 0.5; random initial
phase ¢y is uniformly distributed on the interval (-, 7];
reduced frequency deviation AwT = (0, — 0T} is in
the interval (=12, +12). The in-phase antenna contains
8 antenna elements.
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Fig. 3. Dependencies of bit error probability on
SNR for: (a) two-beam communication channel, (b)
three-beam communication channel, (c) four-beam

communication channel
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Figure 4 shows the dependencies of the bit error
probability P, on the interference detuning AT at
E/N, =7 dB and at two AoAs: 0, = 0 (direction of the
RP maximum) and #/3. A simultaneous spatial (using
antenna) and spectral (using demodulator) filtering
of interference is observed, resulting in a significant
decrease in error probability, i.e., to be more ordered
at 0, = 0. It may be assumed that the impact of such
harmonic interference may be neglected at AT, > 5.

102

Q:D

2z

E

]

feo)

g 0

S

o

@ n/3

1073} i
12 6 0 8 12

Harmonic interference detuning AwT

Fig. 4. Dependencies of bit error probability on harmonic
interference detuning
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Abstract

Objectives. The paper considers a satellite with an optoelectronic payload designed to take pictures of the Earth’s
surface. The work sets out to develop a mathematical model for determining the dependencies between the state
vector of the satellite, the state vector of the point being imaged on the Earth’s surface, and the distribution fields
of the velocity vectors and accelerations of the motion of the image along the focal plane of the optoelectronic
payload.

Methods. The method is based on double differentiation of the photogrammetry equation when applied to a survey
of the Earth’s surface from space. For modeling the orbital and angular motion of the satellite, differential equations
with numerical integration were used. The motion parameters of the Earth’s surface were calculated based on the
Standards of fundamental astronomy software library.

Results. Differential equations of motion of the image were obtained. Verification of the developed mathematical
model was carried out. The motion of the considered satellite was simulated in orbital orientation mode using
an image velocity compensation model. The distribution fields of velocity vectors and accelerations of motion of the
image of the Earth’s surface were constructed. The residual motion of the field of image following compensation was
investigated.

Conclusions. The proposed mathematical model can be used both with an optoelectronic payload when modeling
shooting modes and estimating image displacements at the design stage of a satellite, as well as at the satellite
operation stage when incorporating the presented model in the onboard satellite software. The presented
dependencies can also be used to construct an image transformation matrix, both when restoring an image and
when obtaining a super-resolution.

Keywords: remote sensing of the Earth, satellite, images of Earth’s landscapes, mathematical model, image velocity
field, image acceleration field, super-resolution
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MaremaTuuyeckoe MOJeJTUPOBAHNE MMOJIeH
CKOPOCTEH U YCKOPEHUH ABUKEHUS U300paKeHUs
B ONITHYECKOM anmaparype ClyTHUKA
AMCTAHIUOHHOIO 30HAUPOBAHUS 3eMJIU

C.10. lNopuakos @

MUP3A — Poccuiickunii TexHosorndecknii yamsepceutet, Mocksa, 119454 Poccus
@ ABTOp A5 nepenvicku, e-mail: sygorchakov@yandex.ru

Pesiome

Llenu. B ctatbe paccmaTtpuBaeTcsi CIYyTHUK C ONTUKO-3/1EeKTPOHHOW annapaTypoi, npeHa3Ha4YeHHon Ans CbeM-
K1 noBepxHocTn 3emnu. Lienb ctatbn — paspaboTka MaTtemMaTUYeCKOn Moaenn Ojisi onpeaeneHns 3aBMCMMOCTEN
MeXAy BEKTOPOM COCTOSAAHUSA CMYTHMKA, BEKTOPOM COCTOSIHUS CHUMAEMO TOUKM Ha 3€MHON MOBEPXHOCTU U MNOSISIMN
pacnpeneneHuii BEKTOPOB CKOPOCTEN N YCKOPEHWUI ABMXEHUS 13006paxeHus no GokKasibHOW NI0CKOCTU OMTUKO-
3NEKTPOHHOW annapartypbl.

MeTopabl. Vicnonb3yemblii METOA OCHOBAH Ha ABOMHOM AnddepeHuMpoBaHn ypaBHeEHUS HOTOrpaMmMeTpun
npv NPUMEHEHNN ero K CbeMKe NMOBEPXHOCTM 3emMnn 13 kocmoca. s nocTpoeHns Moaen opobuTanbHOro
M YrNOBOrO ABMXEHUI CMYTHUKA NMPUMEHSTCH anddepeHLmnanbHble YPaBHEHUS C YACTIEHHBIM UHTErpPUpPOBa-
HueM. MapameTpbl BpaLLeHns 3eMau 1 ABUXEHNSA 3EMHOW MOBEPXHOCTU BbIYUCHSIOTCA HA OCHOBE OMBIMOTEKN
nporpamm Standards of fundamental astronomy.

PesynbTathbl. [MonyyeHbl anddepeHumanbHble ypaBHEHUS OBMXEHUS n3obpaxeHus. NpoBeneHa Bepudunkaums
pa3paboTaHHO MaTemMaTnyeckom moaenu. NMpoBeneHoO MOLENNPOBAHME ABUKEHNS CNYTHUKA B pEXMMe opbutans-
HOW OpUEHTALMM U B PEXMME KOMMEHCALLMM CKOPOCTU ABMXKXEHUS N300paxeHunsi. NocTpoeHbl Nonsa pacnpeneneHus
BEKTOPOB CKOPOCTEN U YCKOPEHUI ABMXEHNSA N300paxXeHNss MOBEPXHOCTN 3emnu. MiccnenoBaHO OCTAaTOYHOE none
OBUXEHWS N306paxeHns Nocsie KOMMeHcaLmm.

BbiBoabl. [MpeanoxeHHaa matemaTnyeckas MOAEb MOXET HAUTU MPUMEHEHME KakK Ha aTane nNpoeKTUpPOoBaHUS
CMyTHMKA C ONTMKO-3/IEKTPOHHOW annapaTtypor Npu MOAENNPOBAHNN PEXVUMOB CbEMKM N OLLEHKAX CMELLLEHWNM
M300paxeHuns, Tak N Ha aTane aKcryaTaumm CnyTHMKA Npy MPUMEHeHUN NpeacTaBleHHONn Moaen B 60OPTOBOM
nporpaMmMmHOM obecneveHnn crnyTHuka. MNpencraBneHHble 3aBUCMMOCTU TakXe MOXHO MCMOMb30BaTb Afs Mo-
CTPOEHUs MaTpuLbl casura n3obpaxeHus B 3aa4ax BOCCTAHOBNEHUS N300paxXeHUs 1 NOJly4eHUs1 cBepxpaspe-
LeHus.

KnioueBble cnoBa: AMCTaHUMOHHOE 30HAMPOBaHME 3eMin, CNYyTHUK, n3obpaxeHus naHawadTo 3emnn, mate-

mMaTtuyeckas MoJeslb, Nnojie CKOPOCTEel ABMXEHUNS N300paXeHus, nosie YCKOPEHNi OBMKEeHUS N300paxeHnsl, cBepxpas-
pelueHne
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Mpo3payHocTb GUHAHCOBOI OEeATeNbHOCTU: ABTOP HE UMeeT (PUHAHCOBOW 3aMHTEPECOBaHHOCTU B NPeacTaBfieH-

HbIX MaTepuanax nin MetToaax.

ABTOp 3asBnseT 06 OTCYTCTBUN KOH(INKTA UHTEPECOB.

INTRODUCTION

The paper considers a satellite equipped with
a high-resolution imaging optoelectronic payload (OEP)
with charge-coupled photosensitive devices (CCPD)
operating in a time delay and integration (TDI) mode.
The TDI technology is based on multiple exposures
of the same object, which significantly increases the
signal-to-noise ratio and can thus be used for scanning low-
light scenes, but imposes limitations on its application,
since it becomes necessary to ensure the movement of
the projected image of the object in accordance with the
movement of charge packets on photodetectors.

The accuracy at which the image motion
velocity (IMV) is known sharply limits the use of TDI
technology. In order to ensure that the accumulated
shift during the exposure time does not exceed ~1/3 of
a pixel, it is necessary to account for such IMV vector
fields on a CCPD [1].

Among the main components of the superposition
of the charge packet motion along CCPD during the
exposure time are the orbital and angular motion of
the satellite, the curvature of the Earth’s surface and
its rotation, as well as operational errors of the satellite
attitude control and stabilization system (ACSS).

Many authors have dealt with issues of IMV
calculation. The calculation of IMV fields is considered
in [2-4]. In [2, 3, and 5], problems associated with
calculating the velocity field of image motion when
a satellite moves in a central gravitational field are also
considered.

Compensation of IMV fields is considered in [6-9].
These works discuss the method of providing the
required (reference) IMV by means of a satellite’s
rotational motion in accordance with the special program
law of orientation and stabilization control.?

The present author assumes that, in the presence of
compensation, there may be deviations of actual IMV
from the required value, for example, due to unauthorized

I Hang Y. Time-Delay-Integration CMOS Image Sensor

Design for Space Applications: Ph.D. Thesis. Nanyang
Technological University; 2016.

2 Galkina A.S. Synthesis of the Spacecraft Angular Motion
Control Programs for Surveying Curvilinear Routes. Diss. ...
Cand. Sci. (Eng.). Samara; 2011. 143 p. (in Russ.).

turns of the satellite due to errors in the ACSS operation,
possible vibrations affecting the satellite structure, as
well as scanning without considering terrain relief.

The present work aims to develop a general
mathematical model for calculating IMV fields and
image motion acceleration (IMA) vectors taking into
account the main dynamic and kinematic factors of
the imaging process, as well as to estimate the residual
IMV and IMA fields in the presence of compensation. In
the presented mathematical model of IMV calculation,
unlike [2, 3, and 5], the main dynamic effects of external
and internal forces and torques forcing on the satellite
body may be taken into account.

The obtained results can be used in compiling an
image field shift matrix for solving the super-resolution
problem.

PROBLEM STATEMENT

We shall construct a mathematical model of scanning
the Earth’s surface from space based on the following
assumptions:

1. The satellite model represents a completely
solid body orbiting the Earth according to the
EGM2008 gravitational field model [10].

2. The model of the onboard OEP represents
a completely solid body with focal distance f and
focal plane (FP) having dimensions a and b.

3. The Earth model is an ellipsoid with
WGS84 parameters.?

4. Coordinate systems used: geocentric celestial
inertial reference system (GCRS) [11]; international
terrestrial ~ reference  system (ITRS) [11];
local-vertical-local-horizontal (LVLH) coordinate
system or orbital frame (OF) [12]; satellite body
frame (BF); and OEP focal plane frame (FPF). For
writing down equations of the satellite motion,
the inertial quasi-non-moving GCRS coordinate
system is used. When writing differential equations
of the satellite motion in the rotating ITRS
coordinate system, it is necessary to consider the
precession and nutation of the Earth in motion

3 https:/gssc.esa.int/navipedia/index.php/Reference Frames

in_ GNSS. Accessed August 23, 2023.
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equations. Considering precession, nutation, and
motion of the Earth’s poles, as well as transition
parameters between the International Atomic
Time (TAI) and Coordinated Universal Time (UTC)
scales are included in the corresponding matrices
in the Earth rotation model using the software
package provided by Standards of Fundamental
Astronomy (SOFA) [13, 14].
5. The time scales used are TAI and UTC [11].
The following functional dependencies need to be
defined:

Vx,y = Xx,y = f(rsat’vsat’qsat’wsat’re’Ve’ae); (1)

ax,y = Xx,y = f(rsat’Vsat’Vsat’qsat’wsat’wsat’re’Ve’ae)’

where v is the vector of IMV at the point with x and
y coordinates on the FP; a, ., is the vector of IMA;
T Veat» Vsat Ar€ position, velocity, and acceleration of
the satellite in the GCRS, respectively; Ggqes Wear> Weat
are orientation quaternion, angular velocity, and angular
acceleration of the satellite in the BF, respectively; r_, v.,
a_ are position, velocity, and acceleration of the scanned
point on the Earth’s surface, respectively.

The schematic explaining the problem statement is
shown in Fig. 1.

Yepr

dacrs Trpr

Fig. 1. Graphical representation of problem statement

MATHEMATICAL SURVEYING MODEL

According to the fundamental equation of space
photogrammetry, the relationship between the FPF
and the GCRS with respect to scale (in image space)

is defined using a system of collinearity equations [15]
expressed in projections on the FPF axis, as follows:

x=fXZ\y=YZ", 2

where x, y are the coordinates of the image point in the
FPF (in image space).

We define the range vector rypp, expressed in the FPF
coordinate system (in object space), using the following
relationship:

_ M FPE
Tepr = MGersdGers: (3)

where d;gg is the scanning range vector in the GCRS

connecting the point on the FPF and the point to be

imaged on the Earth’s surface; Mg = MEEFMBE - ¢

is conversion matrix from the GCRS to the FPF; MEIEF

is conversion matrix from the BF to the FPF; M(B}}ERS is
conversion matrix from the GCRS to the BF (satellite
orientation matrix).

Equations (2) and (3) describe the process when the
imaging object and FP are stationary; x, y coordinates,
dcrs vector, and MERE: o matrix are unchanged. Since
scanning of the Earth’s surface from space takes place
over time, all components in the above equations are
functions of time.

MATHEMATICAL MODEL
FOR IMAGE MOTION VELOCITY

In order to find the IMV vector at the point FP, we
differentiate Egs. (2) by time, as follows:

. d _ d _
ngfXZ 1+fE<XZ 1);

. d _ d(.,_
p= 2 (7)),

d
The first summand % fXZ1 =0,since the focal

length is a constant value within the framework of the
problem to be solved. Then:

d _

xsz(XZ == R
=(ﬂ/x—sz)Z—1,

“
V.Z-YV,

y=f (1) =

=(m,-wr.)z,
where V, :%X u Vy =%Y.

Russian Technological Journal. 2023;11(6):47-56

50



Mathematical modeling of velocity and accelerations fields of image motion
in the optical equipment of the Earth remote sensing satellite

Sergei Yu. Gorchakov

For defining vector Vppp = {OFPF,VX,V),,VZ} , we
differentiate Eq. (3), as follows:

d d
Vepp = —Tppp = — ML od +
FPF dt FPF dt GCRS™GCRS

d
FPF
+Mgers Z dGers:

©)

We define the derivative of the transformation matrix
MERE o, as follows:

d d d
FPF  _ FPF\BF FPF BF
EMGCRS _EMBF M¢crs + Mpg EMGCRS'

In the resulting equation, since there is no rotation
between FPF and BF (FP and satellite structure)
according to the problem statement conditions, the first
summand reverses to zero.

Then after substituting Poisson’s equation
d
EMEI():FRS = —WXMEPCI}{S [5], we obtain from (5) the
following:
d
Vepr = ME R s —dGeps —
FPF GCRS dt GCRS (6)
FPF BF
— Mpp W Mgcrsdaerss
0 -o, o,
where W, =[ox|=| o, 0 -, |is the angular
0, O, 0

velocity matrix of the satellite in BF.

Equation (6) shows that the total IMV is composed
of translational and angular motions of the OEP and the
imaging object.

We proceed to finding functional dependencies for
the IMA.

MATHEMATICAL MODEL
FOR IMAGE MOTION ACCELERATION

For determining the IMA, we differentiate Eq. (4)
for the second time, as follows:

jézé(f(VxZ—XVZ)Z*Z)z
:f[(AxZ—X}lZ)Z‘Z —2VZ(VxZ—XVZ)Z—3];
(7
s {22 2)-
- fl(4,2-v4,)z2 -2, (v,z-17,) 23]

For determining acceleration vector

Appp :{OFPF,AX,Ay,AZ} in the FPF, we differentiate
Eq. (5) for the second time, as follows:

dl d d
Appp = E[EM“GCRS + MEdGCRs:l =

d? d_ . d d? ®

= ﬁMdGCRS + ZEMEdGCRS + Mdt_szCRs-

We rewrite Eq. (8) in the following form:

d [\ rFPFyw niBF
Appp = _E[MBF WXMGCRS]dGCRS -

d
FPF BF
— 2Mpp W, MG(Rs EdGCRS +

d2
FPFn BF )
+ Mpp MGcrg 72 dGerss

d \FPF BF
Appp =~ ZMBF W.MGcrs +

0

d
FPF BF
+ Mg ZWXMGCRS +

4
dt

FPF BF
+ Mpp W, —MGgGcrs |dGers ©)

d
FPF BF
— 2Mgp" W, MGcrs Z dgers +

d2
FPFnpBF )
+ Mpp MGerg 72 dGerss

_ N{FPF BF
appp = Mpg [_EXMGCRSdGCRS -
BF
- W.W MGcrsdGers —
d
BF
= 2W,M(crs ZdGCRS +

d2
BF
+ MGcrs a2 dGers

-

0 —e, e,
where E, =[ex]=| e, 0 —e | is the angular
—e, e 0

acceleration matrix of the satellite in the BF.

In the resulting equation, the first summand is
the Euler acceleration, the second summand is the
centripetal acceleration, while the third summand is the
Coriolis acceleration. Next, we define the range vector
d;crg and its derivatives.
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MATHEMATICAL MODEL
FOR THE POINT MOTION
ON THE EARTH’S SURFACE

Equations of the point motion on the Earth’s surface
are written as follows:

_ MGCRS .
XGcrs = MITRS XTRS?

. _ MGCRS: )

XGcers = MITRS X1TRS T @GCRS X XGCRS?

.o _ GCRS .o
XGers = MRS XITRS ~ @GCRS X

(10)

X (OGRS *XGers) +29G6cRs X

X XGCRS T OGCRS *XGCRS>

where Xjtrg»>XTRS-XITRS are position, velocity, and
acceleration of the point on the Earth’s surface

(in the ITRS), respectively; MIGT%%S is the rotation
matrix between the ITRS and GCRS coordinate systems;
Ogcrs 18 the angular velocity vector of the Earth’s
rotation in the GCRS.

The angular acceleration vector of the Earth rotation
can be neglected (@gcrg ~0).

Then the range, relative velocity, and relative

acceleration vectors can be defined as follows:

dGers = XGers ™ Xat = M%%%SXITRS ~ Xsat>
dGers = XGers ~ Xear = MRS X7Rs +
+ OGeRsSXGCRS ™ Xsat
aGCRS =Xgers ~ Xeat =
= MERS K 7Rrs — OGeRrs X (@gers *Xgers) + (11

+20G0Rs XXGers ~ Xgat-

The vector field of velocities and accelerations
along the FP are obtained by substituting the resulting
Egs. (11) into (9) and (6), calculating the IMV and IMA
vectors in accordance with Egs. (4) and (7) at each point
of FP.

VERIFICATION

We compare the results obtained in the presented
mathematical model with those obtained in [2] for the
same initial data.

Based on calculations using the proposed
mathematical model at the point with coordinates (0, 0),
the following IMV values are obtained: 46.951 mm/s
along the x axis and 2.592 mm/s along the y axis. In [2],
values of 46.921 mm/s in the x axis and 2.591 mm/s
in the y axis are obtained. Thus, the calculation
relative error is no more than 0.1%, which indicates
the reliability of the proposed model for calculating
the IMV.

Table 1. Initial data for modeling

Parameter Unit of measure Numerical
(UoM) value
Satellite inclination degree 60.000
Orbit eccentricity - 0.01
Semi-major axis of km 6678.000
the orbit ’
OEP focus distance, f m 1.500
FP dimensions mm 120 % 80
IMV field
30 4 ——— e = = = = = = =
47.023
20 4+ = e =
10 1 > 47.022
e 99 S
IS 47.021 g
= =10 A -
B, 7o Y A IV I N S 47.020
T Y A S R A I I —
47.019
—40 - I o I

Fig. 2. Verification of the model
MODELING

The program is developed based on the mathematical
model. The satellite dynamics are described by
differential equations of the solid body motion [7, 12].
The satellite state vector is integrated using the fourth
order Runge-Kutta method [12] in the TAI time
scale [11]. In the linear perturbation part of the satellite
motion, only the acceleration due to the effects of the
Earth’s gravitational field with a 20 x 20 decomposition
according to the EGM2008 model [10] is considered,
while in the angular perturbation part, only the control
torques determined using a proportional derivative
controller based on the mismatch between the actual
angular motion and the reference motion are taken into
account. When calculating the transition matrix from
GCRS to ITRS and calculating the transition between
TAI and UTC time scales, the program library provided
by SOFA [14] is used.

Two cases are considered. In the first case, the satellite
is in orbital orientation (the BF axes are co-directed with
the LVLH axes), while in the second case, the satellite
rotation parameters correspond to the reference angular
motion at which the IMV compensation is provided [7].

Modeling is carried out for the three sets of initial
data presented in Tables 2—4.
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Table 2. Initial data for modeling

Parameter UoM Numerical value
. . 2020-01-01
Modeling start time UTC 00:00-00.000000
. . 2020-01-01
Modeling end time UTC 00-30-00.000000
Satellite inclination degree 97.000
Orbit eccentricity - 0.001
Semi-major axis of km 6900.000
the orbit ’
OEP focus distance, f° m 2.000
FP dimensions mm 160 x 20
Reference IMV in the FP mm/s 20.000
center
Reference IMV at the FP /s 20.000
right edge
The results of the field modeling without

compensation are shown in Figs. 3 and 4.

IMV field
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IMA field
;s B——= 1= T B IR R 0.005
S I P U SR B .~ — _| Bto.ooa
2'5<—<— - - - - > | -

NUJ
£ 00+« <« = = I . 0.003 =
€ €
>-; _ e | - - - - — | —

2.5 B — e L Joo ol 0.002 &
-5.01
754 . R S 0.001
-10.01
-80 -60-40 -20 O 20 40 60

X, mm
Fig. 4. Field of IMA vectors without compensation

The modeling results of the residual IMV and
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IMA fields with compensation (reference IMV
along x = 20 mm/s, along y = 0 mm/s) are shown in
Figs. 5 and 6.
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Fig. 5. Field of IMV vectors with compensation
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Fig. 7. Field of IMA vectors with compensation
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Fig. 8. Satellite attitude angles relative to LVLH

The residual transverse velocity field of IMV (along
the y-axis) can be seen in Fig. 6. This may be explained
by the fact that when calculating the reference angular
velocity using the algorithm described in [7], two points
are taken as reference points: in the center of FP and at the
right edge of FP (in the considered case, corresponding
to the coordinates [0, 10]). It is at these points that the
actual IMV is equal to the reference IMV.

Thus, the modeling shows that the residual field
exists even when the compensation algorithm is used,
allowing such coordinates of the FP to be selected in
which the IMV reference vector is required.

The graphs of satellite attitude angles and satellite
angular velocities in the IMV compensation mode are
presented in Figs. 8 and 9.

The fields of IMV and IMA vectors without
compensation are presented in Figs. 10 and 11.

Table 3. Initial data for modeling

Parameter UoM Numerical value
. . 2020-01-01
Modeling start time UTC 00-00-00.000000
. . 2020-01-01
Modeling end time UTC 00:30-00.000000
Satellite inclination degree 97.000
Orbit eccentricity - 0.001
Seml—major axis of the Kkm 7000.000
orbit
OEP focus distance, f m 2.000
FP dimensions mm 160 x 20
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g
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Fig. 9. Satellite angular rates relative to BF
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Fig. 10. Field of IMV vectors without compensation
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Fig. 11. Field of IMA vectors without compensation

Figure 12 shows the field of IMV with compensation.
Figure 13 indicates the difference between the reference

and actual fields of IMV after compensation.
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Table 4. Initial data for modeling

IMA field
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Fig. 12. Field of IMV vectors with compensation
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Fig. 13. Difference between the reference and actual
fields of IMV after compensation
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Abstract

Objectives. A valley is a region of an objective function landscape in which the function varies along one direction
more slowly than along other directions. In order to determine the error of the objective function minimum location
in such regions, it is necessary to analyze relations of valley parameters.

Methods. A special test function was used in numerical experiments to model valleys with variables across wide
ranges of parameters. The position and other valley parameters were defined randomly. Valley dimensionality and
ratio were estimated from eigenvalues of the approximated Hessian of objective function in the termination point
of minimum search. The error was defined as the Euclidian distance between the known minimum position and the
minimum search termination point. Linear regression analysis and approximation with an artificial neural network
model were used for statistical processing of experimental data.

Results. A linear relation of logarithm of valley ratio to logarithm of minimum position error was obtained. Here,
the determination coefficient R2 was ~0.88. By additionally taking into account the Euclidian norm of the objective
function gradient in the termination point, R2 can be augmented to ~0.95. However, by using the artificial neural
network model, an approximation R2 ~ 0.97 was achieved.

Conclusions. The obtained relations may be used for estimating the expected error of extremum coordinates
in optimization problems. The described method can be extended to functions having a valley dimensionality of more
than one and to other types of hard-to-optimize algorithms regions of objective function landscapes.

Keywords: objective function landscape, valley landscape, valley ratio, valley dimensionality, Hessian eigenvalues,
linear regression, approximation, artificial neural network
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HAYYHAA CTATbA

HUccanenoBanue BIUSIHUS CTENIEHU OBPAKHOCTH
neJeBo (PYHKIMHU HA NMOTPEIHOCTDH ONpeae eHust
KOOpPAMHAT €¢ MUHUMYMA

A.B. CmupHoB @

MUP3A — Poccuiicknii TexHos1orn4eckni yumsepceutet, Mocksa, 119454 Poccus
@ AsTOp An9 nepenvcku, e-mail: av_smirnov@mirea.ru

Pesiome

Lenu. LUenbio paboTkl 66110 MCCnefoBaHne 3aBUCMMOCTEN, CBA3bIBAIOLLMX XapakTePUCTMKM OBParoB, T.e. y4acT-
KOB penbeda MUHUMN3NPYEMOWN PYHKLIMK, HA KOTOPbIX €€ U3SMEHEHME MO OAHOMY U3 HanpaBIeHUn 3HAYUTENbHO
MeNIeHHee, YeM Mo APYrMM HanpasieHUsM, C MOrPeLLIHOCTbIO ONpeaeneHns KOOPANHAT €€ MUHUMYMA.

MeTopabl. B akcneprmMeHTax ncnonb3oBanachk creunanbHo pasdpaboTaHHas TecToBas GYHKUUS C N3MEHAEMbIMUA
B LUMPOKMUX Npeaenax napameTpamm OBPaXKHOCTU. B cepursx onbITOB cryyaiHo 3a4aBanvch NOJIOXKEHME U NapamMe-
TPbl OBpara 1 KoopanHaTbl CTApPTOBOM TOYKM NOUCKA. PasamMepHOCTb 1 CTEeNEHb OBPaXHOCTU OLEHUBANINCL N0 CO6-
CTBEHHbIM 4MCnam annpokKCUMMPOBAHHOIO reccrmaHa GyHKLMM B TOYKE OKOHYaHUS novcka MuHumyma. Morpetu-
HOCTb OMNpeaensanach kak 3BKJIMA0BO PACCTOAHME MEXAY 3a4aHHbIM MON0XKEHNEM MUHUMYMA DYHKLMN 1 KOHEYHOM
TOYKOWM noucka. [na cratucTnyeckor o6paboTkM pe3ynbTaToB NMPUMEHEHB! JIMHENHbIA PErpeCCUMOHHbIA aHann3
1 annpokcUMaLms ¢ MOMOLLbIO MOAENN UCKYCCTBEHHOM HelpoHHol ceTn (MHC).

Pe3ynbTaTtbl. YCTAHOBNEHO HaNM4Yne NNMHEHON 3aBUCUMOCTN MexXay norapudmMamm CTeNeHn oBPaxHOCTU 1 Mo-
FPeLUHOCTU ONPeAeNieHns KOoOpaMHaT MUHUMYMa GyHKkumK. KoadbdpuumeHTt getepmmHaummn R2 ~ 0.88. Jononnu-
TeNbHbIA YYET 9BKINAOBON HOPMbI FrpagneHTa GyHKLMM B TO4KE OKOHYaHMS noucka no3sBoauni NoBbICUTL KO3 dU-
LMEHT geTepmuHaumm go R2 ~ 0.95, a npu ncnonb3osaHum mogenv MHC — oo R2 ~ 0.97.

BeiBoAbl. HaaeHHblE 32BUCMMOCTM MOXHO MCMOMb30BaTb AN OLLEHKM OXMAAEMOW MOrpeLlHoCcTU onpenene-
HUS KOOPAMHAT 9KCTPEMYMOB ONTUMMU3UPYEMBIX GYHKLMIA. B panbHeliem HeoOXoAMMO paclumpuTb METOAUKY
Ha GYHKLUMKM C pa3MePHOCTLIO OBParoB 6onee eauHNLBI 1 Ha ApYrne TUMbl CIIOXHbBIX A1 anropuTMOB ONTUMM3ALLUN
y4acTKoB penbeda.

KnioueBble cnoBa: penbed ueneBor GyHKLUNM, OBPaAXHOCTb penbeda, CTeneHb OBPaXHOCTU, Pa3MEPHOCTb OB-

PaXXHOCTU, COOCTBEHHbIE 3HAYEHUSA reccuaHa, NMHeliHaa perpeccus, annpokcumMauus, MCKYCCTBEHHAs HelMpoHHasa ceTb

¢ Moctynuna: 10.04.2023 » fopa6oTaHa: 19.05.2023 ¢ MpuHaTa k ony6nukoeaHuio: 07.09.2023

Ana untupoBaHua: CmupHos A.B. ViccnegoBaHue BAUSHUSA CTEMEHU OBPaXHOCTU LENeBON OYHKUMWU HA MOrpeLd-
HOCTb ONpeeneHnsa KoopaguHat ee muHumMmyma. Russ. Technol. J. 2023;11(6):57-67. https://doi.org/10.32362/2500-
316X-2023-11-6-57-67

Mpo3payHocTb GUHAHCOBOW AEeATEeNIbHOCTU: ABTOP HE nMeeT GUHAHCOBOWV 3anHTEPECOBAHHOCTM B NPeACTaB/IEH-
HbIX MaTepuanax uam metogax.

ABTOp 3asB/155€T 06 OTCYTCTBUM KOHDJIMKTA UHTEPECOB.

INTRODUCTION are known, both those having a sufficiently rigorous
mathematical justification and which are applicable in

The problem of searching for an optimal solution of  ¢qe5 where OF satisfies certain conditions (convexity,

X, 18 formulated as follows: smoothness, etc.) [1, 2], as well as heuristic methods
that do not impose strict requirements on the OF
Xope = argmin f (x), (1) properties, but also do not guarantee finding the optimal
xex solution [3, 4].
where X is the search area, while f(x) is the objective The possibility and accuracy of solving problem (1)

function (OF). Numerous methods for solving problem (1)~ are determined by the properties of both the OF and
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the search algorithm. In this connection, considerable
research attention is attracted to an analysis of the OF
landscape where the landscape is understood as a set
of pairs {x € X, f(x)}. In this case, since the analytical
expression of the function f{x) is absent, its values have to
be found by modeling the optimized system (black-box
optimization problems). This research direction is
referred to as exploratory landscape analysis (ELA).

In [5] and other works by the same group of
authors, the classification of high-level OF landscape
properties, determined qualitatively by the method of
expert evaluation, and low-level properties, evaluated
quantitatively by processing the results of the OF
calculations atsampling points and the results of searching
for OF extrema from the starting points, is given. High-
level properties include multimodality, i.e., the presence
of many local extrema, regularity and uniformity of the
OF landscape properties in the search area, the presence
of plateaus, and others. Low-level properties include
statistics of the OF values, curvature and convexity
indices, correlation indices of differences between OF
values and distances between sampling points, and many
others. In [6], more than 300 low-level properties are
considered; a list of publications on this subject is also
provided. Machine learning technologies [5, 7] are used
to search for statistical dependencies between low- and
high-level properties, as well as between landscape
properties and the performance of various optimization
algorithms on this landscape.

However, the above mentioned and other works
known to us almost do not consider such OF landscape
objects as valleys, i.e., areas in which OF along one
or more directions changes significantly slower than
along other directions [8], and walls representing OF
sharp changes along any direction [9]. Meanwhile, in
the presence of such objects, the search may end not
at the extremum, but at some other point at the bottom
of the valley or at the foot of the wall. In such case,
optimization algorithms would find incorrect solutions.
The problems related to the detection of these objects
in the OF landscape and estimation of their quantitative
characteristics have been little investigated.

Theoretical aspects of the occurrence of valleys in
the landscape and methods of solution search in their
presence are considered in [8]. Of the several definitions
of valley proposed in this study, we use the most
convenient for use in applications, which we present
below with some simplification (by omitting additional
conditions).

Let D be some region of the n-dimensional space R”;
let J(x) € C3(D) be a functional with continuous second
derivatives in D; let H(x) be the matrix of second
derivatives (Hessian) of functional J(x) at point x; and

let A,[H(x)], ¢ =Ln be eigenvalues of Hessian H(x) at
point x ordered by descending.

The functional is called valley, i.e., it contains
a valley, if there is such number ¢ > 1 and set Q € D,
that

This means that the largest (n — r) eigenvalues
of the Hessian are significantly larger than the
other r eigenvalues at all points x belonging to the
valley region Q. The number r is called the valley
dimensionality; the number ¢ is called the valley ratio.
The valley ratio shows to what extent in a given valley
the rate of change of the OF along its bottom is smaller
than along the directions orthogonal to the bottom.
These indicators can be generalized as characteristics or
indicators of the landscape’s valley.

The result of the presence of valleys in the OF
landscape, as noted above, consists in the error in
determining the coordinates of the OF extrema; therefore,
this error can serve as an objective characteristic of the
valley. In practice, it is impossible to estimate the error
directly when searching for the OF minimum since the
true position of the minimum is unknown. At the same
time, the valley ratio can be estimated on the basis of
definition (2). In this connection, it is of interest to
investigate the dependence linking the above error with
the valley ratio. This task is not considered in [8] or
other relevant works known to us; a practical means for
estimating the valley ratio when searching for the OF
minimum is also absent.

We also note [10], which introduces the definition
of a valley as a one-dimensional set using the notion of
topological homeomorphism. It also presents a method for
determining the position and direction of a valley based
on selecting a subset of points with the lowest OF values
from a set of sampling points and applying the principal
component analysis method to this subset. Quantitative
characteristics of the valley are not considered in
this study. In [11], the OF landscape properties of the
well-known combinatorial traveling salesman problem
are studied; this landscape is shown to contain groups of
closely spaced depressions, also called valleys; however,
these results are not applicable to optimization problems
for functions of continuous variables.

The present work aims to investigate the dependence
of the error in determining the coordinates of the
sought OF minimum on the valley characteristics in the
neighborhood of the search end points.

Achieving this goal requires performing a series of
experiments on searching from different starting points
for the OF minimum with varied valley parameters
including its position, orientation relative to the
coordinate axes, slope steepness and curvature, etc.
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At the end of each search, it is necessary to determine
the OF Hessian eigenvalues, and according to them, the
valley dimensionality and the valley ratio in accordance
with definition (2). In addition, the error equal to the
distance of the search end point to the true position
of the OF minimum must be calculated in order to
analyze the statistical relationships linking the valley
characteristics and the error in determining the OF
minimum coordinates.

MATERIALS AND METHODS

First of all, it is necessary to choose a method for
finding the OF minimum. The error of the minimum
coordinates in the presence of valleys may significantly
differ for different optimization algorithms. After
selecting an algorithm and performing experimental
studies, it would be possible to construct the valley
estimation scale against which the results of other
algorithms could be compared.

In the paper, the quasi-Newton (QN) Iocal
search algorithm implemented in MATLAB software
environment by the fmincon(..) function is used. This
type of algorithm is recommended in [6] as an exemplary
one for searching local extrema of test functions when
evaluating OF landscape properties. In addition, in
QN methods, the Hessian approximation is an integral
part of the algorithm at each iteration and, therefore, is
automatically obtained at the final search point [1].

The list of output variables of the fmincon(..)
function includes the vector of coordinates of the search

end point x;, , the OF value f; at point xg , the reason
indicator for the search end ExitFlag, the OF gradient
vector, and the Hessian approximation at point x in the
form of the real numbers matrix. In the input variables,
we set the boundaries of the search area

—5<x, <5, i=1,ND, 3)

variant of the sequential quadratic programming (SQP)
search algorithm, maximum number of iterations in each
search is 1000, and other settings are default.

Next, we consider the OF used in the experiments.
Sets of test functions [12, 13] are used for testing and
comparing search algorithms for extrema. Although some
of them possess the valley property, there is no function
in which the valley parameters could be changed within
wide limits. For this reason, the TestValley(..) function,
whose text in MATLAB language is shown in Fig. 1, has
been developed.

Here, x stands for coordinates of the point where the
function value is calculated, X oot and fopt are specified
coordinates of the minimum point and the function value
in it, and R is the orthonormalized matrix specifying the
rotation of coordinate axes. These parameters allow
different positions and orientations of the valley to be
obtained in the search space. Parameter N defines the
valley dimensionality. Parameter /¥ defines the curvature
of the valley slopes. At W = 1, OF is quadratic, i.e.,
convex and smooth. At 1 < W < 0.5, OF is convex, but
not smooth. At W= 0.5, OF increases linearly. Finally, at
W<0.5, OF is concave. Parameter K sets a uniform scale

£3Te=scValley - Valley modeling with variable parameters
function £ = TestValley(x, fopt,xopt,R, B, W, K, HN)

33P - Type of scaling on different coordinates

%3¥P=0 - S5ame acceleration rate for all x(i),

¥%¥F>0 - AT J > 1,

the accretion rate along x(Jj)

i>N
iz faster than along x(i)

23W - Type of dependence on the distance to the bottom of the valley

$3W=0.5 - Linear function

£%W<0.5 - Concave function; W>0.5 - convex function

23K - Total =scale factor in directions from the wvalley axis
33N - Valley dimesionality

n=length (x)
z0=(x—-xopt) =R;
L=eye (n);

for ni1=l1:n

L{nl,nl)=10"(B*(nl-1)/2/(n-1)):

end
z1=z0%L;
z3=z1."2;

f =sum(z3(1:N),2)+E* (sum(z3 (N+1l:n),2) ) "W+fopt:

end

Fig. 1. Text of the program implementing the TestValley(..) function
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(a)
Fig. 2. Graphs of the TestValley(..

of the OF growth rate in all directions, while parameter
P affects the OF anisotropy. At P = 0, OF grows at the
same rate in all directions while at P > 0, the growth rate
in different directions is different; these differences are
greater the greater P is.

Examples of function graphs at the search space
dimensionality ND = 2, parameters P=0, K=10, N=1,
and different values of parameter ¥ are shown in Fig. 2.

Coordinates of starting points in the number of NPnt
within the boundaries of the search area (3) are set using
the Latin hypercube sampling algorithm implemented
in MATLAB by the lhsdesign(..) function. The value of
function f;  in the minimum is set equal to 0. In the paper,
only one-dimensional valleys at N = 1 are investigated.
The values of other parameters are set by random numbers
with uniform distributions in the following ranges:

3 <Xy €3, i=1,ND;
0<P<I; 025<W <125, (4)
0<IgK <4.

The rotation matrix R is formed as a square matrix
ND x ND of random numbers uniformly distributed in
the interval (0, 1) with subsequent orthogonalization
using the MATLAB orth(..) function. Setting the above
parameters is possible both separately for each start, as
well as once for the whole series of NPnt starts.

Calling the minimum search function and processing
the results returned by it are explained by the program
fragment in Fig. 3. In variables X, and GF|, the

F(xq, X5)
—_ N W
ago O O O

) function: (a) W=0.5; (b) W=0.25

coordinates of the search end point x;;  and the OF value
J, in it are returned, respectively. The arrays grad and
hess contain the gradient vector and the approximated
Hessian matrix, respectively. The @FEval pointer
contains a reference to call the TestValley(..) function,
which sets its input parameters as described above.

The program finds the eigenvalue vector of
the Ehess Hessian and orders them by ascending
absolute value in the HessEV array. Then the relations
of adjacent values stored in the SOhess array are
calculated. Finally, the estimation of the valley ratio
SValley as the maximum of these relation values and
the valley dimensionality NValley as the number of
the maximum value in the array is determined. This
definition of the wvalley ratio and dimensionality
corresponds to the above definition (2), with the
unprincipled difference that the ordering of the
Hessian eigenvalues is performed in ascending rather
than descending order. The error in determining the
coordinates of the minimum DX opt is calculated as the
Euclidean distance between points Xt and xg .

The dependencies between variables are analyzed
using two methods. The first one is linear regression
analysis [14]. The MATLAB fitlm(..) function which
approximates the linear model using the original data
is used for implementing it. The second method is
training the artificial neural network (ANN) model that
approximates the desired dependence [15]. For this, the
fitnet(..) function creating the ANN model with a given
structure and the #rain(..) function performing the model
training and testing are used.

[X1,GF1,ExitFlag,~,~,grad, hess]=fmincon (@FEval,Xin, [1,[),([],[],Llb,Ub, [],MICoptions):;

Ehess=eig (hess);

HessEV=sort (abs (Ehess)):
SOhess=HessSEV (2:end) ./HessEV(l:end-1);
[SValley,NValley]=max (SOhess):

$ wvalley ratio and dimensionality

Fig. 3. Search function call and estimation of valley parameters at its end point
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RESEARCH RESULTS

First, we consider the results of preliminary
experiments presented in Fig. 4 giving insight into
the influence of the valley ratio on the error of finding
the minimum point of the TestValley(..) function. The
dimensionality of problem ND = 4, the number of starts
NPnt = 40, the position of the minimum, and the valley
rotation are set once for the whole series. The input
parameters of the function are shown above the diagrams
showing the movement from the start point (red markers)
to the end point x;;  (blue markers). One diagram shows
the changes in all four coordinates, with circles marking
coordinates x; and x, and triangles marking coordinates
x5 and x,.

In the case of weak valley (Fig. 4a), the search
from all starting points comes to the neighborhood of
the minimum point of the test function. The average
value of error DX is 0.019 in this case. In the case
of a strong valley (pFig. 4b), the searches starting from
different points end in different points scattered along
the valley bottom. In this case, the average DX, value
reaches 9.2.

Then a series of experiments are performed to reveal
the dependence between the estimation of the valley ratio
SValley and the error of finding the minimum point of the
test function DX opt: The dimensionality of the ND space
varies within the range from 2 to 12. Each experiment
includes 12 - 103 starts, in each of which the random
position of the search starting point, the position of the
minimum x__, and the rotation R of the TestValley(..)
function, as well as the valley parameters P, W, and K in
the ranges defined by inequalities (4), are set.

The experimental results for all ND values are
similar. As an example, Fig. 5 shows histograms of the

SQPP=1,W=0.5,K=10

Xy, Xg

(a)

values of the experimental results for ND = 4. Due to the
wide ranges of SValley and DX values, their logarithms
are analyzed and plotted. It can be concluded from the
scatter plot of these variables shown in Fig. 6 that there
is a stochastic dependence between them.

Notably, the value ExitFlag = 1 corresponds to the
search end when the gradient modulus at the reached
point does not exceed the specified OptimalityTolerance
value (107 by default), while the value ExitFlag = 2
corresponds to the search end when the last movement
during the search does not exceed the specified
StepTolerance value (also 107° by default). In the second
case, the modulus of the OF gradient at the search end
point can be much larger than OptimalityTolerance since
the OF smoothness conditions are violated on the valley
axis (Fig. 2).

There is not a single case when the search ends
due to exceeding the specified number of iterations
(MaxlIteration = 1000) or due to the algorithm being
unable to find an acceptable point for further movement.
Thus, all search starts end at points that the algorithm
determines to be a local minimum. Similar results are
recorded for all dimensionality values of the ND space.

Next, in most starts, the valley dimensionality is
correctly determined at the search end point NValley = 1.
At ND = 4, the valley dimensionality is determined
incorrectly at 1092 points. These points (colored in
black in Fig. 6) are all located in the region where the
search error DXopt is negligible and the valley ratio
SValley < 1000. At ND > 4, estimations NValley > 3
are encountered, but also only in the region
lg(DXopt) < —4. At ND = 2, values NValley > 1 are
obviously impossible.

We proceed to the statistical processing of the data
collected in the experiments. The influence of parameters

SQPP=1,W=0.25,K=10000

Ay LS -
Q‘,‘c{\‘“ﬁ?
R

Xy, X3
(b)
Fig. 4. Results of TestValley(..) minimum search for weak (a) and strong (b) valley

Russian Technological Journal. 2023;11(6):57-67

62



Investigation of influence of objective function valley ratio
on the determination error of its minimum coordinates

Alexander V. Smirnov

12000 [ T T T 12 000 T T T 600 T T 600 T T T T
10000 10 000 500 500
8000 8000 400 400
2
9
©
c
(0]
3
S 6000 6000 300 300
kS
@
Qo
€
>
z
4000 4000 200 200
2000 2000 100 100
00.5 1.0 1.5 20 25 0 1 2 3 0 0 5 10 0—8 -6 -4 -2 0
ExitFlag NValley Ig(SValley) Ig(DXOpt)

Fig. 5. Histograms of the main experiment results. ExitFlag is the reason indicator for search end; NValley
is the estimation of valley dimensionality; SValley is the estimation of valley ratio; DXopt is the error in determining the
position of the OF minimum

P, W, and K of the TestValley(..) function on the valley
ratio SValley is analyzed beforehand. The following
linear model is studied:

lg(SValley) = k\P + k, W + k;lg(K) + b. (5)

The regression analysis of this model shows that the
valley ratio is most strongly influenced by parameter
W determining the curvature and convexity or concavity
of the valley slopes. Parameter K is the next to contribute
to the result, while the influence of parameter P is the
least significant, although it cannot be neglected. The
values of the coefficient of determination RZ, used for
determining the adequacy of model [14], are within the
range of 0.88—0.90 for different NDs.

Next, the linear model linking the error of finding
the OF minimum point with the estimation of the valley
ratio is considered:

lg(DX Opt) = klg(SValley) + b. (6)
The regression analysis results are shown in Table 1,

where the first group of columns corresponds to the
accounting of all points while the second group excludes

SQPND=4,NT=12000,N=1

0 2 4 6 8 10 12 14
Ig(SValley)

|
[ee]

Fig. 6. Scatter plot of the logarithm values of the valley
ratio SValley and the error in determining coordinates
of the minimum DXOpt
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points with NValley > 1. This data selection results in
some improvement in the model accuracy expressed in
increasing coefficient of determination R? and decreasing
root-mean-square (RMS) error (residual) of regression
StdErr.

Next, the possibility of improving the model
accuracy by taking into account the Euclidean norm
(length) of the OF gradient vector ||grad|| at the search
end point is investigated. The following linear model is
considered:

Table 1. Results of the regression analysis of model (6)

lg(DXOpt ) =k 1g(SValley) +k, lg("grad") +b. (7)

The regression analysis results of this model are
given in Table 2. As for the previous model, cases
including all points and excluding points with NValley > 1
are distinguished. Notably, the correlation coefficient
of wvalues lg(||grad||) and lg(SValley) at different
dimensions of ND space varies from 0.91 to 0.95,
i.e., the correlation is significant. Nevertheless, taking
the gradient norm into account provides additional

All points Points with NValley > 1 are excluded

i b k R? StdErr b k R? StdErr
2 —6.97 0.564 0.846 0.825 — - - -
3 —6.81 0.675 0.855 0.755 —6.98 0.702 0.856 0.747
4 —6.80 0.714 0.881 0.686 —7.08 0.758 0.885 0.666
5 —6.82 0.744 0.882 0.685 =7.15 0.797 0.884 0.667
6 -6.79 0.756 0.884 0.674 =7.09 0.806 0.885 0.660
7 —6.72 0.757 0.883 0.673 —=7.03 0.808 0.886 0.656
8 —6.69 0.766 0.876 0.700 =7.00 0.817 0.878 0.687
9 —6.63 0.764 0.874 0.700 —6.94 0.816 0.877 0.684
10 —6.60 0.772 0.868 0.712 —6.93 0.828 0.869 0.699
11 —6.59 0.777 0.865 0.716 —6.90 0.830 0.868 0.702
12 —6.54 0.779 0.857 0.740 —6.86 0.834 0.859 0.729

Table 2. Results of the regression analysis of model (7)
All points Points with NValley > 1 are excluded

e b k, k, R? StdErr b k, ky R? StdErr
2 —-3.53 0.041 0.526 0.936 0.534 - - - - -
3 —-3.84 0.125 0.464 0.929 0.529 -3.97 0.145 0.469 0.937 0.495
4 -3.91 0.163 0.453 0.935 0.507 —4.08 0.184 0.475 0.950 0.439
5 —4.01 0.196 0.438 0.936 0.502 —4.15 0.209 0.479 0.956 0.411
6 —3.98 0.198 0.442 0.937 0.495 —4.07 0.201 0.490 0.956 0.407
7 —3.95 0.199 0.444 0.938 0.490 —4.06 0.204 0.491 0.959 0.395
8 —3.86 0.184 0.460 0.939 0.492 -3.99 0.196 0.501 0.959 0.398
9 —3.89 0.195 0.451 0.937 0.493 —4.02 0.208 0.492 0.959 0.394
10 —3.84 0.190 0.456 0.937 0.492 —4.02 0.211 0.493 0.958 0.397
11 —3.84 0.194 0.458 0.936 0.494 —4.00 0.212 0.496 0.958 0.397
12 —3.84 0.195 0.454 0.934 0.501 —4.03 0.218 0.490 0.957 0.401
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Table 3. Approximation results using ANN models

Approximation along lg(SValley) Along lg(SValley) and 1g(||grad||)
ND All points Without NValley > 1 All points Without NValley > 1
R? StdErr R? StdErr R? StdErr R? StdErr
2 0.863 0.777 - - 0.954 0.451 - -
3 0.881 0.685 0.877 0.691 0.952 0.437 0.953 0.425
4 0.906 0.609 0.904 0.608 0.959 0.404 0.963 0.378
5 0.904 0.617 0.900 0.618 0.960 0.399 0.966 0.360
6 0.907 0.602 0.904 0.603 0.959 0.402 0.965 0.364
7 0.908 0.598 0.906 0.595 0.961 0.388 0.969 0.341
8 0.903 0.621 0.900 0.622 0.961 0.391 0.970 0.340
9 0.903 0.613 0.901 0.613 0.964 0.376 0.972 0.329
10 0.895 0.634 0.891 0.640 0.960 0.391 0.969 0.339
11 0.891 0.644 0.888 0.648 0.961 0.384 0.970 0.336
12 0.883 0.668 0.879 0.676 0.959 0.398 0.970 0.337
information for estimating the error DX_ .. Compared to CONCLUSIONS

model (6), the coefficient of determination R? becomes
closer to one while the RMS error StdErr decreases. At
the same time, the exclusion of points with erroneously
defined wvalley dimensionality improves the model
performance, as in the previous case.

An alternative approach to the approximation of
dependencies between data collected in experiments is
based on training ANN models. It is known that ANNs
with hidden layers and a sufficient number of neurons
can be used to approximate any continuous function of
several variables [15]. Here, the ANN model with one
hidden layer containing 5 neurons is used. The same
data used for regression analysis of models (6) and
(7) is used as a training sample. All MATLAB train(..)
function settings are default. The approximation results
are presented in Table 3.

The comparison with the results from Tables 1 and 2
shows that ANN models provide a more accurate
approximation of the required dependence on the same
initial data than linear regression models. Notably, the
results are not significantly improved by increasing the
number of neurons up to 10.

An objective stochastic dependence between
the valley ratio estimation of the OF landscape in the
neighborhood of the minimum search end point and the
error in determining the coordinates of the true position
of the OF minimum has been demonstrated. When
determining the coordinates of the minimum point, this
dependence can be identified and recorded in the form
of a linear regression equation or in the form of a trained
ANN model, and then used to estimate the expected
error.

ANN models were found to provide higher accuracy
in predicting the magnitude of the error compared to
linear regression models. Moreover, the accuracy of
both types of models increases taking into account
not only the estimate of the valley ratio, but also the
Euclidean norm of the OF gradient at the search end
point.

In the future, it is planned to expand the methodology
to apply to functions with a valley dimensionality greater
than one, as well as to other types of landscape areas
presenting difficulties for optimization algorithms.

Russian Technological Journal. 2023;11(6):57-67

65



Investigation of influence of objective function valley ratio
on the determination error of its minimum coordinates

Alexander V. Smirnov

10.

11.

12.

13.

. Karpenko

. Chernorutskii

REFERENCES

. Gill Ph.E., Murray W., Wright M.H. Prakticheskaya

optimizatsiya (Practical Optimization). Transl. from
Engl. Moscow: Mir; 1985. 509 p. (in Russ.).

[Gill Ph.E., Murray W., Wright M.H. Practical
Optimization. London: Academic Press; 1981. 402 p.]

. Ninul A.S. Optimizatsiya tselevykh funktsii. Analitika.

Chislennye  metody.  Planirovanie  eksperimenta
(Optimization of Objective  Functions.  Analytics.
Numerical Methods. Desing of Experiments). Moscow:
Fizmatizdat; 2009. 336 p. (in Russ.).

A.P.  Sovremennye algoritmy  poiskovoi
optimizatsii. Algoritmy, vdokhnovlennye prirodoi: uchebnoe
posobie  (Modern Search  Optimization —Algorithms.
Nature-Inspired Optimization Algorithms). Moscow: Izd.
MGTU im. Baumana; 2017. 446 p. (in Russ).

. Jasbir S.A. Introduction to optimum design. 4th edition.

Elsevier, 2017. 670 p. https://doi.org/10.1016/C2013-0-
15344-5

. Mersmann O., Bischl B., Trautmann H., Preuss M.,

Weihs C., Rudolf G. Exploratory Landscape Analysis. In:
Proceedings of the 13th Annual Conference on Genetic
and Evolutionary Computation (GECCO’1l). 2011.
P. 829-836. https://doi.org/10.1145/2001576.2001690

. Kerschke P., Trautmann H. Comprehensive Feature-Based

Landscape Analysis of Continuous and Constrained
Optimization Problems Using the R-package flacco. In:
Applications in Statistical Computing—From Music
Data Analysis to Industrial Quality Improvement. Series:
Studies in Classification, Data Analysis, and Knowledge
Organization. Bauer N., Ickstadt K., Liibke K.,
Szepannek G., Trautmann H., Vichi M. (Eds.). Berlin/
Heidelberg, Germany: Springer; 2019. P. 93—123. https://
doi.org/10.1007/978-3-030-25147-5 7

. Trajanov R., Dimeski S., Popovski M., Korosec P,

Eftimov T. Explainable Landscape-Aware Optimization
Performance Predicion. Preprint. 2021. https://arxiv.org/
pdf/2110.11633v1

I.G. Metody optimizatsii v teorii
upravleniya: uchebnoe posobie (Optimization Methods in
the Control Theory). St. Petersburg: Piter; 2004. 256 p.
(in Russ.).

. Smirnov A.V. Properties of objective functions and search

algorithms in multi-objective optimization problems.
Russ. Technol. J. 2022;10(4):75—85 (in Russ.). https://doi.
0rg/10.32362/2500-316X-2022-10-4-75-85

He J., Xu T. New Methods of Studying Valley Fitness
Landscapes. Preprint. 2018. https://arxiv.org/
pdf/1805.00092.pdf

Ochoa G., Veerapen N. Mapping the Global Structure of
TSP Fitness Landscapes. J. Heuristics. 2018;24(4):265-294.
https:/link.springer.comv/article/10.1007/s10732-017-9334-0
Hansen N., Finck S., Ros R., Auger A. Real-Parameter
Black-Box Optimization Benchmarking 2009: Noiseless
Functions Definitions. [Research Report] RR-6829,
INRIA. 2009. https://hal.inria.fr/inria-00362633v2

Jamil M., Yang Xin-She. A literature survey of benchmark
functions for global optimization problems. Int. J. Math.
Model. Numer. Opt. 2013;4(2):150-194. https://doi.
org/10.1504/IIMMNO.2013.055204

10.

11.

12.

13.

14.

15.

CNMNCOK JIUTEPATYPbI

. I'mnn @., Mroppeii V., Paiit M. IIpakmuueckas onmumu-

sayus; ep. ¢ annt. M.: Mup; 1985. 509 c.

. Hunyn A.C. Onmumuzayus yenesvix gpynxyuil. Ananumu-

ka. Yuciennvle memoosl. [lnanuposanue skcnepumenma.
M.: U3n-Bo ®usuko-mMaremarndeckoi aureparypsl; 2009.
336¢.

. Kapnienxo A.Il. Coepemennvie ancopummuvl nouckoou

onmumuzayuy. Aneopummel, 600XHOGIEHHbIE NPUPOOOTL:
yueOHoe nocobue. M.: U3n-so MI'TY um. H.D. baymana;
2017. 446 c.

. Jasbir S.A. Introduction to Optimum Design. 4th edition.

Elsevier; 2017. 670 p. https://doi.org/10.1016/C2013-0-
15344-5

. Mersmann O., Bischl B., Trautmann H., Preuss M.,

Weihs C., Rudolf G. Exploratory Landscape Analysis. In:
Proceedings of the 13th Annual Conference on Genetic
and Evolutionary Computation (GECCO’IIl). 2011.
P. 829-836. https://doi.org/10.1145/2001576.2001690

. Kerschke P., Trautmann H. Comprehensive Feature-Based

Landscape Analysis of Continuous and Constrained
Optimization Problems Using the R-package flacco. In:
Applications in Statistical Computing—From Music
Data Analysis to Industrial Quality Improvement. Series:
Studies in Classification, Data Analysis, and Knowledge
Organization. Bauer N., Ickstadt K., Liibke K.,
Szepannek G., Trautmann H., Vichi M. (Eds.). Berlin/
Heidelberg, Germany: Springer; 2019. P. 93—123. https://
doi.org/10.1007/978-3-030-25147-5 7

. Trajanov R., Dimeski S., Popovski M., Korosec P.,

Eftimov T. Explainable Landscape-Aware Optimization
Performance Predicion. Preprint. 2021. https://arxiv.org/
pdf/2110.11633v1

. Uepnopyuxuit N.I. Memoowr onmumuzayuu é meopuu

ynpaenenus: yaeonoe mnocobue. CII6.: Tlurtep; 2004.
256 c.

. CmupHoB A.B. CBoiicTBa 11e/1eBbIX (YHKIHI U aJrOpPHT-

MOB TOHCKa B 33Ja4aX MHOTOKPUTEPHATBLHON ONTHMU-
sanuu. Russ. Technol. J. 2022;10(4):75—85. https://doi.
0rg/10.32362/2500-316X-2022-10-4-75-85

He J., Xu T. New Methods of Studying Valley Fitness
Landscapes. Preprint. 2018. https://arxiv.org/
pdf/1805.00092.pdf

OchoaG., Veerapen N. Mappingthe Global Structure of TSP
Fitness Landscapes. J. Heuristics. 2018;24(4):265-294.
https://link.springer.com/article/10.1007/s10732-017-
9334-0

Hansen N., Finck S., Ros R., Auger A. Real-Parameter
Black-Box Optimization Benchmarking 2009: Noiseless
Functions Definitions. [Research Report] RR-6829,
INRIA. 2009. https://hal.inria.fr/inria-00362633v2

Jamil M., Yang Xin-She. A literature survey of benchmark
functions for global optimization problems. Int. J. Math.
Model. Numer. Opt. 2013;4(2):150-194. https://doi.
org/10.1504/IJMMNO.2013.055204

Bbonbmakos A.A., Kapumos P.H. Memoow: o6pabomxu
MHO2OMEPHBIX OAHHBIX U 8pemMenHblx psioB. M.: Topsuas
mmaust—Tenexom; 2007. 522 c.

Xatikun C. Hetiponnvie cemu. noanwiil Kypc; ep. ¢ aHril.
M.: OO0 «M.J1. Bunbsimey; 2006. 1104 c.

66

Russian Technological Journal. 2023;11(6):57-67


https://doi.org/10.1145/2001576.2001690
https://doi.org/10.1007/978-3-030-25147-5_7
https://doi.org/10.1007/978-3-030-25147-5_7
https://arxiv.org/pdf/2110.11633v1
https://arxiv.org/pdf/2110.11633v1
https://doi.org/10.32362/2500-316X-2022-10-4-75-85
https://doi.org/10.32362/2500-316X-2022-10-4-75-85
https://arxiv.org/pdf/1805.00092.pdf
https://arxiv.org/pdf/1805.00092.pdf
https://link.springer.com/article/10.1007/s10732-017-9334-0
https://hal.inria.fr/inria-00362633v2
https://doi.org/10.1504/IJMMNO.2013.055204
https://doi.org/10.1504/IJMMNO.2013.055204
https://doi.org/10.1016/C2013-0-15344-5
https://doi.org/10.1016/C2013-0-15344-5
https://doi.org/10.1145/2001576.2001690
https://doi.org/10.1007/978-3-030-25147-5_7
https://doi.org/10.1007/978-3-030-25147-5_7
https://arxiv.org/pdf/2110.11633v1
https://arxiv.org/pdf/2110.11633v1
https://doi.org/10.32362/2500-316X-2022-10-4-75-85
https://doi.org/10.32362/2500-316X-2022-10-4-75-85
https://arxiv.org/pdf/1805.00092.pdf
https://arxiv.org/pdf/1805.00092.pdf
https://link.springer.com/article/10.1007/s10732-017-9334-0
https://link.springer.com/article/10.1007/s10732-017-9334-0
https://hal.inria.fr/inria-00362633v2
https://doi.org/10.1504/IJMMNO.2013.055204
https://doi.org/10.1504/IJMMNO.2013.055204

Investigation of influence of objective function valley ratio
on the determination error of its minimum coordinates

Alexander V. Smirnov

14.

15.

Bol’shakov A.A., Karimov R.N. Metody obrabotki
mnogomernykh dannykh i vremennykh ryadov (Methods
for Processing of Multidimensional Data and Time
Series). Moscow; Goryachaya Liniya—Telekom; 2007.
522 p. (in Russ.).

Haykin S. Neironnye seti: polnyi kurs (Neural networks.
A Comprehensive Foundation). Transl. from Engl.
Moscow: Vil’yams; 2006. 1104 p. (in Russ.).

[Haykin S. Neural networks. A Comprehensive
Foundation. Prentice Hall; 1999. 1104 p.]

About the author

Alexander V. Smirnov, Cand. Sci. (Eng.), Professor, Department of Telecommunications, Institute of Radio
Electronics and Informatics, MIREA — Russian Technological University (78, Vernadskogo pr., Moscow, 119454
Russia). E-mail: av_smirnov@mirea.ru. Scopus Author ID 56380930700, https://orcid.org/0000-0002-2696-8592

006 aBTOpPE

CmupHoB AnekcaHap ButanbeBud, K.T.H., AOLEHT, Nnpodeccop kadeapbl TeENEKOMMYHMKaunn MIHCTUTyTa pa-
DNO3NEKTPOHUKN 1N nHbopmMaTukm GIre0Y BO «MUP3A — Poccuiickuii TexXHoNorndeckmii yHmusepcuteT» (119454,
Poccusa, Mocksa, np-T BepHagckoro, 4. 78). E-mail: av_smirnov@mirea.ru. Scopus Author ID 56380930700, https://
orcid.org/0000-0002-2696-8592

Translated from Russian into English by Kirill V. Nazarov
Edited for English language and spelling by Thomas A. Beavitt

Russian Technological Journal. 2023;11(6):57-67

67


mailto:av_smirnov@mirea.ru
https://orcid.org/0000-0002-2696-8592
mailto:av_smirnov@mirea.ru
https://orcid.org/0000-0002-2696-8592
https://orcid.org/0000-0002-2696-8592

Russian Technological Journal. 2023;11(6):68-75 ISSN 2500-316X (Online)

Mathematical modeling

MaremaTHuecKoe Moae/JIMpoBaHue

UDC 517.926
https://doi.org/10.32362/2500-316X-2023-11-6-68-75 @)y |

RESEARCH ARTICLE

Properties of the Wronskian determinant of a system
of solutions to a linear homogeneous equation:
The case when the number of solutions is less than
the order of the equation

Dmitry A. Khrychev @

MIREA - Russian Technological University, Moscow, 119454 Russia
@ Corresponding author, e-mail: dakford@yandex.ru

Abstract

Objectives. The work sets out to study the properties of the Wronskian determinant of the system of solutions
to a linear homogeneous equation in cases when the number of solutions is less than the order of the equation,
comparing them with the known properties of the same determinant when the number of solutions is equal to the
order of the equation.

Methods. The work uses the methods of linear algebra according to the theory of ordinary differential equations,
as well as mathematical and complex analysis.

Results. Itis shown that the vanishing of a considered determinant on an arbitrarily small interval implies its vanishing
on the entire domain of definition; the solutions turn out to be linearly dependent. A stronger result is obtained in three
cases: (1) if the coefficients of the equation are analytic functions; (2) if the number of solutions is equal to one;
(3) if the number of solutions is one less than the order of the equation. Namely, if the set of zeros of the considered
Wronskian has a limit point belonging to the domain of definition of solutions, then the determinantis identically equal
to zero and the solutions are linearly dependent.

Conclusions. According to the obtained results, the Wronskian of a system of solutions of a linear homogeneous
equation can serve as an indicator of the linear dependence or independence of this system in cases where the
number of solutions is lower than the order of the equation; here, the solutions are linearly dependent if and only
if their Wronskian is identically equal to zero. In this case, there is no need to check whether the determinant vanishes
over the entire domain of definition, since it is sufficient to do this on an arbitrarily chosen interval or even (in the
special cases listed above) on an arbitrarily chosen set having a limit point.
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independence
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CgoiicTBa onpeaeauresis BpoHCKOro cucreMbsl perieHun
JIMHEHMHOT'0 OTHOPOAHOI0 YPABHEHHUS: CIy4ail, KOrja
YHUCJI0 PelIeHUH MeHbIIe MOPHAIKA YPABHEHUS
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Peslome

Llenu. Lenbto paboTbl SIBNSIETCS M3ydeHre CBOMCTB onpenenmtens BpoOHCKOro cucTemMbl peLleHmnii IMHeMHOro ogHo-
poaHoro AnddepeHUnanbHOro ypaBHeHMs B Cllyydae, Koraa YMCo peLleHnii MeHbLUe nopsaka ypaBHEeHNs!, U CpaBHEHMEe
VX C U3BECTHbIMW CBOCTBAMM TAKOr O Xe ONpPeaennTens, HoO B Cllydae paBeHCTBa YMCa PeLleHni nopsiaky ypaBHEHWS.
MeTopabl. B paboTe ncnonb3oBaHbl MeToObl IMHENHOW anrebpbl U TEOPUN 0ObIKHOBEHHBIX AnddepeHLUmnanbHbIX
ypaBHEHUI, a Takke MaTeMaTUYECKOro 1 KOMIMIEeKCHOro aHanmaa.

PesynbTaTthl. [loka3aHo, 4TO o6palleHne B HyJlb paccMaTpMBaeMOoro onpenennTens Ha ckoslb yrogHo MasioM UH-
TepBasie Bne4yeT 3a cobon obpalleHne ero B HyJib Ha BCceil 0611acTu onpeaeneHns, a pelleHns Npn 3ToM okasbl-
BalOTCA JIMHENHO 3aBUCUMbIMKU. B Tpex cnyyasx: 1) ecnn KoaddUUMEHTbI ypaBHEHUS SBASIOTCS aHAIMTUYECKUMU
DYHKUMAMK, 2) eClv YACNO PELLEHUIA paBHO eanHnLe U 3) eCnuv YUCO PeLLeHnii Ha eauHuLy MeHbLUe nopsiaka
ypaBHeHUs1 — nony4eH 6onee CunbHbI pe3ynbtaT. IMEHHO, eciv MHOXECTBO HyJeli paccMaTpmMBaeMoro onpeae-
nutens BpoHcKoro nmeeT npeaesibHyo ToUKy, NpuHaafiexallyto obnacTn onpeneneHns peweHunii, To onpeaenm-
Tesb TOXOECTBEHHO PaBeH HyJIO 1 peLleHnst IMHeHO 3aBUCUMbI.

BbiBOoAbI. [1ony4eHHble pe3dynbTaTbl 03HAYal0T, YTO OnpeaenmTesib BpoHCKOro cucTemsl peLleHnin IMHeHoro oa-
HOPOOHOr0 YpaBHEHNS B CUTyaLMM, KOrga YACHO peLleHnin MeHbLUe Nopsiaka ypaBHEHUS, CIY>XUT UHOMKATOPOM Jin-
HelrHO 3aBMCUMOCTU UM HE3ABMCMMOCTW 3TON CUCTEMbI: PeLUeHUs IMHENHO 3aBMCKMMbI TOrga M TONbKO TOraa,
Korga ux onpegenutenb BpoHCKoro ToxaecTBEHHO paBeH Hysio. [Mpu 9ToM HeT He0HBX0AMMOCTM NMPOBEPSTL 0bpa-
LeHne onpeaennTens B Hy/lb Ha BCell 061acTu onpeaenieHns, 40CTaTouYHO CAeNiaTb 3TO HAa NPON3BOJIbHO BblOpaH-
HOM MHTepBasne Unn gaxe (B NepeyvncieHHblX Bbille YaCTHbIX Cllyd4asix) Ha NPOu3BOJIbHO BbIOPAHHOM MHOXECTBE,
MMeloLEeM NpeaesibHYIO0 TOUKY.

KnioueBble cnoBa: nvHenHoe ogHopoaHoe anddepeHumanbHoe ypaBHeHWe, onpenentens BpoHCKOro, Hynu
onpeaenutens BpoHcKoro, nMHenHas 3aBUCMMOCTb, IMHEHAs HeE3aBUCUMOCTb

e Moctynuna: 21.06.2023 » fopa6oTaHa: 03.07.2023 ¢ MpuHaTa k ony6nukosaHuio: 04.09.2023

Ana uutnpoBanusa: Xpoides [.A. CeoricTBa onpeaenntens BpOHCKOro CUMCTEMbI PeLleHUn IMHENHONO OAHOPOLHOIO
ypaBHEHWS: Cy4al, KOraa YMCno peLleHnin MeHbLUe nopaaka ypaBHeHus. Russ. Technol. J. 2023;11(6):68-75. https://
doi.org/10.32362/2500-316X-2023-11-6-68-75

Mpo3payHocTb GUHAHCOBOW AeATeNIbHOCTU: ABTOP HE UMeeT GMHAHCOBOWM 3aUHTEPECOBAHHOCTM B NPEACTaBNEH-
HbIX MaTepuanax uim mMeTogax.

ABTOp 3asBnseT 06 OTCYTCTBUM KOHMAMKTA MHTEPECOB.

INTRODUCTION differential equations, primarily in terms of checking the
linear dependence or independence of their solutions, is
One of the main tools of mathematical modeling  the Wronskian.
is ordinary differential equations, which serve as It should be recalled that the Wronskian of the system
models for describing a wide variety of phenomena and  of functions y,(x), y,(x), ..., y,(x), x € (a, b) consists in
processes [1-5]. In turn, an important tool for studying  the following function:
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W(x)= Wyw’zww)’k (x)=
N (x) s (x) Yk (x)
~ (%) V5 (x) Yy (%) )
W@ P L P

The Wronskian determinant theory is presented
in practically every textbook on ordinary differential
equations [6—12]; with few exceptions, such determinants
are based on n solutions to the nth-order linear
homogeneous equation. The remarkable properties of
such determinants permit their use as indicators of linear
dependence or independence of the considered system of
solutions. State more precisely, a system of n solutions
to the nth-order linear homogeneous equation is linearly
dependent if and only if the Wroniskian of this system is
identically equal to zero, and is linearly independent if
and only if its Wronskian is not equal to zero at any point
in the definition domain of the considered solutions.
It is also well-understood (see the corresponding
examples in [6, 9, and 12]) that the situation is quite
different for a Wronskian of a system of functions not
presenting solutions to a linear homogeneous equation;
the determinant can be zero, even identically, if the
functions are linearly independent. Otherwise stated, if
the Wronskian of some system of functions turns out to
be identically equal to zero, no answer to the question
about the linear dependence or independence of this
system could be obtained by this means.

Here, a natural question arises: would the “good”
properties of the Wronskian of a system of solutions to
the nth-order linear homogeneous equation be preserved
if we take k£ < n instead of » solutions? If so, could the
Wronskian of such a system be used just as effectively
to find out its linear dependence or independence?
This question is formulated, for example, in [9]; here
however, the study of this question is limited to an
example showing that the Wronskian of a linearly
independent system of k& < n solutions (in the example,
k =2 and n = 3), unlike that of a linearly independent
system of n solutions, can go to zero at some points of
its definition domain.

It is not difficult to provide an example for arbitrary
n and k<n, when the Wronskian of a linearly independent
system of solutions goes to zero even in an infinite set
of points. In what follows, we shall consider equation
Y +31=2) = 0, whose fundamental system of solutions
consists of the functions 1, x, x2, ..., X"~ 3, sin x, cos x.
For arbitrary £ <n — 1, we take the set of k£ solutions 1, x,
x2, ..., xk72 sin x (for k= 1, we take one solution sin x),
whose Wronskian coincides either with sin x or with cos
x to the nearest numerical factor and consequently has an
infinite number of zeros on the numerical axis.

The Wronskian of a system from the (z — 1)th solution
to the nth-order linear homogeneous equation is studied
in [13], where, in particular, it is shown that, in the case of
linear independence of such system, its Wronskian cannot
have an infinite number of zeros on any finite segment. In
the cited work, the case of arbitrary number of solutions
less than the order of the equation  is considered. The main
result is contained in Theorem 1 stating that the equality to
zero of the Wronskian of such system of solutions on any
interval implies its linear dependence. Thus, in the case of
linear independence of solutions, the Wronskian cannot be
zero on any interval, even an arbitrarily small one.

Theorem 2 shows that this result can be strengthened
in a number of special cases, including the above-
mentioned case k=n — 1. Precisely stated, the set of zeros
of the Wronskian of a linearly independent system of
solutions cannot have limit points in its definition domain,
and, hence, cannot have an infinite number of zeros on
any finite segment. For the case k=n — 1, a proof different
from that given in [13], which allows weakening the
conditions on the coefficients of the equation, is provided.

Thus, it can be said that the Wronskian of a system
of k < n solutions to the nth-order linear homogeneous
equation by its properties occupies an intermediate position
between the Wronskian determinant of an arbitrary system
of functions and that of a system of » solutions, according
to which properties such a determinant can be used to find
out whether the considered system of solutions is linearly
dependent or independent.

MAIN RESULT

We shall consider the following nth-order linear
homogeneous equation:

W ta, (D ey =0, ()

whose coefficients are a, (x), ..., a)x) € C(a, b),
—0<g<b<+oo,

As is known, any solution to such equation continues
over the entire interval (a, b). In the following, only
solutions defined on (a, b) are considered.

Let y,(x), ¥,(x), ..., y,(x) be solutions to Eq. (2),
k<n-—1, W)’l’)’z’-~-’)’k(x) be their Wronskian (1).
We shall also consider determinants of the following
form:

K0 W@y

(0L2) ((Xz) (az)
e B R (x) = N (x) ) (x) Vi (%)
VsVaoees Vg ool

WP W L )

where 0 < a, a,, ..., a; < n.
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It is clear that if among the numbers «, ...,

oq,09,...,0
woT2 Tk (x) =0, Th
Vs V2se o ( ) ¢

determinants W 192 "% with 0 < o, < @, < ...<
V1oV Vi - 1 2

<, <n — 1 will be called generalized Wronskians.

o, there

are coincident ones, then

Obviously, there are exactly C,If of different generalized
Wronskians of the system of & solutions including the

Wronskian Wy oo O.L,....k-1 itself. It should be

7yk T VY n Vg

noted that in the case of linear dependence of the system
of solutions y,, v, ..., y; on some interval (a, B) < (a, b)
(and hence, due to the uniqueness theorem of the solution
to the Cauchy problem, on the entire interval (a, b)), all its
generalized Wronskians are identically zero on (a, b).

LEMMA 1. Lety, y,, ..., Vi, k <n—1 be solutions
to Eq. (2), and let determinant Wy1 " (x) be
identically zero on some interval (o, B) C (a, b). Then for
an arbitrary solution y, , , all generalized Wronskians of
the system of solutions y|, y,, ..., ¥, , ; are identically
zero on (a, b).

The PROOF is carried out by induction on k. For
k=1, the statement is true due to the uniqueness theorem
of the solution to the Cauchy problem. Let us assume it
is true for some k <n — 2, and prove its validity for £+ 1.

Lety,, ¥, ..., ¥, be solutions to Eq. (2) and

Wyp e Vi (x)=0 Vxe(a,p)c(a,b). 3)
We shall take the one less order determinant

Wyl7""yk (x). There are two possible cases: either

..., Y (x)=0 on the interval (a, ) or x, € (a, p)

w,.. i (xg)#0 at some point. We shall consider
these cases.

1. Let Wyl""ryk(x)=0 Vxe(o,B). Then by

inductive assumption, all generalized Wronskians of solutions
V15 Yas -+ Yy 41 € identically zero on (a, b). Take an arbitrary
solution y, | , and consider the generalized Wrofiskian

W“l seen Oy . Decomposing it by the last column, we obtain:
Moo Vies2
Qs ey Opyn —
EREED) yk+2 (X)
(“1’(x> yé“”(x) e
N D)y @) Ly ()

_ k+3 (o) A),ens O
=Dy H(x )W 2 ykk1+2 (x)+

DR )W“l’“f;k () 4k

) (x )W“l’ ’“kﬂ (x)=0 Vxe(a,b),

and thus, the statement of the lemma is proved.

2. Now let WJ’p e (xp) #0 at point x, € (a, P).

Then due to continuity, Wy1’---’ e

interval (o, B,) containing point x,,. We shall show that
the functions y,, y,, ..., v, , ; are linearly dependent on
this interval.

(x)#0 on some

Dueto(3), the columns of determinant Wy1 v Viea] (x)

are linearly dependent at each point x € (a, B), i.e., there
exist constants A, (x), Ay(x), ..., A, , ;(x) being not equal
to zero simultaneously (in general, different for each
point x), such that

M@y () +. A (X)), () =0,
(4)
k k
M@ @)+ h L 0pE () =0.
It should be noted that at x € (a;, B;) A, , ;(x) # 0.

Indeed, otherwise, the following is obtained from the
first k equalities (4):

My () +. A (X)y (x) =0,
(5)
2 )V + g P =0,

from which A, (x) = A,(x) = ...
determinant of system (5) is determinant Wy

= M (x) = 0, since the
ey ()
not equal to zero on the interval (a,, ;).

For each x € (a,;, B;), we shall solve the equations
of system (4) with respect to the function y, , | and its
derivatives, as follows:

Vir1 () = () y (X)) +..o 4+ 1y () yy (X)),
Viee1 () =R ()1 (%) +.. 4 py () g (%),

2800 =y )y P @)+ (P (),

where 1 (x) = =4, (x) /Ay, (x),i =Lk.

Considering the first £ equalities in (6) as a system
of linear algebraic equations with respect to unknowns
1, (x), ..., w(x), and with the same nonzero determinant,
the following is obtained:

(€9 J—

V1o Vi—15) + 7y'+ seee) .
1 i—1>7k+1>Yi+1 k ,l 1’k’

Hi(x) =
ooy )

from which, in follows  that

K, (x)e C! ((11 »Bl)-

Next, we proceed as follows. We differentiate both
parts of the first equation from (6) and subtract the
second equation from the resulting equality:

particular, it

Russian Technological Journal. 2023;11(6):68-75

71



Properties of the Wronskian determinant of a system of solutions to a linear homogeneous

Dmitry A. Khrychev

equation: The case when the number of solutions is less than the order of the equation

0=p )y () +...+p, ()y(x), x € (o, By)- The
same is done with the second and third equation, the
third and fourth equation, etc. As a result, the following
homogeneous system of equations with respect to

derivatives pj(x), ..., i (x) is obtained:

0=p(X)y () +... 4 Wy ()3 (%),
0= p () y;(0) +... 4+ py () 3y (%),

0= V) + i (0 T (),
the determinant of which is Wyl, Y (x)#0 again.
Hence, it may be concluded that pj(x)=...=u; (x) =0
Vx e (o,By), and therefore 1, (x), ..., j1,(x) are constants.
Thus, due to the first equality in (6), solutions
V1> Yps -+s Vi 4 are linearly dependent on the interval
(a;, B;) and hence on (a, b). If an arbitrary solution y, , ,
is taken now, then all generalized Wronskians of the
linearly dependent system y,, ..., ¥, , |, ¥, , would be
identically zero on (a, b). The lemma is proved.

Now, the main result of the work can be easily
established.

THEOREM 1. Let y(x), yy(x), ..., y(x) k<n—1
be solutions to Eq. (2), and let
Wyp o Y (x)=0 Vxe(a,p)c(a,b). Then functions
V|> Vos ---» ¥ are linearly dependent on the interval
(a, b).

PROOF. Suppose that solutions y,, y,, ..., y, are
linearly independent. We supplement the system
V1> Vs +--» V;, to the fundamental system of solutions y,,
Vs voos Vo Vi s 1> > ¥, Of EqQ. (2). Applying Lemma 1
sequentially, it may be concluded that W (x) =0,

Yo oo Vsl
Vo s Vean (x)=0, ..., Wyl’m’yn (x)=0 on (a, b). But

the equality to zero of the Wronskian of the system of
n solutions even at one point means their linear
dependence. The obtained contradiction proves the
theorem.

SPECIAL CASES

The following result shows that in some cases for
linear dependence of solutions y|, y,, ..., itis sufficient
to zeroize the Wroniskian WJ’p---a Ve (x) on the set having
a limit point.

THEOREM 2. Let the set of zeros of the Wronskian
WYp Y (x) of solutions y,(x), y,(x), ..., y(x) k<n—1
to Eq. (2) have the limit point x, € (@, b). Let, further,
one of the following conditions be satisfied: (a) the
coefficients of Eq. (2) are analytic functions (in particular,
constant values) on the interval (a, b); (b) k£ = 1;
(c) k=mn — 1, and the coefficients of Eq. (2) satisfy the
following smoothness conditions:

ay(x) € C(a,b), a;(x)e C'Y(a,b), 1=1,2,....n-2,
a, | (x)eC"3(a,b).

Then solutions y|, y,, ..., y, are linearly dependent
on (a, b).

PROOF. If condition (a) is satisfied, all solutions to
Eq. (2) are analytic functions on the interval (a, b)
([14],Ch. 1, § 6), and hence the Wronskian Wyl’ v (%)

is analytic on (a, b). By the uniqueness theorem for

.....

on the interval (a, b), and it remains to refer to
Theorem 1.

Let condition (b) be satisfied, i.e., £ = 1. The
Wronskian of one solution is the solution itself, so our
statement is an obvious consequence of the uniqueness
theorem of the solution to the Cauchy problem.

We shall finally consider case (c). It should be noted
that the result of differentiation of any generalized

L. Oy, ey . . . .
Wronskian Wyl1 yk" is a linear combination of some
set of generalized Wronskians of the same solutions

Vs Vs -+ Yy Indeed, if @ <n — 1 in our determinant, then

i 01,00y 5.0 Ol :W(x1+1,a2,...,ak
dx y]ayZa---,yk ylayZa---ayk

oy ,0n+],..., 0 Oly,0ln,..., 0 +1

1-%2 k + W 12 k ,
Y1V Vi NoY2sees Vi

+

(7

where some of the obtained determinants may be equal
to zero due to the presence of coincident lines in them.

If oy, = n — 1, then the last line of the last determinant
in (7) will contain the nth derivatives of functions
V15V -5 ;- Replacing the nth derivative of each solution
by a linear combination of lower order derivatives due to
Eq. (2), the following is obtained:

Olps s O _ Op5 -enr O 5011
VYoo oo Vi n-1 VoV2s oo Vi (8)
Oy ey O _1,n—2 _ o5 -ee O 150

—a e—a
n—2 V1Yo oo Vi 0 VYoo Vi

Each of the determinants in the right-hand side of (8)
is either zero or coincides with one of the generalized
Wrofiskians of solutions y,, ..., y,.

We shall apply these observations to the case of
k = n — 1. It should be noted that there are exactly

n different generalized Wronskians of solutions
Vi e Y, to Eq. (2): the Wronskian
0,1,...,n-2 . .
W — sy >
Voo Iy oo Pt itself, determinants of the
0,1, ...,I-LI+1, ..., n—1 1,2,...,n-1
W ohy > 5! > > W 2%y > A
o I form, and, finally, Vi1 We
simplify the notations assuming Wy] Yyt = w,
O
0,1,..., I-LI+1, ..., n—1 1,2, ..., n-1
sty > > > > — W and W 2% > — W .
Vi oo Yl I D ERTE 0

Differentiating the determinants /# and W, according to
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Egs. (7) and (8) and discarding the resulting determinants
equal to zero, the following is obtained:

W! = Wn_2 . (9)

W/ =W, —a, W, - aw,
l=n-2,1

(10)

We show that the Wronskian derivatives W of
order 2 to n — 1 are expressed through the generalized
Wronskians using the following formulas:

n-2
w =w, _ it D« AW B (W,
I=n—j (11)

j=2,n-1,

where functions o ;(x),;(x) C" i Y(a,b) (we
already have Eq. (9) as the expression for the first
derivative).

Indeed, we obtain the formula for W" by
differentiating (9) and substituting W,_, according
to (10): W'=W, _s-a, W, ,—a, ,W, which
corresponds to (11), and the coefficients at the
determinants in the right-hand side are functions of the
C"3(a,b) class due to the condition of the theorem.
Further, assuming that formula (11) is true for some j,
2 <j < n — 2, then, differentiating both parts of it and
using (10), the following is obtained:

W(j+1) p— Wn o~ an—an_j_l - (_1)]+1 an_j_lW +

-J
n—2

£ X [0 oy 0Py —a, Y~ D))+
I=n—j

n—2

! pa—
+ BjW"'BjanZ = anj72 + Z ajHJWl +Bj+1W’
I=n—j-1
where O =1 = "y T O
— ! —
Oy = Oy = Oyl + 0y

l=n—j,n—j+1,...,n=3 (for j=3),
g2 = 0 =0, 0a, |+,
n=2
_ j -l ’
Bin=CDa, ;- > (= o jyay + P
I=n—j
It can be easily seen that due to the inductive

assumption and the conditions of the theorem concerning
the smoothness of the coefficients of equation

Qgps B € C"~J=2(a,b), and thus (11) is proved.

Now let x = x,,in (9) and (11). The point x,,, being the
limit point for zeros of function W(x), is such due to
Rolle’s theorem, and also for zeros of its derivatives
W'(x),..., W D(x). Hence, due to continuity,
W(xg)=W'(xy)=...=W"D(x,)=0. We obtain
a linear homogeneous system of algebraic equations with
respect to the unknowns W, ,(x,), W, _5(x,), ..., Wy(x,)
with triangular determinant different from zero:

0=W,_»(x),
n=2
0= Wn—j—l (xo) + z Q7 (xo)Wl (xO)’
I=n—j
j=2,n-1,
from which W,_,(xy) =W, _3(xy) =...=W,(x,) =0.

Then we use the already familiar technique:
assuming that solutions y,, ..., y,, are linearly
independent, we add one more solution to them to obtain
the fundamental system of solutions y,, ..., v, ;,y, and,

decomposing determinant Wy1 by the last column,
yees Vg

5y
we obtain Wyl,..., », (xg) =0, which means linear
dependence y,, ..., y,. The obtained contradiction proves
the linear dependence of solutions y,, ..., y, ;. The
theorem is proved.

COROLLARY. Let y;(x), y,(x), ..., y(x), x € (a, b)
be linearly independent solutions to Eq. (2). Then
their Wronskian cannot be identically zero on any
interval (o, B) € (a, b). If one of conditions (a), (b)
or (c¢) of Theorem 2 is satisfied, then the set of zeros
of the determinant W(x) cannot have limit points
on the interval (a, b), or, equivalently, W(x) cannot
have an infinite number of zeros on any interval

[a, B] = (a, b).
CONCLUSIONS

It follows from the above results that, in cases
where the number of solutions is less than the order of
the equation, the Wronskian of a system of solutions
to a linear homogeneous equation can be used to
check whether the system is linearly dependent or
independent; the solutions are linearly dependent if and
only if their Wronskian is identically equal to zero, and
independent if the determinant is different from zero
in at least one point. In this case, as Theorems 1 and 2
show, the verification of the identical equality to zero
of the Wronskian over the entire definition domain can
be replaced by the verification of its equality to zero on
a significantly smaller set, which facilitates the practical
application of the results obtained.
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Abstract

Objectives. Effective import substitution can be achieved only through the creation and use of efficient domestic
production capacities. The aim of this study is to develop and justify a method for the integrated assessment of the
effects of projects aimed at the introduction of new equipment, including import substitution projects.

Methods. The research was based on systemic and dialectical approaches, as well as systemic, comparative,
economic and mathematical methods, and statistical analysis.

Results. The paper proposes a method for the integrated assessment of production system development
projects. In order to obtain a synthetic assessment, a system of indicators was developed to study the effects of
production system development projects, i.e., projects for the introduction of new equipment. The effects of the
introduction of new equipment can be divided into internal and external: potential development, socioeconomic,
import independence, public, and environmental. The indicators are not current values, but changes in dynamics.
A comprehensive consideration of the effects allows the existing criteria for decision-making to be expanded when
implementing projects to develop the production system. It also allows the impact on both the enterprise and society
to be assessed. The authors define both the quantitative and qualitative indicators for each group of effects. On the
basis of the author’s system of indicators, a methodology for comparative comparison of indicators using normalized
indices was developed and the calculation of a generalized indicator substantiated. The proposed system of indicators
was successfully tested at the Lytkarino Optical Glass Factory science-intensive enterprise when assessing a new
domestic device for the development of the production system.

Conclusions. The results of the approved method for integrated assessment enabled the use of diverse indicators
for the quantitative and qualitative assessment of the effects of the introduction of science-intensive projects. This
included projects for import substitution of machinery and equipment. A combination of various effects will be
relevant to any socioeconomic system, so the proposed integrated assessment method for evaluating the effects
is universal to a certain extent. It can thus be adapted for scientific, technical and technological projects on import
substitution of any industrial enterprise.

Keywords: effect, development, import substitution, project, system of indicators, integral index
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Pe3iome

Uenn. Pe3ynbtatmBHOE MMNOPTO3aMELLEHNE BO3MOXHO TOJIbKO 32 CHET CO34aHUSA 1 UCMOJIb30BaHUA 3P eKTUB-
HbIX OTEYECTBEHHbIX MPON3BOACTBEHHbIX MOLLHOCTEN. Llenb nccnenoBaHns coctouT B pa3paboTke 1 060CHOBaHUN
METOAMKN UHTErpasibHoOM oueHkn 3apdeKkToB, NMoslyd4eHHbIX OT MNPOEKTOB MO BHEOPEHWUI0 HOBOro 060pynoBaHUS,
BKJ1IOHAA MPOEKTbI N0 MMNOPTO3aMELLEHNIO.

MeTopabl. OCHOBOV NCCNEAOBaHUS SIBUNCH CUCTEMHbIN U AMANEeKTUYECKMIA NOAX0Abl, @ TaKKe MEeTOAbl CUCTEMHO-
ro, KomMrnapaTneHOro, 3KOHOMMKO-MaTeMaTU4ECKOro 1 CTaTUCTUYECKOIro aHannsa.

PesynbTatsl. B paboTe npeanoxeHa MeToauka MHTErpanbHoi oLeHkn 9 deKTOB peanmsaumm NpoeKkToB PasBmTUs
NPOV3BOACTBEHHOM cucTteMbl. C Lenbio NoJlydeHMst CUHTETUYECKON OLeHKN pa3paboTaHa cuctema nokasartenem
48 ncenenoBaHnsa ad@EKToB NPOEKTOB Pa3BUTUS MPON3BOLACTBEHHOW CUCTEMbI — NPOEKTOB N0 BHELPEHUIO HOBO-
ro obopynosaHus. dddekTsl OT BHEOPEHUS HOBOrO 060PYA0BaHMS MOAPA3AENAOTCH HA BHYTPEHHNE U BHELLHWE
3bdeKTbl Pa3IMYHON NPUPOAbI: 3GdEKT Pa3BUTUSA MNOTEHLMANa, CoOLMaNbHO-39KOHOMUYECKNE, 3P DEKT MMMNOPTOHE-
3aBUCMMOCTU, OOLLLECTBEHHbIE, 3Koornyeckne. MNpu aTom nHamkatopamm ap@exkToB ABASIOTCS He TeKyLume 3Have-
HUS nokasartenen, a X U3MeHeHus B AnHamMmnke. KoMniekCcHoe paccMoTpeHne ad@PeKToB No3BOSET paclunpuTb
CYLLLECTBYIOLLME KPUTEPUM MPUHATUS PELLEHMNA NPU peanndaumnm npoeKToB Nno passBuTUIO NPOU3BOLACTBEHHON CU-
CTEMBI, YTO MO3BOJIET OLLEHUTb BO3AENCTBME U Ha NPeanpusTne, 1 Ha o6LECTBO B LIE/IOM. ABTOPLI ONpeaensioT
KOJIMYECTBEHHbIE N Ka4YeCTBEHHbIE nokasaTenu s Kkaxaon rpynnel addekToB. Ha 6a3e aBTOpPCKO cUCTEMbI NO-
Kkazartenei paspaboTtaHa MeToamMka KOMNapaTUBHOIO COMOCTaB/IEHUS NOKa3aTeNel C UCMNosb30BaHNEM HOPMUPO-
BaHHbIX MHOEKCOB 1 060CHOBaH pacyeT 06006LeHHOro nokasartens. MNpenfoxeHHas cuctema nokasaresnei 6binia
ycrewHo anpobrpoBaHa Ha HaykoeMkoM npeanpusaTumn AO «JTbITKapUHCKNIA 3aBO, ONTUYECKOr0 CTEKI1a» NP OLLEH-
ke apPeKkToB OT BHEAPEHNS HOBOrO OTEHECTBEHHOI O Npubopa A5 pa3BUTUS NPON3BOACTBEHHON CUCTEMBI.
BbiBoAbl. Pe3ynbTaThl anpobaumm Metoanku no3eosnam 060CHOBaTL NMPUMEHEHNE Pa3HOMIAHOBbLIX NMoka3aTenei
LS5 KONIMYECTBEHHOW U Ka4eCTBEHHOM OLEeHKN 3P DEKTOB OT BHEAPEHNSA HAYKOEMKUX MPOEKTOB, BKIHOYAS NMPOEKTbI
Nno MMMOPTO3aMELLEHNIO TEXHUKU 1 060pyaoBaHus. COBOKYMHOCTb PasfinyHbix 3apdekToB OyAeT NPosSBASTLCS 4SS
ntob0oli coumanbHO-3KOHOMUYECKOM CUCTEMBI, MO3TOMY Npeaaraemasl MeToamka ans oueHkn 9bdEKTOB ABNAETCS
B OMNpeeNIeHHON Mepe YHNUBEPCasbHOM 1 MOXET ObITb a4anTMpOoBaHa s HAYYHO-TEXHUYECKUX Y TEXHOJIOMMYECKNX
NMPOEKTOB MO UMMOPTO3aMELLEHUNIO NIIOOOro NMPOMbILLIEHHOTO NPEANPUATUS.

KnioueBble cnoBa: addekT, pa3zsnutre, MMNOpTO3aMeLLEHNE, MPOEKT, CUCTEMA NOKa3aTeNemn, MHTerpaabHbIi MHOEKC
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npoapaqucn. ¢I/IHaHCOBOﬁ AedaTesibHOCTU: ABTOpr He NMeroT CDI/IHaHCOBOI‘/JI 3anHTEepPeCOBaHHOCTW B nNpeacTaBieH-

HbIX MaTepunanax nnm MetTogax.

ABTOPbI 3a9BNSIOT 06 OTCYTCTBUN KOHMMKTA MHTEPECOB.

INTRODUCTION

Although the introduction of new technological
solutions is aimed at the practical resolution of socio-
economic and political objectives [1], such innovations
do not always produce the expected consequences.
Areasoned analysis of factors and economic calculations
allow us to justify the various effects or results of new
technologies and equipment after their introduction.
In order to properly justify the need for technological
innovations, non-economic factors need to be taken
into consideration along with economic factors. Only
a comprehensive consideration of all interrelated factors
will allow a real picture of the economic feasibility
and technical feasibility to be established in specific
conditions of new machinery or equipment which as
a rule require large capital investments.

At the current stage of development of domestic
industry, the objective of replacing imported components
and equipment is of particular relevance [2-5]. The
legal regulation of industrial policy is based on the
State Program “Development of Industry and Increasing
its Competitiveness” (approved by the Decree of the
Government of the Russian Federation No. 328 dated
April 15, 2014)! and the Federal Law “On Industrial
Policy in the Russian Federation” (No. 488-FZ dated
December 31,2014 )2. At the same time, these documents
provide not just for the replacement of imported
components and equipment with domestic ones in the
domestic market, but for the improvement of the quality
of these components and equipment, in order to increase
competitiveness in foreign markets.

In the current realities, the approach to import
substitution has changed significantly. Starting from
the spring of 2022, an impressive list of new legislative
bills and a number of amendments to existing regulatory
documents have been adopted with the objective of
stimulating the domestic market. These include:

I State Program “Industry Development and Competitiveness
Enhancement” (approved by Decree of the Government of the
Russian Federation No. 328 dated April 15,2014). http://government.
ru/docs/all/91634/. Accessed March 31,2023 (in Russ.).

2 Federal Law “On Industrial Policy in the Russian
Federation” No. 488-FZ dated December 31, 2014 (latest version).
http://publication.pravo.gov.ru/document/0001201412310017.
Accessed March 31, 2023 (in Russ.).

1. Decree of the Government of the Russian Federation
of December 28, 2022, No. 2461 “On Amending
Decree of the Government of the Russian Federation
of November 16, 2015, No. 1236 and Annulling
Certain Provisions of Certain Acts of the Government
of the Russian Federation™?;

2. New edition of the Decree of the Government of the
Russian Federation of December 03, 2020 No. 2014
(ed. of February 28, 2023) “On the minimum
mandatory share of purchases of Russian goods and
its achievement by the customer™;

3. Amendments to the Decree of the Government
of the Russian Federation of December 03, 2020
No. 2014 “On the minimum mandatory share of
purchases of Russian goods and its achievement by
the customer™>;

4. Decree of the Government of the Russian Federation
No. 522 dated December 31, 2022 “On Amendments
to the Rules for Granting Subsidies from the Federal
Budget to the Autonomous Non-Profit Organization
“Agency for Technological Development” to
Support Projects Involving the Development of
Design Documentation for Component Products
Required for Industries™®, etc.

3 Decree of the Govemnment of the Russian Federation dated
December 28,2022 No. 2461 “On Amending Decree of the Government
of the Russian Federation No. 1236 dated November 16, 2015 and
Annulling Certain Provisions of Certain Acts of the Government of
the Russian Federation.” http://publication.pravo.gov.ru/Document/
View/0001202212300083. Accessed March 31, 2023 (in Russ.).

4 Decree of the Government of the Russian Federation
No. 2014 dated December 03, 2020 “On the minimum mandatory
share of purchases of Russian goods and its achievement by the
customer” (as amended as of February 28, 2023). https://docs.cntd.
ru/document/573031324. Accessed March 31, 2023 (in Russ.).

5 Decree of the Government of the Russian Federation
No. 2014 dated December 03, 2020 “On the minimum mandatory
share of purchases of Russian goods and its achievement by the
customer” (as amended and supplemented). https://base.garant.
ru/75016819/. Accessed March 31, 2023 (in Russ.).

6 Decree of the Government of the Russian Federation
No. 522 dated March 31, 2022 “Concerning the Introduction of
Amendments to the Rules for Granting Subsidies from the Federal
Budget to the Autonomous Non-Profit Organization “Agency for
Technological Development” for the Support of Projects Involving
the Development of Design Documentation for Component Products
Necessary for Industries.” http://publication.pravo.gov.ru/Document/
View/0001202204040037. Accessed March 31, 2023 (in Russ.).
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The regulatory and legal documents referred
to above indicate the need to produce domestic
products, particularly in industries with a high share of
imports (mechanical engineering, medicine, etc.).

In the current geopolitical situation, the issue of
import substitution of components and equipment are of
particular relevance for such a unique Russian industrial
enterprise as the Lytkarino Optical Glass Factory (LZOS
in Russian abbreviation).

At present, LZOS produces optical glass and glass
fiber, large-size astronomical and space mirrors, space
lenses, various optical parts and devices. The enterprise
has its own scientific and technical center which is
constantly developing new types of products and
relevant technologies. At present, the development of the
enterprise is based on the projects for the modernization
and technical re-equipment of glass-making and
optical-mechanical production facilities.

Since 2014, in order to obviate the purchase of imported
components, spare parts, equipment and services, a number
of projects have been implemented in LZOS:

1. Technical re-equipping with the establishment
of a competence center for the development of
technology for the production of special glasses and
optical parts;

2. R&D work “Technology development and
manufacturing of the precision matrices made of
astrositall CO-115M for the panels of the main
mirror of the Millimetron Observatory”;

3.R&D work “Development of automated
technologies for manufacturing blanks from
optical colorless and colored glass by hot and cold
processing methods”;

4. R&D work “Development of technology for
automation of optical glassmaking production”;

5. R&D work “Development and production of a set of
lens mirrors for the Zorkii optical station”.

The active implementation of in-house designs, as
well as the acquisition and implementation of domestically
manufactured equipment has enabled LZOS to expand the
product range and launch new products. The following
objectives were set: development and production of
competitive products with a higher potential for growth
of own production; efficient use of limited resources; and
cheaper production with optimal product quality.

METHODS

The study uses the example of the development
project “Design and manufacture of a set of mirrors of the
lens of the Zorkii optical station” implemented at LZOS
to substantiate the possible effects of the introduction of
the KP-119 interferometer (developer LZOS, Russia) for
the control of off-axis aspherical surfaces.

The main results (effects) of the incorporation of the
KP-119 device in production activities, both internal and
external (Fig. 1), is highlighted here. This branchingis due
to the fact that the measurement of phenomena pertinent
to economic relations simultaneously constitutes the
subject of research of economic sciences, while also
representing the object of metrology measurements [6].

The internal effects are related to the functioning of
the plant and are aimed at increasing its potential. They
can reasonably be divided into the following areas:
development of the plant’s potential and socioeconomic
effects.

Effects from introduction
of the KP-119 interferometer

Internal effects

Capacity . .
_ Socioeconomic
development <
effects
effects

External effects

— Social effect

— Technological effect —

Economic effect —

Import independence effect

— Scientific effect —

Social effect —

Environmental effect

Fig. 1. Effects manifested by the introduction of the KP-119 interferometer
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In turn, the effects of plant capacity development
can be divided into two types: technological and
scientific. The technological effects are conditioned
by the availability of new machinery or equipment
with better characteristics when compared to existing
means of production (resource saving, including energy
saving, productivity and reliability). The scientific
effects consist in the accumulation of new knowledge
and are conditioned by the scale of novelty of the newly
introduced device, patentability and prospects of the
idea.

Acceleration of the production cycle, reduction
of production costs and increased investment will
undoubtedly lead to an increase in the financial and
economic performance of the enterprise, and to positive
economic effects. The increasing value of intangible
assets will indicate not only the innovative nature of
the project, but also provide economic security and
technological sovereignty of the organization. In turn,
the social effect from the introduction of new technology
will also lead to an improvement in the working
conditions of employees and economic conditions.

The internal effects of enterprise potential
development and socioeconomic effects are diverse, yet
interrelated.

The external effects can be seen in the positive
benefits for third parties not involved in the process
of introduction and operation of new techniques and
equipment, as well as for society as a whole. The public
effect from the incorporation of the KP-119 device into
production activities can be seen in the impact on social
processes, increased capacity of related industries, as
well as in the creation of prerequisites for secondary
innovations. The effect of import-independence can
also be seen in the strengthening of national security
and national interests. This can be summed up as the
localization of production of machinery and equipment
in the territory of the Russian Federation, reduction of
the share of imported components and materials in the
production of own products. The environmental effect is
associated with the improvement of the environment, for
example, saving the use of natural resources, reducing
the negative impact on the environment.

The external effects are characterized by
interconnectedness and are aimed at a long-term
perspective, including in related industries.

In terms of composition, the indicators of various
effects can vary depending on the nature of technology
and equipment introduced. In order to assess the effects
of the introduction of the KP-119 interferometer for the
control of off-axis aspherical surfaces, an original system

of indicators needs to be developed. This system needs
to include both quantitative and qualitative indicators.
Quantitative indicators are used to establish measurable
results and are used for quantitative evaluation.
Qualitative indicators allow qualitative parameters to be
evaluated on the basis of expert methods.

The selection of indicators was carried out on the basis
of the scientific principles set out in the works of R. Kaplan
and D. Norton [7-9]: visibility, tree structure of the system
and reliability of information. Following these principles,
the system of indicators is further divided into projections
characterizing various aspects of the development of the
research object. The number of indicators in the system
should not exceed 3035, and their number in one projection
should be 3—7. At the same time, the indicators of effects are
not the current values of indicators, but their changes (the
values of indicators before and after the introduction of the
interferometer are studied).

Analysis of the effects of the introduction of the
KP-119 device was based on a comparison of indicators
before and after its introduction. The approach to the
comparative analysis of key indicators used to measure
the effect of the introduction of the KP-119 device
was based on the use of normalized indicators. These
are relative indicators which reflect the changes in the
values of indicators before and after the incorporation
of the KP-119 device in the production activities of the
enterprise.

The choice of such an approach is conditioned
by the following considerations. First, the use of such
indicators allows us to assess the change of complex
phenomena in dynamics. Second, the use of indicators
enables various types of comparative analysis (temporal,
spatial, comparison with a benchmark, forecast, etc.) to be
conducted. Third, the use of relative values allows us to
analyze indicators in the same axes in a single graph (for
example, using bar histograms or petal charts). It also
enables integral indicators to be calculated for the study of
generalized effects or synthesized indicators of the system
state, Thus, this paper proposes to apply the normalization
of the initial system indicators on a single dimensionless
scale.

One result of the effects of the implementation of the
KP-119 device is that the indicators characterizing these
effects can be divided into positive and negative as per
tradition. In order to increase the effects of the project,
positive indicators should be maximized, and negative
minimized.

In order to translate the initial data into dimensionless
indicators, we will use the following formalized
expression [10]:
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71— for positive indicator,
. (1)

2 7§90 —for negative indicator,

where i is the number of the projection of the system
of indicators; j is the index of the indicator within the
projection; K ij0 and K ;1 are the values of the jth indicator
of the effect of the ith projection before and after the
introduction of the device KP-119. After calculation of
the normalized index, all indicators become positive and
change within the interval [0; 1].

Thus, the value of the normalized indicator Vij is
interpreted as follows. If y, = 0.5 (Kl.].0 = Kiil)’ there is no
growth in this indicator. it y;:> 0.5, then growth in this
indicator can be recorded. Finally, if Yy < 0.5, there was
a decrease in the value of the indicator.

After the procedure to calculate the normalized
indices, an integrated indicator for assessing the
effects of the introduction of the KP-119 device
can be calculated. The use of generalized indicators
also allows for key aggregated trends to be studied
both in individual projections of the project and for
the entire set of characteristics under study. In this
case, a variety of approaches to the calculation of the
generalized characteristic and the choice of weighting
coefficients when performing the convolution [11-13]
can be applied. In this study, the approach used was
based on the calculation of the integrated indicator
as the sum of normalized indices taking into account
their weighting coefficients according to the following
formula:

m;
Q= Z Zyijwj W,
T )
m; n
w; = ZWI. =1,
j=1 i=1

where 7 is the number of projections in the system of
indicators; m; is the number of indicators in the ith
projection; w, is the weight coefficient of the indicator
significance in the system; w; is the weight coefficient
of'the projection significance. The integrated indicator,
as well as normalized indices, can vary from 0 to 1. The
value of 0.5 is also accepted as a threshold (criterion)
value for the integrated indicator separating the
positive effect from the negative one. This is justified

by the fact that with Q < 0.5 there is a generally
negative dynamics of indicators, and with Q > 0.5
there is a positive one.

The principles of analysis, synthesis, decomposition
and integration, which are known and successfully
used in theory and practice, lie at the root of the effects
assessment tool presented in this article [14]. The use
of normalized indices and generalized indicators allows
conclusions to be drawn about both individual effects in
the development of the system and the integral effect of
the project implementation as a whole.

RESULTS

According to the methodology described herein for
selecting indicators, the entire system of indicators for
assessing the effects of the introduction of the KP-119
interferometer for the control of off-axis aspherical
surfaces can be divided into two projections. These
two projections reflect the internal and external effects
of the incorporation of the project into the production
activities of the enterprise. In turn, the “Internal effects”
can be divided into subsystems of indicators related to
technological, scientific and socioeconomic effects.
Further by analogy, each subsystem can be detailed by
indicators which characterize the individual effects from
the implementation of the KP-119 device.

When calculating the qualitative indicators,
individual assessment of indicators was performed by
individual experts each acting independently [15]. The
expert group consisted of qualified representatives of
LZOS (managers of the enterprise, employees of the
“Optical Systems and Technologies” department of
RTU MIREA, engineers and project managers). The
experts established the statistical characteristics of the
indicators according to a ten-point system (0 — no effect,
10 — maximum effect from the implementation of the
device KP-119). Subsequently, the sum of the scores
assigned by the experts and the arithmetic mean of the
indicators were calculated. Thus, qualitative indicators
were translated into quantitative ones.

The following table shows the composition of the
system of indicators for assessing the effects from the
implementation of the KP-119 device. The indicators
take into account the specifics of the project and modern
realities, calculation formulas and economic content of
each indicator. Here, it is not the indicators per se which
are of scientific interest, but their combination. Of interest
also is the methodology of establishing a generalized
index to determine the integrated assessment of the
effect of the project implementation.
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Table. System of indicators for assessing the effects of the introduction of the KP-119 interferometer

Indicator

Calculation formula

Methodological explanations

Internal effects

1. Technological effect

1.1. Resource saving indicators

1.1.1. Energy capacity

K, =WQ,

W is the total volume of consumed energy
sources (electricity, heat energy, process fuel,
etc.) for the product production;

Q is the amount of products produced during
the calculation period

Indicates the expenditure of energy (energy
resources and energy carriers) on the production of
a unit of the product

1.1.2. Resource capacity

K,=TC/Q,

TC is the total production costs

Indicates the cost of resources (in monetary terms)
to produce a unit of the product

1.1.3. Duration of
operations performance
by the production workers
when producing a unit of
the product

n
K3 =Zi=1f,-/",

t; is the duration of the ith operation, set
according to timekeeping observations;
n is the total amount of operations

Indicates the time spent on individual production
processes in the production of a unit of the product

1.1.4. Yield of usable
products

K,,4= OGISR,

QG is the quantity of the used products
produced during the calculation period;

SR is the scope of the actually consumed raw
materials

Indicates how efficiently raw materials are
used, as well as characterizes the technical and
organizational level of the technical process

1.2. Performance indicators

1.2.1. Equipment
performance

K, =0T,

Q is the scope of the produced products;
T'is the total operating time of the equipment

Indicates the scope of a product (work) produced
per unit of time

1.2.2. Labor efficiency

K,,, = OSIR,

OS is the scope of the produced output in
financial (value) terms;

R is the number of workers producing
products

Indicates how efficiently a worker (or group of
workers) has invested his or her labor to create
a unit of the product

1.2.3. Resource utilization
factor

K,,; = FOITC,

FQ is the actual amount of resources;
TC is the total capacity (maximum amount of
utilized resources)

Indicates the degree (intensity) of the resource
utilization

1.3. Reliability indicators

1.3.1. Mean time between
failures (failure-free
operation)

m
Kizy =204/ m,

t; are the time intervals of the equipment
failure-free operation;

m is the number of the equipment failures that
occurred during the calendar period under
consideration

Is a statistical measure and is used to predict
behavior as the probability of equipment
failure-free operation in a given period of time

1.3.2. Technical service
life (durability)

K

1327 Tresource’

T, esource 18 the technical resource of

equipment (reserve)

Characterizes the reserve of a possible operating time
of the equipment (time) from the beginning of its
operation or resumption of its operation after repair
to the onset of its limit state or overhaul to ensure its
serviceability within a certain period of time
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Table. Continued

Indicator

Calculation formula

Methodological explanations

1.3.3. Average restoration
time (maintainability)

1on
K33 =;Z,-:1f,»

n is the number of restorations;
¢, is the time spent on restoration (detection,
search for the cause and elimination of failure)

Characterizes the mathematical expectation of
the time of restoration of the operable state of the
object after failure

1.3.4. Price of reliability

o
NA
K134=Zpr'[NA J )
0

Z, is the price of reliability of the

prototype (analog);

NA and NA  are the mean time between
failures or average service life of the
equipment and the prototype;

a is the empirical indicator characterizing the
level of production, usually a = 0.5-1.5

Indicates how many times the cost to the plant
due to unreliable equipment exceeds the cost of
production or how much of the cost of production
is due to unreliable equipment or how much of the
cost of operation is due to unreliable equipment

2. Scientific effect

2.1. Prospects for further

N
Ky =2, 1K21i/N’

Indicates the potential of the underlying idea for

development i= further development at the plant. It is calculated
according to expert assessments
K,,, s the score (from 1 to 10) of the ith
expert;
N is the number of experts participating in the
survey
2.2. Novelty Indicates the level and scale of novelty of the

N
Ky = Zi:1K22i /N,

K,,, is the score (from 1 to 10) of the ith
expert;

N is the number of experts participating in the
survey

installation, its components; as well as superiority
over analogs. It is calculated according to expert
assessments

2.3. Patentability

N
Ky = ,':1K23i/N’
K+, is the score (from 1 to 10) of the ith
expert;
N is the number of experts participating in the
survey

Indicates the protectability and prospects for
patenting. It is calculated according to expert
assessments

3. Economic effect

3.1. Production cost

K3y :z:l:]Zi’

n is the number of cost items;
Z, is the sum of a specific cost

It is formed taking into account the costs
associated with the production and output of a unit
of the product

3.2. Carrying value of the
equipment

Ky, =S—4-0b,

S is the carrying value of the equipment,
including acquisition, delivery, installation,
cost of new units;

A is the amortization;

Ob is the depreciation

Indicates the carrying value of the equipment.
After modernization, the carrying amount of the
equipment is to be recalculated

3.3. Cost of intangible assets

Ky3 = NA,

NA is the carrying value of intangible assets

Indicates the value of objects that have no
tangible, physical form and are intended for use in
the production process
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Table. Continued

Indicator

Calculation formula

Methodological explanations

4. Social effect

4.1. Number of jobs
reconstructed/created

K4 = Rm,

Rm is the number of jobs reconstructed/created
as a result of equipment implementation

Indicates the number of reconstructed/created jobs
where the new/modernized equipment is used

4.2. Index of salary level at
reconstructed/created jobs

Ky, =ala,,

a is the average salary level of at the jobs
being reconstructed/created;
a,, is the average salary level in the region

Indicates the ratio of the average salary level of
the jobs being reconstructed/created to the average
salary level in the region

4.3. Employees satisfaction
with working conditions

N
K3 =20 Kazi /N,

K5, 1s the score (from 1 to 10) of the ith expert;
N is the number of experts participating in the
survey

Indicates employee satisfaction with working
conditions. It is calculated according to expert
assessments

4.4. Development/
optimization of

the production and
organizational processes

N
Kyy= Zi:1K44i /N,

K, 1s the score (from 1 to 10) of the ith
expert,

N is the number of experts participating in the
survey

Indicates how efficiently production and
organizational processes function during
equipment operation. It is calculated according to
expert assessments

External effects

5. Social effect

5.1. Potential for
development of the related
industries

N
K5y =Z,‘=1K51i/N’

K, is the score (from 1 to 10) of the ith
expert;

N is the number of experts participating in the
survey

Indicates the prospects for the development of
related industries as a result of the development
of the idea, novelty of the installation, its
components. It is calculated according to expert
assessments

5.2. Prerequisites for
secondary innovations

N
Ksy = ZileSZi /N,
K, is the score (from 1 to 10) of the ith
expert;
N is the number of experts participating in the
survey

Indicates the prospects for further development
of the idea/equipment and its components. It is
calculated according to expert assessments

6. Import independence effect

6.1. Import dependence
level

K., = qubst
61 — 4
0
total

O ubst 18 the scope of imported
products/equipment/technologies;

O,orar 18 the total current scope of consumption
or use of products/equipment/technologies

in the process of functioning enterprises

Indicates the proportion of imported
products/equipment/technology in the total volume
of products/equipment/technology

6.2. Production localization
ratio

Ky = (Piing = Pimp) P

selling imp?

PSelling is the selling price of the product;

Pimp is the prlcelof the imported components,
parts, and materials

Indicates the ratio of the difference between the
selling price of the product and the price of the
imported components, parts and materials to the
selling price of the final product
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Table. Continued

Indicator Calculation formula

Methodological explanations

7. Environmental effect

7.1. Index of environmental K, is derived from the Form

innovations introduction 4-Innovation (Section 16)7 and is defined

divided by 10

as the sum of code “1” in lines 1101-1110

The index varies from 0 to 1 (0, no environmental
innovation; 1, maximum level of its effectiveness)

7.2. Environmental K, is derived from Form

The index varies from 0 to 1 (0, no environmental

legislation compliance index | 4-Innovation (Section 16)® and is determined | regulatory compliance; 1, maximum level of

divided by 7

as the sum of code “1” in lines 1111-1117

compliance)

Source: developed by authors.

7 Order of the Federal State Statistics Service No. 538 dated July 29, 2022 “On Approval of Federal Statistical Observation
Forms for Organization of Federal Statistical Observation of Activities in the Sphere of Education, Science, Innovation and Information
Technology.” Form No. 4-innovation “Information on innovation activity of the organization.” https://docs.cntd.ru/document/351745217.

Accessed March 31, 2023 (in Russ.).
8 Ibidem.

Figure 2 shows the values of normalized indexes of
the effects from the introduction of the KP-119 device,
obtained by formula (1) by comparative comparison of
data on the indicators presented in the table before and
after the introduction of the device. The calculation period
of indicators amounted to one year. Price indicators were
calculated taking into account the discount rate.

The last line of the figure shows the result of
calculation of the generalized indicator of the effect
from the introduction of the KP-119 interferometer.
Weighting coefficients in calculations of the integral
indicator were chosen by experts.

Analysis of the values of normalized indicators
allows the following conclusions to be drawn:

1. The values of most indices exceeded the value
y = 0.5, which indicates positive effects from the
introduction of the KP-119 interferometer for the
control of off-axis aspherical surfaces.

2. Some indices were below the reference level
y=0.5. These include the indices of resource intensity,
environmental innovation and production costs.

3. The value of the generalized index calculated by
formula (2) turned out to be equal to Q = 0.57,
indicating a positive integral effect obtained from
the introduction of the interferometer.

CONCLUSIONS

The article presents the author’s methodology
for the integrated assessment of a production system
development project. A system of indicators for the
integrated study of the effects obtained from the project
of implementation of a new device within the framework
of the import substitution policy was developed, in

y111
y112
y113
y114
y121
y122
y123
y131
y132
y133
y134

y21

y22

y23

y32
y33
y41
ya2
y43
y44
y51
y52
y61
y62
y71
y72

Q

0

I
0.1 02 03 04 05 06 07 08 09 1.0

Fig. 2. Normalized indices of estimation of effects from

the introduction of the KP-119 interferometer
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order to obtain a synthetic assessment. The system of
indicators is characterized by the various effects of
the introduction of machinery and equipment (internal
and external effects of different nature: capacity
development, socioeconomic, import-independence,
social, environmental). It also involves a comparison of
quantitative values of indicators calculated before and
after the incorporation of the project into the production
system.

Confirmation of the results was based on the
example of the “Development and manufacture of a set
of lens mirrors of the Zorkii optical station”. This project
was undertaken at LZOS, consisting of the introduction
of the KP-119 interferometer for the control of off-
axis aspherical surfaces, and demonstrated a positive
integrated effect.

The proposed methodology of integrated
assessment of the effects of the introduction of a new
device is to a certain extent universal and can be
adapted to the scientific, technical and technological
projects of any industrial enterprise. However, in
order to assess the feasibility of the import substitution
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Abstract

Objectives. The aim of this work is to enhance the scientific and methodological apparatus of artificial intelligence (Al)
sciences by enriching their conceptual framework. The current conceptual framework of Al sciences does not
reflect the intricate nature of this technological and socioeconomic phenomenon as possessing the diverse range
of capabilities and the interconnectedness that allows for the imitation of human cognitive functions and comparable
results. The author of the article structures the concept of the technological package of Al, describing its system
properties, connections and functional elements based on the various types of human cognitive and operational
activities.

Methods. The research is based on the concept (method) of technological packages—genetically and functionally
connected sets of technologies with system properties.

Results. For the first time in Russian and international practice, the basic (general) taxonomy of the Al technological
package has been specified and structured. A taxonomy of the Al metatechnological package (a package
of metatechnologies) has been proposed. General taxonomy can serve as a tool for improving strategies,
methodological documents and state programs to define the development of Al systems at state or industry level.
Conclusions. The suggested basic (general) taxonomy of technological package and taxonomy of metatechnologies
package allows research to move away from the limited view of Al. It increases semantic and methodological clarity
in relation to Al as a complex technosocial phenomenon and contributes to the harmonized integration of Al systems
into the sphere of socioeconomic activities of the state. It can thus serve as a foundation for further improvement
of state economic and legal regulation of Al development.
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HAYYHAA CTATbA

CeMmaHnTHnuecKyne 0COOEHHOCTH CJIO0KHBIX
TEXHOCOIMAJLHBIX CUCTEM:
K BOIIPOCY 0 TAKCOHOMHH TE€XHOJIOTHY€CKOI0
NMaKeTa HCKYCCTBEHHOI0 MHTEJIEKTA

C.WU. foeryumny 1:2: @
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2 MUP3A — Poccuiickuii TexHonormdeckuii yHmsepcutet, Mocksa, 119454 Poccusi
@ AgTOp A5 nepenvcku, e-mail: redaktor@vniicentr.ru

Pesiome

Lenb. Lenbio paboTbl SBNSIeTCS COBEPLUEHCTBOBAHME Hay4yHO-METOM0JIONMYeckoro annapara Hayk o6 UCKyc-
cTBeHHOM uHTennekTe (M) 3a cueT oboraileHms nx NoHATUMHOIO annapaTta. MpuMeHsieMblli B HacTosLee BpemMst
NOHATUIMHBIA annapaT Hayk 06 I He oTpaxaeT CnoXHol cneundukn JaHHOrO TEXHONOMMYEeCKOro 1 coumanbHO-
9KOHOMMYecKoro dpeHoMeHa, kak 061aaatoLero KOMnJIeKCoM BO3MOXHOCTEN M COOTBETCTBYIOLLMX UM B3aUMOCBSI-
3ell, N03BOJNISIOLLMX UMUTUPOBATbL KOTHUTUBHbIE QYHKLUMM YeloBeKa 1 NoJlydaTb CONMOCTaBMMbIE C HUMMK pe3yribTa-
Tbl. C 3TOW Lenblo aBTOP CTaTbW CTPYKTYPUPYET NOHATUE TexHoordeckoro naketa I, onucolBas ero CUCTeMHbIE
CBOWCTBA, CBA3M U PYHKUMOHASIbHbIE 91IEMEHTbI CO00Pa3HO BUAAM MbIC/IUTENbHON U AeATEeNIbHOCTHOM aKTUBHOCTU
yenoeeka.

MeTopabl. lccnenoBaHve 0CHOBAHO Ha KOHUENUMM (MeToae) TEXHONIOrMYECKMX MakeToB — FreHeTUYeCcKn N QYyHKLM-
OHasbHO CBSA3aHHbIX COBOKYMHOCTEN TEXHOI0rniA, 06nafaloLmx CUCTEMHbIMY CBOMCTBaAMMU.

PesynbTaTtbl. Bnepsblie B 0TeYECTBEHHOM 1 3apybeXHO NpakTuke yTOYHEeHa 1 CTPYKTypupoBaHa 6a3oBas (obLuas)
TakcoHOMWUS TexHonornyeckoro naketa MIN, a Takxke npeafioxkeHa TakCOHOMUSI METATEXHOJIOMMYeCcKOoro nakeTa (na-
keTa meTtaTtexHonoruin) M. O6was TakCOHOMUST MOXET CNYXUTb B Ka4eCTBE MHCTPYMEHTA COBEPLLUEHCTBOBAHMS
cTpaTeruin, MeTofosIorMYeckmnx AOKYMEHTOB U rOCyQapCTBEHHbLIX MPOrpamMm, onpenensowmx passBmuTme CUCTem
MW Ha rocygapcTBEHHOM MUY OTPaC/IEBOM YPOBHeE.

BbiBoabl. [pennoxeHHble 6a3oBas (06LLast) TaKCOHOMUSI TEXHOJIOMMYECKOro nakeTa U TakCOHOMUS NakeTa meTa-
TEXHOJIOr1iA MO3BOJIIIOT OTONTU OT PenyLMpPoBaHHOIo nNpeacTasneHms 06 A, noBbiwaloT ceMaHTUYeCKyio 1 MeTo-
[0NOrMYECcKyto SICHOCTb B OTHoLweHUN N kak CnoXHOro TexHocouuanbHoro oeHoMeHa U cnocobCcTBYOT rapMo-
HM3aumn nHterpaumm cuctem NN B chepe coumanbHO-39KOHOMUYECKON AeATeNbHOCTN rocygapcTea, MOryT CTaTb
OCHOBOW A/151 AasnbHENLLIEero CoOBepLUIEHCTBOBAHMSI rocy4apCTBEHHONO 3KOHOMMYECKOr0 1 NPaBOBOro perynnposa-
Hus passutusa NA.

KnioueBblie cnoBa: I/ICKyCCTBeHHbII‘/’I MHTEeNNeKT, I/IHq)OpMaLI,I/IOHHO-KOMMyHVIKaLI,I/IOHHbIe TEXHOJIOrNn, TexHonormn4ye-

CKMe nakeTbl, TeXHOCOLUMaJibHble CUCTEMbI, MEeTaTEXHOI0TMYeCcKne rnakeTbl

e Moctynuna: 14.07.2023 » Oopa6oTaHa: 21.08.2023 ¢ MpuHaTa k ony6nukoBaHuio: 22.09.2023

Ang untupoBanua: Josrydmu C.M. CemaHTMYeckme 0COOEHHOCTU CIOXHbIX TEXHOCOLMAbHbIX CUCTEM: K BOMpPOCY
0O TaKCOHOMMM TEXHONMOMMYECKOro nakeTa UCKYCCTBEHHOro nHrennekta. Russ. Technol. J. 2023;11(6):89-98. https://
doi.org/10.32362/2500-316X-2023-11-6-89-98

Mpo3payHocTb GpMHAHCOBOW AEeATEeNbHOCTU: ABTOP HE MMeeT GUHAHCOBOW 3anHTEPECOBAHHOCTM B NPEACTaBJIEH-
HbIX MaTepuanax uam metogax.

ABTOp 3aaBnsaeT 0o OTCYTCTBUN KOH(DJ'II/IKTa NHTEepPeCOoB.
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GLOSSARY

Artificial Intelligence—the property of intelligent
technological systems to perform creative functions that
have traditionally been considered the prerogative of
humans.

Taxonomy of technological package—
systematized representation of key functional elements
of technological package.

Technological independence—a set of measures
aimed at the provision, development, and retention
within the Russian Federation of human, financial,
technological, and material potential aimed at the
development of Russian industry, including through
the predominant use of Russian industrial products,
materials, raw materials, and technologies.

Technology  package—a  genetically  and
functionally related set of technologies that possess
system properties. The technologies included in the
package are interdependent, develop together and
modify each other in the process of development.

Meta-technology package—a genetically and
functionally related set of technologies that are influenced
by the external environment. These technologies work
together to transform the environment from its initial
state to its final state.

INTRODUCTION

Artificial intelligence (AI) technologies at their
current stage of development are becoming increasingly
important in almost all areas of human activity. Not
limited only to new products and services, Al has
a transformative impact on established systems of
economic, labor, social, and cultural relations [1].

Particularly in the economy, the introduction of
Al systems can help to improve labor productivity,
increase the efficiency of business processes and reduce
costs. This, in turn, can lead to the creation of new
markets and opportunities for accelerating economic
growth. However, the introduction of Al can also
significantly increase the risks of increased turbulence
in the labor market by replacing professions that are by
no means hard and unpopular, but are considered quite
prestigious in society. Such an example can be seen in
the capabilities of the ChatGPT-4 neural network in
programming, technical writing, copywriting, and data
analysis [2].

In the social sphere, the introduction of Al can lead to
both the reduction of inequality, providing equal access
to education, healthcare and other essential services, or,
on the contrary, to an even greater exacerbation of social
inequalities [1]. In modern socioeconomic conditions, Al
technologies are a scarce resource due to their complexity
andrelatively low prevalence. However, their importance
and demand are expected to increase. This circumstance

can lead to a drastic escalation of social inequality, not
only in terms of access to Al technologies and services,
but also in terms of other essential resources, such as
electricity and Internet communication, etc.

Thus, Al as a transformative technology creates
technological tension: a misalignment of technological
imperatives and social practices accepted in society [3].
Since these practices are deeply rooted, their forced
change may result in innovative resistance in society [4].
This contradictory aspect of the adoption of new digital
technologies indicates that the development of Al
requires a comprehensive approach. This will involve
analyzing and forecasting of potential social, economic,
and cultural outcomes, risks and threats. It will also
involve development of strategies and state programs
to ensure the harmonious integration of Al systems into
society. In this regard, it must be recognized that the
current dominant view of Al in socioeconomic sciences
and public administration lacks integrity at both the
explanatory (concepts, principles, and semantic models)
and impact (practices, methods, organizational, and
activity models) levels.

The National Strategy for the Development of
Artificial Intelligence until 2030 defines artificial
intelligence as a set of technological solutions that
enable the imitation of human cognitive functions,
including self-learning and problem-solving without
a predetermined algorithm. These solutions aim to
achieve results that are at least comparable to those of
human intellectual activity when performing specific
tasks.! Nevertheless, in the practical sphere, Al is often
understood either in a fragmentary way, i.e., as a set
of unrelated ready-to-use “smart things” (tools) [5],
or simplistically, as a universal and side-effect-free
technological, economic, and managerial panacea [6].
Both examples of the reductionist approach to the
understanding of Al contradict its nature as a complex
multidimensional phenomenon that is constantly
expanding its presence in more and more spheres of
human activity at the individual and societal levels.

Reductionism, when applied to complex scientific
and technological phenomena, greatly hinders accurate
forecasting and planning for their development in order
to promote economic growth and technological progress.
Ultimately, it does not contribute to the harmonious
adaptation of related innovations. Overcoming this
circumstance requires a more effective methodological
approach guided by the multidimensionality of Al It
is a complex scientific-technical, socioeconomic, and
legal phenomenon that cannot be reduced to familiar
examples of its applied use.

! Decree of the President of the Russian Federation dated
October 10, 2019 No. 490 “On the development of artificial
intelligence in the Russian Federation” (in Russ.). http:/static.
kremlin.ru/media/events/files/ru/ AH4x6HgK WANwVtMOfPDhcb
Rpvd1HCCsv.pdf. Accessed May 23, 2023.
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In this regard, this article refers to the
concept (method) of technology package (TP) and
applies it to Al by proposing a basic (general) taxonomy
of Al TP. The methodological view of the Al TP as
a package of technologies formulated in the article will
allow the following actions to be performed:

e to structure the systems-relevant areas of integration
of Al with humans at the individual and societal
levels;

e to summarize the composition of the acts and
systems of influences that Al has on these areas of
systemic significance;

e to facilitate the harmonization of the concept of
Al as a complex, multidimensional, and holistic
phenomenon in both methodological and legal
domains.

Previously, in Russian and international practice, the
approach of considering Al as TP was not applied. This
led to the aforementioned diminished understanding
of Al, hindering the attainment of semantic clarity with
respect to this phenomenon. The novelty of this article
is based on the first attempt in Russian and international
practice to structure the concept of Al TP. It describes
the system properties, connections, and functional
elements as a set of technological solutions that enable
the imitation of human cognitive functions.

METHODS

In Russian scientific literature, TP is considered
a genetically and functionally interconnected set of
technologies and scientific and technical solutions with
systemic properties [7]. The technologies included in
the package are interdependent, developed together, and
mutually modify each other during the development
process. It is argued that TP, as a rule, fulfills one of the
socially important needs [8]. In the context of Al, this
requirement can be defined as the transfer of creative
tasks, typically performed by humans, to intelligent
systems. The aim is to lower labor expenses and
enhance the effectiveness of carrying out these tasks
by leveraging the capabilities of intelligent systems.
This circumstance puts forward special requirements
for the configuration of Al TP, emphasizing its human
dimensionality (proportionality to a person). It also
requires that the content and functionality of AI TP
align with the values of individuals and society
as both individual and collective subjects [9]. The
human dimensionality in relation to Al necessitates
the development of technological and humanitarian
support to ensure consistent and harmonious interaction
between Al and humans in all aspects of human life.
Ultimately, this will lead to the convergence of human
and Al capabilities within a single sociotechnological
environment.

Let us try to structure the components of AI TP. As
noted earlier, TP is a genetically and functionally related
set of technologies with systemic properties. At the
same time, TP elements should have interdependence
and develop together, with the potential for mutual
modification during the development process. TP has
the following key structural elements: basic technology;
basic  ontologeme; closing technology; basic
infrastructure; basic institutions (Fig. 1) [10, 11]. Let us
consider them in more details.

Basic ontologeme

{‘>' Basic technology <;:

Y

Basic infrastructure
Basic institutions

Closing technology

Fig. 1. TP key structural elements

Basic technology refers to the technology that
enables the implementation of TP, which is the result
of its development. With respect to Al, the underlying
technology is machine learning, particularly deep
learning [12, 13]. These technologies utilize sophisticated
algorithms and neural networks to train Al systems and
detect patterns in vast amounts of data. Machine learning
and deep learning have now become the foundation
for the advancement of various Al domains, including
computer vision, natural language processing, and
predictive analytics systems.

The basic ontologeme is a theoretical concept
underlying TP. In other words, it is an idea that underlies
the package notions. The basic ontologeme of Al is
the ability to assign creative functions, which have
traditionally been associated with humans, to intelligent
systems. The same ontologeme determines the human
dimensionality of Al

Closing technology is a physical or humanitarian
technology that combines a set of loosely related
technologies into a systematically organized package.
With respect to Al, a closing technology may be the
development of what is known as “general artificial
intelligence.” This may be a thinking system capable of
having multiple specific goals, switching between them,
changing and updating them, including in an arbitrary
order [14]. Modern Al systems can outperform humans
in specific tasks, but the ability to freely switch between
goals and update them is still exclusive to humans.
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Table 1. Taxonomy of the Al TP key structural elements

Pos.

No Key structural elements Characteristics Content
1 Basic technology Realizes the possibility of TP Machine learning, deep learning
implementation
2 Basic ontologeme Theoretical idea behind TP and the Possibilities for delegating the creative functions

perceptions of it

traditionally inherent to human beings to
intelligent systems

3 Closing technology

Completes a set of initially
loosely coupled technologies into
a systematically organized TP

Artificial General Intelligence: a system that is
capable of having multiple specific goals, with
the ability to switch between them, change and
update them, and do so in an arbitrary order

4 Basic infrastructure Critical infrastructure for TP Cloud computing, supercomputing, integrated
development, the ultimate form of its | data storage and analysis systems, specialized
implementation hardware

5 Basic institutions Institutional solutions behind TP Scientific and educational organizations,

technology companies, startups, independent
teams, authorities, communication platforms,
regulations, standards

Basic infrastructure is a crucial infrastructure
for the development of technology at a specific
stage of technological and societal progress. The
basic infrastructure is, in many respects, the ultimate
realization of the TP. For example, in the case of
nuclear energy TP, these are nuclear reactors capable of
producing energy and generating new fissile materials.
For Al, the underlying infrastructure includes cloud
computing, supercomputers, integrated data storage
and analysis systems, and specialized hardware such as
graphics processing units and tensor processing units,
all connected through networks and containers. These
infrastructure elements provide the capability to process
and analyze the enormous volumes of data needed to
train Al models and offer scalability for the development
and deployment of associated intelligent systems. The
ultimate realization of this infrastructure can be achieved
through Artificial Global Superintelligence [15]. This
concept involves the creation of an integrated network of
self-learning algorithms and super-powerful computing
systems that span the entire world and are accessible for
universal use. This hypothetical structure will be capable
of processing and managing complex tasks in real time,
predicting and solving global problems, and supporting
the self-development and scalability of continuously
improving Al systems [16].

Basic institutions are the foundational decisions that
underlie TP. Basic Al institutions take into account the
human dimensionality of this technology and, in many
respects, mirror the structure of almost all significant
social institutions. Their list includes:

e scientific research organizations
laboratories, R&D centers, etc.),
companies and startups;

(universities,
technology

e open source innovations and creative
communities (open source projects and independent
development teams);

e government  authorities and  international
organizations which develop and support Al
development programs and standards. This list also
includes institutional mechanisms and standards for
data protection, which regulate the use of Al and
ensuring the safety, security and transparency of
Al technologies;

e educational institutions and programs to ensure the
development of skills and competencies required to
work with Al technologies, and to keep knowledge
up-to-date to adapt to the rapid development of this
field;

e institutions and platforms that foster public discourse
on ethical, legal and social issues associated with
Al and ensure the participation of diverse groups in
a collaborative engagement with Al
The above listed structural elements of the Al TP are

presented in Table 1.

RESULTS

The concept of Al as a TP allows us to consider this
complex scientific and technological phenomenon in
its entirety, including its technological, infrastructural,
institutional, and social interactions. In this case, Al
develops a comprehensive understanding of semantics
within the methodological and regulatory framework.
According to its functionality and the nature of
connections within the framework of the TP concept,
Al is a technosocial system comparable to a human
being, demonstrating tendencies towards dynamic and
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nonlinear self-expansion. The latter circumstance is
due to the unique ability of Al as a technological object
and non-trivial machine [17] to connect its own internal
state in response to an external influence. First of all,
this is expressed in the Al’s ability for self-learning,
such as machine learning and deep learning. It is this
specificity of Al which requires further elaboration of
its TP taxonomy. As noted earlier, Al is not a closed,
isolated system. As a result of its self-learning nature
which determines its dynamic development, Al is
forced to be in a state of reverse afferentation [18].
It can adjust its behavior based on the information
received from the surrounding technological and social
environment. Receiving initial data from outside, Al,
as a functional system, compares them with target
settings (internal programs laid down by a human).
Then, after analyzing them, it performs corrections to its
activity (computational) acts. At the same time, a human
being, in all of their interactions with Al and its service
applications, functions as a recipient of the outcomes
generated by AI [18]. In this capacity, they do not act as

an autonomous entity, but rather as a component within
the functional system of Al

In this regard, it seems relevant to supplement the
methodology of the Al TP by introducing the concept
of metatechnology. Metatechnology is a technology
that undergoes the effects of the external environment,
transforming it from the initial state to the final state. In
this case, the initial state is understood as our modern
fragmented concept of Al, which consists of a collection
of unrelated digital tools (things) with limited
functionality. The final state is understood as Al that
is equivalent to a human being, encompassing a wide
range of human thought and activities. In other words,
the ultimate goal of Al meta-technology is to create
a cohesive system that includes various components such
as systems, processes, and decision-making abilities.
This system interacts with humans and has the power to
significantly impact their lifestyle, thoughts, and actions.
Furthermore, it has the potential to transform the way
humans interact with both the social and technological
environment (see Fig. 2).
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Fig. 2. Al in the space of the meta-technological connections
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Table 2. Taxonomy of key structural elements of the Al meta-technology package

. Act of i i ti ith
Functional element ct of impact/interaction wit

Key areas of the TP technological content

a person
Reasoning Knowledge visualization, Case-based reasoning, inductive programming, causal
automated reasoning, inference, information theory, causal models, knowledge and
common sense reasoning reasoning representation
Planning Planning optimization, Bayesian optimization, hierarchical problem network,
search query processing constraint satisfaction problems, metaheuristic optimization
Learning Machine learning Active learning, adaptive learning, generative adversarial
network, generative models, deep learning
Communication Interaction/programming in natural | Chatbots, natural language generation, computational
languages linguistics, machine translation, conversational models
Perception Computer vision Action recognition, object recognition, face recognition

Audio signals processing

Sound synthesis, speech recognition, sound source
separation, speech synthesis

Integration and Multi-agent intelligent systems

Agent-based modeling, network intelligence, game theory,

interaction swarm intelligence, intelligent agents
Automation and robotics Cognitive systems, robotic systems, human-machine
interaction
Automated and automatic vehicles Autonomous driving, unmanned systems, autonomous
systems
Morality and ethics Al ethics Accountability, reliability, explainability
Al philosophy Philosophy of “weak (narrow) Al”,

philosophy of “strong (general) AI”

The taxonomy of the meta-technology package is
designed to enable the transfer of creative functions,
which have traditionally been performed by humans,
to intelligent systems that operate on Al technological
principles. Of course, at the current stage of systems
development, it is not possible to delegate all the creative
functions of a human being, whether as an individual or
as a collective subject, to Al. The design of the meta-
technology package deals with the fundamental functions
that support the human creative process and creative
communication. These functions include rationalization/
planning, learning, communicative interaction,
perception, activity interaction, and perception. Each
of these functions can be easily associated with
technological systems and Al components (Table 2).

The taxonomy of key structural elements of the
Al meta-technology package incorporates:

o functional elements fully or partially associated
with human creative functions: reasoning, planning,
learning, communication, perception, integration
and interaction, morality, and ethics;

e acts of influence/interaction of functional elements
with humans: information and knowledge display,
automated  reasoning/rationalization,  planning
optimization, machine learning, natural language

programming, computer vision, robotics and
automation, integrated Al services, Al ethics;

o technological content allows for the performance of
acts of influence or interaction between functional
elements and a human being.

CONCLUSIONS

This study shows the need for Al to be moved
beyond the narrow paradigm of its perception as a set
of loosely coupled technological tools isolated from
the multidimensional social context in which they
can be applied. On the contrary, due to its ability for
self-learning and its demonstration of limited tendencies
towards self-development, Al should be viewed as
an evolving complex technosocial phenomenon, as
a technological package that includes technology, social
relations, infrastructural elements, institutional support,
among other factors.

This paper presents such a structured representation
of Al for the first time in Russian and international
practice.

At the same time, considering the intricate nature of
Al as a set of technological solutions that mimic human
cognitive functions and achieve comparable results to
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human intellectual activity in specific tasks, this study
introduces and provides theoretical support for the
concept of Al meta-technology.

It is deemed to be a technology which transforms
under the influence of the environment and acquires
a qualitatively new state, namely, the state of Al
commensurate with a human being, included in the
maximum number of types of human thought. The
significance of this new concept is emphasized by the
specificity of Al as a rapidly evolving phenomenon.
At present, there is no finalized theoretical and
methodological framework capable of encompassing all
the features of Al

Within the framework of the TP concept, Al
inevitably acquires economic, social, legal, and cultural
significance, becoming a truly cross-cutting technology
that permeates practically all spheres of human life.
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Abstract

Objectives. Snow cover has a complex multifactorial impact on the environment as a link between global climatic
processes and the system of the Earth’s surface. Snow cover monitoring is one of the key tasks of hydrometeorology
which also requires the systematic regular collection of its indicators. This work aims to develop an architecture of
geoinformation technology for snow cover monitoring with the purpose of addressing the problem of automating
the collection of snow cover indicators and their further maintenance. This architecture can also be used for other
hydrometeorological monitoring tasks.

Methods. This paper analyzes the existing fundamental basis of snow cover data collection and uses the method of
systems approach to describe the architecture of distributed geoinformation technology.

Results. The paper presents an architecture of distributed geoinformation technology focused on snow cover
monitoring from measurements, data aggregation, and validation to their transfer to a centralized processing system.
A prototype of portable user terminal modules for testing this technology is developed.

Conclusions. The proposed architecture is capable of functioning in circumstances of limited telecommunication
availability, while ensuring data integrity control and personalization of responsibility by introducing an electronic
signature of each measurement session. This architecture can be expanded by developing and implementing
modules for other types of measurements.

Keywords: snow measuring route, snow measuring survey, data collection, geoinformation system, monitoring,
geoinformation system architecture
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HAYYHAA CTATbA

OO0 apxuTeKkType pacnpenejieHHOM reoMH(GOpMaAMOHHOM
TEXHOJIOTMA MOHUTOPHHI'A CHEKHOTI0 MOKPOBA,
(GyHKUNOHUPYWOLIEH B 00CTOATEIHCTBAX OTPAHUYECHHOU
TEJIEKOMMYHHUKAINUOHHON TOCTYITHOCTH

10.B. Benbiwesa @,

A.A. CytarvH,
9.C. 3umuHa

MockoBckuvi rocyaapCcTBEeHHbIV YHUBEPCUTET reoaesun v kaptorpapum, Mocksa, 105064 Poccusi
@ AgTOp A5 nepenucku, e-mail: meteoinfo@list.ru

Pesiome

Llenb. CHeXHbI NOKPOB OKa3bliBAa€T KOMMIIEKCHOE MHOrodakTOpHOE BAUSIHUE HA OKPYXXAloLLYyO cpeny, SBNSsCh
CBSA3YIOLMM 3BEHOM MeXAy rnobanbHbiMU KAMMATUYECKMMW MPOoLEeccaMn U CUCTEMOKM 3eMHOM MOBEPXHOCTW.
MOHUTOPUVHI CHEXHOro NOKpoBa SIBNSETCSH OJHOMN U3 KNOYEBLIX 3a4a4 rmapoMeTeoponorum, B paMmkax KOToporo
NPOBOAUTCS CUCTEMATUYECKNIA PErynsipHbli cOop ero nokasatenei. Lienbio paboTbl ABnsieTca paspaboTka apxu-
TEKTYPbl FreOUHMOPMALMOHHOW TEXHOIOMMN MOHUTOPUHIA CHEXHOrO NMOKPOBa, KOMIMIEKCHO peLuatoLLeit npobnemy
aBToOMaTM3aunm cobopa nokasaTeneit CHEXHOro NoKpPoBa 1 Nx AasbHENLLEero CoNPoBOXAEHUS, a TakXe pacLumpsie-
MOW ONns opyrvx 3agad ruapoMeTeoposiormyeckoro MOHUTOPUHTa.

MeTopabl. Micnonb3yeTcs MeTo aHann3a CyLLecTByoLen pyHaameHTanbHol 6a3bl B 061acT c6opa AaHHbIX CHEX-
HOro MOKPOBa, a Takxe MeTOZ CUCTEMHOIO NMoaxoAa Npu ONMCaHuUM apxXMTeKTYpPbl pacnpeaeneHHon reonHdopma-
LIMOHHOWN TEXHOJSOTUN.

PesynbTaTthl. PaspaboTaHa apxuTtekTypa pacrnpeneneHHon reonHopMaLMOHHOM TEXHOIOMMK, OPUEHTUPOBAHHAS
Ha MOHUTOPMUHI CHEXHOr0 NMOKPOBA, OT BbIMOJIHEHUS UBMEPEHUI, arperauny AaHHbIX 1 UX Banuaaumm oo ux nepe-
[ayn B LLEHTPaIM30BaHHYO cuctemy obpaboTtkmn. PaspaboTaH NpoTOTMN MOAYseli HOCUMOrO NOSIb30BaTENbCKOro
TepMuHana, no3BoNnsoLLMA NPOBECTM anpobaLnio JaHHOW TEXHONOMMN.

BbiBoAbl. [peanoxeHHas apxuTekTypa cnocobHa GyHKLMOHNPOBATb B 06CTOATENLCTBAX OrPaHNYEHHOM TeNIEKOM-
MYHUKaLMOHHOW JOCTYNMHOCTHU, @ Takxke 06ecrneynBaTb KOHTPOJb LENIOCTHOCTM AaHHbIX M MEPCOHANM3aumnio OTBET-
CTBEHHOCTM 3a UX NOJly4eHne NyTeM BBEAEHUS SNIEKTPOHHOM NOAMUCHY KaXKA0ro ceaHca n3aMepeHunii. laHHas apxm-
TeKTypa MOXET ObITb paclumMpeHa nytem paspaboTku 1 BHeAPEHUS MOayNen ons pyrux TUNMOB M3MEPEHNIA.

KniouveBble cnoBa: CHEFrOMEpPHbI MapLLPYT, CHEroMepHasi cbemka, c60op AaHHbIX, reoMHOPMaLIMOHHAs CUCTEMA,
MOHUTOPWHI, apXUTEKTYPa reonHPOPMaLMOHHON CUCTEMBI

e Moctynuna: 10.11.2023 ¢ fopa6oTaHa: 19.11.2023 ¢ MpuHaTa kK ony6nukoBaHuio: 27.11.2023

Ana untupoBaHua: benbiwesa 10.B., Cyrtarvd O.[., S3umuHa 3.C. O0 apxuTtekType pacrnpeneneHHon reomHdop-
MaLMOHHOM TEXHONOrMM MOHUTOPWHIa CHEXHOrO MOKPOBa, (GYHKUMOHMPYKOLEA B OOCTOATENbCTBAX OrpaHUYeH-
HOMN TEeNeKOMMYHUKALIMOHHON AOCTYyNnHOCTU. Russ. Technol. J. 2023;11(6):99-108. https://doi.org/10.32362/2500-
316X-2023-11-6-99-108

MpospayHocTb hMHAHCOBOW AeATEeNbHOCTU: ABTOPbI HE UMEIOT PUHAHCOBOM 3aMHTEPECOBAHHOCTN B MPEACTaB/IEH-
HbIX MaTepuanax unm MeTogax.

ABTOpbI 329BNSI0OT 06 OTCYTCTBUN KOHDINKTA MHTEPECOB.
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INTRODUCTION

Snow cover has a complex multifactorial impact
on the environment. It is a link between global climatic
processes and the Earth’s surface system. It determines
the following factors: magnitude of annual runoff;
the level of spring flooding; the ice regime of rivers;
the intensity of ice and avalanche processes; and the
annual balance of glaciers [1]. The combined radiative,
reflective and insulating properties of snow cover
significantly reduce the arrival of shortwave radiation
to the earth’s surface. This impacts the climatic
component and leads to air cooling and the formation of
surface radiation temperature inversions [2, 3]. At the
same time, by reducing heat losses to the atmosphere, it
reduces soil freezing and the amplitude of temperature
fluctuations, preventing the freezing of agricultural
crops [4].

Snow cover is an indicator of atmospheric air
pollution and subsequent pollution of soil, surface and
groundwater [5]. This allows us to estimate the total
pollution parameters in winter [6, 7]. In addition, snow
cover provides water resources for a significant part of
the Earth’s population [8].

Therefore, snow cover monitoring is one of the key
tasks of hydrometeorology, involving systematic regular
collection of snow cover indicators such as:

e total snow cover height;

o distribution of snow cover density by its thickness;

e presence and concentration of admixtures:
suspended solids, carbon oxide, nitrogen dioxide,
hydrogen sulfide, phenol, toluene, xylene, benzene,
formaldehyde, and benz(a)pyrene.

These in turn make it possible to assess the key
indicators for business activity:

e water stock (water equivalent) in the snow cover;
annual river flow volume;
spring high water level,
river ice conditions;
intensity of ice and avalanche processes;
annual glacier balance;
duration of snow cover accumulation;
timing of snow cover breakdown (in order
to determine the duration of the vegetation
season).
At present, there are many approaches to measuring
snow cover indicators based on methods of remote
sensing of the Earth by means of space [9, 10, 11]
and in-atmosphere vehicles' [12] including modern
unmanned aerial vehicles [13, 14]. Other methods involve
the direct presence on the ground of automated measuring

I Koch F., Appel F. et al. GPS-based measurements of snow
cover properties for snow-hydrological, risk and snow quality
applications. Conference: EGU General Assembly At: Vienna;
2019.

stations? which collect, inter alia, visual (photo-video)
materials [15, 16], or meteorologists [17] who use both
destructive and non-destructive techniques, for example,
based on laser> or radio emission [18]. The use of mobile
devices, e.g., for pressure measurements, allows us to
ensure unprecedented coverage density and spatial
coverage [19]. Furthermore, their use for precipitation
data collection allows us to compile complementary
forecast maps [20].

Unfortunately, the current level of technology
development does not enable us to collect all the
necessary indicators without the use of field methods,
most importantly, without the regular presence of
a qualified specialist-hydrometeorologist “in the field.”
Moreover, in domestic practice there is no systematic
approach to the problem of automation of field work
of meteorologists. Much of the work is done manually,
using analog instruments and paper logs for the
measurement results. This requires their subsequent
digitization, and consequently can be a potential source
of errors and vulnerability of the system to the human
factor.

According to [21]* there have been changes to the
working plan of the meteorological network, in particular
the reduction of snow measurements, due to the lack of
instruments and insufficient qualification of personnel.

The purpose of the work is to develop the
architecture of geoinformation technology for snow
cover monitoring, in order to comprehensively resolve
the problem of automating the collection of snow cover
indicators and their further maintenance. A further
aim is to make them expandable to other tasks of
hydrometeorological monitoring.

RESEARCHING THE REQUIREMENTS
FOR THE GEOGRAPHIC INFORMATION SYSTEM

For the purposes of this objective, a functionally
scalable and integratable system needs to be created
which will allow us to interact with a multitude of
potential data consumers. These include already
extant information and geoinformation systems, as
well as automated measuring complexes, individual
primary (measuring) converters, receivers of satellite
navigation systems (GPS, GLONASS, etc.), photo-video

2 State registration certificate. Automated meteorological
stations “Snow”. State registration number: 52771-13 (in Russ.).

3 RoyA.,LangloisA., Montpetit B., RoyerA., ChampolionN.,
Ghislain R., Domine F., Fily M. Field measurements of snow grain
specific surface area using near-infrared photography and laser
reflectometry in Northern Canadian tundra. AGU Fall Meeting
Abstracts. 2010.

4 Review of the State of the Hydrological Observing
System, Data Processing and Preparation of Information
Products in 2020: Reference Edition. St. Petersburg: RIAL;
2021. 56 p. (in Russ.).
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fixation means and specialized measuring equipment,
without excluding the following.

Due to the potentially high importance of the
information collected, all primary and intermediate data,
as well as related information, need to be collected and
stored in such a way that both the fact of measurement
and the correctness of the measurement procedure can be
confirmed later, and that all the required calculations can
be reproduced. It is also necessary to ensure that each
series of measurements can be certified by an electronic
signature associated with a specific person performing
the measurements or with a separate measuring
instrument or system.

Monitoring the vast and heterogeneous territory
characteristic of the Russian Federation requires that the
geographical distribution of observation points be taken
into account. This includes hard-to-reach areas and the
level of their technological equipment.

The main requirement for the technological
equipment of the potential system is that it takes into
account the limited availability of telecommunications:
absence or irregularity of access to public
telecommunication networks for portable user terminals
and the local network of the observation point; poor
communication between the user terminal and the local
network of the observation point; slow and unstable
communication channels, including asymmetric ones. In
some cases, direct telecommunication accessibility may
not be possible, and data transmission may be possible
only by means of removable data carriers.

A significant part of the computer equipment at
the individual observation sites, mainly portable user
terminals, can operate under extreme conditions. This
implies a high probability of the failure of individual
devices. In order to create a functional system, this must
be compensated for by redundant storage of the most
valuable data.

Consumer mobile devices based on the Android
platform, such as smartphones and tablets, may be used
as portable user terminals. Other system components
can be based on personal computers, general-purpose
servers, and specialized devices with limited computing
resources.

GEOINFORMATION
SYSTEM ARCHITECTURE

The key solution of the proposed architecture is
a peer-to-peer communication model. This implies
the formation of the system as a set of homogeneous
nodes which exchange unchangeable data packets. This
model is conceptually similar to distributed data storage
networks, for example, interplanetary file system (IPFS)>.

5 Benet J. Content Addressed, Versioned, P2P File System.
IPFS. 2014.

It can be considered as a simplified version of another
development by the authors [22], which differs only in
data collection, but without providing them (or services
based on them) to consumers.

The unit of data storage and transmission
between network nodes is a packet. Each packet in
the system is uniquely identified by the following set
of metadata:

e date and time of creation according to Coordinated

Universal Time (UTC);

o the identifier of the node which created the
packet (universally unique identifier (UUID));

e UUID may be repeated for several packets in case
they belong to the same series of measurements;

e packet priority;

e packet type code;

e content hash sum.

A packet can be unambiguously represented as a file,
enabling the user to apply any method available to them
for transmission.

For operational convenience, the system
core can directly support multiple file exchange
protocols. Any file-oriented protocol can be used,
if there is direct telecommunication availability,
even intermittent. Modern  cryptographically
secure protocols are represented by SFTP (secure
file transfer protocol)® and UFTP (UDP-based file
transfer protocol, UDP—user datagram protocol)’.
An important advantage of UFTP for the purposes
of this system is the possibility of its application in
communication channels with high bandwidth, but
high latency. This is typical, for example, of satellite
communications used in hard-to-reach areas. In the
absence of direct telecommunication availability, data
transmission based on removable media can be used.
This is also referred to as SneakerNet [23]. A software
package which can be used to achieve the necessary
functionality is NNCP (node to node copy)®.

Packet prioritization enabled the data most valuable
for operational processing to be transmitted first.

Assumed packet types and priorities are summarized
in Table 1.

The diagram of the network node is shown in Fig. 1.

In addition to the basic modules common to all
nodes, there are separate types of nodes oriented to
different tasks in the network:

% Ylonen T., Lehtinen S. SSH File Transfer Protocol
draft-ietf-secsh-filexfer-02.txt. SSH Communications Security
Corp. October, 2001. URL: https://datatracker.ietf.org/doc/
html/draft-ietf-secsh-filexfer-02. Accessed November 01,
2023.

7 UFTP—Encrypted UDP based FTP with multicast. URL:
https://uftp-multicast.sourceforge.net/. Accessed November 01,
2023.

8 NNCP. URL:
November 01, 2023.

http://www.nncpgo.org/.  Accessed
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Table 1. Types and priorities of data packets in a distributed geoinformation system

Priority Type Description

1 Manifest Declares the fact that measurements are present. Contains limiting rectangles that
enable the construction of a spatial index of the data without their presence. Must
be of minimum size

2 Measurement result Contains a valuable measurement result for further processing

3 Initial data For complex measuring instruments, it contains initial data allowing the repeat
calculation of the result

4 Associated data Contains data of no direct value, but enables confirmation of the validity of the
results obtained, e.g., photo-video data, satellite navigation system tracks, etc.

Interfacing modules
with measuring equipment

Portable user terminal Personal co

mputer Server

Sets of specialized modules

vy 4

Operational

storage

Spatial database management system

v 4

Packet storage

v 4

Input/Output subsystem

File system FTP(S) SFTP

UFTP NNCP

v v

Telecommunicatio

Fig. 1. Principle diagram of the distributed geoinformation

n environment

system node. DBMS is database management system,

FTP(S) stands for file transfer protocol + secure sockets layer

portable user terminals: data acquisition, manual
input, interaction with measuring equipment;
automated data acquisition units: saving data from
measuring equipment;
observation site personal computers:
aggregation, primary analysis, visualization;
server: aggregate data from a large number of
sources, store large amounts of data, provide a web
interface.
Node levels and the following rules are introduced
to direct data flows between nodes:
e level 1 is assigned to portable user terminals that
directly collect data;
e higher levels are assigned to nodes of local observing
sites, and further to regional and federal nodes;
e when nodes of the same layer interact, data is
synchronized in both directions, providing backups;
e when nodes of different levels interact, data is
transferred from a lower-level node to a higher-level
node, providing information aggregation.

data

AUTOMATION OF THE FIELD
MEASUREMENT PROCEDURE

Automation of the field measurement procedure is
performed by software modules designed to be placed on
a portable user terminal. They provide for the possibility
of primary input and the correction of measured values,
performing calculations, as well as visualization of data
in tabular and graphical formats.

The measurement results are entered into the
appendix directly during measurements on the route.
The calculation of average parameters and water reserve
is done automatically.

In order to perform a snow survey, a gauge rod and
a weight snow gauge are required. The snow survey process
involves collecting data for the following measurements:
snow cover height (counting on the scale of a gauge
rod);
reading from the scale of the cylinder on the
weighing snow gauge;
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e reading from the scale bar of the weighing snow
gauge;

e ice crust thickness (measured on the scale of a gauge
rod);

o thickness of the snow layer saturated with

water (counted on the scale of a gauge rod);

Snow cover structure;

snow coverage degree;

ice crusting degree;

condition of the soil surface under snow (melted,

frozen).

Observations of snow cover on snow gauge trails

begin when there are 6 points or more of snow coverage

of the visible neighborhood. They end when stable snow

cover has been destroyed (less than 5 points of coverage).

The procedure for making observations using the

developed program modules is as follows:

1. Identification and authentication by a specialist
meteorologist.

2. Enabling geopositioning at the first snow cover
height measurement point.

3. The snow cover height is measured every twenty
meters, and the measurements are recorded in
the corresponding cells. The MEASURE # cell
indicates how many measurements were taken.

4. The first point for measuring the mass of snow
cover is chosen at a distance of 50-100 m from
the beginning of the route. Further measurements
are made every 200 m. The total number of snow
cover density measurements is 10. Measurements
of the snow cover height on the cylinder are taken,
in order to calculate the snow cover density. Data
regarding the snow cover height from the cylinder
of the weighing snow gauge is entered in the
corresponding cell. The CYLINDER SCALE
REPORT # _cell indicates how many snow cover
height measurements were made with the cylinder.

5. After measuring the snow cover height on the
cylinder of the weighing snow gauge, the snow
cover is weighed. The weighing data is entered
into the appropriate cell. The REPORT # BY
WEIGHTS cell indicates how many measurements
are required to determine the mass of the snow
cover. The density is calculated automatically.
Density calculation can be viewed by clicking on the
DENSITY tab. The numbering of DENSITY # _cells
shows how many measurements have been made
for the purpose if density calculation. In addition
to density measurements at selected points, the
thickness of the meltwater layer, the water saturated
snow layer, the thickness of the ice crust, and the
condition of the soil under the snow cover (frozen
or melted) are measured. The data entry boxes are
opened one by one after the measurement results for
each point have been entered. If no measurements

were made due to missing data, a dash is entered.
The soil surface condition is selected from the list:
thawed, or frozen. The presence of snow crust inside
the snow cover and on the surface of the snow cover
is noted: yes, no.

6. After passing the route, the meteorologist takes
a snapshot of the field and uploads it to the app,
in order to characterize the entire snow measuring
route. The image is automatically saved.

AUTOMATION OF THE FIELD MEASUREMENT
VALIDATION PROCEDURE

Automation of the field measurement validation
procedure is performed by modules designed to be
placed on the portable user terminal, as well as on the
nodes where additional quality control of measurements
is performed.

At the present time, checks which may result
in a warning being issued to a user are based on the
following developed algorithm:

o the number of measurements on the snow measurement
route must be within the permissible range;

o the average snow cover height on the route line shall
be greater than or equal to the minimum snow cover
height or less than or equal to the maximum snow
cover height on the rod;

o the average snow density calculated from the snow
route measurements shall be greater than or equal to
the minimum snow density, and less than or equal
to the maximum snow density calculated from snow
measurement route data;

e the average water content in the snow cover
calculated from the snow route measurements shall
be greater than or equal to the minimum value of the
snow route, and less than or equal to the maximum
water content of the snow measurement route.
Using the graph displayed in the appendix,

questionable (potentially poor-quality) measurements
can be identified directly on the route and re-measured.
Poor measurements can occur due to human error. In
some cases, the meteorologist may make a mistake when
entering measurements. The route line on the chart is
formed on the basis of measurements made directly on
the snow survey route.

PROTOTYPE OF THE GEOINFORMATION
TECHNOLOGY

The authors have designed a prototype of modules
for a wearable user terminal (Android operating system
version 10 or higher). Special attention is paid to those
elements which enable the data quality to be enhanced
by promptly detecting questionable measurements
directly in the process of snow surveying. Thus, the snow
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measurement route graph (Fig. 2) reflects the number
of the snow survey, the number of meteorological
station, the length of the route traveled, the length of the
remaining route, as well as the minimum and maximum
measurement altitudes. Given that the meteorologist
surveys the snow survey route well in advance of the
snow cover, they have a schematic plan of the route
line with indication of gradients and elevations, as
well as markings of the location of objects (road, trees,
bushes, etc.) located on the route line and in the area
surrounding the perimeter of the route line. The sub-map
data allows questionable measurements to be identified
from the snow survey data. Points on the line highlighted
in a distinctive color indicate elevation differences in
the snow gauged route. The table of average parameter
calculations helps dubious measurements to be
identified immediately on the snow measurement route.
Such dubious values are highlighted in a separate font,
indicating possible measurement error (Fig. 3).

CONCLUSIONS

The architecture of the distributed geoinformation
technology proposed by the authors is designed to
support snow cover monitoring procedures based on
measurements, data aggregation and validation to
their transfer to a centralized processing system. It
is capable of functioning in circumstances of limited
telecommunication availability, as well as ensuring data
integrity control and personalization of responsibility
for their receipt by introducing an electronic signature
of each measurement session. This architecture can be
extended by developing and implementing modules for
other types of measurements.

Aprototype of the wearable user terminal modules has
now been developed, in order to enable their validation.

Further research by the authors will focus on snow
gauge route data collection using species information.
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