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Stand Equipment and Test Methods of Modern
Optical Sights
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Abstract

Manufacture of sights with high output characteristics is a prerequisite for achieving the necessary ac-
curacy when shooting. The aim of the work was to analyze the influence of pancratic optical sights’ main
parameters on their output performance characteristics.

It is shown that in order to achieve the quality level of the world’s best samples, high image quality —
no drop in contrast by no more than 30 % of the calculated value, careful manufacturing and control of both
mechanical and optical parts, as well as components of the assembly units of products, the technological pro-
cess of assembly and alignment is necessary.

Bench equipment and test methods which made it possible significantly increase the level of serial pro-
duction are described, also some characteristics of GS3-12x50, GS3-24x56, GS5-25%56 “NTC “LEMT”
BelOMO” are presented.

Keywords: pancratic sight, contrast transfer function, resolution, control technique, bench
equipment.
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CrenaoBoe 000pya0BaHNEe U METOAUKH UCTIBITAHUH
COBPEMEHHBbIX ONITHYECKUX MPHUIIETOB

AM. Kypranosuy, B.A. Cracuinosuy, U.II. llumkun, A.I1. HIkagapesnu

«HTL] «JIDMT» BenOMOy,
ya. Maxaéunxka, 23, 2. Munck 220114, berapyco

Tocmynuna 02.05.2022
Ipunama k nevamu 20.09.2022

W3rotoBiacHue MPHIETIOB C BBICOKAMH BBIXOJHBIMH XapaKTePUCTUKAMH SIBJISICTCS HEOOXOJUMbBIM
YCJIOBUEM JIJIsl IOCTHXKEHUSI HEOOXOAMMBIX TOUHOCTEH Iipu cTpeiboe. Llenbro paboThl ObLT aHAIN3 BIUSHUS
OCHOBHBIX MMapaMETPOB MAHKPATHUYCCKUX ONTUYCCKUX MPHUIETIOB HA WX BBIXOJHBIC JKCIUTyaTallMOHHBIC
XapaKTEPUCTUKH.

[TokasaHo, 4TO JUIst TOCTHXKCHHSI YPOBHS KauecCTBa JIyYIIMX MHPOBBIX 00pa3IOB, BHICOKOI'O KauyecTBa
M300pakeHUsT — HemajJeHusi KoHTpacTta Ha Oonee yeM Ha 30 % OT pacdy€THOro 3HAYEHUs, HEOOXOIUMBI
TIIATEIbHOE U3TOTOBJICHHE U KOHTPOJIh KAK MEXaHUYCCKUX U ONTHUYECKUX JCTAJICH, TaK U y3JI0B COOPOUHBIX
CIMHUIL U3JICITUH, TEXHOJIOTHYECKOTro Mporiecca COOPKH U FOCTUPOBKH.

OrnucaHbl CTEHI0BOE 000pYI0BAaHUE U METOJUKH UCIBITAHHH, TIO3BOJIMBIINE CYIIECTBEHHO MOBBICUTH
YPOBEHb CEPUIHON MPOAYKIMH, a TaKKe IPEACTaBICHHBI HEKOTOPBbIE XapaKTCPUCTHUKU IMPHUIICIIOB
GS3-12x50, GS3-24%x56, GS5-25%x56 «HTLI «JIDMT» benOMO».

KuaroueBble cjioBa: NMaHKPAaTHYECKWA TPHIIEN, YaCTOTHO-KOHTPACTHAsl XapaKTEPUCTHKA, pa3peraronias
CIOCOOHOCTbB, METOIUKA KOHTPOJISI, CTEHAOBOE 000PYAOBaHHE.
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Introduction

Progress in development of sniper weapons has
provided an increase both in the firing range and in
the stability of ballistic parameters [1]. Naturally
this puts forward increased requirements for optical
sights’ whose contribution to high-precision shoo-
ting is also important and critical. Existing models
of sniper sights presented by domestic manufactu-
rers do not allow firing comparable to the accuracy
shown by the weapon [2].

Shooting at long distances requires large opti-
cal magnifications which is accompanied by a pro-
portional decrease in the angular field of view. This
in turn complicates the task of finding and detec-
ting a target so the use of pankratic sights of variable
multiplicity has no alternative [3]. The latter factor
makes it relevant and expedient to simultaneously
increase not only the optical magnification, but also
the difference in the multiplicity of pancratic sys-
tems (sights). At the same time the task of ensuring
high image quality over the entire optical magnifica-
tion range becomes more complicated which impo-
ses strict requirements on the optical sight lens which
largely determines the quality of the optical image
and the pancratic node which must provide large
optical magnification differences as well as main-
taining and improving high optical image quality
over a wider range of optical and mechanical com-
ponents. In addition it should be borne in mind that
the previously mentioned increase in firing range is
achieved by increasing the caliber which is accom-
panied by an increase in mechanical loads on optical
parts and assemblies. This fact further complicates
the problems of developing and producing high-
quality sights [4].

Thus the creation of bench equipment both to
ensure a high-performance technological process of
assembling and adjusting optical sights, and to con-
trol the quality of finished sights is an urgent techni-
cal problem without which it is impossible to pro-
duce optical products of a high technical level suf-
ficient for the best sniper weapons.

The criteria for sights when working with bench
equipment, as well as measurement methods that
allow to master the production of optical sights of
variable multiplicities (Z4, Z5, Z8) with an increase
of up to 40 times which compete in terms of techni-
cal level with the best world samples are presented.

High-quality optical sights must have high op-
tical and mechanical characteristics: the maximum

resolution value, image contrast in the entire range
of the angular field of view of the sight lens both
at the values of the maximum resolution and at the
values of the resolution greater than the limit, high
transmittance of the optical system, immutability of
the position of the sighting element — mesh, during
and after mechanical action, as well as while wor-
king with the elements of the sight (zoom change
leash, alignment flywheels, parallactic adjust-
ment leash), smooth operation of mechanisms, no
jamming or slippage in their operation.

In connection with the above for an objective
assessment several evaluation criteria of these para-
meters should be set.

1. The maximum resolution of the sight — should
differ from the calculated ideal value by more than
30 %.

2. Contrast of the transmitted image on the
axis with a resolution behind the eyepiece of
1 shtr/mrad should be at least 0.4, at 1.5 shtr/mrad —
at least 0.25, at 2 shtr/mrad — 0.15.

3. Contrast value of the transmitted image at the
angle of the field of view of 6° should not differ from
the contrast of the transmitted image by more than
50 %.

4. Transmission of the optical system must be at
least 90 %.

5. Change in the position of the reticle after ex-
posure to shock and vibration loads, as well as when
working with movable elements of the sight should
not exceed 0.05-0.1 mrad.

6. Thermal stabilization of the optical system at
operating temperatures =50 °C.

7. Rotation torque of the magnification change
drive, parallax should not exceed 70 H-m.

Equipment and measurement methods

Control of basic optical and mechanical para-
meters guarantees high-quality production of a sight.
To carry out such control special equipment is re-
quired that allows measuring parameters with high
accuracy. The following equipment is used during
operation:

1. Universal stand for optical parameters’ measurind

The stand (Figure 1) allows measuring charac-
teristics: resolution, optical magnification, diopritic
detuning, contrast transfer function (CTF), trans-
mission of the optical system, vignetting, distortion,
size and removal of the exit pupil, angle of field of
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view, stability of the position of the sighting ele-
ment (when using a special seat). Use of high-reso-
lution video cameras and special software minimizes
operator errors that will subsequently affect the final
measurement result and also significantly reduces
time of changes and the complexity of the process
itself which is especially important in mass produc-
tion.

Computer Video camera

Collimator

Target

Illuminator

Riflesight

Mounting

Rotary
place

platform

Figure 1 — Universal optical parameter control stand

One of the most important optical parameters
that determine the image quality is the CTF. This
parameter is more general characterizing the quality
of the optical image because it shows a change in
the resolution of the image transmitted by the sight
depending on the decrease in contrast of the object
under consideration at different angles of passage of
optical rays [5].

Of course it should be taken into account that
quality of the optical image directly depends on the
accuracy of the manufacture of optical parts (the de-
centricity of the manufacture of optical elements,
N — permissible sphericity and AN —the tolerance
field of the surface shape — an interference ring or
strip), as well as the accuracy of the installation of
optical elements (the decentricity and inclination of
the optical axis of the part relative to the axis of the
optical system) [5]. Moreover depending on the fea-
tures of the optical system, the values of these para-
meters can have a different effect on the image qua-
lity. At the same time in order to obtain a high-qua-
lity optical system and, accordingly, a device with
high output characteristics, such methods should be
selected that would contribute to the manufacturabi-
lity of the device [6, 7].

Figure 2 shows the obtained graphs of the CTF
for an optical sight of variable multiplicity with dif-
ferent sphericity and the tolerance field of the surface
shape.

—— N=0.5, AN=0.1
—— N=1, AN=03
0.8 N=3, AN=03
N=3, AN=0.7
206+
E
=
S04+
02 -
or ; ; , ; : ; :
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Figure 2 — Graphs of frequency-contrast characteristics
with different surface manufacturing quality using the
example of the GS5-25x56M1 sight

As can be seen from the graphs, the greatest
contribution to improving the image quality is made
by the parameter of the tolerance field of the surface
shape — AN. In this regard, in the manufacture of op-
tical elements, it is important that this parameter has
a minimum deviation from the nominal value. There-
fore the control of the tolerance field of the surface
shape of optical elements is a particularly important
part of the control of the parameters of parts and
components of the sight.

2. Climate test chamber

Conducting climatic tests in the chamber (Fi-
gure 3a) implies that in addition to the already stan-
dard control of the mechanical parts of the device,
such as the maximum resolution, the parallax of the
sighting grid, the operation of the backlight, the re-
moval of the aiming line, the quality and purity of
coatings, it is necessary to check the sight for the
thermal stability of the optical system. Stability of
the parameters of the optical system in the operating
temperature range is carried out at the stage of opti-
cal calculation of the sight by selecting glass grades
that allow to exclude or compensate for image defo-
cusing.

Optical sights with a thermocompensated opti-
cal system will provide a high-quality optical image
and allow you to work with the sight in a larger range
of temperature differences.

3. Stands for mechanical tests

Stands for mechanical tests include two types of
stands — a stand of vibration loads (Figure 3b) and a
stand of horizontal shock loads (Figure 3¢).

On these stands preservation of mechani-
cal and optical parameters is checked, such as
the removal of the aiming line, the functioning
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of electronic components, the rotation of the device
elements after exposure to mechanical loads simula-
ting a shot impact and vibration during operation or
transportation of the sight.

Vibration load stand allows you to simulate the
conditions that arise when the sight is exposed to
various kinds of vibrations that will appear during
operation, and check the stability of parts, assem-
blies and their connections for resistance to this kind
of loads. The presence of a special device for fixing
the device allows moving vibrate along the axes for
the most accurate simulation of the processes that
occur during operation.

Shock loading stand allows creating conditions
that arise when firing weapons of various capacities,
and check the sight for strength to shock loads. To
accurately recreate the conditions that occur when a
shot is fired the stand must strike in a horizontal di-
rection, simultaneously along the optical axis of the
device.

4. Leakproofness control chamber

Control chamber which provides an adjus-table
level of additional pressure, allows simulating the
immersion of the sight in water to a depth of up to
30 m, which allows you to guarantee the tightness
of the tested devices under hydrostatic pressure

conditions. After this test the sight is subjected to
dust protection and sprinkling tests.

This test confirms the full functioning and
operability of the sight after exposure to high exter-
nal pressure which corresponds to the IPX8.

5. Moisture protection class. Dust chamber

Dust protection test chamber of the devices is
used to simulate natural weather conditions that occur
during a dust storm in which the dust concentration
in the chamber is 2 g/m’, but not less than 0.1 % of
the useful volume, with an ambient temperature of
50 °C, or to simulate rain conditions.

These tests make it possible to guarantee the
operation of the sight after exposure to dust and the
compliance of the sight with the IP6X dust protec-
tion class.

6. Torsiometer

One of the most important parameters of the
sight, like any other equipment affecting the subjec-
tive assessment of the quality of the device is the
softness and smoothness of the rotation of the sight
elements, the absence of slippage during rotation.
This parameter can be checked on a special torsio-
meter (Figure 3/') with attachments adapted for each
model of the sight.

f

Figure 3 — Bench equipment used for the study of optical sights: a — climate test chamber; b — vibration test stand;
¢ — horizontal shock load stand; d — immersion test chamber; e — dust chamber; f— torsiometer
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The leash of the magnification change, parallac-
tic detuning should not rotate spontaneously while
working with the sight, however, for comfortable
operation of the operator, the rotation moment of
these elements for their diameter should not exceed
70 H'm.

The main parameters of sights

The main parameters of the sights created and
serially mastered at the STC “LEMT”, which are
successfully exported including highly developed
countries are shown in Table vignetting and CHKX
graphs for maximum and minimum magnifications
are shown in Figures 4, 5 and 6, respectively.

Table

Test parameters

Type of control and testing

GS3-12x50  GS5-25x56M1

GS3-24x56  GS1-8x24  GS1-8x24FFP

Magnification 3-12 5-25 3-24 1-8 1-8
Control of critical lens N=3 N=2 N=3 N=5 N=5
surfaces AN=0.3 AN=10.3 AN=10.3 AN=10.5 AN=0.5
450 g 600 g 450 g 450 g 450 g
Shock loads 1-2 ms 1-2 ms 1-2 ms 1-2 ms 1-2 ms
L 4¢ 20-80 Hz
Vibration loads 4g 25Hz
Withdrawal of the aiming line 0.1 mrad 0.05 mrad 0.1 mrad 0.1 mrad 0.1 mrad
Transmition Not less 85-90 %
. . 6.3° 3.1° 6.6° 20° 20°
Field of view 1.95° 0.85° 0.85° 2.7° 2.7°
Exit 1 di ¢ 10 mm 10 mm 9 mm 9.5 mm 9.5 mm
Xit puptl diameter 3 mm 2.1 mm 2.3 mm 3 mm 3 mm
Thermal loads -40 °C —+50 °C
Dust and moisture protection P68 P68 P67 P67 P68
Rotation force of the elements 70 N'm
Alignment flywheel pitch 0.1 mrad
100 17 e GS5-25%56
90 L 09+ —o— (3S3-24%56
- - —o- (S3-12%50
0.7 )
270 |
= 60 | 5 06
07 § 0.4 s
S 03
s —o— (85-25%56
E30 1 o Gs3-24x56 02
20 L GS3-12x50 0.1t
. . . . . . . ; ! . . . 0 L . L . . i i
01 2 3 4 5 6 7 8 9 10 11 12 0 0.5 1 15 2 25 3 35
Angle, deg Resolution, line/mm
Figure 4 — Vignetting graph of GS3-24x56, GS5-25x56,  Figure 5—Plot of the GS3-12x50, GS3-24x%56,

GS3-12%50 sights at maximum magnification

GS5-25%56 scopes at maximum magnification
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Figure 6 — Plot of the GS3-12x50, GS3-24x56,

GS5-25%56 scopes at minimum magnification

Technological aspects of creating modern-level
sights are due to the optimization of the manufac-
ture of optical and mechanical parts, the assembly
and alignment process, as well as quality control.
At the same time the manufacturability and design
of the sight is carried out taking into account the
available equipment for processing and monitoring
parts assemblies and the entire sight as a whole [8].
A special role is given to the choice of the method
of fastening parts, optimizing the mechanical pro-
cesses of applying both optical and mechanical coa-
tings as well as ensuring the purity of the field of
view and the absence of scree on all optical elements
of the device. However the issue of high image qua-
lity of optical sights is solved not only by correc-
ting the decentering and inclination of the optical
elements relative to the common optical axis, but
also by using high-quality glass, high precision pro-
cessing of optical elements, matching the position
of the optical elements of the pancratic system with
the calculated magnification changes and the quality
of the antireflection coatings of the optical surfaces
of the sight [9].

Conclusion

High optical quality (an optical system can be
considered of higher quality if the contrast at the sa-
me magnification of the optical system at the same
resolution value is higher than the one being com-
pared however for simple distinction the od should
not be less than 0.2) can be manufactured only if
the manufacturing processes are followed by care-
ful element-by-element and operational control their
parameters. Mechanical quality of the device (the
absence of jamming during the rotation of the sight
elements, as well as sufficient force for rotation —

70 H-m) important also. It is necessary to guarantee
the preservation of these parameters at large tempe-
rature differences of the external environment — from
minus 40 °C to plus 60 °C, high mechanical loads —
impacts with acceleration 350-500 g which corre-
sponds to acceleration 3432.3-4905.3 m/s*.
Compliance with these requirements allows us
to withstand all the tests imposed by the modern level
of development of small arms and in some cases ex-
ceed the requirements for some fundamental parame-
ters for small arms — accuracy of firing (0.2 angular
minutes), immutability of the position of the aiming
element — grid, stability in a wide range of tempera-
tures which allows us to compete with the world’s
leading models produced by famous manufacturers.
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Abstract

The work purpose is the development of BSUIM-1 and BSUIM-2 complexes for training specialists in
the aerospace industry with the used engineering test beds and experimental facilities.

Two sets of nanosatellite engineering models and ground stations had developed. They allow testing
hardware and software of the onboard equipment and payload, simulating operation modes, and flight pro-
grams, and enable students to gain practical skills in working with ultra-small satellites. The complexes
include ground stations, 2 ultra-small satellite simulators, BSUSAT-1 low-orbit nanosatellite, remote ac-
cess laboratory, local and external servers for data storage. The complexes' website and database allow for
full-time and remote training. The experience gained in conducting experiments, processing telemetry, and
structuring information in the database is used for further development. All the developed equipment is made
based on commercial off-the-shelf elements. It has reduced development costs, flexible equipment reconfigu-
ration, and easier access to the simulator's internal architecture for demonstration purposes.

The developed complexes allow students to practically study the ultra-small satellite components de-
sign and ground stations, methods for receiving and processing telemetry and scientific information, attitude
determination and control algorithms. The complexes allow to conduct of research in the development of
individual onboard systems and special-purpose equipment of the nanosatellite and their testing in the loop.

The results obtained are introduced into the educational process and are used in lectures and labora-
tory classes for aerospace specialties students. The developed complexes make it possible to carry out term
papers, theses, and master’s works related to the design of hardware and software for nanosatellites and a
ground station, the setting up of space experiments, the development of new algorithms and a flight program
for ultra-small satellites.
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Pa3pa0oTka HHKEHEPHBIX Mo/1ejIeid HAHOCITYTHUKOB
JIs 00y4YeHu s

B.E. EBunk, A.A. CnupuaoHos, /I.B. Ymakos, B.C. bapanosa, U.A. lllanatonun,
B.A. CaeunukoB

benopycckuii cocyoapcmeennwlil ynusepcumenn,
np-m Hezasucumocmu, 4, o. Munck 220030, benapycw

Hocmynuna 27.04.2022
IHpunama k newamu 06.09.2022

Lenbio paboThl ABIsUIACH Pa3pabOTKa KOMILIEKCOB Ul TIOATOTOBKH CIELUAIUCTOB a3POKOCMHUYECKUX
CHELUAIBHOCTEH HA OCHOBE MPAKTUYECKUX TPEHAKEPOB U 3KCIIEPUMEHTAIBHBIX YCTaHOBOK.

PazpaOoranbl 1Ba KOMIUIEKCA HHKEHEPHBIX MOAEIICH-UMUTATOPOB HAHOCITY THUKOB ¥ HA3EMHbIC CTAaHLIUU
npuéma, KOTOpble MO3BOJIAIOT IPOBOAUTE OTPAOOTKY 000PYIOBaHMS U IPOTPAMMHOT0 obecreueHus 60pTo-
BOM armapaTypbl U M0JIE3HON Harpy3Ku, HMHTALMIO PEKUMOB padOThI, IPOrPaMMBbI MOJETA, AAIOT BO3MOXK-
HOCTb CTYACHTaM IOJIy4aTb NPAKTHUYECKHE HABBIKM PAOOTHI CO CBEPXMaJbIMM KOCMHUYECKHMMHM armapara-
Mu. KoMIuIeKkchl BKIIOUAIOT B ce0sl: Ha3eMHbIe CTaHLIUK NpUEMa, 2 HMUTATOPa CBEPXMaJIbIX KOCMHUUYECKHX
anmnaparoB, HU3KoopOuTanbHbId ciyTHUK BSUSAT-1, naGoparopuio yaanéHHOro HOCTyMa, JOKAJIbHBIM U
BHEILHUH cepBepbl Ul cOopa U XpaHeHHs JaHHbIX. COOCTBEHHBIN BeO-CaliT KOMIUIEKCOB M 0a3a JaHHBIX
MO3BOJIIET 00ECIEUNTDh KaK OYHOE, TaK U yIaIEHHOE IIPOBEICHHE J1a00paTOPHbIX padoT. [loryueHHbIi OnbIT
B IIPOBEJICHUH SKCIIEPUMEHTOB, 00padOTKU TEIEMETPUH U CTPYKTYpUPOBaHHAs B 0a3e JaHHBIX HH(OpManus
UCTIOJIB3YeTCs Ul AajbHEHIInX pa3zpadoTok. Beé paspaboranHoe 000pyJOBaHME BBIIOJHEHO Ha OCHOBE
JOCTYITHOM 3JIEMEHTHOH 0a3bl. DTO MO3BOJIMIIO CHU3UTh CTOMMOCTH Pa3paboTKH, T’MOKO peKOH(UTrypupo-
BaTh 000pYyI0BaHUE U OOJETYUTH TOCTYI K BHYTPEHHEH apXUTEKType TPEHAXKEPOB IJIsl IEMOHCTPALIKH.

PazpabGoranHble KOMIUIEKCHI MO3BOJISIIOT CTYACHTaM MPAKTUYECKU M3ydyaTh YCTPOHCTBO CBEPXMAJbIX
KOCMHUYECKHX alllapaToB M HA3eMHBIX CTaHUWN npuéma, METoAbl NpuéMa U oOpadOTKU TEIEMETPHH U
HaYYHOM MH(OPMALMM, aJrOPUTMbI ONpPENEJICHHUsI MOJOXKEHUS W YIpPaBICHUS CIlyTHUKOM. Komruiekce
MO3BOJIMJIM MIPOBOJMTH MCCICAOBAaHUS B 00JacTH pa3padOTKH OTIEJIBHBIX OOPTOBBIX CHUCTEM M LIEJICBON
anmaparypbl HAHOCITyTHUKA M TIOCIIEAYIOMIEr0 UX TECTUPOBAHMUSL.

[lonmy4yeHnnsle pe3ysbTaTbl BHEAPEHbI B yYEOHBIH MPOLIECC W MCIOJIB3YIOTCS MPHU YTCHUM JICKIMHA U
MPOBEICHUH JIAOOPATOPHBIX 3aHATHH ISl CTYJICHTOB a3pPOKOCMHUYECKHX clieluaibHocTell. PazpaboTanneie
KOMIUJICKCHI T103BOJISIIOT  BBIIIOJHITH KypCOBBIC, IUILUIOMHBIE W Marucrepckue palOoThl, CBsI3aHHBIC
C MPOEKTHUPOBAHUEM IPOTPAMMHO-ANIAPATHBIX CPEICTB HAHOCITYTHUKOB M HA3€MHOM CTaHLUH, TTOCTAHOB-
KO KOCMHMYECKMX OJKCIIEPUMEHTOB, pPa3paOOTKOW HOBBIX AITOPUTMOB M MNPOTrpaMMBbl MOJETA CBEPX-
MaJIOr0 KOCMHUYECKOTr0 anmapara.

KaroueBbie cioBa: HanocnyTHuk, Cubesat, Ha3eMHBI KOMIUICKC YIIpaBJICHUs, OOydeHue, OOPTOBBIC
CUCTEMBI.
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Introduction

There are currently dozens of leading manu-
facturing companies that provide both off-the-
shelf onboard systems for CubeSats [1, 2], Cube-
Sat simulators [3, 4], and complete satellites. It
is common practice for developers to create their
modules based on commercial off-the-shelf ele-
ments. This method provides the most effective
compliance with the technical and operational re-
quirements of the CubeSats. To confirm the per-
formance and specified technical characteristics
of the developed equipment or onboard system, it
is necessary to conduct preliminary testing [5-7].
Comprehensive tests are performed in the joint op-
eration of onboard systems and the ground control
complex.

There are many engineering debugging models
of nanosatellites [8—9]. For example, the Pumpkin
CubeSat debug kit of the American company Pump-
kin Ink [10] has a control system, data acquisition
and processing, a communication system, and an ex-
pansion board with RS-232, USB PCI/ISA interfaces
for the payload. But in the tested set, there are no
attitude determination and control system (ADCS)
and full-fledged power supply system. It does not
allow comprehensive testing of all satellite systems
in various operating modes. Also, this complex lacks
additional interfaces, such as 12C, SPI, CAN, and
RS-422/485, widely used in satellites. Another dis-
advantage of this kit is the lack of redundant systems.
All this reduces the reliability of equipment testing.

The EyasSat nanosatellite engineering educa-
tional model [11] serves as a full-fledged demon-
stration model. It allows for conducting laboratory
classes in the process of specialist training and
retraining in the aerospace industry. This model
can be used in the control algorithms of the deve-
lopment and educational programming of attitude
dermination and control systems [12]. However,
it is impossible to test the engineering model’s
components and the onboard system in various op-
eration modes. But the main EyasSat engineering
model disadvantage is the onboard systems redun-
dancy lack.

This paper describes the technical features and
capabilities of 2 practical and affordable test bed
nanosatellite simulators — BSUIM-1 and BSUIM-2.
The development and implementation were rea-
lized at the Faculty of Radiophysics and Computer
Technologies Belarusian State University supported

by the scientific research Republic of Belarus State
programs “High-tech technologies and equipment”
“Digital and space technologies, human, society and
state security”. The nanosatellite simulator’s struc-
tural and hardware components are also considered
as the education courses part.

BSUIM-1 on-board systems

First, the test bed BSUIM-1 is considered. This
complex includes following software and hardware
elements: remote control system (RCS); engineering
nanosatellite model — nanosatellite simulator; soft-
ware and information center for the development of
onboard equipment; laboratory workshop “On-board
systems and nano- and pico-satellites ground sys-
tem”.

The engineering model schematic diagram
shows in Figure 1. The nanosatellite engineering
model has a non-hermetic design, a vertical layout
and consists of modules that simulate the operation
of the basic onboard systems: onboard computer;
communication system; electric power system;
ADCS; interfaces module; payload. The primary
purpose of this engineering model is to provide full-
loop nanosatellite designing, onboard systems and
payload verification in operation mode, conducting
experiments on testing the equipment of the ground
control center. It suggests use for practical education
aerospace specialists.

The main engineering model onboard sys-
tems — the control system (onboard computer) and
the communication module have been duplicated
to ensure reliability. The remote control feature of
onboard systems provides: power on/off, software
operating modes switching depending on the on-
board systems state; independent subsystems con-
trolled by user commands. The control channels of
the nanosatellite technical model have been dupli-
cated using the main onboard computer (based on
the industrial computer CM-720) and the backup
computer (based on the STM32F429 microcon-
troller). Channels for receiving commands and
transmitting telemetry to the ground station had
implemented using two identical transceiver mo-
dels TE-CC430F51-433 and an additional GSM
modem. The nanosatellite engineering model has
a primary MNP-M7 GPS receiver and a backup
uBlox neo6-M GPS module to improve the accu-
racy of time stamps during testing.
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Figure 1 — The BSUIM-1 systems flowchart

Ground station of BSUIM-1

The remote control system (RCS) is a ground
station for control and reception. It can receive te-
lemetry and special-purpose information from the
orbited ultra-small satellite. It also makes it pos-
sible to simulate the operation of the ground satel-
lite control in co-verification with the BSUIM-1
nanosatellite simulator. The remote control system
allows to generate and transmit control commands
to the BSUIM-1 nanosatellite simulator, receive,
process, and display response data packets on the
control commands execution, telemetry, and payload
information. It also makes it possible to config of an
operating model of the satellite onboard equipment
or the tested equipment on the simulator as a part of
modeling routine work with the satellite.

The RCS includes software and hardware for
working with orbited ultra-small satellites: trans-
ceiver 1C-9100; antenna-feeder devices of the com-
mand-telemetry radio link; power amplifiers; mo-
dems; control computer with software; uninterrupted
power supply; and a mobile module of the remote
control system for testing on-board systems and pay-
loads with the BSUIM-1 nanosatellite simulator in
the loop.

Data Bus PC/104+ (PCI/ISA)

Power Bus PC/104+ (PCI/ISA

Interface
L. _Module |

The equipment of the RCS mobile module is
duplicated to ensure reliability. The channels of
the BSUIM-1 nanosatellite simulator for receiving
telemetry and control duplicates by the main and
backup mobile modules of the RCS. Also, in each of
the RCS mobile modules, two transceivers based on
the CC430 radio module (main and backup) are used.
The remote control system features a user-friendly
graphical interface for displaying command and te-
lemetry information, voicing the main parameters
of the simulator, transferring and storing data on the
local and remote servers of the BSUIM-1 nanosatel-
lite simulator [13] www.satellite.by.

For convenient operation, the special graphical
user interface of the remote control system was de-
veloped [14]. It consists of two main panels — the
Control Panel and the Telemetric Information Dis-
play Panel. The control panel allows flexible control
of the onboard systems and payload of the BSUIM-1
nanosatellite simulator both using a large set of
ready-made commands and commands developed
by users. The telemetry panel displays raw telemetry
packets in JSON format and structured (decoded) te-
lemetry for onboard systems and the payload of the
BSUIM-1 nanosatellite simulator. Each system has
separate tabs with decoded information.
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BSUIM-2 on-board systems

The second BSUIM-2 test bed complex in-
cludes:

— laboratory test bed simulating the onboard
systems operation of an ultra-small satellite (onboard
computer, attitude determination and control sys-
tem, communication system, electric power system
and payload) and ground control station;

— telemetry database of orbited ultra-small sa-
tellites and software for primary and secondary tele-
metry processing;

—hardware of remote access laboratory for
simulator control, data transmission and data

ST

BSUIM-2

engineering model engineering model

AX.25

'

Transceiver

SDR
system

p.

BSU laboratory

processing based on packet and web servers, trans-
ceivers and antenna-feeder systems;

— remote access laboratory website;

—a set of educational and methodological
materials for training specialists in the areas of
“Ground stations” and “Spacecrafts”.

The second test bed allows to include in the
architecture of the remote access laboratory,
shown in Figure 2, a nanosatellite simulator ma-
de in the Cubesat 2U standard, the first test
bed BSUIM-1 with a nanosatellite simulator and
BSU’s low-orbit nanosatellite “CubeBel-1" for
training [15].

BSU network

N —

Satellite.by

e Description of the object of observation and control

Additional
commands
for data
processing

Description
of telemetry

Description
of commands

.

Figure 2 — Remote access laboratory architecture

The hardware part of the BSUIM-2 nanosatellite
simulator systems is shown in Figure 3. It is made
on a non-radioresistant element base and includes all
the main onboard systems of an operated ultra-small
satellite:

—two onboard computers based on STM32
ARM microcontrollers (main and backup);

—two onboard communication modules (main
and backup) based on Si4463 transceivers and anten-
nas;

— attitude determination and control sys-
tem [16] based on: navigation module Laco-
sys MC1620; accelerometers and gyrosco-
pes [17] (MPU-9250 and MPU-6050), pressure
and temperature sensors (BMP280); magneto-
meters [18-20] (MAG3110 and MPU-9250);
component parts of the stabilization system (elec-
tromagnetic coils);

— electric power system based on: rechargeable
batteries; power regulators; solar cells.
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Figure 3 — The BSUIM-2 systems flowchart

Systems that simulate the operation of the
ultra-small satellite onboard systems perform
the following functions: power supply of on-
board systems in all modes of operation; forma-
tion of regulated voltages 3.3V, 5V, 12 V; control
of systems performance; systems configuration;
packets formation for transmitting information over
a radio channel; time binding of commands and pa-
rameters to onboard time; exchange of information
with onboard systems via I2C, SPI, USB, CAN inter-
faces, through analog and digital input/output ports.

Ground station of BSUIM-2

Nanosatellite simulators have a core commu-
nication system for receiving commands and trans-
mitting telemetry. Moreover, the provided backup
system can replace the main one in a crash case.
The communication system sends the telemetry
data to the ground station in the form of nested as-
sociation lists in MsgPack format using the AX.25
protocol [21]. The communication systems for each

nanosatellite simulator have the same call sign but
different SSIDs. Ground station transceivers are
based on MSP430 microcontrollers [22] with KISS
protocol control [23]. Commands for nanosatel-
lite simulators are also association lists. The stack
method uses to send them. Reception of telemetry
from the orbited satellite CubeBel-1 provides by the
SDR system [24]. It uses the existing UZ7HO sound
modem software. It supports receiving packets using
the KISS protocol over TCP/IP.

To support many different protocols for interac-
tion with various orbited satellites (including those
with one-way communication), the concept of a stack
is introduced. The stack includes a set of protocols
at different levels of interaction, similar to the OSI
model [25]. For each stack variant specified by the con-
figuration, a separated software component is launched
that provides interaction with the satellites through the
specified stack on the one hand with the package server
core in a standard format on the other. Every protocol
implementation on the stack can be reused. This allows
multiple satellites to be supported at minimal cost.
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On the other hand, the batch server interacts
with a number of different clients using different
APIs. Some of them are defined as a single client
(separate web server of a laboratory or collaborating
university, local admin GUI). For some, only data
transfer is used (for example, for Satellite.by). To
support such a variety of clients, special modules are
used that extend the Packet Server API and provide
telemetry distribution tools (both for a specific client
and for all clients at once).

The discussion of the results

Engineering model test beds (simulators of na-
nosatellites) for teaching students the basics of wor-
king with ultra-small satellites are considered. The
possibility of checking the operating modes, flight
program, hardware, and software of the onboard
equipment and payload is described. The advantage
of the developed complexes is the principle of modu-
larity. It allows for the addition or changes onboard
modules and payloads of simulators for debugging
and testing the simulator/satellite firmware wit-
hout creating a new expensive engineering model.
The second advantage is the ability to study various
algorithms and programs for the simulator opera-
tion (onboard systems and the payload) in various
modes typical for a real flight [26]. Moreover, the
flexible software of the simulator and the ground sta-
tion provides the possibility of modifying.

The core function of the complexes is to train
new specialists for further work with operated satel-
lites and ground stations. Thanks to the complex, it
is possible to train specialists in several areas: satel-
lite design; design of special-purpose and scientific
equipment; satellite onboard systems design; deve-
lopment of ground stations; design and conduct of
scientific experiments [27]; receiving and processing
telemetry; dynamics, ballistics, satellite motion con-
trol; navigation and orientation devices [28].

In addition to studying nanosatellites, the com-
plex allows students to gain practical skills in wor-
king with ground stations: study their structure, soft-
ware and hardware and remote control methods [29].
It also allows students to learn the basics of recei-
ving, transmitting, modulating, encoding and en-
crypting data. The developed complexes make it
possible to study various configurations of ground
stations. So, for example, with the help of an ama-
teur radio RTL-SDR, you can assemble additional
radio receiving stations for working with simula-
tors [30].

Conclusion

The developed complexes make it possible to
carry out term papers, graduate works and master’s
thesis related to the design of hardware and software
for nanosatellites and a ground station, the setting up
of space experiments, the development of new algo-
rithms and the flight program of an ultra-small satellite.

The results obtained are introduced into the edu-
cational process and are used in lectures and labo-
ratory classes for students of aerospace specialties
of BSU.
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Abstract

Reduction of the systematic error when determining the characteristics of the reference X-ray radiation
fields is an essential task according to the ISO 4037-1:2019 standard. This task is especially important in
dosimetry laboratories when establishing the qualities of reference photon fields. The aim of the study was
to develop a method that allows taking into account the contribution of radiation scattered on the filter when
determining the half-value layer of the photon field generated by the X-ray unit. Another goal was to reduce
the computational cost of determining this contribution.

One of the major contributors to the systematic error in measuring the half-value layer is the radia-
tion scattered on the filter material. The standard recommends that this error should be taken into account
in the measurement. But it does not provide any methodology that would do this.

The study investigated the possibility of reducing the contribution of scattered radiation to the ionization
chamber readings when assessing the radiation quality of the X-ray unit by the means of half-value layer.
The study utilized the (N, H, L) quality series as reference fields according to ISO 4037-1:2019.

Contribution of the scattered radiation to the half-value layer was compensated with the correction co-
efficients; they were calculated with the FLUKA Monte Carlo software according to the zero-aperture ap-
proximation method. Unlike other similar methods, the proposed approach employs kinetic energy released
to matter (kerma), to air in this case, as the main value, which, when utilized instead of deposited energy,
reduces the program’s runtime several fold.

Correctness of the results obtained in this work was verified by comparing the calculated values
of the half-value layer with the tabulated ones provided in the ISO 4037-1:2019 standard. The deviation
of calculated values from those specified in the standard does not exceed 2 %.

Calculation results showed that the error contributed by scattered radiation to the magnitude of the half-
value layer in direct measurements does not exceed 5 %. The use of the air kerma allowed us to signifi-
cantly reduce the time for calculating the correction coefficients by the factor of 6-16 times with respect
to other methods, depending on the radiation quality series. This made it possible to calculate correction
factors for the source-detector distance equal to 2.5 meters.

Keywords: Monte Carlo method, X-ray apparatus, scattered radiation.
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Koppexkuus Bkjaga paccesHHOro GOTOHHOTO M3JIyYeHH s
B MOKA3aHMUsI MOHU3AIIMOHHOI KaMepbl NIPHU OlleHKe Ka4yecTBa
PEHTIeHOBCKOT0 M3JIy4YeHM s
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'VIT «ATOMTEX»,
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Hpunama k neuamu 23.09.2022

YMeHbIlIeHne CUCTEMATUYECKOH MOTPEIIHOCTH MPU ONPEJEIEHUN XapaKTePUCTUK 3TAJOHHBIX MOJeH
PEHTIE€HOBCKOr0 MU3JIy4YEeHUs B COOTBETCTBUU cO cTangaptoM ISO 4037-1:2019 siBnsieTcst akTyanbHOU 3a1a-
Yeil Ipy yCTaHOBJICHUH KAa4eCTB M3IYUEHHUS B JO3UMETPHUECKUX jabopaTopusx. Llemapio paboTsl sSBisiIach
pa3paboTKa METO/1a, MO3BOJISIFOLIETO YYeCTh BKJIAA U3TyUEHHsI, PACCESHHOTO Ha PUIIBTPE, IPH ONPEIeIICHIN
CJI051 TIOJIOBHHHOTO OCJTa0JIeHHs TI0J1s1 (JOTOHHOTO U3IYUYCHHS, TEHEPHPYEMOTO PEHTT€HOBCKOW YCTaHOBKOM,
a TaK)ke yMEHBIIUTD 3aTPaThl Ha OTPEIETICHIE ITOT0 BKIIA/1A.

OnHUM U3 OCHOBHBIX (DaKTOPOB, KOTOPBIH BHOCHT CHCTEMATHUYECKYIO MOTPEHIHOCTh MPU M3MEPEHUH
CJI0S TIOJIOBUHHOTO OCTIabNeHMsI, SIBISIETCS U3TyYeHHe, pacCestHHOe Ha Marepuane puinbtpa. CTaHmapT peko-
MEHAYeT y4€T 3TON MOTPEIIHOCTH MPH MPOBEACHUN U3MEPEHHH, OJJHAKO HE COJAEPKUT METOIHUKHU, KOTOpas
MO3BOJIMIIA OBI 3TO C/AENATh.

B pabore nccnenoBanack BO3SMOKHOCTh YMEHBIIIEHHSI BKJIa/1a PACCESTHHOTO M3TyYeHHs B OTKJIMK HOHU3a-
[IMOHHOW KaMephbl MPH OIIEHKE XapaKTePUCTHK IT0JIeH U3TyueHHs PEHTT€HOBCKOW YCTAaHOBKHU C TIOMOIIBIO M3~
MEpEHHs CII0EB MOJIOBUHHOTO ocnadyeHus st N-cepun, L-cepun U H-cepun KauyecTB peHTI€HOBCKOTO U3ITY-
geHus cormacHo ctaamapty [SO 4037-1:2019. KomnieHcanwst BK1aaa pacCesTHHOTO W3TYUCHHS B PE3YIbTaThI
W3MEpPEHUH MPOU3BOIIIIACE Ty TEM MPUMEHEHHSI KOPPEKTHPYIoMHX KoddduipenToB. Pacuér koadduimenTon
MIPOU3BOIMIICS METOIOM HYJIEBOH anepTypsl, peaan3oBanHsIM B MonTe-Kapiio nporpamme FLUKA. OcHoB-
HBIM OTJIMYMEM METOJa, MPEATI0KEHHOTO B TaHHOHW paldoTe, SBISIETCS] BHIOOP BO3ILYILIHOM KEPMBI B KAUECTBE
pacuYETHOM BETMUNHBI OTKIIMKA KOMIIBIOTEPHON MOIETTH HOHU3AITMOHHOM KaMephl Ha BO3CHCTBIE (POTOHHOTO
n3ydeHust. KoppekTHOCTh pe3ylbTaToB, MOMYYEeHHBIX B IAHHOW paboTe, MPpoBepsIIach COMOCTABICHUEM Pac-
YETHBIX 3HAYCHHI CIIOEB MOJIOBUHHOTO OCNa0IeH!sI ¢ TAOIMYHBIMU 3HAaUCHUSMU, IPUBEAEHHBIMU B CTAaHJApPTE
ISO 4037-1:2019. OTki0HEHHE pacYETHBHIX 3HAYCHUH OT YKa3aHHBIX B CTaHAApTE He MpeBbIIaeT 2 %.

YcTaHOBIIEHO, YTO MOTPEIIHOCTh, BHOCUMAsl PACCESIHHBIM M3JIy4€HHEM B BEJIMYUHY CJI0S TOJIOBUHHOTO
ocnabieHus PH MPSMBIX H3MEPEHUsX, He TpeBbimaeT 5 %. Mcmonbp30Banne BO3IYNTHONW KEPMBI TTO3BOJH-
JIO CYIIECTBEHHO COKPATHUTh BpeMs pacdéra Kod((OUIIMEHTOB KOPPEKINH (OTHOCUTEIHHO APYTHUX METOJIOB,
/i€ B Ka4eCTBE OTKJIMKA MOJEIN MOHU3AIMOHHON KaMephl UCIIONIb3YeTCs MOTIO0MEHHAs DHEprusl) B 6—16 pa3
B 3aBHCHMOCTH OT CEPHH KauecTBa M3IIy4ICeHUS. ITO MO3BOIWIO IIPOU3BECTH PACUET MOMPABOYHBIX KOAPHH-
IUEHTOB JJIS1 PACCTOSHUS UCTOYHUK—JETEKTOP, PABHOTO 2,5 M.
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Introduction

One of the main, integral characteristics used to
assess the quality of X-ray radiation with respect to
its penetration ability is the half-value layer (HVL).
This value represents the thickness of the attenuat-
ing material after which the initial intensity of X-ray
radiation is reduced by a half. In addition to the first
HVL (HVL1), the second HVL value (HVL2) gives
the thickness of the attenuating material which de-
creases the initial photon radiation intensity by the
total factor of 4. In other words, the initial X-ray in-
tensity is reduced by 4 through the material’s attenu-
ating layer of thickness HVL1 + HVL2.

The estimation procedure for both HVL1 and
HVL2 according to the ISO 4037-1:2019 [1] can be
described as follows:

— an ionization chamber (IC) is placed at a cho-
sen distance from the focal spot of the X-ray tube;

— an attenuation plate made of the specified ma-
terial (or the filter for short) is placed between the IC
and the X-ray tube’s focal spot;

—the operator can obtain the dependence
1=f(h), where [ is an IC response, and / is the fil-
ter’s thickness, with the latter being varied, thus also
obtaining the HVL1 and the HVL2 values from the
resulting /-curve.

Such approach to estimation of HVL values
has one minor flaw: the IC catches not only the
radiation attenuated by the photon absorption in
the filter but it also registers photons scattered by
the latter. The amount of scattered photon radia-
tion getting inside the IC depends on the size of the
transverse photon field in the area where the filter
i1s located; that causes over-estimation of the IC
response. As a consequence, the HVL1 and HVL2
values obtained by this method are also overes-
timated. The standard ISO 4037-1:2019 empha-
ses that this contribution should be mitigated for
a tube with the potential greater than 100 kV by
the means of extrapolation to infinitely small field
size, also known as the zero-aperture approxima-
tion method. Although the ISO standard stresses
the need for such extrapolation, it does not stipu-
late a method to perform that.

A set of correction factors would make the
zero-aperture approximation method possible for a
reduction of scattered radiation’s effect on HVLI
and HVL2 estimation. Implementing this by direct,
precise, empirical measurements is a rather cumber-
some procedure which would be time-consuming

and require a lot of iterations; therefore, replacement
of direct measurements with Monte Carlo mode-
ling has been proposed [2]. Although that approach
greatly simplifies acquisition of the correction fac-
tors, it also requires either a significant computer ca-
pability or a long processing time.

This paper proposes an improved version of the
method presented in [2]. Slight changes to the initial
algorithm can significantly reduce the time required
for the correction factors to be calculated; that, in
turn, makes it possible to implement the method on
conventional desktop computers.

The zero-aperture approximation method

The underlying assumption for this method pos-
tulates that the amount of scattered photon radiation
to penetrate the IC depends on the transverse photon
field size of the X-ray unit in the area of the filter,
which, in turn, implies that there is no scattered ra-
diation penetrating the IC in the case when the trans-
verse photon field size approaches zero.

The algorithm proposed for calculating of cor-
rection factors with Monte Carlo modeling proceeds
as follows:

— With the help of an appropriate simulation
package, FLUKA in this case, the user creates a
computer model which contains a source of the ini-
tial photon radiation, an IC, and a filter.

— The user determines the dependence /= f(h)
by varying the filter’s thickness for a given trans-
verse photon field size d (the transverse field size is
estimated as the transverse diameter of the field at a
given distance from the source). An IC response is
tentatively defined at this point as a given quantity
calculated by the Monte Carlo program; a more ri-
gorous definition is given in the relevant section later
in this paper.

— The user calculates HVL1 and HVL2 with the
dependence / = f{h) thus obtained.

— By matching thus obtained values of HVLI
and HVL2 with the transverse photon field size d,
the user determines h,;,,, = g(d,) and hy,;, = g(d,),
where 4y, is a HVL thickness for a given trans-
verse photon field size d. When d approaches zero,
the dependence £, = g(d) enables calculation of
the HVL thickness when scattered radiation at d = 0
is absent.

— The correction factor can be calculated as the
ratio of the HVL for a given field size to the HVL at

d=0: 0, = hyyra=o)/ Payiga =y
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Monte Carlo modeling

We used the FLUKA software [3, 4] (ver. 4.0.1)
as the environment for the Monte Carlo implemen-
tation of the zero-aperture approximation method.
The model (Figure 1) consists of two conical regions

Source Filter IC 1 meter

separated by a cylindrical copper filter placed at
50 cm from the source. At 1 m and 2.5 m from the
source, there are two cylindrical areas corresponding
to the active volume of the IC. The overall shape of
the model’s geometry makes it possible to cut off ra-
diation that cannot enter the active volume of the IC.

IC 2.5 metres

<’R(;MIN [

ROOMOUT

0l

Figure 1 — Graphical representation of the Monte Carlo model for the HVL calculation. IC 1 m and IC 2.5 m correspond
to the location of the active volume of the ionization chambers at a distance of 1 m and 2.5 m from the source (created

by using FLAIR program [5])

The source is a flat disc 5 mm in diameter,
which corresponds to the size of the actual focal
spot of the X-ray machine. The photon radiation
field has a conical shape with the source at its top.
For a given transverse photon field size d, the pro-
gram gradually increases the filter thickness and cal-
culates the IC value. One iteration of the program,
a set of calculations for a given field size, is divided
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NI A

Filter thickness, cm

=]
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SO
i

o
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into 50 steps. Each subsequent step increases the
filter thickness from 0 mm to 5 times the HVL in
mm (the initial value of the HVL is taken from the
ISO 4037-1:2019). One iteration yields the depen-
dence /=f(h), which is then approximated by a
cubic spline with packages NumPy and SciPy for
Python (Figure 2). The program changes the field
size d and repeats the sequence.

® Modelling
— Cubic Spline Interpolation

S
[

0.1 0.2 03 0.4

0.

5 0.6 0.7

Relative IC reading, A.U.

Figure 2 — The dependence of IC readings from filter thickness with cubic spline interpolation for one iteration.
The case for the N150 radiation quality at the distance of 1 m from the source to the IC is shown. The transverse size
of the field is 6 cm in diameter at the 50-cm distance from the source

Six iterations was performed for each radia-
tion quality with the following set of transverse
field diameters at the 50-cm distance from the
source: 6¢cm, 7cm, 8cm, 9cm, 10cm, 11 cm.
The intermediate result of one iteration is the set of
both HVL1 and HVL2 values for a given field size.

Having completed all six iterations, the program
draws the curve hy,,; =g(d) for each HVL1 and
HVL2. By making d approach zero, the program cal-
culates HVL(d = 0) and correction factors (Figure 3).
The procedure was applied to the N-series, the L-se-
ries, and the H-series [6] according to ISO 4037-1:2019.

183



Tpubopul u memoost usmepenuii
2022.-T. 13, Ne 3. - C.

A.A. Zaharadniuk et al.

Devices and Methods of Measurements
2022, vol. 13, no. 3, pp. 180-188
A.A. Zaharadniuk et al.

180-188

2.67
® HVIL2 Modelling | Reference point 4 = 10 cm
— HVL?2 Linear fitting ’__—_:__:_
-= HVL2 Modelling error B i
g BT e
iz.s— immmmmz=EEEEEe
g icmmmmmoEE T
g L .
o= ettt e ¢+ HVL1 Modelling
- -- HVL1 Linear fitting
E — HVL1 Modellingerror | __ _oz==== jzo=2=2"
2.4+ . -__‘:::: :::::: ———————
2.3 ;\ T T T T T T T T T T T T T T T T T T T T T T T T T T T T T

10 11

Field Diameter, cm

Figure 3 — The dependence of HVL thickness from transverse field diameter: in blue — calculation of VLI, in red —
calculation of HVL2. The figure shows the case for the N150 radiation quality. The distance between the source and
the IC is 1 meter. The transverse dimension of the photon radiation field is 6 cm at a distance of 50 cm from the source

The main improvement which makes increasing
the speed of the model’s simulations and calcula-
tions by several times possible is the choice of the
value for the IC response. The study in [2] has sug-
gested previously to use energy deposited inside the
active volume of the IC (the tally *F8 of the MCNP
program [7]); however, interaction of photon radia-
tion with air molecules is extremely rare due to the
fact that air has a very low density (0.0012 g/cm’
according to NIST). Therefore, to collect good
statistics and reduce the calculation error, it is neces-
sary for aMonte Carlo simulation to increase the num-
ber of primary particles N. This leads to a significant
increase of the program’s runtime because it linearly
depends on the number of primary particles, i. e.,
t ~ N [7], while calculation error has the dependence
err ~1/~/N.

Instead of using energy deposited inside the
active volume, one can use air kerma as the IC re-
sponse. That quantity has a simple relation with the
photon fluence [8]:

Kair = ZEi(pi (h] B
i p

i

(1

where ¢, is photon fluence, 1/em?; (&] is the mass

P Ji
energy-absorption coefficient, cm?/g; E,is the energy
of photons, MeV.

The main advantage of using air kerma is the
ability to use photon fluence instead of deposited

energy when calculating an IC response. With re-
spect to Monte Carlo modelling, the photon fluence
is calculated as the ratio of the sum of particle tracks
in a given region to the volume of this region. The
calculation error does not depend on the number of
interactions of photons with air inside the IC with
this approach. The modelling discrepancy becomes
inversely proportional to the number of photons
crossing the given IC volume, which, in turn, makes
it possible to reduce the number of simulated prima-
ry particles and, thus, the program’s runtime.

Results and discussion

The correction factors calculation was carried
out on a personal computer with the following con-
figuration: two Intel Xeon Gold 6138 processors,
the DDR4 SDRAM of 84 Gb, the SSD of 512 Gb.
Modelling results have been validated by compa-
ring the values for HVL at d =0 produced by the
program with tabulated values provided for HVL in
ISO 4037-1:2019. Table 1 shows the results of HVL
calculations at d = 0 using the IC response to depo-
sited energy (HVL,,) [2] and to air kerma (HVL,;, ).

Simulations were conducted for the source-IC
distance at 1 m in both cases. The HVL_, calculations
were performed for the number of initial particles at
6x10° for the L-series and at 16x10° for the H-se-
ries; the total modelling error for each quality did not
exceed 2 %. For the HVL , calculations, the number
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of initial particles was 1x10° for both L-series and  due to anomalously large statistics required to obtain
H-series with the total modelling error not excee- a satisfactory modelling error, i. e., a value equal to
ding 2 % again. This paper does not present the re- three standard deviations and expressed as a percen-
sults of comparing HVL , and HVL, for N-series tage of the calculated IC response.

Table 1
Comparison of HVL(d = 0) for radiation qualities in L-series and H-series (the source-IC distance is 1 m)

Quality IS}(I)I,/er:m HVLl,,mm HVL],, mm ISIL(])I,/Lnfm HVL2,, mm HVL2,, mm
L70 0.483 0.479 0.483 0.505 0.507 0.504
L100 1.22 1.214 1.214 1.25 1.245 1.25
L125 1.98 1.992 2.012 2.02 2.076 2.049
L170 34 3.404 3.417 3.46 3.497 3.476
L210 4.52 4.576 4.530 4.55 4.533 4.571
L240 5.19 5.224 5.226 5.22 5.274 5.217
H80 0.176 0.177 0.178 0.268 0.268 0.270
H100 0.294 0.293 0.295 0.462 0.463 0.463
H150 0.808 0.801 0.811 1.21 1.203 1.220
H200 1.54 1.536 1.554 2.28 2.286 2.303
H250 242 2.448 2.441 3.24 3.276 3.279
H300 3.22 3.200 3.254 4.00 3.976 4.042

Table 2 shows the correction factors for the to air kerma (HVL, ). The factors were calculated
aforementioned quality series produced from both for the transverse diameter of the photon field equal
the IC response to deposited energy (HVL,,) [2] and to 10 cm at the 50-cm distance from source.

Table 2

Comparison of correction factors for radiation qualities in L-series and H-series (the source-IC dis-
tance is 1 m; the reference transverse size of the field is 10 cm in diameter at the 50-cm distance from
the source)

Quality (Ho;/sil) (H(;/az 1 ?Z(;L(g) o (HVL2) (Holt}lzz) ((1;%/;
170 0.988 0.984 0.407 0.992 0.984 0813
L100 0.974 0.974 0.000 0.964 0.971 0.721
Li2s 0.957 0.967 1.034 0.985 0.965 2073
L170 0.955 0.962 0.728 0.967 0.96 0.729
L210 0.972 0.962 1.039 0.955 0.961 0.624
1.240 0.959 0.964 0.519 0.971 0.962 0.936
HE80 0.989 0.989 0.000 0.989 0.989 0.000
H100 0.983 0.987 0.405 0.989 0.983 0.610
H150 0.974 0.978 0.409 0.96 0.970 1.031
H200 0.961 0.971 1.030 0.958 0.962 0.416
H250 0.969 0.966 0311 0.962 0.963 0.104

H300 0.949 0.964 1.556 0.954 0.964 1.037
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From data Table 1 it can be concluded in that
both methods provide similar estimations for
HVL values with respect to the ones tabulated in
ISO 4037-1:2019 with the maximum deviation not
exceeding 2 % and the average deviation not exce-
eding 1 %. For the correction factors in Table 2, it
can be noted that the maximum contribution of scat-
tered radiation to the IC response does not exceed
5 %. Using air kerma as the IC reading makes it pos-
sible to reduce the calculation time by the factor of
6 for L-series and by the factor of 16 for H-series.

As an example, the total time necessary to calculate
HVL, values for H-series was approximately four
months, while HVL , calculation took approximately
one week. In both those cases, calculations were per-
formed on the same aforementioned PC.

Table 3 gives the final calculation results of
the HVL , and the o, quantities for the /, L, and N
series. Both HVL , and o, were calculated for the
source-IC distances of 1 m and of 2.5 m and for the
transverse diameter of the photon field for a,, being
equal to 10 cm at the 50-cm distance from the source.

Table 3

HVL(d = 0) and correction factors for air kerma as IC response for radiation qualities in L-series,
H-series, and N-series (the reference transverse size of the field is 10 cm in diameter at the 50-cm

distance from the source)

Source-IC distance is 1 m

Source-IC distance is 2.5 m

Quality

HVL1 HVL2 Oy L HVL1 HVL2 [ - 1o
L70 0.483 0.504 0.984 0.984 0.483 0.506 0.991 0.993
L100 1.214 1.250 0.974 0.971 1.215 1.257 0.984 0.986
L125 2.012 2.049 0.967 0.965 2.013 2.050 0.979 0.977
L170 3.417 3.476 0.962 0.960 3416 3.473 0.974 0.971
L210 4.530 4.571 0.962 0.961 4.515 4.576 0.970 0.975
L240 5.226 5.256 0.964 0.962 5.217 5.254 0.974 0.973
HS80 0.178 0.270 0.989 0.989 0.181 0.273 0.994 0.996
H100 0.295 0.463 0.987 0.983 0.299 0.468 0.994 0.992
H150 0.811 1.220 0.978 0.970 0.816 1.226 0.989 0.981
H200 1.554 2.303 0.971 0.962 1.558 2.31 0.979 0.976
H250 2.441 3.279 0.966 0.963 2.449 3.272 0.978 0.970
H300 3.254 4.042 0.964 0.964 3.257 4.035 0.974 0.973
N100 1.093 1.153 0.975 0.975 1.096 1.157 0.986 0.987
N120 1.682 1.748 0.969 0.968 1.687 1.750 0.986 0.98
N150 2.337 2.454 0.965 0.963 2.340 2.455 0.983 0.976
N200 3.941 4.019 0.962 0.961 3.937 4.009 0.977 0.971
N250 5.129 5.190 0.964 0.963 5.121 5.185 0.973 0.973
N300 6.013 6.058 0.967 0.965 6.009 6.061 0.977 0.976

A direct comparison shows that both methods,
either using the deposited energy or air kerma as the
IC response, yield similar results with respect to both
HVL(d=0) and the correction factors. The devia-
tion of calculated HVL values from those specified
in the standard does not exceed 2 %. However, using
air kerma as the IC reading is preferable since this

method makes the calculations much faster, down by
16 times for selected quality series. This time reduc-
tion for the correction factors is especially significant
when the distance between the X-ray apparatus’s
focal spot and the IC is equal to 2.5 m.

The method proposed in this paper has se-
veral flaws, however. First of all, in order to use
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air kerma as the IC response according to for-
mula (1), the mass-energy absorption coefficients
must be obtained for every energy value in the
photon spectrum. Those coefficients are stored
in databases (the NIST database [9] was used
for the results in this paper) as a set of tabulated
values for a given set of energies. Such a data-
base contains 41 mass-energy absorption coef-
ficients for copper in the energy range between
1 keV and 20 MeV. A typical X-ray spectrum with
maximum energy >100 keV contains more than
100 energy bins when properly measured by any
modern spectrometer. The necessary mass absorp-
tion coefficients for formula (1) have to be obtained
by interpolation; the first-order spline interpolation
was used to generate those coefficients for the cal-
culations described in this paper.

Secondly it has been discovered that program’s
output depends on the filter-splitting method. Dif-
ferent calculation results can be obtained for both
HVL and correction factors by changing the maxi-
mum filter thickness and the number of steps. The
project described in this paper attempted to opti-
mize calculation results by varying the filter thick-
ness. It was found that the maximum filter thickness
of 5 HVL1 (according to the ISO4037-1:2019) split
into 50 steps is a reasonable choice with respect
to both the output discrepancy and the calculation
time.

Finally the result produced by a simulation uti-
lizing the presented method depends on the choice
of the interpolation function for the dependence
I=f(h) (Figure 2). Interpolating with the sum
of three decaying exponentials suggested in [2]
seemed to be a good choice when the deposited en-
ergy was used as the IC response, but that interpo-
lation technique has proved to be poor when using
air kerma. The cubic spline interpolation was uti-
lized for the air kerma calculations described in
this paper. The choice of such an interpolation
technique can very well be the reason for inflec-
tion points appearing in the resulting interpolated
curve.

All these flaws can lead to discrepancies be-
tween the calculated and the ISO-tabulated HVL
values regardless to the modelling error. This can
also lead to discrepancies in the output results be-
tween the two methods, the one using deposited
energy as the IC response and the presented one
using air kerma, for the HVL and for correction
factors.

It should be noted here that the contribution of
scattered photon radiation to the IC response is al-
ways positive and leads to overestimation of HVL
when directly measured. Considering this fact as
well as the magnitude of the discrepancy caused by
scattered photon radiation, it can be argued that the
use of the correction factors obtained in this paper
brings the result of direct HVL measurements closer
to their experimental values.

Conclusion

The developed method allows taking into ac-
count the contribution of radiation scattered on the
filter when determining the HVL of the photon ra-
diation field generated by the X-ray unit. Its practi-
cal implementation was carried out in the FLUKA
Monte Carlo program. The simulation showed that
the contribution of the scattered radiation to the cal-
culated HVL value does not exceed 5 % of its true
meaning for X-ray radiation fields with the tube vol-
tage under 300 kV.

It was found that the contribution of scattered
radiation to the ionization chamber readings is a po-
sitive value. That in turn leads to overestimation of
the HVL calculation result in direct measurements.
This overestimation was mitigated by means of cor-
rection coefficients.

The main difference between the method pro-
posed in this study and the analogues is the choice
of the calculated value. The use of air kerma as
a value of the model response to the influence of
photon radiation made it possible to reduce the
calculation time. In particular, the time spent on
the calculation of the correction coefficients for the
H-quality series was reduced by 16 times, for the
L-quality series by 8 times, and for the N-quali-
ty series by 6 times (as compared to the standard
method of calculation). This made it possible to
calculate correction coefficients for the “source-
detector” distance equal to 2.5 m (according to
ISO4037-1:2019 requirements) for these quality
series. Based on the analysis of similar scientific
papers, we can assume that this result has never
been published.

Due to its calculation speed the method pro-
posed in this paper can be implemented on an ordi-
nary workstation. This make it possible to extend its
application to a wide range of users of X-ray equip-
ment. Which in turn can contribute to a wider imple-
mentation of ISO 4037-1:2019.
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Abstract

The exact determination of Vickers HV hardness is important for determining of the product material
mechanical properties. An important aspect of measuring HV is to obtain its values on a non-planar sur-
face. Regulatory documents contain table values of correction factors K which depend on the surface shape
(convex or concave, spherical or cylindrical), its curvature (diameter D) and hardness (arithmetic mean d of
indentation diagonal lengths) but this does not solved the problem. The K values for d/D ratios not given in
the tables are determined by interpolation from the closest to the measured tabulated /D values. The error in
the representation of these tabulated d/D values is fully included in the error of determining the K coefficient
for the measured d/D ratio. The aim of the work was to simplify the calculation of correction factors K for
Vickers hardness measurements on non-planar surfaces and to reduce the calculation error compared to the
methodology governed by the regulations.

The method presented is based on a statistical analysis of K coefficients, presented in regulatory docu-
ments for cases considered in the form of tables. The sufficiency of using of a quadratic power function for
approximating K(d/D) dependences and the necessity of fulfilling the physically justified condition K =1
at zero curvature of tested surface have been substantiated. Simplification of calculation of K coefficient
and decrease of calculation error in comparison with the recommended in the regulatory documents obtai-
ning of K value by linear interpolation relative to two adjacent table values are shown.

The reduction of the calculation error in comparison with the calculation recommended in the regulatory
documents occurred because of the reason that when calculating by the developed formulas, the error in the
value of the calculated for a specific value of d/D coefficient K is averaged over all n values of d/D given in the
table of GOST for a given surface. That is, the error is reduced by a factor of about \/;1/7 in comparison
with the calculation according to the regulated procedure. This is illustrated by the above numerical data and
an example of the use of the method.

The obtained formulas for calculation of correction coefficients K when measuring hardness HV on
spherical and cylindrical (concave and convex) surfaces are reasonable to use for automatic calculation
of HV on items with a non-planar surface.

Keywords: hardness measurements, Vickers method, concave and convex surfaces, correction factors.
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Pacuyét monpaBo4yHbIX KOIPPUIUEHTOB IPU U3MEPEHUM
TBEPAOCTHU 10 BUKKepcy HA HENJIOCKOW MOBEPXHOCTH

C.I'. Cannomupcekuii, A.JL. Baabko, C.I1. Pynenko

Obvedunennulii uncmumym mawunocmpoenus Hayuonanonoti akademuu nayx Berapycu,
yi. Akademuueckas, 12, e. Munck 220072, benapyco

Tocmynuna 11.05.2022
Ipunama x nevamu 21.07.2022

Tounoe onpenenenue TBEproctd HV no Bukkepcy BakHO [JI ONPEEICHUS] MEXAaHUYECKUX CBOMCTB
Marepuaia uaenuidl. BaxxueiM acnekrom usmepenust HV sBnsercs nonyuyeHue e€ 3Ha4eHU Ha HEIUIOCKOM
MMOBEPXHOCTH. BKirtoueHne B HOpMaTHUBHBIE JOKYMEHTHI TAOJMYHBIX 3HAYSHHUI MOTIPABOYHBIX KO3 duIineH-
TOB K, 3aBUCALINX OT (JOPMBI (BBIITYKIIasl MJIM BOTHYTas!, chepruieckast MK LIIHHIPUYIECKas) TIOBEPXHOCTH,
e€ kpuBH3HBI (quamerpa D) u TBEPAOCTH (CpeaHero apu(MeTHdecKoro d JIUH JUaroHalieil oTredyaTka)
He pemaeT npobiemy. 3Hauenus K ans oTHoweHUH d/D, He NpUBEACHHBIX B TaONIMLAX, ONMPENEIISIOT
MHTEPIIOISIUEH 0T ONMMKaHIINX K M3MEpeHHOMY TaOIM4YHbIX 3HaueHuH d/D. [TorpemHocts npencTaBneHus
9THX TaOJMMYHBIX 3HAUCHHWW d/D TONHOCTHIO BKIIOYAETCS B TOTPEITHOCTH OINpPEICICHHS HCKOMOTO
kod(umuenTa K mis u3MepeHHoro oTHOImeHu d/D. 1lens paboTel — yIpoleHne pacdéTa MopaBOYHBIX
ko3¢ ¢unreHToB K npu n3MepeHuH TBEPIOCTH 10 Bukkepcy Ha HEMIOCKHUX MOBEPXHOCTAX U CHIDKECHHE
MOTPEIIHOCTH pacyéTa 10 CPAaBHEHUIO C METOIUKOM, PerIaMEHTHPOBAHHOM HOPMAaTHBHBIMHU JIOKYMECHTaMH.

Pa3paboTka ocHOBaHa Ha CTaTHCTUYECKOM aHau3e KoddduuuenToB K, mpeacTaBiIeHHBIX B HOPMaTHB-
HBIX JIOKyMEHTaXx JJIsi pacCMOTPEHHBIX cilyyaeB B BHje TaOmuil. OOOCHOBaHAa JOCTATOYHOCTH MCIIOJB30-
BaHMs KBQJIPATHYHOW CTENEeHHONW (YHKUIMHM IS anmpokcumanuu 3aBucuMocted K(d/D) w HeoOxomu-
MOCTb BBINIOJHEHUS! (U3MUECKH OOOCHOBAHHOIO ycioBus K =1 mpu HylneBOW KPUBHM3HE HCIBITYEMOMH
nosepxHocTH. llokazano ympomenue pacuéra kodpduuuenta K U CHIKEHHE IOTPEIIHOCTH pacdéra
[0 CPaBHEHHMIO C PEKOMEHJOBaHHBIM B HOPMAaTHUBHBIX JOKYMEHTax MOIy4eHHEM 3HaueHus K JIMHEeHHOU
WHTEPIOJSIHEN OTHOCUTEIBHO JIBYX COCEAHUX TAOIMYHBIX 3HAYCHUH.

CHWKeHHE MOTIPEIIHOCTH pacuéTa MO0 CPABHEHHUIO C PAacdéTOM, PEKOMEHJOBAHHBIM B HOPMATHBHBIX
JIOKyMEHTaX, MPOUCXOIUT 3a CU€T TOro, YTO MpU pacu€re mo pazpaboTaHHBIM (opMysiaM IMOTPEHIHOCTh
B 3HAQYEHWU PACCUMTAHHOTO IJISI KOHKPETHOro 3HaudeHusi d/D xo3ddunuenta K ycpemHsercs Mo BCeM 71
3Ha4eHusM d/D, npuBenénubsiM B Tadnuie ['OCTa g nanHoi moBepxHOCTH. TO €CTh CHIKAETCS IPUMEPHO

B \/n/2 pa3 1O CPaBHEHHIO C pacu€TOM O perIaMEHTUPOBAHHOH METOAMKE. ITO HILTIOCTPUPYIOT IPUBEAEH-
HbBIC YHUCJICHHBIC JJAHHBIC 1 IIPUMCP HUCITI0JIb30BaHUSA MECTOANKU.
ITomyuennsie GpopmyIsl s pacyéTa MOMPaBOYHBIX KodddummentoB K npu u3mepernn TBEpaIocTd HV

Ha C(i)CpI/I‘ICCKI/IX U HUWIMHAPUYICCKUX (BOFHyTLIX n BBIHYKJ'IBIX) TTOBCPXHOCTAX uenecooGpasHo HCII0JIB30-
BaTb AJIsI aBTOMATUYC€CKOT'O pacqéTa HV na n3aCIUAX C HEILJIOCKOH MMOBCPXHOCTBIO.

KioueBble ciioBa: m3mMepeHus TBEPIOCTH, METOI BUKKepca, BOTHYTHIE U BBITYKJIbIE TIOBEPXHOCTH, TIOTIpa-
BOYHBIE KOO (DUITUCHTEI.
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Introduction

Hardness measurement is one of the main
methods for assessing of strength characteristics of
metals [1-3]. An indentor of a specified shape is
pressed into the surface under test with a specified
load for a specified time. After the load is removed
from the indentor, an indentation remains on the sur-
face and the area of the indentation is determined.
The ratio of the indenting load to the area of the
indentation is the hardness value. Because of their
speed and ease of measurement, hardness values are
widely used in metallurgical examinations.

The hardness of small thickness parts and sur-
face layers is determined by Vickers (HV) [4, 5] —
by pressing a four-sided diamond pyramid into the
ground metal surface and determining the hardness
HV by the formula:

v 2Psin2(%)

z1.854d52, M

where P is load on the pyramid; o= 136° is angle
between opposite sides of the pyramid at the top;
d, mm is arithmetic mean of the lengths of the print
diagonals measured after the load is removed (the
difference of the print diagonals should not exceed
2 % of the smaller of them).

In accordance with [5], depending on the ap-
plied load P, the following terms are used:

— for a load of 49.03 N or higher is the term
“Vickers hardness” and the range of hardness scales
is designated “HV > 57;

—1.961 to 49.03 N is the term “low load hard-
ness”’; the hardness scales is labeled “0.2 < HV < 5”;

— for loads between 0.09807 and 1.961 N is the
term “microhardness” and the range of hardness
scales denote “0.01 <HV <0.2”.

These criteria are formal and have no physical
substantiation [6].

The method of microhardness or hardness with
small load is the only method that allows to deter-
mine the hardness of phases and structural compo-
nents of multicomponent alloys. It is established that
in the range of microhardness there is an “Indenta-
tion Size Effect” [7]. It manifests itself in the fact
that hardness values determined after removing the
indenter from the test specimen, the higher the lower
the load. Attempts to establish an analytical depen-
dence of microhardness on load and to relate micro-
and macrohardness have not been successful. It was

shown in [8] that the dimensional effect is related
to the fact that the elastic deformation of the mate-
rial, which develops during indenter penetration and
disappears after its removal, is not taken into account
in hardness estimation. In contrast, in the macrohard-
ness range, hardness values are load-independent
due to the small fraction of elastic deformation.

The importance of accurate determination of
HYV hardness by Vickers is also due to the fact that
its use (“in some particular cases” [4]) is recom-
mended in determining the mechanical properties of
the product material [6, 9, 10] and their distribution
in the product [11].

Another important aspect of measuring the
Vickers HV hardness is to obtain its values on a
non-planar surface of products. This problem
has been solved by including in normative docu-
ments [4, 5] correction factors K depending on the
shape (convex or concave, spherical or cylindrical)
of the surface, its curvature (diameter D) and hard-
ness (arithmetic mean d of the indentation diago-
nals). In [4, 5] the values of K-factors are given in
tabular form (the data [4] and [5] coincide, except
for a misprint in [4] in the value d/D = 0.079 for
the spherical convex surfaces). The K coefficient
values given in [4, 5] from the value of 0.995 or
1.005 with a discreteness of 0.005 correspond to the
values (accurate to the third decimal place) of the
ratio d/D. The K values corresponding to the d/D
ratio ratios not given in the d/D ratio tables in [5,
Appendix B] propose to determine (examples are
given for spherical and cylindrical surfaces) by “in-
terpolation” of the K coefficient values given in the
corresponding tables for the d/D ratio values closest
to the measured one.

The regulated in [5] method of determining
the correction coefficients K, taking into account
the shape and curvature of the non-planar surface
of the measured product, is not convenient to use
and is not accurate enough. According to it, to
determine the value of correction coefficient K
for the ratio d/D obtained as a result of measure-
ment, the closest tabular values of d/D ratio are
used, the accuracy of representation of which is
limited to the third decimal place after the deci-
mal point. The error in represen-ting these “clos-
est” d/D ratio values is completely included in the
error in determining the desired correction factor
K for the measured d/D ratio. This reduces the
achievable accuracy of the Vickers HV hardness
measurement method for products with curved
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surfaces, including the hardness of thin films ap-
plied to them [12].

The aim of the work was to simplify the calcu-
lation of correction factors K for Vickers hardness
measurements on non-planar surfaces and to reduce
the calculation error compared to the methodology
governed by the regulations.

Correction factors K for spherical surfaces

Development of the required analytical
expressions

Let us use the data on the relationships between
the values of the correction factor K and the values
of the ratio d/D for surfaces of different shapes and
curvatures given in [5, Tables B.1-B.6]. These data

are grouped in Tables 1-3.
Table 1

Convex surfaces

Concave surfaces

Correction factor K

Correction factor K

@D According to [5]  Calculation of the (2) @D According to [5]  Calculation of the (3)
0.004 0.995 0.99395 0.004 1.005 1.00454
0.009 0.990 0.99039 0.008 1.010 1.00924
0.013 0.985 0.98621 0.012 1.015 1.01410
0.018 0.980 0.98107 0.016 1.020 1.01913
0.023 0.975 0.97601 0.020 1.025 1.02431
0.028 0.970 0.97104 0.024 1.030 1.02967
0.033 0.965 0.96617 0.028 1.035 1.03518
0.038 0.960 0.96138 0.031 1.040 1.03942
0.043 0.955 0.95667 0.035 1.045 1.04522
0.049 0.950 0.95115 0.038 1.050 1.04968
0.055 0.945 0.94575 0.041 1.055 1.05423
0.061 0.940 0.94049 0.045 1.060 1.06044
0.067 0.935 0.93534 0.048 1.065 1.06520
0.073 0.930 0.93033 0.051 1.070 1.07006
0.079 0.925 0.92544 0.054 1.075 1.07500
0.086 0.920 0.91991 0.057 1.080 1.08004
0.093 0.915 0.91454 0.060 1.085 1.08517
0.100 0.910 0.90935 0.063 1.090 1.09039
0.107 0.905 0.90433 0.066 1.095 1.09571
0.114 0.900 0.89949 0.069 1.100 1.10111
0.122 0.895 0.89416 0.071 1.105 1.10477
0.130 0.890 0.88907 0.074 1.110 1.11032
0.139 0.885 0.88361 0.077 1.115 1.11597
0.147 0.880 0.87899 0.079 1.120 1.11979
0.156 0.875 0.87407 0.082 1.125 1.12559
0.165 0.870 0.86944 0.084 1.130 1.12951
0.175 0.865 0.86463 0.087 1.135 1.13547
0.185 0.860 0.86017 0.089 1.140 1.13949
0.195 0.855 0.85607 0.091 1.145 1.14355
0.206 0.850 0.85197 0.094 1.150 1.14972
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Correction factors K for concave cylindrical surfaces

Table 2

The diagonals are rotated 45° about the

Correction One of the diagonals is parallel to the axis
factor K X .
according to [5]  z/p according to [5] Ca;;:};lle;n((z‘r)l K d/D according to [5] Ca;g‘lzll;ng)l K
1.005 0.009 1.00522 0.008 1.00365
1.010 0.017 1.00992 0.016 1.00808
1.015 0.025 1.01468 0.023 1.01261
1.020 0.034 1.02009 0.030 1.01774
1.025 0.042 1.02497 0.036 1.02262
1.030 0.050 1.02991 0.042 1.02794
1.035 0.058 1.03490 0.048 1.03371
1.040 0.066 1.03995 0.053 1.03885
1.045 0.074 1.04505 0.058 1.04430
1.050 0.082 1.05021 0.063 1.05006
1.055 0.089 1.05478 0.067 1.05489
1.060 0.097 1.06005 0.071 1.05991
1.065 0.104 1.06470 0.076 1.06647
1.070 0.112 1.07008 0.079 1.07056
1.075 0.119 1.07483 0.083 1.07617
1.080 0.127 1.08031 0.087 1.08199
1.085 0.134 1.08515 0.090 1.08648
1.090 0.141 1.09004 0.093 1.09108
1.095 0.148 1.09497 0.097 1.09738
1.100 0.155 1.09995 0.100 1.10224
1.105 0.162 1.10496 0.103 1.10721
1.110 0.169 1.11003 0.105 1.11059
1.115 0.176 1.11513 0.108 1.11574
1.120 0.183 1.12028 0.111 1.12101
1.125 0.189 1.12473 0.113 1.12458
1.130 0.196 1.12996 0.116 1.13003
1.135 0.203 1.13523 0.118 1.13372
1.140 0.209 1.13978 0.120 1.13747
1.145 0.216 1.14514 0.123 1.14318
1.150 0.222 1.14976 0.125 1.14705
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Correction factors K for convex cylindrical surfaces

Table 3

The diagonals are rotated 45° about the

One of the diagonals is parallel to the

Correction factor K axis axis

according to [5] d/D according Calculation K d/D according Calculation K
to [5] of the (6) to [5] of the (7)

0.995 0.009 0.99481 0.009 0.9956

0.990 0.017 0.99024 0.019 0.99091

0.985 0.026 0.98513 0.029 0.98644

0.980 0.035 0.98007 0.041 0.98135

0.975 0.044 0.97506 0.054 0.97618

0.970 0.053 0.97009 0.068 0.97101

0.965 0.062 0.96516 0.085 0.96529

0.960 0.071 0.96027 0.104 0.95963

0.955 0.081 0.95490 0.126 0.95403

0.950 0.090 0.95010 0.153 0.94855

0.945 0.100 0.94483 0.189 0.94366

0.940 0.109 0.94013 0.243 0.94147

0.935 0.119 0.93496

0.930 0.129 0.92985

0.925 0.139 0.92478

0.920 0.149 0.91978

0.915 0.159 0.91482

0.910 0.169 0.90993

0.905 0.179 0.90508

0.900 0.189 0.90029

0.895 0.200 0.89508

Correlation fields between the values of correc-
tion factors K and ratios d/D for surfaces of different
shapes and curvatures are shown in Figures 1-3. The
“Microsoft Excel” program and numerical values
of K and d/D given in Tables 1-3 respectively were
used for their construction. Statistical processing of
correlation dependencies between K and d/D shown
in Figures 1-3, construction of trend lines (polyno-
mials of the second degree) of these dependencies
and calculation of reliability of approximation
R*(square of R correlation coefficient) was per-
formed in the “Microsoft Excel” program. It should

be noted that trend lines, equations of which are
shown in Figures 1-3, are forcibly (programmatical-
ly) drawn through physically correct value of K = 1
at zero curvature of tested surface (at d/D = 0).

Analysis of the results obtained

The following equations for determining the
correction factors K for HV Vickers hardness mea-
surements from the results of d/D ratios in the cases
considered (sequentially for the dependencies shown
in Figures la, 1b, 2a, 2b, 3a, 3b) were obtained:
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K =1.7729(1/ D)* —1.0838(// D) +1; )
©)
4)
(5)

(6)

K =5.0954(1/ D)* +1.1138(1/ D) +1;
K =0.4446(1/D)* +0.5759(1/ D) +1;
K =6.1573(1/D)* +0.4067(I/ D) +1;
K =0.2711(//D)* —0.5788(// D) +1;

K =1.0598(1/D)* —0.4984(1/ D) +1. (7

The results of calculating the K coefficients
according to the developed formulas (2)—(7) for
the d/D values given in Tables 1-3 are given in
these tables for the considered cases of the surface
shape.

Information on the equations for calculating the
correction coefficients K for HV Vickers hardness
measurements on a non-planar surface in the cases
considered are summarized in Table 4. The results of
their statistical processing are also presented there:
the reliability of R* approximation and the average
values 9 of the relative deviation module between the
results of K; coefficient K calculation by the deve-
loped formulas (2)—(7) and their tabulated (accor-
ding to [5]) K (tabl) values for the curved surfaces
under consideration.

The values of § are calculated by the formula:

100% & | K, — K, (tab)|
K ;(tabl)

8 ®)

n i=1

where 7 is the number of values of the coefficient K
in the corresponding columns of Tables 1-3.

Table 4

Information on equations for calculating K-correction factors for HV Vickers hardness measurements

on a non-planar surface

Indenter

Table No,

Calculation

2 0
Surface form location Figure No formula R 5, %
Spherical, convex Table 1, ) 0.9995 0.0907
Figure la
Randomly
Spherical, concave Table 1, 3) 0.9998 0.0456
p ’ v Figure 1b ' ’
Cylindrical, convex , Table 3, 4) 1.0000 0.0153
The diagonals are rotated Figure 3a
45° about the axis
Cylindrical, concave Table 2, (5) 1.0000 0.0132
Figure 2a
Cylindrical, convex , , Table 3, (6) 0.9959 0.1069
One of the diagonals is Figure 3b
arallel to the axis
Cylindrical, concave P Table 2 (7) 0.9986 0.1293
Figure 2b
K 1 K
V= 1.7729x2 - 1.0838x + 1 P=5.0954x2+ 1.1138x + 1
0.95 4 R*=0.9995 . R*=0.9998
0.9 1.05
0.85 . . . >~ 1 . . . .
0 0.05 0.1 0.15 da/D 0 0.02 0.04 0.06 0.08 d/D
a b

Figure 1 — Dependence of correction coefficient K when measuring hardness HV by Vickers on convex (a) and con-
cave (b) spherical surfaces on the ratio d/D of arithmetic mean d of indentation diagonal lengths to surface diameter D.
Table data (points) according to Table 1 (Table B.1 (a) and Table B.2 (b) in [5]), their interpolating power trend line
passing through the value K = 1 at d/D = 0, its equation and reliability of R* approximation
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IS
Y =0.4446x2 + 0.5759x + 1
R*=1

1.1 4

0,65 011 0"15 ' a/D

a

Y =6.1573x2 + 0.4067x + 1
R*=0.9986

1.1 4

0.65 oj 1 da/D

b

Figure 2 — Dependence of the correction factor K when measuring HV hardness according to Vickers on a concave
cylindrical surface when one of the diagonals of the indentation is oriented at an angle of 45° (@) and parallel () to
the cylinder axis on the ratio d/D. Table data (points) according to Table 2 (Table B.4 (a) and Table B.6 (b) in [5]),
their interpolating power trend line passing through the value K = 1 at d/D = 0, its equation and reliability of R* ap-

proximation
K
Y=02711x2-0.5788x + 1
0.95 B
0.9 1
0.85

0.'05 01 1 oi 15 c'l/D

a

K1 ) = 1.0598x2 - 0.4984x + |
R*=0.9959
0.98
0.96
0.94
0.92

0:1 012 d/D

b

0.05

Figure 3 — Dependence of the correction factor K when measuring HV hardness on a convex cylindrical surface with
one of the indentation diagonals oriented at an angle of 45° («) and parallel (b) to the cylinder axis on the ratio d/D. Tab-
le data (points) according to Table 3 (Table B.3 (a) and Table B.5 (b) in [5]), their interpolating power trend line pas-
sing through the value K = 1 at d/D = 0, its equation and reliability of R* approximation

The analysis of the results of statistical pro-
ces-sing of calculations of correction coefficients K
when measuring HV hardness by Vickers on a non-
planar surface presented in Table 4 showed that the
quadratic power functions (2)—(7) provide close to
“1” reliability of approximation of the tabulated
data [5] about the value K and not significant nu-
merical deviations in their calculations. These de-
viations do not exceed the units of the lowest digit
of the tabulated data [5] (see Tables 1-3) and are
more accurate than the tabulated data, because they
have less discreteness and better monotonicity (it
is clearly seen, for example, for d/D values, high-
lighted in Table 3 in bold type) of K(d/D) depen-
dences. In this connection, approximation of the
experimental data by polynomials of higher pow-
ers or by functions of another kind does not make
sense.

The calculation error is reduced in comparison
with the calculation recommended in the normative
documents due to the fact that the K coefficient value
calculated according to the standard method includes
the errors of the K coefficient representation for two
neighboring points of surface curvature in Tables [5]
due to the discreteness of their representation. When
calculating by the developed formulas (2)—(7), the
error in the value of the K coefficient calculated for
a particular value of surface curvature is averaged
over all n values given in the tables [5] for this type
of surface. That is, the error is reduced by a factor
of about \/n/2 as compared with the calculation by
the method [5]. This increases the accuracy of the
Vickers HV hardness measurement method for pro-
ducts with curved surfaces. This is illustrated by the nu-
merical data in Tables 1-3 and the following example
of using the method of calculating correction factors.
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The application of the formulas (2)—(7) to cal-
culate the correction factors K in measuring the
Vickers HV hardness on a non-planar surface is il-
lustrated by their definition for a convex cylindri-
cal surface of a wire 0.5 mm in diameter, on which
a hardening coating is applied. Suppose the HV
Vickers hardness measurements [5] on two parts of
the wire yielded average values of diagonals (di-
agonals are turned 45° relative to the wire axis)
of 0.0535 mm and 0.0585 mm, which correspond
to d/D values of 0.107 and 0.117 respectively. By
formula (6) we easily determine the values of cor-
rection factors K: they are equal to 0.94117 and
0.93599 accordingly. In determining the correc-
tion factors K by the standard procedure it would
have been necessary to use the values 0.100 and
0.109; 0.109 and 0.119, the corresponding values
of the correction factors 0.945 and 0.940; 0.940
and 0.935 (Table 3), to make the corresponding in-
terpolations, and to determine the unknown values
of K. The calculation result would have included
the errors due to the discrepancy between the tabu-
lated d/D and K values.

Thus, when determining the value of the correc-
tion factor K for the measured d/D ratio, which does
not coincide with the tabulated values, the calcula-
tion according to the developed formulas provided
a result more simple and accurate than the methodo-
logy regulated in [5].

Conclusion

Statistical analysis of correction coefficients K
in measuring HV hardness according to Vickers on
spherical and cylindrical (concave and convex) sur-
faces presented in normative documents in the form
of tables has given analytical expressions for calcu-
lating K in all analyzed cases. The sufficiency of use
of the quadratic power function for approximation
of the obtained dependences and the necessity of
fulfilling the physically justified condition K =1 at
zero curvature of the tested surface have been sub-
stantiated. The simplification is shown and the de-
crease in the error of calculating the K coefficients
according to the developed formulas is substanti-
ated in comparison with the obtained K value by
interpolation with respect to two neighboring table
values recommended in the normative documents.
It is reasonable to use the obtained expressions for
automatic calculation of HV hardness according to
Vickers on articles with a non-planar surface.
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Abstract

One of the possible ways of improvement of the surface properties of silicon is the solid phase re-
crystallization of the surface silicon layer after the chemical-mechanical polishing with application
of the rapid thermal treatment with the pulses of second duration. The purpose of the given paper is investi-
gation of influence of the rapid thermal treatment of the initial silicon wafers of the various doping level and
reticular density on their optical characteristics by means of the spectral ellipsometry method.

The investigation results are presented by means of the spectral ellipsometry method of the rapid thermal
processing influence on the initial silicon wafers (KDB12 orientation <100>, KDB10 orientation <111> and
KDBO0.005 orientation <100>) of the various level of doping and reticular density influence on their opti-
cal characteristics: refraction and absorption ratios. Influence was confirmed of the silicon reticular density
on its optical characteristics before and after the rapid thermal processing. It was shown, that reduction
of the refraction and absorption ratios in the center of the Brillouin zone for the silicon samples with the high
Boron concentration after the rapid thermal processing as compared with the low doped silicon. In the area
of the maximum absorption peak, corresponding to the energy of the electron exit from the silicon sur-
face (4.34 eV) the refraction indicator of the high doped silicon becomes higher, than of the low doped sili-
con, which is determined by the high concentration of the vacant charge carriers on the silicon surface in this
spectral range.

It was established, that the spectral area 3.59-4.67 eV, corresponding to the work of the electrons, exit-
ing the silicon surface, the most informative way shows the difference of the 3 optical parameters of silicon
of the different orientation, and for evaluation of influence of the silicon doping level on its optical characte-
ristics the most informative is the spectral range of 3.32—4.34 V.

Keywords: rapid thermal processing, absorption ratio; refraction ratio.
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CrnekrpajbHas 3JUIMIICOMETPHUSA KAK METO U3yYeHM s
BJIUSAHUA OBICTPOIl TEPMOOOPAOOTKH KPEMHHUEBBIX IIACTHH
HA UX ONITUYECKHE XaPAKTePUCTUKHU

B.A. Cogonyxa, B.A. Ilniunenko, A.A. Omeabuenko, /I.B. lllecroBckuii

OAO «MMTHTEI'PAJI» — ynpasnsiowas komnanus xonounea « AHTET'PAJI»,
ya. Kasunya, 1214, o. Munck 220108, benapyco

Tocmynuna 26.07.2022
Ipunama k nevamu 28.09.2022

OpHUM U3 BO3MOXKHBIX MyTEH yIydIIeHUs TIOBEPXHOCTHBIX CBOMCTB KPEMHUS ABISETCS TBepaoda3Has
pPEKpHCTAININ3AIMsl  TIOBEPXHOCTHOTO  CJIOST KPEMHHUS TOCNie  XUMHKO-MEXaHHYECKOW TOJHMPOBKHU
C WCIOJB30BaHUEM OBICTPON TEPMHUYECKOH 00paOOTKHM HMMITyJIbCaMH CEKyHAHOH anmuTensHocTH. Llenbro
JTAHHOW Pa0OTHI SIBIAJIOCH WCCIEOBAHNE BIHMSHHUA OBICTPOH TEPMHUYECKONH OOPaOOTKH HMCXOIHBIX KpeM-
HUEBBIX IUIACTUH PA3JIMYHOTO YPOBHS JIETUPOBAHHS W PETHKYJSPHOM IUIOTHOCTH Ha WX ONTHYECKHE
XapaKTEePUCTUKN METOJIOM CHEKTPaIbHOMN IUTUIICOMETPHH.

IIpuBeneHsl pe3ynabTaThl MCCIECIOBAHUS METOJOM CHEKTPaIbHOW SJUTMIICOMETPHH BIUSHHS OBICTPOI
TepMooOpaboTKn McxoaHbIXx kpemMHHUeBBIX TutacTuH (Kb-12 opumenrtamum <100>, KIb-10 opuenramuu
<111> u K/1b-0,005 opuenrtamuu <100>) pa3nuyHOr0 ypOBHS JETUPOBAHUS M PETHUKYJISPHON TUIOTHOCTH
Ha UX ONTHYECKHE XapaKTEPUCTUKN: KOIPPHUIMEHTHI PETOMIICHHS, Torommenus. [loaTBepkieHo BIusSHIE
PETUKYJISIPHOIN TNIOTHOCTH KPEMHHUS Ha €ro ONTHYECKHE XapaKTePHCTHUKU JI0 W Tociie OBICTPOH Tepmo-
00paboTKH. YCTaHOBIEHO YMEHBINICHUE KOA(DQPUITMECHTOB MPEIOMIICHHS W TIOTJIOMICHUS B IICHTPE 30HBI
BpumtrosHa 11t 00pa3oB KpeMHHS ¢ BBICOKOH KOHIICHTpaIuei 6opa rmocie ObICTpoil TepMooOpadoTKH
M0 CPaBHEHHIO C HH3KOJETHPOBAHHBIM KpeMHHEM. B obmacT mnuka MakCMMyMa ITOTJIONIEHWUS,
COOTBETCTBYIOIIETO DHEPTUU BBIXOJ/Ia AJIEKTPOHA C MOBEPXHOCTH KpeMHus (4.34 5B) mokazarens mpenom-
JICHUSI BBICOKOJIETHPOBAHHOTO KPEMHHSI CTAHOBHUTCS BBINIE, YeM Y HHU3KOJIETMPOBAHHOTO KPEMHHUS, YTO
00yCIIOBIIEHO BBICOKOW KOHIIEHTpAIMEe CBOOOIHBIX HOCHTEJEH 3apsga Ha MOBEPXHOCTH KPEMHHS B 3TOM
CTMIEKTPAJILHOM JHaIia3oHe.

YcTaHOBIICHO, UTO CIIEKTpaibHas 0071acTh 3.59—4.67 3B, COOTBETCTBYIOMIAS padOTE BEIX0/1a AJICKTPOHOB
C TIOBEPXHOCTH KpEeMHHs, Hamboyiee MHPOPMATHBHO ITOKA3bIBAET pa3jMuMe ONTHYECKHUX IapamMeTpoB
KpEMHHUS Pa3INYHON OpUEHTAINH, a JUIsl OLIEHKH BIIMSHUS YPOBHS JITHPOBAHUS KPEMHUS Ha €ro ONTHYEC-
KM€ XapaKTepUCTUKN HanOosee MH(PpOpPMAaTHBEH CIIEKTPaNbHbIN quamna3on 3.32—4.34 5B.

KaroueBbie ciaoBa: ObicTpas TepMudeckas o00paboTka, KOdPQUIMEHT MorjiomeHns, KodhduimueHt
HPEJIOMIICHHS.
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Introduction

The main factor, influencing the quality and re-
liability of the modern integrated circuits is the sur-
face condition of the initial silicon wafers. In view
of this, a great attention is paid to the aspects of the
silicon surface preparation. As it is known, one of the
possible ways of improving the surface properties
of silicon is the solid phase recrystallization of the
silicon surface layer after the chemical-mechanical
polishing with application of the rapid thermal pro-
cessing (RTP) with the pulses one second long [1,
2]. The important parameters, bearing information
about the surface condition of the silicon wafer are in
its optical characteristics, and, namely, the ratios of
refraction, absorption and reflection, which are most
sensitive to presence of the disrupted layer, available
on the surface of the silicon wafers after the chemi-
cal-mechanical polishing [3]. However no references
in publications have been found which are dedicated
to reviewing the dependence of optical properties of
silicon wafers upon its orientation and the level of
doping in broad spectral range, that is from visible
light to deep ultraviolet prior to RTP and after that.

The purpose of the given paper was investiga-
tion of influence of the rapid thermal treatment of
the initial silicon wafers of the various doping level
and reticular density on their optical characteristics
by means of the spectral ellipsometry method.

Procedure of the experiment

As one of the most sensitive control methods
of the optical characteristics of the silicon surface
layers is the method of ellipsometry, based on the
analysis of the characteristics of the reflected pola-
rized irradiation, the given method was used dur-
ing performance of the given investigations. Taking
into consideration, that the ellipsometrical analysis
should be performed in the wide spectral range, as
the equipment for the investigations, the use was
made of the spectral ellipsometer UVISEL 2, that
ensures operation in the spectral range from 2100 to
200 nm (0.6—6.0 eV) and to obtain the results of high
accuracy, resolution and the excellent ratio of signal/
noise.

As the samples we used the wafers of the ini-
tial silicon with the diameter of 100 mm, in par-
ticular, of KDBI12 orientation <100> (hereinaf-
ter — KDB12<100>), KDBI10 orientation <l11>
(hereinafter — KDBI10<111>) and KDBO0.005

orientation <100> (hereinafter — KDB0.005<100>),
that passed the standard chemical-mechanical po-
lishing.

Measurements of the refraction ratio and the ab-
sorption ratio of the initial samples were performed
on the spectral ellipsometer UVISEL 2 (made by the
company Horiba Scientific, France, in the spectral
range from 0.6-6.0 eV (2100-200 nm.)). The angle
of arrival of the light beam on the sample constituted
70°. Treatment of the spectra and their visualization
were performed with application of the software
UVISEL 2.

Further, the given samples were subjected to the
rapid thermal processing with irradiation by means
of the light pulse from the non-operational side of
the wafer for 7 s in the medium of Ar (the annea-
ling temperature of 1100 °C). After completion of
the process of the rapid thermal processing the initial
samples were repeatedly subjected to control of the
optical parameters.

Analysis of the initial silicon wafers before
rapid thermal processing

As silicon in the infrared zone is transparent,
the predominant interest lies in the investigation
results of the optical characteristics of the silicon
surface in the ultraviolet and visible range of the
spectrum of 1.6-6 eV (760-200 nm). Analysis of
the given results showed, that in the spectral range
from 1.6 to 3.33 eV for the silicon samples of
the various orientation and the doping concentra-
tion one can observe the “normal dispersion”, i. e.
there’s increase of the silicon refraction ratio with
reduction of the irradiation wave length. During
transition into the ultraviolet zone of the spectrum
there takes place the abrupt reduction of the refrac-
tion ratio, i. e. in evidence is the “anomalous disper-
sion” of the refraction ratio. Usually it is observed
in the areas of the frequencies, corresponding to
the bands of the intensive light absorption in the
given medium, which is present in the given case.
This is determined by the fact, that during influence
of the ultraviolet irradiation there’s concentration
rise of the charge carriers because of bond ruptures
of Si-Si (bond energy of Si-Si is equal to 2.3 eV).
As a result of this, in the spectral zone from 3.33 to
6 eV there takes place the “anomalous dispersion”
of the silicon refraction ratio close to the maximum
absorption points (see Figures 1, 3), corresponding
to:
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— G-point (Van Hove singularity point M1)
of the Brillouin zone center with the energy of
3.46-3.48 eV (the energy of the direct transition of
3.43 eV) (see Figures 1, 3, point 2, curves ¢, d, h);

— maximum absorption, that corresponds to the
energy of the electrons, exiting the silicon surface of
4.34 eV (exit work of electron for Si is equal to 3.59—
4.67 eV) (see Figures 1, 3, point 4, curves c, d, h);

—maximum absorption, corresponding to the
energy of the electrons, exiting the natural oxide
surface due to rupture of the bonds Si-O about
5.42 eV (the bond energy of Si-O is equal to
4.79 eV).

The spectral dependence of the reflection ra-
tio R, as a rule, hardly depends on the photon energy,
and the spectral changes in the intensity of the re-
flected beam are related mainly to alterations of the
absorption ratio. Thus, the spectral dependence of
the reflection ratio R has the similar expression of
the absorption ration dependence. Meanwhile, it is
specific with the spikes of the maximum reflection in
the area of 3.42 eV (when adjacent to the G-point of
the Brillouin zone center) (see Figures 2, 4, point 5,
curves i, f, e), 4.6 eV (corresponding to the electron
exit work from the silicon surface) (see Figures 2, 4,
point 6, curves i, f, ¢) and about 5.75 eV (correspon-
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ding to the energy rupture of the bonds Si-O) (see
Figures 2, 4) [4, 5].

The comparative analysis of the optical pa-
rameters of the silicon samples KDB12<100> and
KDB10<111> with the different orientation of the
surface revealed (see Figures 1, 2), that in the region
of the refraction ratio maxima, corresponding to the
energy of 3.33-3.34 eV (see Figure 1, point 1, curves
a, b), 4.1 eV (see Figure 1, point 3, curves a, b), as
well as in the region of the maximum absorption,
corresponding to the energy of the electrons, exi-
ting the silicon surface with the value of 4.34 eV (see
Figure 1, point 4, curves ¢, d) for the silicon orienta-
tion <111> the ratios of absorption, refraction and
reflection are greater than for the silicon with orien-
tation <100>. In the absorption maximum of the G-
point (Van Hove singularity point M1) of the Bril-
louin zone center (see Figure 1, point 2, curves c,
d) the absorption ratio for the silicon with orienta-
tion <111> is greater than for the silicon with ori-
entation <100> by Ak = 0.03, but in a different way
behaves the refraction indicator with the difference
An=0.065. It is explained by the fact, that in the
plane {111} the atoms packs are of the maximum
density, i. e. the silicon of orientation <111> pos-
sesses the higher reticular density [6, 7].
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Figure 1 — Spectral dependence of the absorption & and refraction n ratios of the initial silicon KDB12<100> and
KDB10<111> before rapid thermal processing: a — n KDB12<100>; b —n KDB10<111>; ¢ -k KDB12<100>;

d—kKDB10<111>
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Figure 2 — Spectral dependence of reflection R ratios of the initial silicon KDB12<100> (i) and KDB10<111> (f) be-

fore rapid thermal processing
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Figure 3 — Spectral dependence of the absorption & and refraction # ratios of the initial silicon KDB12<100> and
KDBO0.005<100> before rapid thermal processing: a — n KDB12<100>; ¢ — k KDB12<100>; g — n KDB0.005<100>;

h—k KDB0.005<100>

Meanwhile, for the spectral region nearby the
maximum point of the refraction ratio with the en-
ergy of 4.1 eV one can observe the greatest diffe-
rence of An =0.126, and in the maximum of absorp-
tion with the energy of 4.34 eV (see Figure 1, point
4, curves ¢, d) the absorption ratio of the silicon with
orientation <111> is higher by Ak=0.118 than for
the silicon with orientation <100>. The given result
can be explained by influence of the higher concen-
tration of the vacant charge carriers on the silicon
surface with orientation <111> in this spectral range.

From this it ensues, that the spectral region
3.59-4.67 eV, determined by the electrons work, ex-
iting the silicon surface, is more informative in de-
monstration of the difference of the optical para-
meters of the silicon of the different orientation.

Investigation of the silicon doping level inf-
luence on its optical characteristics on the samples
KDB12<100> and KDB0.005<100>, possessing the
same orientation and the different doping degree, re-
vealed (see Figures 3, 4), that the maxima of the re-
fraction ratios in the region of energy of 3.33 eV (see
Figure 3, point 1, curves a, g) and 4.1 eV (see Fi-
gure 3, point 3, curves a, g), as well as in the maxi-
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mum of the absorption ratio of the G-point (Van Hove
singularity point M1) of Brillouin zone center (see
Figure 3, point 2, curves c, /) for the silicon with the
high concentration of Boron KDB0.005<100> the
higher values of the absorption ratios are observed,
but the lower values of the refraction indicators than
for the silicon KDB12<100> with the difference
An=0.082, Ak=0.081, 0.014, 0.016. The given re-
sult is determined by step-up in deformation of the
silicon crystal lattice with the higher doses of its
doping and with the significant content of the point
defectswith the higher concentration of the Boron
admixture in silicon. And, consequently, in the region
of the absorption maximum, corresponding to the
exit energy of the electrons from the silicon surface
of 4.34 eV (see Figure 3, point 4, curves c, k) resul-
ting in the additional appearance of the vacant charge
carriers on the silicon surface, which is confirmed by
the lower value of by refraction ratio by An = 0.084,
of the absorption ratio by Ak =0.056, than in case
of the low alloy silicon. The given circumstance is
explained, as it is shown in [8], by dependence of the
silicon optical characteristics on concentration of the
vacant charge carriers on the silicon surface.
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Figure 4 — Spectral dependence of the reflection R ratios of the initial silicon KDBI12<100> (i) and

KDBO0.005<100> (e) before rapid thermal processing
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On the basis of this it follows, that for asses-
sment of the silicon doping level influence on its op-
tical characteristics the most informative range is the
spectral range of 3.32—4.34 ¢V.

Analysis of the initial silicon wafers after the
rapid thermal processing

Analysis of dependences of the ratios of refrac-
tion, absorption and reflection in the spectral range
of 0.6-6 eV after RTP showed (see Figure 5), that
they are of the same nature as prior to treatment.

The comparative analysis of the optical pa-
rameters of the silicon samples KDB12<100> and

KDB10<111> with the different orientation of the
surface, i. e. possessing the different reticular den-
sity, revealed (see Table 1), that after RTP in the
region of maxima of the refraction ratio, correspon-
ding to the energy of 3.33-3.34 eV (see Table 1,
point 1), 4.1 eV (see Table 1, point 3), as well as in
the region of the absorption maxima, corresponding
to the G-point (Van Hove singularity point M1) of
Brillouin zone center (see Table 1, point 2) and the
exit energy of the electrons from the silicon surface
of 4.34 eV (see Table 1, point 4) for the silicon of
orientation <111> the ratios of absorption, refraction
and reflection were greater than for the silicon of ori-
entation <100>.

E, eV

Figure 5 — Spectral dependence of the absorption £ and refraction n ratios of the initial silicon KDB12<100> and
KDB0.005<100> after the rapid thermal treatment: a — n KDB12<100>; ¢ — k KDB12<100>; g — KDB0.005<100> n;

h—k KDB0.005<100>

This has the analogous explanation, as in the
case of the initial samples: the planes {111} possess
the maximum density of the atoms packing, i. e. the
silicon of orientation <111> possesses the higher re-
ticular density [6, 7], and, consequently, in the result
of the solid phase recrystallization of the disrupted
layer after RTP the smaller deformation potential and
the denser natural oxide.

In the absorption maximum with the energy
of 4.34 eV the refraction indicator of the silicon of
orientation <100> is slightly greater by An = 0.004,
than for the silicon with orientation <111>. The
given result can be explained by influence of the
higher concentration of the vacant charge carriers on
the silicon surface in this spectral range [8].

Meanwhile, for the spectral area nearby the
maximum point of the refraction ratio with the en-
ergy of 4.1 eV one can observe the significant diffe-
rence of An = 0.098, and in the absorption maximum
with the energy of 4.34 eV the difference by the ab-
sorption ratio also rises and constitutes Ak = 0.077.
On the basis of this it ensues, that the spectral area
of 3.59-4.67 eV, determined by the exit work of the

electron from the silicon surface, is more informa-
tive in demonstration of the difference in the optical
parameters of silicon of the different orientation [6].

Investigation of the silicon doping level influ-
ence on its optical characteristics on the samples
KDB12<100> and KDB0.005<100>, possessing the
same orientation and the different doping degree,
showed (see Table 2), that in the region of the absorp-
tion maxima, corresponding to the G-point (Van Hove
singularity point M1) of Brillouin zone center (see
Table 2, point 2) and the exit energy of the elec-
trons from the silicon surface of 4.34 eV (see Table
2, point 4) for the silicon with the high concentration
of Boron KDB0.005<100> one can observe the lower
va-lues of the optical parameters, than for the silicon
KDB12<100>. Just like indicated above, in the region
of the refraction ration maximum point, correspon-
ding to the energy of 3.32-3.33 eV (see Table 2, point 1).

For the lightly doped silicon KDB12<100> this
can be explained by depletion of the surface layer
with Boronbecause of its diffusion to the surface and
the subsequent escape into the surrounding environ-
ment at the high temperatures of RTP. In case of
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silicon with the high admixture concentration, de- significant content of the point defects, and, conse-
spite depletion of the surface layer, deformation quently, the optical parameters turn out to be lower,
of the crystal lattice will be higher, as there’s a than with the lightly doped silicon.

Table 1

Measurement results of the optical parameters of the silicon wafers after the rapid thermal processing

After RTP KDB12<100> KDB10<111> A
1 R 0.508 0.511 0.003
k 1.972 2.043 0.071
n 6.669 6.722 0.053
E(eV) 3.33 3.34 0.01
2 R 0.517 0.519 0.002
(G-point of the k 3.168 3.193 0.025
conductivity zone) n 5.495 5.549 0.054
E(eV) 3.48 3.48 0
3 R 0.544 0.545 0.001
k 3.886 3.907 0.021
n 4611 4.709 0.098
E(eV) 4.1 4.1 0
4 R 0.631 0.636 0.005
(efxi; elzefgyf k 5.053 5.13 0.077
?h:sfﬁcr;‘:ssuige) n 3.502 3.498 -0.004
E(eV) 434 434 0
Table 2

Measurement results of the optical parameters of the silicon wafers after the rapid thermal processing

After RTP KDB12<100>  KDBO0.005 <100> A
1 R 0.508 0.502 -0.006
k 1.972 1.829 -0.143
n 6.669 6.597 -0.072
E(eV) 3.33 3.32 -0.001
2 R 0.517 0.514 -0.003
(G-point of the k 3.168 3.102 -0.066
conductivity zone) n 5.495 5.454 20,041
E(eV) 3.48 3.51 0.03
3 R 0.544 0.545 0.001
k 3.886 3.908 0.022
n 4611 4.665 0.054
E(eV) 4.1 4.1 0
4 R 0.631 0.629 -0.002
(exit energy k 5.053 5.042 -0.011
Zf:;fﬁtcr:;“si‘f’ie) p 3.502 3.545 0.043
E(eV) 434 434 0
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The growth concentration of the ionized accep-
tors of the heavily doped silicon KDB0.005<100>
at the high temperatures of RTP results in the in-
crease and the effect of widening absorption in
the region of the G-point of the conductivity zone,
which explains the peak shift of the G-point to the
value of 3.51 eV (see Figure 5, point 2, curves c,
h) [9].

It should be also noted, that in the region of
the refraction ration maximum point with the
energy of 4.1 eV for silicon with the high Boron
concentration KDB0.005<100> one can observe
the higher values of the optical parameters, than
for silicon KDB12<100>. Thus, in the absorption
maximum point with the energy of 4.34 eV (see
Table 2, point 4) the refraction indicator of the
heavily doped silicon is greater by An = 0.043, than
with KDB12<100>. The obtained result can be ex-
plained by the fact, that in the given spectral range
there’s a higher concentration of the vacant charge
carriers on the silicon surface, resulting in its diffu-
sion into the surrounding environment at the high
temperatures of heating. This means, that after
RTP the surface layer is depleted with the vacant
charge carriers, and, consequently, in compliance
with [8, 10] there should be the rise in the optical
characteristics of silicon.

For the spectral area near the refraction ration
maximum point with the energy of 3.32-3.33 eV
one can observe the following alteration of the
optical characteristics: Ak=0.143, An=0.072,
AR =0.006. At the same time in the maximum of
absorption with the energy of 4.48-3.51 eV the
difference by the absorption ratio is more signifi-
cant (Ak=0.0606), than with the energy value of
4.34 eV.

This means, that for evaluation of influence of
the silicon doping level on its optical characteristics
the most informative is the spectral range of 3.32—
4.34 V.

Conclusion

By means of the spectral ellipsometry method
under investigation was influence of the rapid ther-
mal treatment of the initial silicon wafers of the va-
rious doping level and reticular density on their opti-
cal characteristics.

Thus, influence was confirmed of the reticu-
lar density of silicon of the different orientation
on its optical characteristics before and after rapid

thermal processing. The significant reduction was
established of the ratios of refraction and absorp-
tion in the center of Brillouin zone for the silicon
samples with the high concentration of Boron after
rapid thermal processing as compared with the
low alloy silicon because of the more considerable
depletion of the silicon surface with Boron in the
first case as a result of the diffusion processes on
the boundary of silicon-silicon dioxide. In the area
of the absorption maximum peak, corresponding
to the exit energy of the electron from the silicon
surface, with the energy of 4.34 eV the refraction
indicator of the heavily doped silicon becomes
higher than in case of the low alloy silicon, which
is determined by the high concentration of the va-
cant charge carriers on the silicon surface in this
spectral range, resultant in the Boron diffusion into
the sounding environment at the high temperatures
of heating.

It has been ascertained that the spectral area
3.59-4.67 eV, corresponding to the electrons work
function from silicon surface more exhaustively
demonstrates the difference between the optical
parameters of silicon with various orientation, and
for estimation of the impact produced by the level
of silicon doping at its optical characteristics the
spectral range 3.32—4.34 eV happens to be more
descriptive.
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Abstract

This work considers a model for measuring non-additive quantities, in particular a model for subjective
measurement. The purpose of this work was to develop the measurement theory and form of a measurement
model that uses the corrected S. Stevens measurement model.

A generalized structure was considered that included an empirical system, a mathematical system, and
a homomorphism of the empirical system into a numerical system. The main shortcomings of classical
measurement theories seem to be: 1) homomorphism does not display operations (in this case, one can-
not speak of the meaningfulness of the model); and 2) there is no empirical measurement model that could
confirm the existence of a homomorphism. To overcome the shortcomings of existing theories a defini-
tion of the measurement equation is given. As a result a measurement model is obtained that is free from
the shortcomings of classical measurement theories. The model uses the corrected model of S. Stevens and
the reflection principle of J. Barzilai.

The measurement model was tested using laws that were obtained empirically. Using the model it is
shown that Fechner’s empirical law is equivalent to Stevens’s empirical law. This means that the problem
which has attracted attention of many researchers for almost a century, has been solved.

A numerical example demonstrates the possibilities of the proposed measurement model. It is shown that
the model can be used for extended analysis of expert assessments.
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Mojaeab u3MepeHus: HeAAAUTUBHOW BEJIUYUHBI
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[Ipemiosxkena MoJenb W3MEPEHUs] HEaJJUTUBHONW BEIMYUHBI, B YaCTHOCTH MOJENb CYOBEKTUBHOTO
nzMepenust. Llenpio gaHHOW pa0OTHI SBISIIOCH Pa3BUTHE TEOPHHM HM3MEPEHUH W (HOpPMHUpPOBAHUE MOJCIH
CyOBbEeKTUBHOTO H3MepeHus. J[ns 00OoCHOBaHUS MOJENM HCIOJIb30BaHA CKOPPEKTHPOBAaHHAs MOJIENb
CruBeHca.

Paccmotpena 06001eHHas CTPYKTYpa MOJIESTH U3MEPEHNs1, KOTOpast BKII0YAET IMIIMPUUECKYIO CUCTEMY,
MaTeMaTHYEeCKYIO CUCTEMY U TOMOMOP(H3M SMIUPHUECKON CHCTEMBI B YUCIIOBYIO CUCTEMY. Y CTAaHOBJICHO,
YTO OCHOBHBIMH HEJOCTATKaMH KJIACCHYECKUX TEOPUH M3MepeHHs SBISIOTCS: 1) romomopdusm
HE 0TOOpakaeT orepanuy B CUCTEMax, YTO MO3BOJIMIO ObI TOBOPUTH 00 OCMBICICHHOCTH TEOPETUYECKON
MOJIENTM U3MEPEHHI; 2) OTCYTCTBYET MOJIEIb SMIUPUIECKOTO U3MEPEHUS, KOTOpasi MOTjia Obl MTOATBEPIUTh
CyllecTBOBaHHE romomopdusma. [l mpeonosieHuss HEIOCTaTKOB CYILIECTBYIOMIUX TEOPUIl ONpEeaerIeHO
YpaBHEHHE U3MEpPEHHS, CBS3BIBAIOIICE PE3YIIbTAaThl OTOOPAXKEHUSI IMIIMPUIECKON Orepali B YUCIOBYIO,
a Takke chopMyIHpoBaHA MOJENb AMIUPHYCCKOTO HM3MepeHus. [lJisi TIOCTpOSHUs] MOJENU H3MEpEeHHs
MPE/UI0KEHO HCIOJIb30BaTh CKOPPEKTHPOBaHHYIO Mojeiab CTuUBEHCa, KOTOpas JIONOJHEHA MPHUHIUIIOM
otpaxkeHus JIx. bapaunas. B ocHOBYy Mojenu KOJMYECTBEHHOTO M3MEpEHHs MOJIOKEHBI JiBa crocoda
M3MEPEeHMH, C MOMOIIbI0 KOTOPBIX 3MITHPUUECKH H3MepseTcss ocoObli mapaMeTp — perTHHT, CBA3aHHBIN
C Pa3HOCTBIO MJIM OTHOIICHWEM HMCKOMBIX 3HaueHHH BenndrHbl. OOOCHOBAHO MPEIIONOKEHHE O TOM, YTO
o0a cnocoba M3MepeHHss MOXKHO HCIIOJIb30BaTh COBMECTHO JUISI U3MEPEHHsI OAHOM M TOW YK€ BEIWYHHBI.
[Tpruém pe3ynbTaThl U3MEPEHHs OYAYT B ONPEICIEHHOM CMBICIIEC IKBUBAJICHTHBI.

ITokazaHo, 4TO TakO! MOAXOJ MO3BOJIAET IOJYYUTh MOJAEIb KOIMYECTBEHHOIO MU3MEPEHUs, KOTopas
cBOOO/IHA OT HEJIOCTATKOB KJIACCHYECKUX Teopuii m3mepenus. CHopMyarpoBaH alropuT™M KOJIUIECTBEHHOTO
W3MEpEeHHs, a TAaK)Ke MPUHLUI OTPaKCHHUS, 00ECIICUNBAIONINN COOTBETCTBHE dMIIMPHUECKON W YHCIOBOU
CHUCTEM MOJETIH.

[Ipennoxennass Mojenb M3MEpPEHHs MOJATBEpKAeHa sMnupuuecku. C e€ MOMOIIbIO MMOKa3aHO, YTO
SMIMpUYEcKHil 3aKoH PexHepa SKBUBAJICHTEH IMIHpUUEecKOMY 3akoHy CTuBeHca. TeM caMbIM IOJIy4eHO
pelIeHne Kaccu4eckoi npo0iaeMbl CyObeKTHBHOTO U3MEPEHUS.

Ha xoHKpeTHOM IpHMepe MPOAEMOHCTPUPOBAHBI BO3MOKHOCTH IPEIIOKEHHON MOJEIH U3MEPEHUSI.
IToka3aHo, 4TO MOJIEIb MOKHO UCIIOJB30BATh JUIsl PACHIMPEHHOIO aHAIN3a YKCIEPTHBIX OLEHOK.
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Introduction

Measurement theory permits us to consider
both objective and subjective measures from a uni-
fied point of view. Objective measures are asso-
ciated with metrology [1]. Metrology is the science
of measuring. The basis of metrology is units of mea-
surement. Metrology also includes measuring instru-
ments. The theory of objective measures is well de-
veloped. The theory of subjective measurements is
based on the opinions and assessments of experts and
requires further development [2].

Measurement is currently referred to as the pro-
cess of obtaining an experimental value or values
of a quantity that can reasonably be attributed to a
quantity [3]. Every science experiment should fol-
low the basic principles of proper investigation. An
objective experiment is carried out using technical
devices. Subjective experiments are based on expert
opinions, feelings, and general impressions. And, if
the justification of an objective experiment is tech-
nical devices, then further development of the mea-
surement theory is required to verify the adequacy of
the results of the subjective measurements [4].

Measurement theory permits us to consider both
objective and subjective measures from a unified
point of view. Objective measures are associated
with metrology. Metrology is the science of measu-
ring. The basis of metrology is units of measurement.
Metrology also includes measuring instruments. The
theory of objective measures is well developed. The
theory of subjective measurements is based on the
opinions and assessments of experts and requires
further development [5].

The additive representation of the measurement
process assumes that the addition operation has an
empirical meaning. Representative measurement
theory was created to overcome the limitations of
additive measurement theory [6—8], (Figure 1). The
representational measurement theory was originated
by S.S. Stevens and other scientists. Representatio-
nal measurement theory is based on the properties of
binary relations and defines measurement as a map-
ping between two relational structures, an empirical
one and a numerical one. For simplicity, since alge-
braic operations can be reduced to relations without
loss of generality, representative theory does not in-
clude algebraic operations.

Empirical system Mapping Mathematical system

Objects 4,, 45, Ay, ... u; = uld;) Values of the magnitude
. . depends on the type of measurement

Relationships (4;, 4;) ccale Uy, Uy, Us, ...

Figure 1 — Model by representative measurement theory

S. Stevens (1946) believed that numerical va-
lues should be assigned to objects according to cer-
tain rules. A measurement scale is a classification
that describes the assignment rules.

New trends have appeared in the theory of
measurements, which should be taken into account
to substantiate a model of measurement. For exam-
ple, a mathematical model of an empirical system
was considered [9-10]. The model for measuring
is proposed in the papers [11-12]. Let the general

Mathematical model
of an empirical system

Objects 4,, 4,, 45, ...

Ordered pairs
(4. 4)

Figure 2 — General measurement model

Mapping
u; = u(4;)

Measurement result
Ry = R(4;, 4))

measurement model (Figure 2) include an empirical
system, a mathematical system, and a mapping from
an empirical system to a mathematical system:

1. Empirical system. Objects of measurement
Ay, 4y, 4, ... and pairs of objects (4,, 4)).

2. Mathematical system. u; is a numerical value,
and (u; — u;) is the operation result.

3. Mapping. Each object 4, maps to a value u;
and each pair of objects (4;, 4;) maps to the opera-
tion results (u; — ;).

Mathematical system

Values of the magnitude
Uyy Uy, Usy ..

The result of the operation
R(A;, 4) = u; — u;

1
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Objects are mapped to values by the function
u; = u(4;), and pairs of objects (4;, 4;) are mapped ® 4i PS 4 PA 43
to the difference of values (u;—u;). Hence, there N .
are two mappings (see Figure 2). Let the empirical Figure 3 — Empirical system. The rod (4,, 45) consists of
system be an affine line. Let 4,, 4, and 4, are arbi- WO rods (4;, 4,) and (4, 43)

trary points on a straight line, and (4, 4,), (4,, 43) The model for measuring the length of the
and (4, 43) are rigid rods (Figure 3). Let’s measure  rod (Figure 4) follows from the general measure-
the length of these rods (Figure 3). ment model (Figure 2).

Empirical system Mapping Mathematical system

Points on a straight line u; =u(4;) u; — point coordinate values

Ay, Ay, A, ...

Vectors Vector mapping Measurement equation

(41, 45), (45, 43), (4;, 43) sz =R(4;, A;) R(AizAj):ui_uj
Figure 4 — Rod length measurement

Here the expression (4;, 4;) means a vector. The For the practical implementation of measure-

point 4, is known as the start point, and the point 4;,  ment, i. e., for empirical measurements, an appropri-

is known as the end point. A vector is the result of an  ate model of measurement is needed. Stevens pro-
empirical measurement that characterizes the diffe-

rence in position of two points on a straight line. Each
vector (4;, 4;) is assigned the value R; = R(4;, 4)).

The fi laR(A4,, 4)=u,—u;i d to calculate th . . .
meZsSIr*:]nllleit Eesllilltj )Tth foﬁ/nllsl 12861:3 (A04 Cj‘)’u:il é_; and A, on a straight line, changes uniformly. Then
. i 7 i '

is used to determine the values of the quantity. the vectors (4,, 4,) and (4, 4;) are equal and, con-
The measurement result of the vector (4,, 45) sequently, the measurement results of R(4,, 4,) and
is equal to the sum of the measurement results of the ~ R(4,, 4;) coincide. Figure 5 shows the model of

posed a model in which he used a certain group of
objects whose magnitude changed uniformly [4]. For
example, in Figure 3, the position of points 4,, 4,

vectors (4,, A,) and (4,, 45). S.S. Stevens.
Empirical system Mapping Mathematical system
Vectors Vector mapping Measurement equation
(A19A2)s (A2>A3)9 (A19A3) Rij:R(AisAj) R(Aia Aj)zu[_uj
Measurement Result mapping Measurement equation
(A4,,4,)=(4,,45) R(A,,4,)=R(4,, 45) Uy — Uy = Uy — Uy

Figure 5 — Empirical measurement model according to S. Stevens [4]

So far, the model for measuring the difference of ~ S. Stevens used this model of measurement to classify
values has been considered. A model for measuring measurement scales [4]. It only remains to add that
the ratio of values can be obtained in a similar way. the Stevens classification also needs to be corrected.
The Stevens model contains two measurement equa- The aim of the work was to develop the theory
tions: for the difference and for the ratio of quantities.  of measurements based on the corrected model of
In the first case, the values are determined on a scale  measurements by S.S. Stevens. This work is a con-
of intervals; in the second case, on a log-interval scale.  tinuation of the work [11-12].
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A critical analysis of the Stevens
measurement model

The four scales were suggested by S.S. Stevens
in 1946. Later, in 1957, S. Stevens added a fifth, the
log-interval scale, but came to the conclusion that
this scale was useless. And the logarithmic scale is no
longer in use today. Stevens’ model corresponds to
the concept of realism. According to J. Michell [13—
14], numbers are ratios between quantities and exist
in space and time. An empirical relational system is
posited as an objective, independently existing struc-
ture able to be numerically represented.

Such an empirical structure was considered
in 1923 by the physicist A. Friedman. Following
A. Friedman, let’s axiomatically define “an excep-
tional group of objects that allows us to make a spe-
cial evaluation”. Let the objects 4,, 4,, 45, ... be
sorted in ascending order of quantity, and the quan-
tity of these objects changes uniformly; u; = u(4,),
where u; is the value of the quantity; the differ-
ences in values (u;,, —u;) are equal to each other:
Uy— Uy =uUs—U,=...=u,—u, .Inaccordance with
the definition of A. Friedman, such a special assess-
ment is called a measurement. Difference values are
defined using equality:

(1

where A, is an unknown constant, A, > 0. The values
u; are determined by a linear transformation, that is,
on the interval scale.

Let v,=v(4;), where v, is the value of the
quantity and the rations of the values are equal:
Vo/v=v3/v,=...=v,/v, . Then the ratios of va-
lues are determined by the formula:

In (vi/v;) =2y (i =), (2)

where A, is an unknown constant, A, > 0. The lo-
garithms of the values are determined up to a li-
near transformation, i. e., on the scale of log-inter-
vals scale. As a result, two measurement equations
are obtained (1) and (2), with two different measure-
ment operations: subtraction and division. Values
are determined on an interval scale and a log-inter-
val scale. S.S. Stevens used a similar measurement
model to classify measurement scales.

The concept of measurement scales looks con-
vincing, and only the “unnecessary” fifth scale
breaks the logic. S.S. Stephens thought a log scale
was mathematically interesting, but it, like many
mathematical models, has proven empirically

u;—u; = A (i =),

useless. Such a claim is controversial. Let’s take an
example of measuring a non-additive quantity. Den-
sity is an example of a non-additive quantity. Let the
density of the two samples be equal to 1 kg/m® and
2 kg/m’. Then the sum of densities is not defined, but
the ratio of densities is defined.

Example. Let the densities of samples 4,, 4,,
A5, A4 and A change uniformly. Density values can
be measured in two ways. 1. The difference between
two density values is calculated by the formula (1)
u;—u; = i —j, where u; are the values that characte-
rize the density; i,j =1, 2, ..., 5; A, = 1. The ratios of
density values satisfy the equality v,,, /v, = 2, where
v, are the density values. To calculate the ratios, use
the formula (v,/ v)) = (2'/2);i,j=1,2, ..., 5.

Density values u; are determined up to a con-
stant factor, while values v; are determined up to an
arbitrary constant. In a particular case, the values are
given in Table 1. The values have a natural inter-
pretation. For example, the third sample (i = 3) has a
density four times greater than the first, or two orders
of magnitude greater than the first.

Table 1

The density values are obtained on the interval
and log-interval scales

Interval scale of “density”
values u;

Log-interval scale of density

25
values v,

2 2% 2% o

The example confirms that if the value of
objects 4,, 4,, ... changes uniformly, it is reasonable
to consider two measurement scales: the intervals
scale and the log-intervals scale (Table 1). Stevens
believed that the scale of logarithmic intervals was
useless [4]. But density is not defined on the scale
of relations since density is a non-additive quantity.
The density is determined on the logarithmic scale
of intervals. Therefore, there is reason to believe that
the Stevens model requires adjustment.

The measurement model (the adjusted
Stevens model)

From equalities (1) and (2), it follows that the
interval scale values and log interval scale values are
interconnected by the formula:

(u;—w) =L In(v;/v)), 3)
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where i, j =1, 2, ..., n; u, and v, are the values of the
quantity; A = A,/A,. It is straightforward to demon-
strate that equality (3) is satisfied for the values u,
and v; in Table 1.

Equality (3) means that the mapping u = In(v)
preserves the measurement operation: the ratio of
values maps to the difference of values. In addition,
for the values u; and v,, there is a one-to-one cor-
respondence between the values of u; and v; using
the mapping u = In(v). The mapping u = In(v) is an
isomorphism of two algebraic structures: the set of
positive integers under the operation of division,
onto the set of real numbers under the operation of
subtraction. As a result, isomorphic structures cannot
be distinguished from one another solely on the basis
of structure; they are equivalent [15].

During the measurement process each pair of
objects is assigned a value (u;,—u;) or (v;/v;). This
means that the result of an empirical measurement is
equal to the result of an arithmetic operation and not
the value of the quantity. To unify the measurement
process, it is convenient to introduce a rating defini-
tion based on equality (3):

R;= A (u;— uj); 4
R;= Ay ln(ui/vj), (5)

where i, j =1, 2, ... n. The quantity values are #; and
v;, v;> 0, and the positive constants are A, A,.

For objects whose quantity changes uniformly,
the rating is determined up to a constant factor A:

Ry =Mi—)). (6)

Such a definition of the rating will be called clas-
sical. The classic definition of rating follows from
the Stevens measurement model. The rating does
not depend on the choice of measurement model (5)
or (6). A direct check shows that the rating values
satisfy the consistency condition:

Rij =Ry + Rkj' (7N

The axiomatic model of measurement includes
the compatibility condition (7) and two measurement
models (4) and (5), where u; and v, are values, and
R; are rating values. Let the values of the quantity
be on the interval scale if they are the solution of
the system of equations (5), and on the logarithmic
scale if they are the solution of the system of equa-
tions (6). The ratio scale is an interval scale modified
to include an inherent zero starting point. The ratio
scale is an auxiliary scale.

As a result, a theoretical measurement model
was obtained, which can be used for both subjective
and objective measurements. For the measurement
models the measurement algorithm is:

1. Select the measurement model (4) or (5).

2.Find the measurement results (u;,—u;) or
i/ v;).

3. Calculate the rating R;;.

4. Check the compatibility conditions (7).

5. Select the measurement equation (4) or (5)
and find the values of the measured quantity.

The values of the quantity are defined in the
scale of intervals if they are the solution of the sys-
tem of equations (5), and in the scale of log-intervals
if they are the solution of the system of equations (5).
The ratio scale is a scale of intervals in which the
zero element, the reference point, is defined. The
ratio scale is an auxiliary scale.

In addition, the measurement model follows the
principles:

1. The principle of reflection. Operations within
the mathematical system are applicable if and only if
they reflect corresponding operations within the em-
pirical system.

2. The principle of equivalence. The interval
scale and the log-interval scale are equivalent.

From the equivalence principle, organically fol-
lows:

1. Fechner’s law in the form of paired compari-
sons [11].

2. Stevens’ law in the form of paired compari-
sons [11].

3. Rasch model [16].

Stevens’ Experimental Law (1947) was proposed
to replace Fechner’s Experimental Law (1848). The
contradiction between the laws of Fechner and Ste-
vens still exists. The proposed model measurement
solves this problem. In addition, the experimental
laws of psychophysics follow from the measurement
model (5) and (6). Thus, the measurement model has
strong empirical support.

An example implementation of a
quantification model

Five samples of the drinks are evaluated by
seven experienced experts (ISO 11056). Drinks con-
tain different amounts of caffeine. Let 4; be a cof-
fee brand, & be the expert’s serial number, and u,; be
assessments of the coffee brand. Table 2 shows the
assessments of brands, u;.
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Table 2
Data related to the five samples
Vii 4, 4, A; A, As
1 10 20 35 40 70
2 20 38 44 85
3 20 36 40 75
4 15 32 37 70
5 12 25 38 40 75
6 12 22 35 40 80
7 9 18 35 40 84

The values were assigned based on the relation;
if an attribute is twice as intense, it has been assigned
a value twice as high. The assessment can be con-
sidered as a measurement on the log interval scale.
Individual 7, ratings for each expert are calculated
using the formula r; = In(v,./v,).

Table 3
Individual rating values

Vii 4, 4, A5 A, As

1 0.00 0.69 1.25 1.39 1.95
2 0.00 0.92 1.56 1.70 2.36
3 0.00 0.92 1.50 1.61 2.24
4 0.00 0.76 1.52 1.67 2.30
5 0.00 0.73 1.15 1.20 1.83
7 0.00 0.61 1.07 1.20 1.90

The group rating R (Table 4) is calculated as the
average of individual ratings (see Table 3) for each
brand of coffee. A criterion for the consistency of ex-
pert assessments is proposed: the significance of the
correlation coefficients p, p, = p(7;, R). Correlation
coefficients according to Student’s t-test are signifi-
cant with a significance level of 0.05. Therefore, the
hypothesis of the consistency of expert assessments
is accepted.

Table 4
Group assessment of the rating
A A, A4, A, A, A
R 0.00 0.76 1.35 1.47 2.10

The rating measurements can be used in demand
forecasting and sales planning models. Suppose that

the expert consistently compares all brands with the
first one. Let p, be the probability of choosing brand
A; in this situation. Then the ratios of probabilities
p;/p, are related to the rating by formula (6), which
we write as:

R, =\n(p,/p,), 3

where A for formula (7) can be found by using
additional information. Formula 7 is the Rasch
model [16].

The example shows that the measurement re-
sults can be interpreted using the rating definition.
In the example under consideration, the scale of log
intervals was chosen based on the recommenda-
tions for conducting such studies. To confirm that
the measurement scale is log-interval, it is necessary
to check (at least partially) the compatibility condi-
tion (3).

Conclusion

The measurement of non-additive quantities is
a problem that was considered in this article. For
example, subjective measurements are measure-
ments of non-additive quantities. The analysis of
modern works on the theory of measurements shows
that this problem is still relevant. These problems
are considered in the works of J. Barzilai and J. Mi-
chel. It has been established that there is no measure-
ment equation in measurement theory that defines
the natural connection between the empirical and
mathematical systems.

The concept of realism has been applied to the
formation of measurement models. In particular, this
means that empirical structures that support measure-
ment must naturally produce real numbers. The rea-
listic principle for obtaining scale values is formed
on the basis of the Stevens model. The Stevens model
is the rationale for the classification of measurement
scales. However, the analysis of the Stevens model
showed that it needs to be refined.

Taking into account the concept of realism,
a model of quantitative measurement is proposed.
This model was used by S.S. Stevens for the clas-
sification of measurement scales.

The model includes two measurement opera-
tions. The result of a measurement operation is a dif-
ference or ratio of values. The definition of the rating
allows you to consider both measurement operations
at the same time. The rating is a generalized result
of the measurement, which does not depend on the
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choice of the measurement operation. The assump-
tion that both measurement operations can be used
together to measure the same quantity is substan-
tiated. Moreover, the measurement results in this
case are equivalent. On this basis, the principle of
equivalence is formulated.

An algorithm for quantitative measurement is
formulated, as well as a reflection principle that en-
sures the correspondence between the empirical and
mathematical systems.

The proposed model of measurement has con-
vincing experimental confirmation. The model eli-
minated the contradiction between the empirical
laws of Fechner and Stevens. It is shown that they
are equivalent.

The definition of the measurement equation is
given. The measurement equation maps an empiri-
cal system into a mathematical system. From the
measurement equation follows the definition of the
measurement scale. In general, the concept of mea-
surement has been formed, which considers subjec-
tive and objective measurements from a single point
of view.

An example of the application of the measure-
ment model is given. It is shown that an extended
analysis of expert assessments can be performed
using a measurement model. Such an analysis can be
used to solve the problem of forecasting supply and
demand in the economy.
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Abstract

Any object can have many implementations in the form of digital images and any digital image can be
processed many times increasing or decreasing accuracy and reliability. Digital colorimetry faces the need to
work out issues of ensuring accuracy, metrological traceability and reliability. The purpose of this work was
to generalize approaches to the description of multidimensional quantized spaces and show the possibilities
of their adaptation to digital colorimetry. This approach will minimize the private and global risks in mea-
surements.

For color identification digital colorimetry uses standard color models and spaces. Most of them are
empirical and are improved during the transition from standard to real observation conditions taking into
account the phenomena of vision and the age of observers. From the point of view of measurement, a digital
image can be represented by a combinatorial model of an information and measurement channel with the
appearance of the phenomenon of a color covariance hypercube requiring a significant amount of memory
for data storage and processing. The transition from the covariance hypercube to high-dimensional matrices
and tensors of the first, second and higher ranks provides the prospect of optimizing the color parameters of
a digital image by the criterion of information entropy.

Tensor calculus provides opportunities for expanding the dynamic range in color measurements descri-
bing multidimensional vector fields and quantized spaces with indexing tensors and decomposing them into
matrices of low orders.

The proposed complex approach based on tensor calculus. According to this approach the color space is
a set of directed vector fields undergoing sampling, quantization and coding operations. Also it is a dynamic
open system exchanging information with the environment at a given level and to identify color with speci-
fied levels of accuracy, reliability, uncertainty and entropy.
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TeHn3opHoe HcYHC/IeHUE B HM(PPOBOU KOJIOPUMETPHH
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benopycckuil nayuonanshulil mexuudeckul ynugeepcumen,
np-m Hezasucumocmu, 65, . Munck 220013, Berapyco

Hocmynuna 10.05.2022
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[Tockonbky 000K 00BEKT MOKET UMETh MHOXKECTBO peajHu3aluii B BUAE HUPPOBBIX M300paKeHHH,
a ro0oe nugpoBoe M300paKeHNE MOYKET OBITh MHOXKECTBO pa3 IMOJBEPrHYTO 00pabOTKe, MOBBIMIAIOLICH
WY TTIOHMKAIOLIeH TOYHOCTD M JIOCTOBEPHOCTb, HIU(PPOBast KOJOPUMETPHS CTATKUBAETCS C HEOOXOJUMOCTBIO
MpopabOTKH BOTIPOCOB 00ECTICYCHUSI TOYHOCTH, METPOJIOTHYECKON MPOCIECKUBAEMOCTH U JIOCTOBEPHOCTH.
Lens nanHoi pabOThl — OOOOIIUTH MOIXO/ABI K OMUCAHWIO MHOTOMEPHBIX KBAaHTOBAHHBIX MPOCTPAHCTB M
MOKa3aTh BO3MOXKHOCTH HMX aJanTalud K IH(POBOH KOJIOPUMETPHH, YTO IMO3BOJIMT MUHHMH3UPOBATH
YacTHBIE U TII00aTbHbBIC PUCKU, BOSHUKAIOIINE B U3MEPCHUSIX.

Jnst unenTndukanuy nera nudpoBas KOJIOPUMETPHS UCIONB3YeT CTaHAapTHBIC IIBETOBBIE MOJCIH
Y TIPOCTPAHCTBA, OONBIIMHCTBO U3 KOTOPBIX SIBJISIOTCS] AMITMPUIECKUMH M COBEPIICHCTBYIOTCS ITPH ITEPEX0/Ie
OT CTaHJAPTHBIX K pEalibHBIM YCIOBUSAM HaOMIOICHHS ¢ Y4ETOM ()eHOMEHOB 3peHUs U BO3pacTa Haluoaa-
teneit. Llupposoe n3obpaskeHHe ¢ TOYKH 3pEHHST U3MEPEHHSI MOXKET OBITh MPEICTaBICHO KOMOMHATOPHON
MOJIENBI0  MH(POPMAIIMOHHO-U3MEPUTENIFHOTO  KaHajla C BO3HUKHOBEHHEM ()EHOMEHa I[BETOBOTO
KOBapHAIMOHHOTO THIEPKy0a, TPEOYIOIIEro 3HauuTeIbHOTO 00bEMa MaMsITH Ul XpaHeHUs] U 00paboTKu
JMaHHbIX. [lepexol OT KOBapHAallMOHHOTO THIEPKy0a K MaTpuIlaM BBICOKHX Pa3MEpPHOCTEH W TEH30pam
MEepBOro, BTOPOro M 0oJiee BBICOKUX PAHIOB IPEJOCTABISET IMEPCIEKTHBY ONTHUMHU3AIUK IIBETOBBIX
napameTpoB I(POBOro N300paKEeHHUS IO KPUTEPHIO HHPOPMAITHOHHON SHTPOITHH.

TeH30pHOE HCUHUCICHHE TPEAOCTaBISIET BO3MOXKHOCTH pACIIMPEHHS JIMHAMHYECKOTO Juara3oHa
B U3MEpPEHHSX IIBETa, OMHCAHWSI MHOTOMEpPHBIX BEKTOPHBIX TMOJECH W KBAaHTOBAHHBIX TPOCTPAHCTB
C MHJICKCAIlUeH TEH30POB M Pa3JIOKECHUEM WX Ha MATPHUIIBI HU3KHX MOPSAKOB.

IlpennoxeHHbI1 KOMIUIEKCHBIA TMOJIXOJ, OCHOBAaHHBIH Ha TEH30PHOM WCYHUCICHUH, IO3BOJISIET
paccMaTpuBaTh IIBETOBOE MPOCTPAHCTBO KaK COBOKYITHOCTh HAIpPAaBICHHBIX BEKTOPHBIX IIOJICH,
MOJBEPralONINXCsl  OMEpalusIM JIUCKPETU3alliK, KBAHTOBAHWS M KOJIUPOBAHHUS, KaK JIHHAMHUYECKYIO
OTKPBITYIO CHUCTEMY, OOMEHHMBAIOLIYIOCS MH(OpMAIMell ¢ OKpYyKalolled cpeloil ¢ 3aJaHHBIM YPOBHEM,
U WISHTU(UIHMPOBATh LBET C 3aJaHHBIMH YPOBHSMH TOYHOCTH, JIOCTOBEPHOCTH, HEOMPEICIIEHHOCTH
Y SHTPOTINH.
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Introduction

Digital colorimetry focused on qualitative and
quantitative methods for determining color from
digital images faces the need to work out issues of
ensuring accuracy, metrological traceability and reli-
ability, since any object can have many implementa-
tions in the form of digital images, and any digital
image can be processed many times, increasing or
decreasing accuracy and reliability. It is because
any object can have many implementations in the
form of digital images, and any digital image can
be processed many times, increasing or decreasing
accuracy and reliability. Basic colorimetry assumes
normalized observation conditions, and higher colo-
rimetry includes “methods for assessing the percep-
tion of a color stimulus presented to an observer in
a complex environment that we observe in everyday
life” [1]. Methods of transmitting color information
of an image in telecommunication systems are based
on the use of the principles of higher colorimetry [2].
The concepts of “absolute” (differential) and “rela-
tive” colorimetry take into account the possibilities
of color reproduction of technical means [3]. The
idea of differential colorimetry consists in determi-
ning minor color differences on conditional vir-
tual scales being developed for example in express
methods of analytical measurements using a smart-
phone [4] terrain studies using satellite images [5, 6].
Relative colorimetry takes place in color-rendering
systems allowing colors to be shifted taking into ac-
count the movement of the “white point” to a new
position taking into account the limitations of the co-
lor coverage of technical devices [3, 7]. At the same
time, there is a need to expand the dynamic range of
digital images objectively limited by the color cove-
rage of recording, transmitting and displaying de-
vices in order to bring them as close as possible
to the dynamic range of human vision (0.000001—
100000000 cd/m?) [8, 9].

In areas not related to measurements (televi-
sion, computer games and design) multilayer HRDI
images are used [8] to improve their visual percep-
tion with the transition from standard (SDR) 005—
100 cd/m? to high (HDR) 0.0005-10000 cd/m? dy-
namic range and vice versa using special transfer
functions in accordance with the recommendations
of BT.709 [10], BT.1886 [11], BT.2100 [12] of
the International Telecommunication Union (ITU).
At the same time, traceability is ensured by setting
“white”, “black”, 18 % and 75 % brightness levels

adaptable to a standard monitor and standard obser-
vation conditions [12]. The sources of metrologi-
cal traceability of color in measurements are stan-
dards (standard samples, reference measuring instru-
ments) and reference measurement techniques that
serve to establish reference points of conditional
virtual scales in color spaces. The issues that arise
when expanding the dynamic range of digital images
are as follows: 1) should the measurement results be
viewed each time in a new interpretation of the color
space, or should the same space be used? 2) is the
color space static or a dynamic system? According
to the authors, when implementing the measurement
the color space should be considered as an open dy-
namic system taking into account the operations of
sampling and quantization from the stand point of a
single integrated approach based on tensor calculus.
A large number of works are devoted to the develop-
ment in colorimetry of the concept of a color tensor
in relation, however, to the development of an equi-
distant color space [13]. We are interested in the fur-
ther development of this topic namely the issues of
dynamic range and quantization of spaces that have
found application in theoretical physics.

The purpose of this work was to generalize ap-
proaches to the description of multidimensional
quantized spaces and to show the possibilities of
their adaptation to digital colorimetry, which will
minimize private and global risks arising in measure-
ments.

The problem of color multivariance and the
phenomenon of covariance hypercube

A digital image is an information model “an
image more or less similar (but not identical) to
the depicted object” [14] described according to
ISO/IEC 19794-5 ' by a two-dimensional representa-
tion of the brightness and texture of an object under
certain lighting conditions, a discrete-continuous
structure consisting of a finite number of elements (pi-
xels) each of which has a geometric reference to the
displayed object and its state in time. Color measure-
ment consists in determining the color coordinates
in the hardware-dependent RGB color space by av-
eraging the intensity values in the red (R), green (G)
and blue (B) color channels over the selected

"ISO/IEC 19794-5:2011 Information technology —
Biometric data interchange formats. Part 5: Face image
data
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area of the digital image, comparing the obtained
values with the built-in scale of virtual measures
providing metrological traceability, transforming
the obtained values into hardware-independent the
space (for example, XYZ) and the calculation of the
chromaticity coordinates. Each control point on the
surface of the object is an equally bright non-point
emitter and the pixel area of the digital image cor-
responding to this control point is considered as a
finite set of nominally identical intensity samples in
the R, G, B color channels [15]. We understand by
metrological traceability the property of the mea-
surement result according to which the result can be
correlated with the basis for comparison through a

documented unbroken chain of calibrations each of
which contributes to the measurement uncertainty.
The digital image is the result of convolution of the
spectral distribution functions of the elements “illu-
minator”, “illuminated surface”, “recording device”,
“software”, “display device” in the color space and
an information model of any of them, provided that
all other elements are validated [15].

If X; is an input quantity (spectral distribution
function or averaged intensity) the j-th element of
the information and measurement channel and x;; is
the k-th random variable implementation with uncer-
tainty u(x,), /=1, .., m, then the parameter u(x;;,x;)
is the covariance of x;; and x;; as shown in Table.

b3
b

Table
Validation model of the information and measurement channel
Element j
. . i i i - Output
Realization K Illuminator Illuminated Recor'dlng Software Dlspl'ay de utpu
surface device vice param.
X X
: X, X, 4 X5
K, 2x11 X2 X13 X4 Xis Y,
u(xyp) u(xp, X51) u(xy3, X31) U(X145 Xy7) u(xys, Xs1)
X X X X X
K2 21 ) 22 23 24 25 Y2
u(xpp, X15) u(xp) u(Xp3, X35) U(Xpq5 Xy5) U(Xps, Xs5)
K, X3 X32 2x33 X34 X35 Y,
u(xyy, Xy3) u(x3,, X53) u(x33) u(xy3, Xy3) u(x3s, Xs3)
K, X41 X4 X43 2x44 Xy45 Y,
u(Xgy5 X14) U(X g2, X24) U(Xg3, X34) U (xg4) u(Xys, Xs4)
X5 Xsp Xs3 Xs4 Xss
K, , Y,
u(xsy, Xy5) u(Xsp, X55) u(xs3, X35) U(Xs45 Xy5) u’(xss)
Km xml xm2 xm3 xm4 me Ym
u(xml’ ‘xlm) u(me’ x2m) u(xm3’ x3m) u('xm4’ x4m) u(me’ xSm)
The elements highlighted with a gray fill are ,
measurement objects. Let’s focus on implementa- Y =4 1)
tions K,—K (implementations with two or more k i ’

unknowns that increase information entropy are not
considered here). The output parameter Y, is defined
by a set of chromaticity coordinates in a hardware
independent space:

where 4 is the matrix of transition to the chromaticity
coordinates of the hardware independent space; r, g,
b are the chromaticity coordinates in space RGB [7]:
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p— R .
T R+G+B’
j— G .
" R+G+B’
B
" R+G+B’

g (2

where R, G, B are color coordinates determined by
averaging the intensities over a region of MxN pi-
xels in the red, green and blue color channels of a
digital image:

1 MN-I
R=WE£R&;
| MN-1
G:WE{JZ}GM; 3)
| MN-1
BZWZ{Z}BW

In turn, each element of the information-
measuring channel, described by the value X;, can
be represented by a set of W variables (aperture,
viewing angle, exposure time, illumination, type of
quantization, coding, etc.) characterizing the mul-
tivariate states of the information-measuring sys-
tem. Therefore, Table of the model VM(K;, X;, ;)
can be represented as a family of covariance ma-
trices.

According to ISO/IECGuide 98-3/Suppl 2:20117
the covariance matrix is a positively semidefinite
matrix of dimension NxN, where N is the number
of input quantities, on the main diagonal of which
there are squares of standard uncertainties corres-
ponding to the estimates of the magnitude, and the
remaining members of the matrix represent cova-
riances between pairs of corresponding estimates of
the elements of the magnitude:

u(xji’xkl)=;2 Z(xji_ul)(xkz_llz), (4)
m—=1" s
where [, 1, are mathematical expectations by signs;
C is multiple points in a class.
So for each j-th implementation, the dimension
of the matrix will be 5x5. To implement K, the ma-
trix has the form:

2ISO/IECGuide  98-3/Suppl 2:2011 Uncertainty
of measurement. Part 3: Guide to the expression of
uncertainty in measurement (GUM:1995). Supplement 2:
Extension to any number of output quantities

“2("11) u(x X)) u(ynxz) u(xgnxg)  wlegsxs)
u(xp55Xp1) uz(xlz) u(xpp,Xp3)  u(xp,x4)  u(xp.Xs)
“I(Xl"‘X5)= u(xp3,%,)  u(xg3,%,) “2()‘13) u(xi3,%,)  u(x3,%5) (5)
u(xig>xy)  u(xx,)  u(xg,x;) ”2("14) u(Xy45%5)
u(xis,xp)  u(xps, %) ulxs, X)) ulxs,xy,) “2(x15)

The abbreviated form of writing this matrix:
2 . .
u (X . 1=

UI[/_ = ( lj) ) / K (6)
' u(xy,x ;) i#j
where uz(xij) is variance of the estimate x;;; u(x;, X,,,)
is covariance between values x; and x,,,,.

Similarly, we write for implementations K,—K.
The uncertainty u(Y,) is calculated from the expres-
sion:

u(;)=Cu(X,)C’, (7)

where C is matrix of sensitivity coefficients with di-
mension NxN.

The sensitivity coefficients can be defined as
partial derivatives of the original function f connec-
ting the variables X, X, ..., X5 [15]:

_|

For the case of the triad X, X, X; the covariance
cube of the information and measurement system is
shown in Figure 1 on the faces of which the matrix
elements are located. There are only six triads as six
faces of this cube can be displayed. In this case, the
covariance cube contains 3 X (mxm) elements.

X31 X322 X33 X34 X35
X31  _
X33 " ~ S
33 4 X2
X35 11— Xi2- Xi3_ Xige Xi5 ¢
o X22
X11  |u?(xy,) | cov cov cov cov \/
; d
\/ X23
x12 cov 2(x19) | cov cov cov \\\
- ]| X2a
X13 cov cov  [u?(xy3) | cov cov \
T \\ x2m
u?(x;,) cov p,
X14 cov cov cov =
IS X2m
g 2
Xim | cov ae cov cov W Cas) X23
4
X21

Figure 1 — Covariance cube of the information and mea-
surement system VM(K;, X;, X,, X5, Y),i=1,..,m
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Considering that the covariance cube generally
contains jWm® elements (where j is the number of
variables X}, and m is the number of implementations
K.), it can be further considered a covariance hyper-
cube of the information and measurement channel.

Transition to orthogonal matrices of high
dimensions

The problem of color multivariance in digital
colorimetry is solved with the help of orthogonal
matrices of high dimensions that allow display-
ing the states of the information and measurement
channel in a multidimensional space. The graphical
representation of a hypercube through 5-matrices
with fixed (a, b, c¢) and sliding (a, B, v) indices in the
form of a set of 3-matrices of n-dimensions can be

a b ¢
> £
/,?c /I?c /b*c
a a a
a lb lb lb
oc Te o /
a b c a b c a b c
C C C
A 4 a
a ) a a
b| 4 I o
o¢ ac QG
a b ¢ 2 b C 2 LG
/b'Pc (P /t?c
a a a
¢ s o b
Y e Clc ﬂc
a bec a b c a b c
a

represented compactly in the interpretation of Pen-
rose diagrams [16, 17], as illustrated in Figure 2.

This diagram is an image of multilinear func-
tions or tensors and represents several shapes con-
nected by lines. Each element of the original matrix
is multiplied by the corresponding element of the
convolution matrix. By the derivative f, of the image
fwe will understand:

_Y )
ox  |¥=x

Y=y

S (@) =i~ Sy (€]

Under the convolution matrix, we will under-
stand the matrix of coefficients which is “multi-
plied” by the values of the pixel intensities of the
image to obtain the desired result. An example of
such matrices used to detect lines in [18] is shown
in Figure 3.

- T J

%3k sk

k% k

* 2k ok

*k sk %k

% %k 3k

b

Figure 2 — Representation of the 5-matrix A4afByde in the form of a set of matrices: a —based on the Crohn’s

methodology; b — in the form of Penrose diagrams

-1 -1 -1 -1 -1 2
2 2 2 -1 2 -1
-1 -1 -1 2 -1 ] -1

Figure 3 — Example of convolution matrices

Then the total sum of these products is found,
which, if necessary, is divided by the normalization
coefficient (the sum of the elements of the convolu-

-1 2| -1 2 0 -1 -1
-1 2 -1 -1 2 -1
-1 2| -1 -1 -1 2

tion matrix). This is necessary in order for the average
intensity to remain unchanged. Then the brightness
value of the current pixel can be set by the formula:
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nxm

L= wz,
i=1

(10)

where z; is the brightness value of the pixel corre-
sponding to the mask coefficient w,.

For example a command in Wolfram
Mathematica system, that displays the origi-
nal image of the motherboard as well as its
modified images, as shown in Figure 4 is writ-
ten according to the developed program [19] as fol-
lows:{ f,ImageConvolve| f,maskal]//ColorNegate,

ImageConvolve[f,maska2]//ColorNegate,ImageCon
volve[ f,maska4]//ColorNegate} .

The figure demonstrates the reduction of de-
grees of freedom due to the use of convolution ma-
trices during the transition from full-color to half-
tone and binary images. The most commonly used
filter based on convolution matrices is the Gaussian
filter (the matrix is filled according to the normal
law). In this case, the elements of the matrix are
normalized. An example of such a matrix is shown
in Figure 5.

Figure 4 — Line detection on the motherboard snapshot

0.00987648 0.0796275 0.00987648
0.0896275 0.641984 0.0796275
0.00987648 0.0796275 0.00987648

Figure 5 — Convolution matrix

Matrix elements can be defined using the
built-in function GaussianMatrix in the Wolfram
Mathematica system.

Color tensors in spaces of directed fields

Taking into account the recording of orthono-
mized matrices distributed according to the normal
law for some image f the structural tensor takes
the form (subscripts denote spatial derivatives and
the dash indicates convolution with a Gaussian fil-
ter) [19]:

- —
VA N
— |
VS
The tensor describes the local differentiated

structure of the image and is suitable for finding
edges and corners. The original image has the form:

)

R
G|
B

s

(12)

If the structural tensor G is considered a color
tensor, then for the RGB color space it can be writ-
ten as:

2 2 2
R, +G, +B; R R, +G.G, +BB

G= 7 .a3)

R R, +G .G, +BB,

2 2 2
Ry+Gy +By

If a color tensor describes a two-dimensional
structure at a certain point in the image then its own
value can be determined for it by the formula [13,
20] (the superscript 7 denotes the transpose opera-
tion):

S VR R RN eE)

The parallel operation of determining the
intensities of a digital image using a structural
color tensor in the color channels R, G, B is car-
ried out using the commands ImageHistogram]f,
Apperance->"Separated’’], as shown in the Fi-
gure 6 [18].

The eigenvalue indicates the local orientation
on the image with the maximum color change.
The elements of the tensor G are invariant when
the spatial axes rotate and move. This represen-
tation is applicable for classifying the color in
the image taking into account situations when
the color change is caused by a shadow or darke-
ning of the image the influence of the presence
of glare.
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b

Figure 6 — The result of using a structural tensor: a — digi-
tal image of a blood sample obtained using a microscope;
b — RGB-image histograms

The second-rank color tensor is described
in [13] and is used to construct Macadam balls de-
scribing the XYZ color space as a “single-cavity hy-
perboloid in four-dimensional spacetime having the
form” [13]:

R
Rab_zgab =0, (15)
where R, is the Ricci curvature tensor obtained from
the R, space-time curvature tensor by convolving
it by a pair of indices; R is scalar curvature that is,
the collapsed Ricci tensor; g, is metric tensor.

Then you can map a certain color vector to any
point on the color locus. “Since all vectors of type
08§ start from the zero point, the length of these vec-
tors (color saturation) is determined by a simple ex-
pression of the type” [13]:

D=\/x2 +y2 +17 R
where x, y is coordinates of the end of the vector in

the coordinate system x’y’; L is brightness of the end
point of the vector.

(16)

The divalent symmetric color tensor G,, can be
expressed by decomposing the color vector g; by the
orts of the basis ey, e,, e; [20]:

H 0 0
G,=10 S 0f=
0 0 L
arctg(x/y) 0 0 a7
= 0 \/x2+yz+L2/\/)ca2+yuz+La2 01,
0 0 L

where H is color tone; S is saturation.

The essence of this tensor is to set the coordi-
nates for the metric tensor at a specific point on the
color diagram [13]. Moving from the single-cavity
hyperboloid shown in Figure 7 to the standard color
body of the XYZ space, we will deal with tensors of
higher orders.

X T, 7K

Figure 7 — Representation of the XYZ color space as a
one-band hyperboloid with decomposition into families
of vectors

Tensors come out of the zero point, intersect
the plane of the locus and can be combined into
families of vectors X* Y*,Z", X"}Y"}Zk, ththZhj,
quququ, ththth. They form directed fields by
zoning the color body of the XYZ space [21] satis-
fying the expressions for calculating the chromati-
city coordinates at the color locus [3]:

X
x= ;
X+Y+Z

— Y .
Y Xir+z

VA
z= .
X+Y+Z

(18)

The standardized palette (as an example, the pa-
lette shown in Figure 8a) is divided into six spatial
sectors according to the principle of predominance
of R (red), G (green) and B (blue) components (I —
RGB; 11 — RBG; 1l — GBR; IV — GRB; V — BRG;
VI — BGR) and transformed into the coordinates of
the XYZ space, whose chromaticity coordinates at the
color locus represent the intersection points of the
color tensors (Figure 8b) [21].

223



IIpubopser u memoowl usmepeHuil
2022. - T. 13, Ne 3. - C. 216-227
Y. Saukova, M. Hundzina

Devices and Methods of Measurements
2022, vol. 13, no. 3, pp. 216-227
Y. Saukova, M. Hundzina

ROAMO 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
010

----mr:m---- |

2 ------ﬁ--------l
[ | [ [ [ .

1

2 3 4 6§ 6 7 8 9 10 11 1213 14 15 16 17 18 19

a
0.8 i EEE L L 1 i
e e -+ —t-
0.7 | ™ 4 B2t 12! i1 g
t ; s dBE ESEEE EEE H ;
06 |- i 558 f
= s H £ N ¥ "\.& HH }
0.5 } : - fic i i :
S £ } SEEEE IEEEL FE N :
Ferp I S 4 K :
0.4 BEE : o 92748 B2E: Hh !
i WERERL T
0.3 :& hasmt
FrEN HRHE ,d__!‘ ST sS3Es
0.2 : VIIT i i 2o iEEEL
t -t Vi +
N i e
=+ .J.‘u‘.»\ : # H .,f.“ _FT HHEH it
0 ! BT HH HH L
0.1 02 05 04 05 0.6 0.7
b

Figure 8 — Zoning of the XYZ color space: a — standardized computer palette; b — a color locus divided into sectors

Tensor indexing and singular value decompo-
sition methodology [21] makes it possible to build
low-rank approximations of matrices that require
less space in computer memory and less computing
resources to work with them.

Tensor calculus in discrete-quantized space

Multiple registration of a static object with in-
crementally increasing exposure time allows to
determine the R;GB; color coordinates for each
irnplementation combine them into vector fami-
lies (R G B tensor) transform them into X;Y,Z,
vector farnlhes (X el Z , tensor) moving from the

zero point to the plane of the color locus, expan-
ding the dynamic range without losing metrologi-
cal traceability. From the point of view of general
relativity, such a displacement can be considered as
a parallel transfer of some vector [23] 4', from the
starting point P, with coordinates x’, = x'(y,) along
the curve x/ = x/(u) to the point P, with coordinates

| =x'(4,), (up<p<p,) which connected to each
other. The unique (according to Cauchy’s theorem)
vector A'; = A'(u,) is the result of parallel transfer
and characterizes the value of the field A'(x(p)) at the
point of ;. The vectorgetsincremented [22]:

(19)
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where 8x is infinitesimal vector to which the transfer
is carried out; Fikj is the coefficient of connectivity
characterizing the degree of curvature of space.

The dynamics of open quantum systems in the
language of tensor networks is described through
Hamiltonians and the quantum reservoir model as
a set of non-interacting quantum oscillators [22]
whose dimension is greater than the dimension of the
system. The quantum diagram of the dynamics of the
system and the reservoir (upper and lower channels,
respectively) [22] is shown in Figure 9.

Figure 9 — Diagram representation of color space sam-
plingin the form of a time tensor network

Connections i between two channels (system and
reservoir) illustrate the correlation between reference
points — physically implemented traceability sources
Js (standard samples) and their j; images at certain
points in time. The Hamiltonian of the complete sys-
tem is generally given by the expression [22]:

H=H,+H,,, (20)
where

Hy=H ®I+I1®Hg; Q1)
Hiy, =72 4,®B, (22)

i=1

where H, and H), are hilbert spaces of the system
and its reservoir, respectively; / is information;
H,, is mutual information entropy between spaces;
v is characteristic constant of interaction between
the reservoir and the system.

The dynamics of the complete system in the
form of the Trotter expansion has the next form
[22]:

[p(1)) = @y (DD, ()., (D, (1) [ p(1)) + O(Y7), (23)

where @(7) is dynamic mapping responsible for free
dynamics over time T;

@, (1) = exp(—itH, ) ® exp(itH, ) ® exp(~itH ) ® exp(itH " ), (24)
®, (1) is a dynamic map that is responsible for the

dynamics only involving the interaction Hamiltonian
over time 1. Parameter O(yt) specifies the accuracy

of the temporal tensor network with the sampling
step t. The time discreteness is given as N = ¢/t.

The process of color space quantization is
conveniently viewed in terms of the depth of the
reservoir’s memory. Assuming that the initial state
of the reservoir does not depend on the initial states
of the system, we write an expression for the bright-
ness levels B [22]:

ro. .
—.., "
(B (t+80)B,(1)) 2=l -1

k2
-1 (25)

The vector increment o¢ is the nominal quantiza-
tion step. In terms of the memory depth 7 of the ef-
fective reservoir R, the mutual information between
two quantum systems will be [22]:

(26)

[(L§R)=S(ML,R ||ML®MR)~eXp(— ),

(p—g)c
T
where M is arbitrary density reservoir temporary net-
work matrix with a set of not necessarily orthogonal

vectors {V,},, represented in the form [22]:

+
M=V V. @7
To select a sufficient dimension of the effec-
tive reservoir, the criteria of entanglement entropy,
Rényi, and von Neumann are used in [22]. Renyi en-
tropy is calculated by the formula 0 <a <1 [22]:

1

InTrM . (28)

S(M)=
1—
The relative entropy is zero if and only if. For

the von Neumann entropy [22]:

d = exp(2nyT (1—In7y1)). (29)

Note that the contributions to the time evolution
of the system from its previous states decrease expo-
nentially as the time interval between the current and
previous states of the system increases. The charac-
teristic time interval in which the previous states of
the system make a significant contribution is equal
to the depth of the reservoir memory 7, i. e. bits per
channel [22].

Conclusion

Since digital colorimetry is based on the trans-
formation of color spaces, their discretization, quan-
tization, encoding and decoding, it is proposed to use
the apparatus of tensor calculus to solve the problems
of ensuring metrological traceability and reliability.
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The presented validation model shows the mul-
tivariance of the states of the information-measuring
channel through the phenomenon of the covariance
hypercube. Only implementations with one unknown
make it possible to perform measurements. The tran-
sition to orthogonal matrices of high dimensions
leads to redundancy of information when identifying
the states of the information-measuring system and
its elements.

The proposed approach is based on the ranking
of intensities in color channels and the division of
color spaces into areas of directional fields, which
makes it possible to reduce the uncertainty of color
measurement. Parallel transfer of vectors with subse-
quent indexing of color tensors makes it possible to
expand the dynamic range of digital image intensity.

A promising area of application of tensor cal-
culus in digital colorimetry is the solution of inverse
problems associated with the modeling of informa-
tion and measurement systems, the creation of vir-
tual objects, and exploratory studies of traceability
under high uncertainty.
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IIpousBoacTBO HM3m€aUMH 1O  aJAUTUBHBIM  TEXHOJIOTHSAM, KaKk IIPABWIO, COINPOBOKIACTCS
HECAaHKI[MOHUPOBAHHBIM IIOSIBJIECHUEM W POCTOM HEOJHOPOJHOCTU CBOMCTB, aHU3OTPOIMH, OCTATOUHBIX
HaNpsDKEHUH, TOPUCTOCTH U Apyrux Aedekros. [ToaTomy pe3ko Bo3pociia aKTyalTbHOCTh HEPa3pyIaloLiero
KOHTPOJISI KadecTBa HM3JICJIMHM, TMOJYYCHHBIX C TOMOIIBI0 QJJUTUBHBIX TexHojoruid. Llemb paboThl —
IKCIIEPUMEHTAIILHO MCCIIEI0BATh BO3MOXKHOCTh KOHTPOJISI M OICHKH KadecTBa TEPMHYECKOH 00paboTKH
TPEXMEPHBIX H JIUTBIX 00pa3IoB ¢ MOMOIIBIO HEPAa3pYIIAIONINX METOJ0B KOHTPOJIS.

HccnenoBanuch cranbHble 00pasiibl W3 HU3KonerupoBaHHoW cramu 0912C, mosydeHHbIE METOJIOM
CEJIEKTUBHOI'O JIa3€pPHOr0 CIUIABJIEHUS C Pa3HbIMU BUJAMU U PEKUMAMM IOCIEAYIOIUX TEPMUUYECKHUX
00paboTOK W NUTBEM. MeTojaMu HCCIIEAOBAaHMS SIBJISIMCH MarHUTOIIYMOBOH METOJ|, PealH3yIOMINi
MarHuTHbIM MeTox d(¢ekra bapkrayszeHa, W KOHTaKTHO-TUHAMUYECKUI METOJ] M3MEpEHUs TBEPAOCTH
Marepuana.

DKCHNEepUMEHTAILHO yCTAHOBJIEHO, 4TO o00a Merona oO0najgaroT BBICOKOW UYyBCTBUTEIHHOCTBHIO
K OTOXOKEHHBIM M HOPMAaJHM30BAaHHBIM TPEXMEPHBIM 00pa3liaM M HMX OTOpaKoBKe. MarHWTOIIYMOBOMH
METO/, B OTJIIMYME OT METO/a TBEPIOMETPUH, CBSI3AHHOTO, NMPEUMYIIECTBEHHO, C (ha30BO-CTPYKTYPHBIMH
W3MEHEHUSIMH, Oyarofiapsi CEeNeKTUBHOCTH K JPYTMM KOHTPOJIMPYEMBIM IapaMeTpaM, JOIMOJIHUTEIBHO
o0JiaziaeT 4yBCTBUTEIBLHOCTBIO K JIMTHEBBIM 00pa3iiaM, X0Ts MUKPOCTPYKTYPBI JIMTHIX U HOPMaJIH30BaHHBIX
TPEXMEPHBIX 00pa310B 10 IaHHBIM PEHTICHOCTPYKTYPHOTO aHai3a OJIM3KHA MEKITY COOOM.

MarHuTonryMoBOl METOJl MOXET OBITh HCIOJBb30BaH B KayeCTBE OIHOTO M3 (H3MUYECKHX METOJIOB
OLICHKHU Ka4yecTBa M KOHTPOJIsI TepMooOpaboTku 3D-00pa3ioB Ha CTa K U3TOTOBICHHS MPH OTPAOOTKE MX
BUJIOB, PSKUMOB 1 pa30pakoBKe 00pa3IoB.

KiroueBble c¢JI0Ba: aJAWTHUBHBIC TEXHOJIOTMM MW MaTEpUaNbl, CEICKTHBHOE JIA3€PHOE CIIIABIICHUE,
TepMuYecKkas 00paboTKa, MarHUTOITYMOBOM METO/, KOHTAaKTHO-AMHAMUYECKUI METO/I.
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Abstract

The manufacture of products using additive technologies is accompanied by the unpredictable appea-
rance of inhomogeneity of properties, anisotropy, residual stresses, porosity, and other defects. Therefore,
there is a great relevance of non-destructive quality control of products obtained by additive technolo-
gies. The purpose of the paper is the experimental investigation of the possibility of testing and evaluation
of the quality of heat treatment of three-dimensional and cast samples by non-destructive control methods.

The low-alloy steel 09G2S samples, which was obtained by casting and selective laser sintering different
modes of subsequent heat treatments were studied. The method of the Barkhausen effect and the instrumented
indentation method for measuring the material hardness were applied.

It was experimentally established that both methods are highly sensitive to annealed and normalized
three-dimensional samples and their rejection. Compared to the hardness measurement method, which is
mainly associated with phase-structural changes, the magnetic noise method due to selectivity to other con-
trolled parameters is additionally sensitive to cast samples (at the same time the microstructures of cast and
normalized three-dimensional samples are close to each other according to X-ray data).

The magnetic noise method can be used as one of the physical methods for evaluation the quality and
control of the heat treatment of 3D samples at the manufacturing stage when testing their types and modes,
as well as sorting samples.

Keywords: additive technologies and materials, selective laser melting, heat treatment, magnetic noise
method, contact-dynamic method.
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BBenenue
[Tpou3BOACTBO  MaTepHaIoB H  U3ACIHU
C TIOMOINBIO AIWTHBHBIX TexHojorui (AT)

OTHOCHTCA K Hambosee MEepCHeKTUBHBIM IPOU3-
BOJICTBEHHBIM TIPOIIECCaM, CYIIHOCTh KOTOPBIX
COCTOWMT B TOJYYEHUM TOTOBBIX W3JCIU/neTanen
CHOocO0OM  TIOCJICAOBATEIBHOTO IOCIOWHOTO TO-
CTpoeHHS TyTEM (UKCAIMH OTHIEIBHBIX CIOEB
MTOPOIIIKOBOTO MaTepuaia M UX MOCIe0BaTeIFHOTO
COETMHEHHS MEXKy COOO0M ¢ TIOMOIIIBIO CTUIABICHNUS,
CTIICKaHUSl WIH JPYTHM CIIOCOOOM B 3aBHCUMOCTH
or BbIOOpa  TexHouyoruu [1].  dopmupoBaHue
u3enus NyTéM «HApallMBAaHUSD) MaTepuala CIoN
3a CJ0eM TI03BOJISIET PE3KO YCKOPUTH ITOJTHBIH
LWKJ TIPOU3BOJICTBA, HAYWHAS OT MPOEKTHPOBAHUS
0 W3TOTOBJIEHHS C BBICOKOH TOYHOCTBIO H
CKOPOCTBIO  TOJyYeHHUs] KOHEYHOTO MpOAYKTa
C IOMOLIBI0 KOMIIBIOTEPHOU TPEXMEPHOU Ie4YaTH
n 3D-npuHTEpa. DTO MOCIYXKHUIIO TOMY, YTO B psifie
oTpaciell TPOMBINIIEHHOCTH (MalIMHOCTPOCHHE,
aBua- ¥ PaKeTOCTPOCHNE, CTPOUTEITHCTBO, MEUIIMHA
U JIp.) pe3K0 pacTeT 00bEM BHenpsieMbIx 3D—-n3nenuit
3a CUéT NOCTENEeHHOM 3aMeHbl M3TOTOBJIEHHBIX
TPaJUITUOHHBIMHU CIIOCO0aMH (TIPOKAT, TUTHE, I TAM-
IOBKa, KOBKAa, TOYeHHWe, (pe3epoBaHUE U Ap.).
B ntore KOMITJIEKC TIEpPEYUCIEHHBIX TOCTOMHCTB
Texmporecca ¢ npuMenenueM AT mpUBOANT K KO-
HOMHH MAaTEPHAIBHBIX, TPYIOBBIX M BPEMECHHBIX
pecypcos [1-3].

Crerupuka  TONYYEHHUS]  METaUIMYECKHX
u3nenuid ¢ ucnois3oBanueM AT TakoBa, 4TO
ocIie M3TOTOBJICHHUSI OHM MOTYT MMETh 0oJjiee SpKo
BBIPQKEHHBIE HEOJAHOPOJHOCTH, HIEPOXOBATOCTD,
AQHU30TPOIINIO, OCTATOYHbIE HANPSIKEHUS, CII0XK-
HYI0  MHUKPOCTPYKTYPY, TEKCTYpY, Je(eKTHI
(MHKpPOTpEIIMHEI, TOpPHI, BKIIIOYEHUS, HECIUIOII-
HOCTH, HecIIaBieHus) [4—6], Ha KOTOpBIE JOTOJ-
HUTEIBHO BIUSAIOT BUABI M PEXXHUMBI TTOCIETYFOIINX
TEPMHUYECKUX, MEXaHUYECKHX, TEPMOMEXaHUIECKUX
U IPYTUX BUAOB 00pa00TOK, U3MEHSIOIUX CTPYKTYPY
u pusuko-mexanuueckue ceoiictea (OMC), koTopsie
OJTHOBPEMEHHO SIBIISTFOTCS CIEeP )KUBAIOIIIUMHU
(hakropamu Tipu BHenpeHWH. BceneactBue 3TOro B
MaTepranax M U3JENUAX, MOTyYeHHBIX C TTOMOIIIO
AT, B miporiecce u 1mociie U3roTOBJICHUSI HEOOXOIMMO
MpOBOANUTH Hepaspymaroumii koutpoias (HK) u
MOHUTOPUHT KayecTBa.

Takum 00pa3oM, YUHUTHIBasi, YTO M3TOTOBIICHHE
maTtepuasioB ¢ npuMmeHeHueM AT compsikeHo
C HAIMYUEM TIeJoTo psga ocobeHHocTe [4-6],

O0OYCIIOBIIEHHBIX OTJIMYHBIM OT TPAJAUIIMOHHBIX
Croco0OB HMX TOJy4YeHUs, Ooiee OCTpPO BCTAET
BOIpOC ~ o0ecrieueHWs] KadecTBa Ha  OCHOBE
MPUMEHEHUST PA3JIMYHBIX (PU3UUECKUX METOJ0B
Hepaspymatoniero koutpoist (HK), Tem Gonee, uto
TM000¥ NUKI aJIMTHBHOTO IPOM3BOJICTBA JIOJDKEH
BKIIFOYATh B CeOSl TEKYIIW M BBIXOJHOW KOHTPOIIb
Ka4yecTBa.

B [5,7] ormeueHbl [Be TJaBHBIC 3a/JauH,
crosimue nepea HK kadectBa uzenuii, moiaydeHHbIX
1o AT (AT-uznenuil): BeIABICHUE U UACHTU(DUKALINS
neeKTOB, BO3HUKAIONINX TIPU CHHTE3e H3ICIHi,
T. €., KOHTPOJIb KayecTBa M3JICINi B COOTBETCTBUU
c TpeOOBaHUSIMU  HOPMAaTHBOB W  BBISIBJICHHE
Ne()eKTOB TPpU OTPAOOTKE PEIKUMOB H3TOTOBJIICHUSL.
Jnst 3TOrO MpeasioKEeHO WCIONB30BaTh  YiIbTpa-
3BYKOBBIE, BHUXPETOKOBBIE, PEHTTCHOBCKHE,
KalUISIPHBIE ¥ MAarHUTHBIE METOMBI, K KOTOPBIM
OTHOCHUTCSI MarHUTOIIYMOBOH METOJ], pealu3ylo-
mmii MarauTHe addext Bapxraysema (MDIB)'.
B [8] wuccnemoBanbl Bo3mokHOCTH HK KagecTtma
AT-u3nenuii ¢ NOMOIIBIO  YJIBTPa3BYKOBOI'O
METOJla KOHTPOJS; B pe3ysibTaTe YCTaHOBJICHA
BBISIBJISIEMOCTH ITOBEPXHOCTHBIX TPEIIUHOIIOI00HBIX
nedextoB. B [9, 10] nmpuBeneHb! pe3yIbTaThl OICH-

KM TIOPUCTOCTH, KadecTBa IOBEPXHOCTH U
BHYTpEHHEH CTPYKTYpbl C TIOMOINBIO  PEHT-
TCHOBCKHX, aKyCTHUECKHX, paguorpapuyecKux

U JApYyTUX METOJIOB, OOJBIIMHCTBO W3 KOTOPBIX
MMEIOT T€ WJIM WHBIE OTPAaHUYEHUS U CJeJIaH BBIBOJ
0 HEOOXOJMMOCTH TPHBICYCHHUS HOBBIX WA
KOMOWHUPOBAHHBIX METOJO0B M TexHoysormii HK
kauyectBa AT-u3genui.

B nacrosmee BpemMst MPaKTHYECKH OTCYTCTBYET
CHUCTEMHBII aHaJIN3 HKCHEPUMEHTAIBHBIX JaHHBIX
no pesyiapbraram HK kauectBa, BUJIOB U PEXKUMOB
TepMOOOpabOTKM  pPa3HBIMH  (PU3MYECKHMHU  Me-
togamu. B [11] yka3zaHo, 94TO AJIs CHIDKEHUS YIIPYTHX
HaIPSOKEHUM B TPEXMEPHBIX MaTEPHANIAX «PEKUMBI
1 BUABI TEPMOOOPAOOTKH HEOOXOAUMO MOAOMpPAThH
WHJIUBUTYaTBHO IJIS1 KX A0 MapKu cTanm». Ho B [7]
oTMmeuaetcs, 4yto B menoMm Bompoc HK kagectpa
AT-MaTepuanoB 70 KOHIa He OTpaboTaH.

Lens paboTHI — UCCIEAOBATh  BO3MOYKHOCTD
OIIEHKM  KadyecTBa  TEPMHUYECKOW  00paboTKH
o0Opa3ioB  HuskojerupoBaHHod cramu  0912C,

[OJYYEHHBIX JIMTBEM M METOIOM CEJIEKTUBHOTO
nazepHoro crasnerus (CJIC), MarHUTOIIYMOBBIM
METOZOM.

"TOCT 18353-79.  KoHTponh  Hepaspylaromuii
(kmaccuduKanys BUIOB U METOOB), 26 C..
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Oo0pa3ubl, MeTOAbI U METOTUKA
HccJaeI10BaHui

UccnenoBanuch  1Be  mapTuum  0Opa3LOB:
nepBasi — 4 oOpasua mHOH 150 MM, MHUPHHOI
15 u 30 MM (B cpeaHed M TraiaTeqbHOH YacTH),
TONLKUHON 2 MM U 10 MM, MOJIy4EeHHbIE METOAOM
CJIC, n 2 obpasma Takux *e pasMepoB — JHTHEM;
BTOpasi mapTust — 2 o0paslia MOJYyYeHbI METOIO0M
CJIC u 1 oOpaseny — auThEM, pa3Mepsl — TE K€,
TonmuHa 2 MM. VICXOIHBI KOMIOHEHT — MOPOILIOK
Manoyrieponuctoii  cramu  09I2C ¢ pasmepom
¢pakumit  10-45 mxMm. TexHuUYeckue XapakTepuc-
Tukn  3D-mpuHTepa, C MOMOIIBIO  KOTOPOTO
MOJIy4Y€Hbl 00pa3Lbl HHOTO pa3Mepa: MOLIHOCTD Jia-
3epa W IuaMeTp MATHA — MpHUBeneHsl B padote [11].
[Tocne m3rotoBieHUs! TPEXMEPHBIX 00pa3loOB OJHA
X 4YacTh IMOJBEprajach PEKPUCTAIIM3ALUOHHOMY

HU3KOTEMIEpaTypHOMY OTXHTY, BTOpas — HOp-
MajM3alMi  C OXJakKIACHHEeM Ha Bo3ayxe. O0e
MOBEPXHOCTH  OOpa3sloB  IMOJBEPrajiuCh  Me-

XaHU4ecKo o00paboTke (LUIM(OBKE) BAOJIb OCH
a0pa3uBHBIM KaMHEM C MaJIOW TOJadeil W BOISHBIM
OXJIaXICHHEM (1IepoxoBaToOCTh COCTaBJIsIA
5—8 MKM).

Ha pucynke la, b npencraBieH BHEIIHHN BUJ
00pasmoB TepBOW MapTUU ToNMImUHOW 2 w 10 MM
U BTOPOM — TOJNIIUHON 2 MM, OTIMYAIOIIUXCS
T€M, 4YTO BTOpas TOJydYeHa pa3pe3aHreM
Ha DJIEKTPO’PO3MOHHOM CTaHKE 00pasloB TOJ-
muHOW 10 MM Ha 00pa3Iel TOMIMHUHON TO 2 MM
C MOCJHEeAYIOIENH TMOBEPXHOCTHON MEXaHMYECKOMN
o0OpaboTkoii (Bce 00pa3ipbl ISl  HMCCICIOBAHHIMA

npeaocTaBieHbl MHCTUTYTOM (U3UKH METajioB
VYpanbckoro otaeneHus Poccuiickoil akajaemMuu
Hayk, I. ExkatepunOypr).

B Tabnume npuBeAeHbl PEXUMBI TEPMHUYECKOM
00pabOTKH 1 IPYTHE XapaKTSPUCTUKH UCCIICTYSMBIX

00pasIos.

B kxadectBe MeToma OLEHKM  KadecTBa
Tepmoobpabotkn  AT-o0pasuoB  mocine  CJIC
UCHOJb30BaNIcs  peanusyromuii  MOb  Mukpo-

MarHUTHBIA METOZ, WH(pOPMATUBHBIE IapaMeTphI
KOTOpOro, Ojaromapsi TECHOW CBSI3U C «TOHKOM»
CTPYKTYpOi (heppOMarHeTuka, SsBISIOTCS HMHTEI-
palbHBIMM U 00J1aJal0T BBICOKOW YyBCTBHUTEJIb-
HOCTBIO K  DPAa3IUYHBIM  KOHTPOJIUPYEMbIM
napameTpaM, BKJIIOYasi MUKPO- U MakpOCTPYKTYpY,
HEOAHOPOJIHOCTb, LIEPOXOBATOCTb, AHH30TPOIIHIO,
JIeQeKTHOCTh, HAPSHKEHHO-1e(hOPMHUPOBAHHOE COC-
TOSIHUE, TOBEPXHOCTHYIO U 00BEMHYIO 00paboTKy
v 7p. [12-18]. Msmepenust unreHcusHoctd U,
MarHuTHOro uyma (ML) BEIIONHSINCE C TOMOLIBIO
npubopa UMIL [18]
B  kauectBe
METOJa  OICHKH

BTOPOTO
KauecTBa

CPaBHHUTEIBHOTO
TepMOOOpabOTKH
TUTBIX U 3D-00pasioB HUCHOIB30OBAICS METOJ
JUHAMUYECKOIr0 HHICHTUPOBAHUSA JJId OLEHKHU
TBEpAOCTU. JlJisi €€ u3MepeHus UCIOJb30BaJICs
nruppoBOM  TUHAMHYECKHH  TBEpIOMEp  THIA
TII-7 [19, 20]. JuHamuueckoe WHIECHTHUPOBAHHUE
oTHOcuTcs K wMertogam HK Onmaromaps Tomy,
YTO MNpH HM3MEPEHUsIX TBEPAOCTH MOBEPXHOCTD
oOpa3na mpakTHYeCKH He MoBpexaaeTcs (rmyOuHa

oTIeYaTka MEHee 25 MKM).

Pucynok 1 — Hccriegyembie oopasiuer ctayi 091'2C, moirydeHHbIC METOIOM CEJIEKTUBHOTO J1a3¢pHOI0 CIUIABJICHUS U

JUTBS: @ — - maptusi; b — 2-s maptus

Figure 1 — Studied samples of steel 09G2S obtained by selective laser melting and casting: a — 1*' batch; b — 2™

batch
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Tabauya/Table

XapakTepucTHKH 00pa3noB MaTepHajoB NMopoukoBoii craiau 091'2C, nmosiydeHHBIX MeTO/I0OM CeJIEKTHBHOI'O
JIa3ePHOro CIUIABJIEHHS U JINThEM

Characteristics of samples of powder steel 09G2S obtained by selective laser alloying and casting

Ne obpasua Crocod PexuM TepmMuyeckoi Cp. Toymu., MM % V. mn**r/em’
(mapTum) HU3TOTOBII. Bec*,r .
. 00paboTKn Average N Specific
Sample No. - Production Thermal treatment mode thickness, mm Weight*, g ravity** g/cm’
(batch) method ’ gravily™™ &
1(1m) 3D (CJIC) Omxur 350 °C, 3 gaca (19. + 24.) ’ 02 39,584 He ompenen.
1 (1* batch) 3D (SLS)  Annealing 350 °C, 3 hours (1h + 2h) ’ ' Undefined
3D (CJIC)
2 (/) 3D (SLS) /- 10.9 216.507 /-
Orxur 350 °C, 3 4. +
nopmanuzanus 980 °C, 0,5 u. +
3 (-/1-) 3;])) ((ggg)) OXJIAKJICHUC Ha BO3IIyXC 2.015 38.905 -//-
Annealing 350 °C, 3 h + normaliza-
tion 980 °C, 0.5 h + cooling in air
3D (CJIC)
4 (-//-) 3D (SLS) -//- 10.62 206.248 -//-
5(-/-) Jluts€ Her / not 2.0 40.287 /-
Casting
6 (/) Jluts€ /- 10.47 251.334 /-
Casting
7 (2m) 3D (CJIC) Omxur 350 °C, 3 gaca (14. + 24.)
7 (2™ batch) 3D (SLS)  Annealing 350 °C, 3 hours (1h + 2h) 2:09 39.683 7813
Orxur 350 °C, 3 4. +
nopmanuzanus 980 °C, 0,5 4. +
8 (-/1-) 33]])) ((ggg)) OXJTXKJICHUE Ha BO3Iyxe / Annea- 2.07 40.704 7.800
ling 350 °C, 3 h + normalization
980 °C, 0.5 h + cooling in air
9 (-//-) Jlurs Her / not 2.0 41.461 7.89
Casting

* — m3mepsuicst Ha Becax Advencurer (Lohaus Corp.), UTI® HAHB / measured on a scale Advencurer (Lohaus Corp.),
IAPH BAS

** — onpezesIack ¢ MoMoInkio ruapoctaruueckoro s3semusanust, UM HAHB / determined by hydrostatic weighing,
IAPH BAS

PesyabTaTsl 1 00cyKI1eHHE obpasna u wu3Mepenus MII. HWsmepenns MII
IPOBOJIMIINCE B [IGHTPE MOBEPXHOCTH 00EHX CTOPOH
obpasua 1 ycpeaHsiuch no 7-10 msmepenusim U,y
W3 rucrorpamm ciemyer, 4ro Juisi 00euX MapTHid

W TOJNMMH MEXAYy TPEXMEPHBIMH OTOXOKEHHBI-

Ha pucynke 2a mpenctaBieHbl pPe3yJIbTaThI
mmepenns U, MII n 3aBucnMocTn 0T pekUMOB
TepMudeckot  oOpabotkm  AT-o0pa3moB u
MOJIy4YEHHBIX JHUTHEM JUIs |- mapTum (TOMIIMHA

2 u 10 MM) C HCTHONB30BAaHHEM IMPEOOpPa30BATEIS
bapkraysena (I1b1), Ha pucynke 2b — ¢ HUCHOIb-
3oBanueM IIb2  gma  2-i1  maptum (2 MMm).
[Ipeobpazosarenu 161 u I1B2 wmexay coboii
OTIMYAINCh  THUIOpa3MepaMH,  TEXHHUYECKUMHU
rnapaMeTpaMH, YCJIOBHUSAMH  IepeMarHUYMBaHUA

mua (Ne 1, 2, 7), HopmanuzoBaHHBIMU (Ne 3, 4, 8)
u suteiMu (Ne 5, 6,9) oOpa3umamMu wMeeTcs 3Ha-
yUTeIbHAsl pa3HUIA, OOYCJIOBJICHHAS HaIUYHEM
B3auMocBsisu U,y MIII ¢ BausiforMy Ha II0Ka3aTesn
kadectBa u OMC wmeramna mapamerpamu. U3

PUCYHKOB 2a U 2b BUAHO, YTO UyBCTBUTECIHHOCTH
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M CEJeKTHBHOCTb U,, K TEPMUYECKOi 06paboTke
MOXHO  3HAUUTEIbHO  YBENUYUTb 33  CU€T
ONTUMHU3UPOBAHHOU KOMOHMHAIINN YCJIOBHIM
MepeMarHnduBaHus o0pasma mpeoOpasoBaTeneM
bapkray3eHa M yCTaHOBOYHBIX PEXHMMOB aHalM3a
MIIL. ITpu ucnons3oanuu [1b1 pasnuna nokasanuit
MarHUTOIIYMOBOIO HpUOOpa MEXAY OTOMXKEH-
HeiM (Ne7) m Hopmamm3oBaHHBIM (Ne 8) o0pas-
namu cocraBuina ~25-30 %, mpu HCIIOIB30BAHUU

400 O thick samples 2 mm
350
300 -
250 4
200 ~

150 -

B thick samples 10 mm

100 4
50 4
0

Intensity magnetic noise, mV

annealing 350°C

annealing and
normalization 980°C

casting

Heat treatment mode and sample preparation method

a

IIB2 pa3Huma MeXAy HHMH COCTaBISIET YKe
2,3 paza u no ypoHio MIII oHn momeHsuCh Mec-
TamMmu  (puCyHOK 2b).  Bo3MmokHO,  pe3yibTar
00yCJIOBJIEH  HCIOJb30BAaHMEM  NPUHLUIIHAIBHO
HoBoro tuma IIB2, ycnoBusMu mepeMarHuyu-
BaHMA W aHanm3a MIII, u B cBS3W ¢ 3THM, U3MEHE-
HUEM IJIyOWHBl [€peMarHuuuMBaHus M TOJI-
IUHBl WHGOPMATHBHOTO cJosg B ciouctoM AT-
H3IEIUH.

400
350
300
250
200
150 4
100 -

50

Dthick samples 2 mm

Intensity magnetic noise, mV

annealing 350°C annealing and

normalization 980°C

casting

Heat treatment mode and sample preparation method

b

PucyHok 2 — 3aBUCHMOCTh HHTEHCUBHOCTH MATHUTHOTO IlIyMa OT PEKUMOB TEPMOOOPAOOTKH TPEXMEPHBIX U JIUTHIX
00pa3oB 00eux mapTuii: a — ¢ ucnoibs3zoBanueM [161; b — I162

Figure 2 — Dependence of the intensity of magnetic noise on the modes of heat treatment of three-dimensional and cast

samples from both batches: a —using sensor 1; b — sensor 2

g cpaBHEeHHs MOMy4YeHHBIX ¢ ToMolsio MOb
Pe3yNbTaTOB KOHTPOJSI KadecTBa TEpMOOOPaOOTKH
Ha pUCYHKe 3a Tpe/ICTaBIeHbl pe3yabTaThl U3Mepe-
Hust tBEpAoctH no bpunemmo (HB) ¢ momomipio
TIL-7 06pa3uoB u3 1-i naptum (Tommuuza 2 1 10 Mm),
Ha pucyHkKe 3b — 00pa3IoB W3 2-if MapTUU TOJIIIH-
Hoti 2 mMm. M3mepennss HB BoImonHsncs Ha 00enx
MOBEPXHOCTSAX B ILEHTpe 00pas3la W yCPEAHSUIUCH
MO JAHHBIM IISATH M3MepeHuid. s o0enx mapTuii

400
350 4
300 4
250 A
200 H
150
100 -
50 A

Othick samples 2 mm

B thick samples 10 mm

Hardness, HB

annealing annealing and

normalization

casting

Heat treatment mode and sample preparation method

a

00pa3noB OTYETIAMBO BHJHA 3HAYUTENbHAs pas-
Huna 3HadueHudl HB Mexay OTOXOKEHHBIMU U
HOPMaJIM30BAaHHBIMU  00pa3laMu, OIHAKO pa3HHU-
na HB wmexny HOpManu3oBaHHBIMH M JIMTBIMU
o0pa3liaMi TIpaKTU4eCKH OTCYTCTBYeT. [lomydeHHbIe
JTaHHbIE KayeCTBEHHO COBNAIM C INPHUBEICHHBIMU
B [11] pe3ymbraraMu HaHOWHICHTUPOBAHHS 00pa3-
OB 3TOH K€ CTanu: TBEPIOCTH JUTHIX 00PA3LOB TPH-
MepHO B 1,5 paza menbie TBEpaocTH 3D-00pa3nos.

@thick samples 2 mm

100 -
50 A
0 T

annealing

Hardness, HB
2

annealing and
normalization

casting

Heat treatment mode and sample preparation method

b

Pucynok 3 — Tépnocts i 1-i (a) u 2-i (b) naptuil 00pa3OB, MOIYYSHHBIX C MOMOLIBIO AJIUTUBHON TEXHOJIO-
UM (METOJIOM CEJIEKTHBHOTO JIA3epHOTO CIUIABJICHHMSI) U JINThs, U3MepeHHas TBepaomepom TIILI-7

Figure 3 — Hardness for the 1* () and 2™ (b) batches of samples obtained using additive technology (selective laser

melting) and casting, measured with a hardness tester TPC-7
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[To naHHBIM 3HaYeHW TBEPAOCTH pa3HUIA
MEXIY OTOXOKEHHBIM M HOPMajJu30BaHHbIM 3D
obpasmaMu TOJMIMHMHONW 2 MM JUIsI OOEHMX MapTHi
coctapisiet 130 ex. HB (wmm 1,8 paza) m 125 en. HB
qust onmuH 10 M (2,1 pasza), 9To0 HECKOIBKO BBIIIE,
geM npu ucnonb3oBanuu [1b1 g nmpubopa MMILI,
U TPUMEpPHO Takas ke ¢ npumeHeHuem [Ib2.
Bricokass pa3zHMLIa MOKa3aHUH TBEPIOCTU MEXKAY
OTOXOKEHHBIMH M HOPMAJIM30BaHHBIMU 00pasiaMu
BBI3BaHA TEM, YTO METOJ WHACHTUPOBAHHUS,
B OCHOBHOM, TIpeIHa3HA4YeH [UII OIpeIeICHUS
MEXaHHYEeCKUX  XapaKTEepUCTHK  MeTala |
MaJOYyBCTBUTEIEH K MHUKpOCTpykType. [losTomy
MeXxay HopMmann3oBaHHBIM (3D) w  HTEIM
o0OpasramMu pa3HHUIIBI MPAKTUYECKH HET (PUCYHOK 34,
b), B To Bpems kak mo gaHHEIM MOB (pucyHOK 24,
b), mexnmy muteiM u 3D-o0pa3mamu cymiecTByeT
3HAYUTENbHAs pasHuma (bomee dem B 1,5 pasa).
Bo3MokHO, paszHWIla B YyBCTBHUTEIHHOCTH OOOWX
METOZIOB K MHUKpocTpykrype u OPMC B momb3y
MDOb BrI3BaHa TeM, 9TO B AT-00pa3max B mporecce
W3TOTOBIICHWSI ~MOTYT  OOpa3OBHIBAaTbCS  30HBI
JIOKAJIFHOTO HAampsHKEHHO-/1e(hOPMUPOBAHHOTO COC-
TOSIHUS, TIOPHCTOCTh, MHUKPOTPEIIUHBI U JIpyTHe
nedextsl, KoTopeie Ha U, OkasbiBator Ooinee
CWJIbHOE BIHSHWE, YeM Ha TBEPIOCTh, a TaKKe
npumeHenueM IIb2 wu croucTocThio  oOpasiia.
B monTBepkaeHrne 3ToMy M3 TaONHIBI BUIHO, YTO
yAenbHas TUIOTHOCTH JIUTOTO OOpasma 2-i mapTuu
o0pasnoB Ha ~10 % BeIIe, uem y 3D-00pasmos, a o
BIIMSIHUY TopucTocTH Ha MIII B moponikoBoii cTanu
IX15 6sm0 ykazano B [21]. Kpome mopucroctn
Ha MII moxeT oka3aTb BO3ACHCTBHE H3MEHEHUE
pasmepa 3epra 3D-00pa3ioB, npuBOIAIIas K POCTY
MEXaHWYEeCKON aHMW30TPONHH, KOTOpas OKasbIBaeT
Gonee cunbHOE BIMsIHUE HA U, 4eM Ha TBEPHOCTS.

Takum 00pa3oM, MarHUTOIIYMOBOW ITapamMeTp
U, oOmagaer  BBICOKOH  MH(OPMATHBHOCTBIO
K Ka4ecTBy TEpMHYECKOW TOCTOOpabOTKH 3a Cuér
CBSI3M HE TOJBKO C (PazoBO-CTPYKTYpHBIMH TIpEeBpa-
MICHUSIMH, BIUSTFOLIIAMHI Ha MUKPO- H MAaKPOCTPYKTYPY
3D-00pasIoB, HO M CEICKTHBHOCTHIO K TTOPHCTOCTH,
OCTaTOYHBIM HATIPSDKEHUSAM, aHU30TPOITHH M PazMepy
3epHA B MeETaUle, YTO TO3BOJSIET HCIIOIB30BATh
MDOb B kadecTBe OMHOTO W3 (PU3MIECKUX METOIOB
oreHku kadectBa 1 HK TepmooOpaboTku 0Opasmos,
TTOJTY9EHHBIX /ITTATHBHBIM CITIOCOOOM.

3akjaroueHue

IIpoBeneHbl  AKCHEPUMEHTANIBHBIE — UCCIENO-
BAHMSI BO3MOXHOCTH OLICHKM M HEPA3PYLIAIOLIETO

KOHTPOJII KadecTBa TEPMHUYECKOH  00pabOTKH
00pasnoB w3 HuU3KoJerumpoBanHoi cramm 091°2C,
MOJTyYEeHHBIX METOJIOM CEIIEKTUBHOTO JIa3epHOT0
CIUTaBIIEHUS W, JUISI CPaBHEHHWS, METOJIOM JIHTHA,
C TIOMOIIbI0 MAarHUTOIIYMOBOTO W KOHTaKTHO-
JTUHAMHYECKOTO METOJIOB.

YcTaHOBIIEHO, YTO, KaK U METOJT TBEPJIOMETPHH,
MarHWTOIIYMOBOM  MeTOJ  00JajaeT  BBICOKOU
YYBCTBUTENBHOCTRIO K TEPMHUYECKOH 00paboTke
TpEXMEPHBIX OTOXOKEHHBIX W HOPMAaJIN30BaHHBIX
obpasmoB.  [lokazaHo, YTO  WCHOJBH3OBAHHE
CIEIMAbHBIX ~ CEHCOPHBIX YCTPOWCTB C  TIPH-
MEHEeHHEeM  HOBOTO  THNAa  IpeodpazoBaTels
Bapkrayszena, crmoco0OB TiepeMarHWYUBaHUS U
aHaJIM3a MAarHUTHOTO ITyMa ITO3BOJIMJIO TIOBBICHTH
B 2,5 pa3a YyBCTBHTEIHHOCTh WH(OPMATHBHOTO
MarHWTOIIYMOBOTO IapaMmeTrpa IpH pa30opaKkoBKe
TpéxMepHbIX 00pa3moB. Ha ocHoBe aHanm3za
MOJTyYeHHBIX JTAHHBIX, OJlaroapst yHHBEPCAITbHOCTH
W CENIeKTHBHOCTH MAarHHTOIIYMOBOTO METOAA,
JIOTIONTHATENIFHO ~ BBISIBIIGHA ~ YYBCTBHUTEIHHOCTH
K o0pa3maM, IONyYeHHBIM C IIOMOIIBIO JIUTHA,
U BO3MOXXHOCTH OTOpPaKOBKHM OT HOPMAaJH30BaH-
HBIX  CHHTE3UPOBAaHHBIX  OOpPA3IOB, KOTOpHIC
0 JIaHHBIM PEHTTEHOCTPYKTYPHOTO aHaiu3a OJm3-
KH MEXJTy COOO0H.

VHTEHCHMBHOCTP  MAarHUTHOTO  IIyMa  Kak
KpUTEepUATbHBIH rapamerp B KOMILIEKTE
C MOPTaTUBHOM HW3MEPUTENBHON amnmapaTypoi
n HabopoM TpeoOpazoBaTerield MOXKET OBITh

WCIIOJIb30BaHa ISl OICHKH M 9KCIPECC-KOHTPOJIS
KadecTBa TEPMHUYECKON U IPYTUX BUIOB 00pabOTOK,
npu OTPabOTKE PEKHMOB JIA3EPHOTO CILIABICHUS,
ONTUMH3AINT napameTpoB METAJTUIECKOTO
MOPOIIKA U JIA3EPHOTO O0OPYIOBaHUS, C IIEJIBIO
MOJMYYCHUS] BBICOKHX TPOYHOCTHBIX M HMHBIX
(GU3NUECKUX M MEXaHHMUYECKHX  XapaKTePUCTHK
aJJTATUBHBIX MAaTEPUAIIOB.
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MMPABUJIA O®OPMJIEHUS CTATEN

Crarpy, HanpaBlICHHbIE B PENAKIMIO JKypHaja, JODKHBI YIOBIETBOPATH TpeOOoBaHMSAM «MHCTPYKIMM O MOpsiike
oopmienns kBan(pUKaIIMOHHON HaydYHOH paboThI (AHCccepTaiun). ..», yreepxaenHol [locranosnennem BAK Pb
01 28.02.2014 . Ne 3

1. Marepuan cTaTby JODKEH COOTBETCTBOBATH ITPO-
(uITIo JXypHAJIa M U3J1araThesl PeebHoO SCHO.

2. Crarbs NpEACTABIISCTCS HA PYCCKOM WM aHIJIMA-
CKOM $I3bIKE U ITyOJIMKYETCsI Ha SI3bIKE MTPEACTABICHUSI.

3. IloctynuBiMe B peAaKIUIO CTaTbU MPOXOJIST JIBOM-
HOe Toyrycienoe pereHsupoBanue. OCHOBHBIE KPUTEPUH
11e1eco00Pa3HOCTH OMYOIMKOBAHUS — aKTYalbHOCTh TeMa-
THUKH, I/IH(i)OpMaTI/IBHOCTL, Hay4YHas HOBU3HA.

4. Crarbs IPEACTABIISACTCS B paciedaTaHHOM U B JJIEK-
TPOHHOM BHJIE B (popmare TekcToBOrO pemakropa Word
for Windows, Habop — crmonrHsiM TekcToM (6e3 IeneHus
Ha KomoHKH). OOBEM CTaThl HE MJOIDKEH TIPEBBINIATH
14 crpanu, Brimodas TekeT (mpudrt Times New Roman,
pasmep 12 1., uarepsan 1,5), Tabnunpl, rpadudecknii ma-
Tepuall, BCIO HeOOX0IMMYI0 HH(OpMaLnIo Ha aHTIIMICKOM
SI3BIKE.

5. Ha mepBoii cTpaHulle CTaTbu YKa3bIBAIOTCS: Ha-
3BaHHE CTaThH, (aMwinu aBTOpPOB ((amuiius aBropa,
C KOTOPBIM CJIEAyEeT BECTH MEPErnucKy, OTMedaeTcsi 3BE3-
JIOYKOH WM YKa3blBAaeTCs €ro ajpec O3JIEKTPOHHOW MO4-
THI), HA3BaHMUA W TOYTOBBIC ajgpeca opraHu3anuii (ynuma,
HOMEp J0Ma, HHAEKC, TOPOI, CTpaHa), B KOTOPBIX paboTaroT
aBTOPBI, HA PyCCKOM U aHITIMHCKOM si3bIKaxX. CTaThst BKITIO-
yaeT: aHHOTanuio (B mpeaenax 200250 cioB); KIItOYEBEIC
cioBa (He Ooree 5); BBe/IeHNE, B KOTOPOM JICNIAETCsT Kpar-
KM 0030p CJICTaHHOTO B MUPE ¥ KOHKPETHO (POpMyITHpYeT-
Cs 11e71b pabO0ThI; OCHOBHYIO YaCTh; 3aKIIIOYEHHUE, B KOTOPOM
B CXKAaTOM BHJE CHOPMYIHPOBAHBI OCHOBHBIE TIOJTyYEHHBIE
pe3yabTaThl ¢ yKa3aHUEM WX HOBH3HBI, MPEUMYIIECTB U
BO3MOKHOCTEN MMPUMEHCHUA; CIIMCOK MCIIOJIb30BaAHHBIX
HUCTOYHUKOB. AHHOTaI_[I/ISI, KJIFOUCBBIC CJIOBA, CIITMCOK HC-
IMMOJIb30BAHHBIX MCTOYHHUKOB MPEACTABIAIOTCA Ha PYCCKOM
Y aHIJIMKCKOM SI3bIKaX.

6. AHHOTanMs JODKHA OBITH WH(POPMATHBHOH (co-
JIep>KaTh «BBDKUMKY» U3 BCEX Pa3/IeNIOB CTATbH — BBEJCHUS
C YKa3aHHEM LeJIM PadOThI, METOIMKH, OCHOBHOH YaCTH H
3aKITFOYCHUS).

7. I'padmaeckuil mMarepuan NOJKEH OBITH KOHTpAcT-
HbIM U 4€TKUM. HeoOxommmo IpuaepKuBaThesi €ANHOO-
Opasuss TEXHHKHM HCIIOJHEHUsI OJHOTHITHBIX HWILTIOCTpa-
. PucyHOk momkeH pacrnonarartbesi mociie  adsara,
coziepKallero cchlIKy Ha Hero. He momyckaercst pa3me-
IIEHHE PUCYHKOB B KOHIIE Iojpasienia M crarbu. M3o-
Opa3uTenbHBII MaTepuan BCTABISETCS B TEKCT CTaThH,
a Takke Haércs B BHAC OTACIbHBIX (aitios (dpopmar tif,
jpg, pa3peumenue He meHee 300 dpi). Texct Ha prcyHKax
HabWpaeTcs OCHOBHOH TapHUTYPOH; pa3Mep KTl COn3Me-
pUM C pa3MepoM pHCyHKa (JKelaTelbHO 8 IMyHKTOB). Bee
PUCYHKH HYMEPYIOTCS W COIPOBOMKAAIOTCS IOAPHCYHOU-
HBIMH TOATTUCAMH. PparMeHTHl PUCYHKAa 0003HAYAIOTCS

CTPOYHBIMH KYPCHBHBIMH JIATHHCKUMH OYyKBaMU — «a»,
«b» uT. 1. Hagmucw Ha pHCyHKax M TOJIIHMCH K PHCYH-
KaM JaloTcs Ha PyCCKOM M aHIVIMHCKOM si3bIKax. Bee co-
KpalieHust ¥ 0003HA4YEeHUs! JOJDKHBI OBITH paciiugposa-
HBl B MOJIPUCYHOYHOW TOJNMUCH. PHCYHKHM »KenaTeiabHO
npenocTaBisiTh B IiBeTe. Ha prcyHKax J0JKHBI OBITH yKa-
3aHBl OCH C 0003HAYECHHUEM MMPUBOAUMBIX BEJIMYHWH U Mac-
mradoB. Ha rpadukax He Hy)XHO JaBaTh KOOPIUHATHYIO
CEeTKy, €CII 3TO He ocuwuiorpamma. Bo Bcex cimywasx
Ha pPUCYHKaX JOJDKCH OBITh MPHUBEAEH MacIITa0.

8. YV rpadukoB, WMEIOMMX YHCIOBBIC 3HAYCHUS
10 OCSIM, PAMKH JIOJDKHBI OBITH OTKPBITHI, @ 3aCEUKH Ha-
MIpaBJIeHBI BHYTPh paMKH. Ha prcyHKax, MpeacTaBIIsIonnx
co0oii rpauKy 3aBHCUMOCTEH, HE CIIEyeT JelaTh pa3Mep-
HYIO CETKY, CJISyeT AaTh JIUIIb 3aCEUKH Ha OCSX, IPUUEM
BCE 3aCEUKH JIOJDKHBI ObITH onmdposanbl. Ecinu ocn Ha pu-
CyHKax ounu(poBaHbl, TO OHHM 3aBEPINAIOTCS HA MO3MLUH
OYepEeHON 3aceuKH, I7Ie 3aceuyka HE CTAaBHTCS, a BMECTO
YHUCIIOBBIX 3HAYCHUH NAIOTCs 0003HAYCHUS NMEPEeMEHHON U
enunaMIa m3Mepenus. Ecimm ocu He onndpoBbIBalOTCS, TO
OHU 3aBEPIIAIOTCS CTPENIKAMH, PAZOM C KOTOPBIMH JAIOTCSI
0003HAYCHNS TTIEPEMEHHBIX 0€3 eTUHHIl H3MEPEHHSL.

9. INomyToHoBEIe (hoTorpadmm MPUOOPOB TN UX Ya-
CTEH NPENCTABIAIOTCS TPH MyONUKAUK B TEX CIydasx,
KOI7Ia OHM HECYT CYIIECTBEHHYIO MH(pOPMAIHNIO, KOTOPYIO
HeITb3s1 BRIPa3UTh MHBIM criocoboM. dotorpaun JOIKHEI
OBITH BBICOKOKaYe€CTBEHHBIMH, KOHTPACTHBIMH, C XOPOIIO
Pa3InYUMBIMH JAETAISIMH.

10. WMmmoctpanmu (rpaduku, anarpaMmmbl, CXEMBI,
4yepTexu), prucoBanueie cpeacteamu MS Office, nomKHBI
OBITHh KOHTPACTHBIMH M 4€TKMMH. HemomyctuMo HaHece-
Hue cpeacrBaMu MS Word kakux-1m00 3J1eMEHTOB MTOBEPX
BCTaBJICHHOTO B (aifll pyKOTMCH PHUCYHKA (CTPENKH, TOA-
MMICH) BBHUIY OONBIIOTO PHCKAa WX MOTEPU HA dTammax pe-
JAKTUPOBaHUS M BEPCTKH. MinmocTpanym HOMMKHBI UMETh
pa3Mepbl, COOTBETCTBYIOIIME WX HH(POPMATHBHOCTH:
88,5 cMm (Ha omHY KOJOHKY), 17—17,5 cM (Ha ABE KOJOH-
k1) uian 23 cM (Bo Bech JncT). IloaToMy KenareabHO H30-
OpaskaTh OTAEIbHBIC HIEMEHTHI ¥ Ha IIIHCH Ha PUCYHKE TaK,
4TOOBI NPH YMEHBIIEHUH MaciuTaba pHCYHKa JI0 OIHOTO
U3 YKa3aHHBIX pa3MepoB OYKBBI U LU(PBI IPHOOPETH BbI-
coty 2-2,5 MM, DJIEMEHTHI CXeM 3—5 MM, OT/IeIbHBIE TOUKH
1 MM, a IMHUH JOJDKHBI OBITH IIPH STOM Pa3HECECHBI Ha pac-
crostaue He meHee 0,5—1 mm.

11. Haamucn u 0603HaYSHHUS HA WLTIOCTPAIUAX Clie-
JyeT pacriojararb Tak, 4TOObl OHM HE CONPHKACAIINCh
HU C KakuMHU €€ vacTsamu. Ha 3agHuil tuiaH wutocTpanuu
JKETIaTeNIFHO He TOOABIATE CEPHIi (IIBETHOW) (POH FITH CETKH.

12. Tabmumpel HE MOMKHBI JyOIHpOBaTh TIpadu-
ku. Kakmas tabnuia nmeer 3aroioBok. Ha Bce TaOmmippt




MMPABUJIA O®OPMJIEHUSA CTATEN

W PUCYHKH CJEAYET AaBaTh CCHUIKM B TeKcTe. TaOiuirbl
HE JIOJDKHBI COZIEPXKAaTh BEPTHKAIbHBIC JIMHUM, IEJISIINE
Tabnuiy Ha ctonOubsl. HasBanwe n conepskanue Tadmmig
TIPE/ICTABIISIETCS] HA PYCCKOM M aHIVIMHCKOM SI3BbIKaX.

13. O0o3HaueHHsI U COKpAIICHUs, NPUHSTHIC B CTa-
The, PAacII(PPOBBIBAIOTCS HEMOCPEACTBEHHO B TEKCTE.

14. Pa3mepHOCTB BCeX BEIMYHUH, IPUHATHIX B CTAThE,
JIOJDKHA COOTBETCTBOBATh MEKIyHApOJHON CUCTEME €IH-
Hun u3mepenuii (CH).

15. HabGop ¢dopmyn momKeH MPOBOAWUTHECS B pEOax-
tope MathType nenmukom. Habop ¢opmyn u3 cocTaBHBIX
3JIEMEHTOB HE JIOITyCKaeTcsi, HoMepa (GpopMyl — 110 IpaBo-
My kparo. Hymepytotes aumib opMystbl, Ha KOTOPBIE €CTh
CCBUIKH B TEKCTE.

16. HeoOXxoauMO HUCIONB30BaTh CICIYIOIIUE yCTa-
HOBKM pezaktopa Qopmyn. Pazmepsl: momubiii — 10 mT,
MOJICTPOUHBIN — 9 NT, MOA-MIOJICTPOYHBIN — 7 IT, CHMBOJI —
14,5 nt, moacumBoin — 12,5 nt. CTuiu: TEKCT, (QyHKIHS,
yucno, kupwumina — mpudrt «Times New Romany, Bek-
top-marpunia — mwpupt «Times New Romany, >kupHBbIif;
TpeYecKuil MaJbli, rpedecKil OOIBIION, CUMBOI — MIPUPT
«Symboly», mpamoit; nepemernas — mpudt «Times New
Roman», kypcus.

17. OtnenpHBIE CTPOYHBIE OYKBBI W CICHHANBHBIC
CHUMBOJIBI HaOHMpAIOTCSI B TEKCTe TapHHUTypoir Symbol
0e3 ucmoap30BaHus penakropa ¢opmya. [Ipu Habope
dbopmynr © OyKBEHHBIX OO0O3HAUCHHN HEOOXOAUMO Y4YH-
TBIBATh CJIC/IYIONIME MpaBUia: PYCCKHN aa)aBUT He HC-
MOJIb3YeTCsA; Tpedeckue OyKBbI, MaTeMaTHYECKHE CUM-
Bouibl (grad, div, In, min, max u ap.), CAUHHIEI U3MEpPE-
nus (Bt, Ik, B, kr u np.), kupuinndeckue OyKBbI, COKpa-
LIEHUSI OT PYCCKUX CJIOB (qcp); 0003HaYECHNUS XUMHYECKUX
2JIEMEHTOB ¥ COCAMHCHHH (B T. Y. B MHICKCE) HAOUPAIOTCS
NMPSIMO; JTaTHHCKHUE OYKBBI — IIEPEMEHHBIC ¥ CHMBOJIBI (pr-
3WYECKUX BENMYMH (B T. 4. B HHICKCE) HAOHMparoTcs Kyp-
CHBOM; BEKTOPBI — XHPHBIM HIPUPTOM (CTPEIKH BBEPXY
HE CTaBATCH).

18. Hadepranue o603HaueHHIT B pOpMYITax i B OCHOB-
HOM TEKCTE JIOJDKHO OBITH MOJHOCTBIO UIEHTHYHO. B pac-
mudpoBKe (HOpPMyYII, KOTOpasi HAUMHACTCS CJIOBOM «ITIE»,

CHUMBOJIBI ¥ X MOPS/IOK JOJDKHBI COOTBETCTBOBATH CHMBO-
JIaM ¥ UX TOPSAIKY CICI0BaHUS B (POPMyIIax.

19. Crimcok MCHONIb30BaHHBIX MCTOYHHKOB COCTABIISI-
eTcsl B TOPSIIKE YIOMUHAHHS CCBUIOK IO TEKCTY, JOJDKCH
coziep Karh IoJHbIe OubIorpaduyeckue JaHHbIe U ITPUBO-
JUTCS B KOHIIE cTaThl. He pexomeHayeTcst 1aBaTh CCHUIKU
Ha MaTepualibl KOH(EPEeHIHii, CTaThH U3 AIIEKTPOHHBIX XKYp-
HaytoB 0Oe3 uaeHtudukaropa DOI, yueOHbIC OCOOHS, HH-
TepHeT-pecypchl. CCHUIKM Ha HEOITyOJIMKOBaHHBIE PaOOTHI
He JomyckatoTcs. JKenaresnpHo, YTOOBI KOJTMYECTBO CCHUIOK
6s110 He MeHee 10; camonmTipoBanue — He 6omee 20 %.

20. ABTOpBI Ha OTAENIBHOIN CTPaHULIE IPENLOCTABISIIOT
0 cebe cremyromme cBeleHMs: (paMIIHs, UMSs, OTYECTBO,
yuUeHasl CTENCHb W 3BaHHE, MECTO pabOThl M 3aHMMaeMast
JIOJDKHOCTB, aJIpec AIEKTPOHHOM CBA3M.

21. Crarbu, n3nararomye pe3ynbTaTbl UCCIEI0BAHNMH,
BBITIOJIHEHHBIX B YUPEXKICHHSX, JOJDKHBI UMETh COOTBET-
CTBYIOIIIEE Pa3pelIeHUue Ha OIMyOJIMKOBaHHE B OTKPBITOM
neyary.

22. Ilpu HEoOXOAMMOCTH B KOHIIE OCHOBHOTO TEKCTa
YKa3bIBAIOTCSI HAUMEHOBaHKE (hOHJIA, OKa3aBILero (pHHaH-
COBYIO TOJIEPKKY, MM YPOBCHb M HAaHMMEHOBAHUE IPO-
rpaMMBI, B paMKax KOTOpPOH BBIMIOJIHEHA padoTa, Ha pyc-
CKOM M aHIJIMHCKOM SI3bIKaX.

23. ABTOpBI HECYT OTBETCTBEHHOCTb 3a HalpaBiie-
HHE B peJIaKIMIO cTaTeil, paHee y)Ke oIy OIIMKOBAaHHBIX HIIH
MPUHSTHIX K NeYaTH APYTUMH U31aHUSIMH.

24. CtaTby, HE COOTBETCTBYIOIINE MEPEUNUCIEHHBIM
TpeOOBaHUSIM, K PACCMOTPEHHIO HE MPUHUMAIOTCS U BO3-
BpamamTca aBropaM. JlaTol MOCTYNJIEHUS CUHUTAETCs
JICHb MOJTyYeHHUs pelaKkiiel MepBOHaYaIbHOTO BapHaHTa
TEKCTa.

25. Pepakiust mpeaocTaBisieT BO3MOXKHOCTh TIEPBO-
0YEpEIHOTO OMYONMKOBAHUS CTaTell JMIIaM, OCYIIECTBIIs-
OIIAM TTOCJIEBY30BCKOE 00ydYeHHE (aCIIMpaHTypa, JOKTOp-
aHTypa, COMCKATEeIbCTBO), B TOJ 3aBEPIICHHS OOYyYCHUS;
HE B3MMaET IUIaTy ¢ aBTOPOB 3a OIMyOJIMKOBAHHE HAYYHBIX
cTarell; OCTaBIsIeT 3a co0OM MpaBO MPOM3BOIUTH pellaK-
TOPCKHUE MPABKU, HE UCKAXKAIOIINE OCHOBHOE COJEpIKAHUE
CTaThH.




AUTHOR GUIDELINES

1. Article materials should correspond to the journal
profile and be clearly written.

2. An article should be submitted in Russian or Eng-
lish and will be published in its original language.

3. Articles received by the Editorial Board will be re-
viewed by 2 specialists. The main criteria of acceptance are
theme actuality, information value, and scientific novelty.

4. All materials should be submitted in two hard
copies together with electronic file in the Word for Win-
dows format (97/2000/2003). The paper should not ex-
ceed 14 pages of the typewritten text (Times New Roman,
12 points, 1.5-space).

5. The article should contain UDC number, Ti-
tle (printed in capitals), Authors’ names (the correspon-
ding author name should be marked with asterisk), full
Address of organization(s) in which the author(s) work,
Abstract (200-250 words), Keywords (not more than 5
words), Introduction, the Text of the paper with tables,
diagrams and figures (if there are any), Conclusion with
clearly stated inferences, List of References, List of Sym-
bols and Abbreviations (if it is necessary). Title, Authors’
names and affiliation(s), Abstract, Keywords should be
presented both in English and Russian languages.

6. The abstract should be informative (contain "squeeze"
from all sections of the article — the introduction stating the
purpose of the work, methods, main part and conclusion).

7. Figures should be black-and-white, represented
in graphical formats tif, attached with Excel or MS Graph
and added with captions. All symbols in figures should be
descripted.

8. Tables should be placed directly in the article
body. Diagrams and tables should not contain the same
information. Each table should have the title. All tables,
diagrams and figures should be referenced in the text.

9. Symbols and abbreviations which are used in ar-
ticles should be deciphered directly in the text and also (if
necessary) taken out on a separate page.

10. Dimensions of all quantities used in the article
should correspond to International System of Units.

11. Formulas should be taped in MathType.

12. List of References is to be placed at the end of the
article with full bibliographic information. Order of refe-
rences should correspond to the order of their occurrence
in the text. It is not recommended to refer to conference
proceedings, papers from electronic journals without DOI
number, textbooks, internet resources. References on un-
published works are prohibited. It is recommended to refer
to not less than 10 references, self-citations — not more than
20 %.

13. The following information about every co-author
should be presented: family name, first name, patrony-
mic (or second) name (if there are any), scientific degree
and title, organization and position, full address with the
postal code for correspondence, office or mobile phone
numbers, fax, e-mail.

14. Articles containing investigation results obtained
in organizations should have a corresponding permission
for publication.

15. Names of Foundations or Programs financially
granted the research may be acknowledged in the end of
the text.

16. Authors are responsible for submitting articles
previously published or accepted by other publisher.

17. Articles not meeting the requirements of the Edi-
torial Board would not be accepted and may be returned
to the authors. The date of receipt is considered to be the
day when the Editorial Board receives the author’s original
paper.

18. Authors conducting postgraduate (graduate stu-
dies, doctoral studies) have a priority in publishing their
articles out of queue in the year of completion. Authors
do not pay for publishing scientific articles. The Edito-
rial Board can shorten and/or change the text if it does not
strain the meaning of the article.
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