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THE IMPACT OF PHYSICO-CHEMICAL PROPERTIES OF
THE JET FUEL AND BIOFUELS
ON THE CHARACTERISTICS OF GAS-TURBINE ENGINES

S. ARDESHIRT'
!dir Transport Bureau at the International Civil Aviation Organization,

Montreal, Canada

ABSTRACT

The current development trend of global civil aviation is the growth of passenger and freight traffic, which entails the consumption of
jet fuel. Under these conditions, increasing the efficiency of jet fuel used is of great importance. Global energy consumption is
constantly growing, and, first of all, the question of diversification of oil resources arises, resources from which the bulk of motor
fuels is produced. Other types of raw energy sources (natural gas, coal, bio-mass) currently account for only a small part. However,
an analysis of the development of jet fuels indicates that work is underway to obtain these from other sources of raw materials,
especially bio-fuels. Much attention is given to obtaining bio-fuels from renewable sources — such as algae. The issue of the mass
transition of civil aviation to alternative fuels is complex and requires the solution of intricate technical as well as economic issues.
One of these is the assessment of the impact of new fuels on GTE performance. It is important to give an objective and quick
assessment of the use of various types of fuels on the main characteristics of the engine — i.e., throttle and high-speed characteristics.
In this case, it is necessary to take into account chemical processes in the chemical composition of new types of fuel. To assess the
effect of fuels on the characteristics of a gas turbine engine, it is proposed to use a mathematical model that would take into account
the main characteristics of the fuel itself. Therefore, the work proposes a mathematical model for calculating the characteristics of a
gas turbine engine taking into account changes in the properties of the fuel itself. A comparison is made of the percentage of a
mixture of biofuels and JetA1 kerosene, as well as pure JetAl and TC-1 kerosene. The calculations, according to the proposed model,
are consistent with the obtained characteristics of a gas turbine engine in operation when using JetAl and TC-1 kerosene. Especially
valuable are the obtained characteristics of a gas turbine engine depending on a mixture of biofuel and kerosene. It was found that a
mixture of biofuel and kerosene changes the physicochemical characteristics of fuel and affects the change in engine thrust and
specific fuel consumption. It is shown that depending on the obtained physicochemical properties of a mixture of biofuel and
kerosene, it is possible to increase the fuel efficiency and environmental friendliness of the gas turbine engines used.

Key words: biofuel, kerosene, physical and chemical properties, mathematical model, thrust, specific fuel consumption, throttle
and altitude characteristics of the engine.

The author expresses her gratitude to Dr. Vajid A. Chishti of the National Research Council of Canada
for all his advice and assistance.

INTRODUCTION

The intensive use of civil aviation in passenger and cargo transportation puts forward a demand
for increasing the fuel efficiency of aircraft. The use of traditional and new schemes of the aircraft and
engine, although increases the efficiency of their application, but it is approaching its maximum limit.
It is becoming clear that they can radically improve their performance and reduce CO, emissions with-
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out the development of new engine configurations and airframe layouts, as well as without the use of
alternative fuels' [1]. However, alternative fuels, as shown by studies [2], have physicochemical prop-
erties that are somewhat different from traditional aviation kerosene. Analysis of research in this area
shows that many world airlines are conducting research on the possible use of alternative fuels in gas
turbine engines2 [3-6].

As can be seen, in order to solve the question of the further use of alternative types of fuels, it is
necessary to analyse their influence on the characteristics of gas turbine engines and, first of all, high-speed
and throttle. Such an analysis can be carried out on the basis of a mathematical model of a power plant tak-
ing into account the variable properties of the fuel [7]. Therefore it is necessary to develop a mathematical
model that takes into account changes in the parameters of fuel mixtures such as calorific value, heat capac-
ity, saturated vapour pressure, viscosity, etc. This approach allows us to expand the possibility of studying
the influence of new types of fuel on the efficiency of their use in gas turbine engines.

FORMULATION OF THE PROBLEM

The main task of mathematical modelling of a gas turbine engine is to calculate its operational
characteristics, that is, to determine the thrust and specific fuel consumption under given flight condi-
tions (H and MH) at a given steady-state mode of operation, that is, the parameters of the gas flow at
any point in the engine’s flow part are taken, unchanged in time. It is assumed that before the start of
the simulation, the calculated engine parameters are known. These parameters can be obtained experi-
mentally or by gas-dynamic calculation of the engine, which is included in the mathematical model as
an independent module, or are known in advance.

When calculating the operational characteristics of a gas turbine engine, the flight conditions
and its operation mode are specified by setting control factors. It is believed that in the configuration of
turbofan engines considered below (figure 1) there is only one control factor — i.e., fuel supply to the
main combustion chamber (GT). Therefore, using this control factor, only one (controlled) parameter
can be controlled, for example: the reduced rotor speed npr; the physical rotor speed n; the gas temper-
ature in front of the turbine Tg; and the engine thrust F.

INTAKE COMPRESSION COMBUST]ON EXHAUST

Air Inlet/ Combustion Chambers Turbine/

Fig. 1. Scheme of turbojet engine

Since this is an arbitrary choice, it is used in this paper as a managed (modal) physical parame-
ter of selected rotor speed n.

To assess the effect of new fuels on the characteristics of gas turbine engines, a fuel mixture of
FT SPK biofuel with JetAl fuel in the ratio of 50:50, 17% HDO SAK in HEFA SPK was selected as a

" ICAO Secretariat. Alternative Fuels. Potential Effects of Alternative Fuels on Local and Global Aviation Emissions
ICAO Environmental Report

% Alternative aviation fuels. Proceedings of the meeting on international aviation and climate change. ICAO HLM-
ENV/09-WP/9.



Hayunblii Becruuk MI'TY T'A Tom 22, Ne 06, 2019
Civil Aviation High Technologies Vol. 22, No. 06, 2019

working fluid and a comparison was made with the obtained characteristics when using pure JetAl and
TC-1 kerosene.

FT SPK biofuel is produced from coal by Fischer-Tropsch synthesis (FT) and is characterized
by a low content of aromatic hydrogens and sulfur®”.

HDO SAK is a hydro deoxygenated synthesized aromatic kerosene, which consists of approx-
imately 95% mono-aromatic compounds.

HEFA SPK is used to denote biologically active biofuels based on biogenic hydrocarbon raw
materials — i.e., a wide range of vegetable oils and fats.

The properties of the working fluid, which is fuel, primarily include the adiabatic exponent k
and the gas constant R. In approximate calculations, they can be considered constant, taking the value
k = 1.4 for air, and for gas, i.e., mixtures of air and fuel combustion products, — kg = 1.25...1.33. The
gas constant for air is taken equal to R =287.05 J / (kg - K), and for gas — Rg =287.6 J / (kg - K).

For more accurate calculations, it is recommended to use approximation dependencies. So, the
adiabatic exponent for air can be determined by the following formula:

_ (1+1.511073T%)
(0.672+1.2:1073T*)

(1)

where T* - is the absolute temperature in the corresponding design section.
To calculate kg, there is a similar expression:
.1073T*
k, = _HLSI07T) 00 4 qg2 ©)

&  (0.672+1.2:1073T%)

where the relative amount of fuel consumption g; in the main combustion chamber is equal to:

_ p(Tg=Ti) 3)

T NgHuy

H, is the calorific value of the fuel. The conditional heat capacity of the heat supply process in
the combustion chamber ¢, kJ / (kg - K) is determined by the following formula:

C, = 0.883 +2.09-107*(T; + 0.48 - Ty) 4)
The gas constant can be calculated by the following approximate formula:
Rg =287.05+24.5g, (5)

The coefficient taking into account the physical properties of air or gas in any section of the
engine and included in the flow rate formula is determined by the expression:

(6)

When calculating, it is necessary to take into account that the adiabatic exponent and gas con-
stant are substituted into these formulas for air or gas. All expressions given here, with the exception
of (3) and (6), are semi-empirical. Their validity was tested for a wide class of tasks.

3 A new alternative source of fuel for aircraft. Available at: http:/spacefacts.ru/news/planet-earth/eco/725-novyy-
alternativnyy-istochnik-topliva-dlya-samoletov.html (accessed 09.12.2019).
* Aviation needs alternative fuels. Available at: http://www.aviaport.ru/news/2012/07/27/238185.html (accessed 09.12.2019).
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Given the information above, as the initial data for calculating the effect of new types of fuel on
the characteristics of gas turbine engines, the following variable parameters of fuel mixtures were se-
lected:

e H, — calorific value of the fuel, kJ/kg;

e 1), is the coefficient of heat generation (completeness of combustion);

e ¢, — conditional heat capacity of the heat supply process during the combustion of kerosene

in air;

o klJ/(kg - K);

e k, is the adiabatic exponent;

e gris the relative fuel consumption in the combustion chamber.

For the studied fuels, these characteristics are summarized in Table 1.

As a rule [8, 9], in the process of operation, mainly 12 basic properties of aviation fuels are
used. However, their determination in the Russian Federation and abroad differs by the determination
methods and experimental conditions. This complicates their objective comparison. As can be seen
from the data presented, the main physicochemical properties of the studied fuels differ from 5 to 8%.
However, as will be seen from the calculations, this affects the resulting characteristics of the gas tur-
bine engine.

Table 1
Initial data for the mathematical model of fuels
Ne n/m Fuel grade H,, kl/kg Mg k, &r cp, kl/(kg - K)
1 JetAl 42800 0.98 1.11 0.02 2.01
2 50% FT SPK B Jet A-1 44200 0.995 1.14 | 0.0196 1.98
3 TC-1 43000 0.98 1.33 0.031 1.276
4 17% HDO SAK B HEFA SPK 43600 0.99 1.13 0.0198 2.0

PRIMARY PROVISION

The operational characteristics of an aircraft gas turbine engine are the dependencies of thrust
and specific fuel consumption on flight conditions and engine operating conditions. The operational
characteristics include high-speed and throttle characteristics.

Along the line of limit modes, an engine control program is formed at maximum speed. GTE are
usually equipped with on-board systems for measuring parameters such as: n — rotor speed; T}, — air tem-
perature at the inlet to the compressor; T; — temperature behind the turbine, by which one can indirectly
monitor the temperature in front of the turbine Tg. In our case, we do not change the gas turbine engine
regulation program, but we only change the characteristics data of the jet fuel used (Table 1).

High-speed characteristics are composite of high-speed and high-altitude characteristics of a
gas turbine engine.

Based on the obtained values of thrust and specific fuel consumption, depending on the fuel
used, the graphs P = f (My) and C,q = f (My) are constructed, as shown in Figures 2 and 3.

According to the obtained dependencies (figure 2 and 3), it can be seen that the engine thrust
and specific fuel consumption decrease with increasing height when using all types of fuel.

Such changes in traction parameters and specific fuel consumption are associated with a de-
crease in pressure, temperature and density of atmospheric air with a rise to a specific altitude.

The use of new types of fuel affects the gas turbine engine working process (thrust P and spe-
cific fuel consumption) mainly by the heat of combustion of the fuel, as well as the thermo-physical
properties of the products of combustion of this type of fuel in the air [10]. We can say that the effi-
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ciency of a gas turbine engine, in this case, will depend on the energy capabilities of the type of fuel
used, which is confirmed by the obtained dependencies of thrust and specific fuel consumption.

As can be seen from Figure 3, at the beginning (with My = 0), the specific fuel consumption
has the lowest value when Py4 has a maximum value, then, with a decrease in specific thrust, the spe-
cific fuel consumption increases.

From the foregoing, it is clear that the operation of the engine is advantageous at altitudes of
about 11 km, since at these altitudes the specific fuel consumption is the lowest, which characterizes
the efficiency of the engine.

Let now analyse the data obtained at these altitudes. As can be seen from Figure 2 and 3, the
propulsion system has slightly higher thrust when using Jet A-1 kerosene and a mixture of 17% HDO
SAK in HEFA SPK. Slightly lower with 50% FT SPK in Jet A-1. However, the lowest specific fuel
consumption was obtained using a mixture of 50% FT SPK in Jet A-1.

As mentioned above, the performance of a gas turbine engine depends on the physicochemical
properties of the fuels used. The calculated design characteristics of gas turbine engines are also con-
firmed by comparing the properties of the studied fuels (Table 2) [11].

FH F,H ="
80000 H= 80000 >
— \ LY \\
60000 — 60000
40000 | = 40000
20000 e ~ 20000 — — —
0 0,5 1 1,5 Mhu 0 0,5 1 1,5 Mnu
a b
F,H ——— F,H p—
100000 ] H=0 ‘\ 100000 —1 H=( \\
80000 — 80000 - -
60000 SN 60000 _— 5 A
40000 X 40000
20000 — — 20000 BN
0 15 _ 0 15
0 0,5 1 1,5 Mu 0 0,5 1 1,5 My
c d
Fig. 2. Dependence of engine thrust on flight speed at different heights when using jet fuel:
a) TS-1; b) JetAl; c¢) 17% HDO SAK in HEFA SPK; d) 50% FT SPK Jet A-1
Table 2
Comparative data of kerosene and biofuel quality indicators
50% 17% HDO SAK
Fuel characteristics TC-1 1 et Al B gpg g Jet A-1 B HEFA SPK
net calorific value, MJ / kg 43.2 43,1 43.6 43.6
volumetric heat of combustion, MJ/m’ - 10° | 33.9 35,1 34.3 33.8
hydrogen content, % 14.0 13,7 15.0 14.43
carbon content, % 86.0 86,1 85.0 85.54
hydrogen / carbon ratio 0.16 0,16 0.18 0.17
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Thus, the data obtained allow us to conclude that the use of a mixture of biofuel with kerosene
allows under conditions not to reduce the thrust of the gas turbine engine, while reducing the specific
fuel consumption. In addition, a change in the percentage of biofuels and kerosene can affect the take-
off-speed and throttle characteristics of a gas turbine engine.

SFC, SFC,
kg/(N.hr) Kg/(N.hr)
0.24 [ H=0 /H=0
5 )5
0,16
AJ 11 Y 1
0,16 g //_ __ﬁ'#
//
/
0,08 0,08
0 0,5 1 1,5 Mn 0 0,5 1 1,5 Mnu
a b
SFC, SFC,
Kkg/(N.hr) Kkg/(N.hr)
/ =0 /H=0
0,16 /> 0,16 /°
0,08 / 0,08 /
0 0,5 1 1,5 Mnu 0 0,5 1 1,5 Mu

Fig. 3. Dependence of specific fuel consumption on flight speed at different heights in the application including Arctic
marks: a) TS-1; b) JetAl; ¢) 17% HDO SAK in HEFA SPK; d) 50% FT SPK Jet A-1

CONCLUSION

1. A mathematical model has been developed for calculating the characteristics of gas turbine
engines depending on the physicochemical properties of jet fuel.

2. The throttle and high-speed characteristics of gas turbine engines obtained by using a mix-
ture of biofuel with kerosene in various proportions were calculated.

3. The reliability of the results is consistent with the results of the throttle and altitude-speed
characteristics of the gas turbine engine when using massively used brands of kerosene JetAl and
TC-1.

4. It was found that the use of a mixture of biofuels and JetAl kerosene allows to obtain higher
characteristics of a gas turbine engine.
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BJIUSAHUE ®U3NKO-XUMUUYECKHUX CBOMCTB KEPOCHUHA
N BUOTOIIVINB HA XAPAKTEPUCTHUKU I'A30TYPBUHHBIX
JABUT'ATEJIEN

I1I. Apnemmpu’

I - g
Asuampancnopmuoe 610po 6 MedxcoynapooHoil opeanuzayuu 2parcOancKoll aguayuu
(UKAO), Moupeanv, Kanaoa

CoBpeMeHHO TeHAEHIIMEN Pa3BUTHSI MAPOBOM TPayKIaHCKOM aBUAIMH SIBIISIETCS POCT MACCAKUPCKUX U TPY30BBIX MEPEBO30OK, UTO
BJICUET MOTPEOICHNE aBUaKePOCHHA. B 3THX YCIIOBHSX Ba)KHOE 3HAUCHHE MPUOOpETaeT NOBBIIICHHE TOILTMBHON 3(h()EeKTUBHOCTH
NPHMEHSEMOT0 aBHaTOILIMBa. MHpOBOe MOTpeOIeHIe SHEPrOPECyPCOB HETIPEPHIBHO BO3PACTALT, U MPEX/IE BCETO BCTAET BOIPOC
0 IMBepcH(HKALUK pecypcoB HeTH, N3 KOTOPOH MPOM3BOAUTCS OCHOBHAS JIOJISI MOTOPHBIX TOILUIUB, HA JIPYTHE BHIbBI CHIPbS
(puponHEIi Ta3, yroib, Onomaccy) B HacTosiee BpeMsl IPUXOAUTCS TOJBKO HE3HAUMTENbHas 4acTh 00beMa IPOW3BOJCTBA.
OpHako aHaMW3 Pa3BUTHS ABUATOIUTMB CBHIETEIBCTBYET, YTO MHTEHCHBHO BeXyTcs pabOTHI MO TOJMYYCHHIO aBHATOIUIAB W3
JPYTUX WCTOYHUKOB CBHIPhS, W OCOOEHHO OuWoTorumBa. bonblmoe BHUMaHWE yhelseTcss MONMydeHHI0 OHOTOIUTNBA U3
BOCCTaHABJIMBAEMBIX MCTOYHHKOB — Bomopocieid. [IpobdmemMa MaccoBOro repexona rpakKIaHCKOH aBHAIMN Ha aJbTepPHATHBHBIC
BUJIBI TOTUTHBA SIBISIETCS CIIOXKHOU 1 TpeOyeT perieHrs] KOMIUIEKCHBIX KaK TEXHUUECKUX, TaK ¥ SKOHOMHUYECKUX BOIPOCOB. OTHIM
W3 TaKUX BONPOCOB SIBIIETCSI OIEHKA BIMSIHUS HOBBIX BHIIOB TOIUIMBA Ha CIy>keOHbIe Xapakrepuctuku [T/, Baxkso mats
OOBEKTUBHYIO U OBICTPYIO OIIEHKY BIIFSTHHS IPHMEHEHHS PA3INYHBIX BHIOB TOIUIMB HA OCHOBHBIC XapaKTEPUCTHKHU JBUTATEIIS —
JIPOCCENBHYI0 W BBICOTHO-CKOPOCTHBIE. [Ipy 3TOM HEOOXOAMMO YYMTHIBaTh CJIOXHBIE XHMHYECKHE IIPOLECCHI B
XUMMOTOJIOTUYECKOW CHCTEME HOBBIX BHJOB TOIUIMBA. JIJI1 OLEHKM BIMsAHUS TOIUIMB Ha xapaktepuctuku ['T/ npemnaraercs
MPUMEHHUTH MaTEMaTHYECKYIO MOJIENb, KOTOpast Obl YUUThIBAJIa OCHOBHBIE XapaKTEPHCTUKK camoro Toruiiea. [loatomy B pabore
HpeUIoKEeHa MaTeMaTHIecKas MOJIENb pacuera Xapakrtepuctuk I'TJ[ ¢ yueTroM u3MeHeHHs! CBOMCTB caMoro Torwiusa. [IpoBeneHo
CpaBHEHHE IPOLIEHTHOIO COOTHOIIEHHs cMecH OMOTOIUIMBa M KepocwHa JetAl, a Tawke umcthix kepocuHoB JetAl u TC-1.
JlaHHBIE pacdeTsl MO MPEUIOKEHHOM MOJEIM COINIACYIOTCS C MOTydaeMbIMU XapakTepuctukamu [T/l B skciulyaTanuu npu
ucnonb3oBaHun kepocHHOB JetAl u TC-1. OcoOeHHO IEHHBIM SIBIITIOTCS TIONy4YeHHBIe XapakTepuctiku [ T/ B 3aBHCHMOCTH OT
cMecH OWOTOIUIMBA ¥ KEPOCHHA. YCTAHOBIICHO, YTO CMECh OHOTOIUIMBA M KEPOCHHA W3MEHSET (H3UKO-XUMHIECKUE
XapaKTEepUCTUKU TOIUIMBA U BIMSET HA U3MEHEHHUE TSI JBUTATENs M YIEIBHOIO pacxoa Tomwmsa. [lokazano, 4To B 3aBUCHMOCTH
OT MOJTy4YaeMbIX (PU3UKO-XUMUYECKHX CBOWCTB CMeCH OHOTOILIMBA U KEPOCHHA MOYKHO HOBBICUThH TOILTHBHYIO 3(p(eKTHBHOCTD U
3KOJIOTMYHOCTH TipruMensieMbIx ['T/1.

KiroueBble cjioBa: OHOTOIUIMBO, KEPOCHH, (DU3MKO-XHMMHYECKHE CBOWCTBA, MaTEeMaTHUYECKas MOJIEIb, TSIra, YACIbHBIA pacxo]
TOIUTHBA, IPOCCENbHAS U BBICOTHAS XaPAKTEPUCTHKHU JIBUTATEIIS.

ABTOD BbIpa)kaeT CBOIO OjarogapHocTh JoKkTopy Bamkuny A. Yumtu u3 HaunonanbsHoro uccienosa-
TeNnbcKoro coBeta Kanazpl 3a Bce €ro COBETHI M TOMOIIIb.
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B cratbe MpOBOMUTCS aHAIM3 CYHICCTBYIOUIMX MPOOJEM, MPEMATCTBYIOMMX 3(PPEKTHBHOMY YIIPABJICHHIO OE30IaCHOCTHIO
MOJICTOB aBHAIMOHHBIX (hopmupoBanuii Boopyxennsix Cui Poccuiickoit @enepain. B pesynbrare 3T0ro aHajimsa BbISIBICHO
MPOTUBOPEYHE MEXIY HEOOXOIMMOCTBIO IIOCTPOCHHSI CHUCTEMBI YIpaBiIeHWs] O€30IacCHOCTHIO TIOJIETOB M OTCYTCTBHUEM
5((}EeKTUBHBIX MEXaHW3MOB OIIEHKM COCTOSIHMS aBHAIlMOHHOM CHCTEMBI W y4eTa BIMSHHUS YEJI0BEYECKOro (Qakropa
ABHMALMOHHBIX CIELHAIICTOB Ha Oe30I1acHOCTh moiyieToB. [l paspemieHust JaHHOTO MpOTHUBOpeuMst Tpedyercst pazpaboTka
KOMILJIEKCAa METO/IUK, TO3BOJISIIOIIMX KOJIMYECTBEHHO OLICHUThH PEabHOE COCTOSIHUE 3AIUIIEHHOCTH aBHAMOHHOM CHCTEMBI OT
BO3JICHCTBHUS YTPO3, CBSI3aHHBIX C YEIOBEYESCKHM (DaKTOPOM JIETHOTO COCTaBa. B pe3ynbTare MPOBEAECHHOTO HCCIIEIOBAHUS
MpOOJIeMBI YMCIICHHON OIICHKH BIHSHUS JIMYHOCTHOTO (paKkTopa JEeTYMKa Ha Oe30MacHOCTh IMOJIeTa, Pa3paboTaH METOANICCKUI
arnmnapar OLUEHKH COCTOSIHUS 3alUIIEHHOCTH aBUAIMOHHON CUCTEMBI OT OMACHBIX (haKTOPOB, KOTOPHI OCHOBaH Ha MPUMEHEHUH
JIMYHOCTHO OPUEHTHPOBAHHOTO TIO/IX0/1a K OIICHKE U YIPABICHHUIO COCTOSHUEM aBHAIIMOHHOW CHCTEMBI. JJaHHBIN METOIMIeCKHi
ammapar OIEHKH NPEACTaBIseT cOO0W KOMIUIEKC METOAMK YMCIEHHOW OIEHKH COCTOSHHA 0€30MacHOCTH IOJIeTa BO3AYIIHOTO
Cy/ZHa M COCTOSIHUsI O€30MacHOCTH IOJIETOB aBHAIMOHHOTO (opMupoBaHMs. [IpencraBieHHass B CTaTbe METOIMKA OLECHKH
COCTOSIHMSI O€30MaCHOCTH I10JIeTa IO3BOJISIET KOJMYECTBEHHO OLICHHTh COCTOSIHHE 3allMIIEHHOCTH CUCTEMBI <OKHIAK —
BO3/IYLIHOE CY/IHO» OT BO3JIEUCTBHS ONAacHbIX ()aKTOPOB, 00YCIIOBIICHHBIX JIMYHOCTHBIM ()aKTOPOM KOHKPETHOTO JIETYHMKA MEPE/]
TI0JIETOM U OLICHMBATh B MacIITade pealbHOrO BPEMEHH COCTOSIHUE 3aUIEHHOCTH CUCTEMBI «9KHIaXK — BO3/IYIIIHOE CYIHO» BO
BpeMs1 BBIIIOJTHEHUSI TI0JIETa.

KaroueBrble ci10Ba: 0e30MacHOCTh MOJNICTOB, OE30IACHOCTH TIOJIETa, JIMIHOCTHBIN (haKTop, YermoBeUecKuil (hakTop, aBHAIIMOHHAS
CHCTEMa, JICTHBIA COCTAB.

BBEJIEHME

Brauane HeoOXonuMo ompenenuTbcs B TepMHUHONOTHU. (s 3TOro morpeOyeTcsi yTOYHUTHh
3HaY€HHE HEKOTOPHIX TEPMUHOB, UMEIOIINX OTHOIIEHUE K OOBEKTY UCCIIEI0BAHUSI.

XapakTepHo, 4TO MPH ONpeAeNieHUH OOCTOSITENBCTB U MPUYMH aBUAIIMOHHBIX MPOUCIIECTBUI
(AIl) 1 MHIUAEHTOB, IPOU3OMIECIIINX BCIEACTBUE HENIPABUIIbHBIX JIEHCTBUN aBUALMOHHBIX CIIELHUAIH-
CTOB TPH MPOU3BOJICTBE MOJIETOB U UX OOECIEUYCHUH, IPUMEHSIOT TEPMUHBI «4YeJIOBEYEeCKHil (hakTop»
U «IMYHOCTHBIN (axTop». Ilpu 3TOM 3a4acTyi0 HNPOUCXOAMUT CMEIICHWE MOHATUH, ONpPENEICHHbIX
>TUMH TepMUHaMH. [103ToMy HEOOXOIMMO YCIOBUTHCSA O 3HAUYEHUHU UCIOJIB3yEMBIX TEPMUHOB. Jlaxe
€CJIM 3TH 3HAYEHMsI B JETAJSAX HE COBMNAAYT C MPUHATHIMU B CMEKHBIX HAayKaX, OHU MOSCHAT MBICIIb
aBTOPOB, MMOCKOJIbKY TaKO€ MOHUMaHNE HEOOXOIUMO ISl 1ajbHEHIIIero CCIeJOBAHMS.

Jnist pa3nuuHBIX chep YeToBEUECKOi JesTeIbHOCTH JIaHO CBOE OMpEeNIiCHHE YeI0BEYECKOro
dakropa. Kak mpaBuiio, B KaXJIOM U3 3TUX OINpeAeSIeHui OTpa)keHa BO3MOKHOCTh IPUYMHEHHSI Bpeia
cucreMe, OOyCIIOBJIIEHHAs] HaJIMYUEM MPUCYIIUX YEJOBEKY (PU3UOJOTHUYECKUX U TICUXOJIOTMYECKHX
BO3MOXHOCTEW U OTPaHUYEHU.

B Hactosimieit pabore moj yenoBedeckuM ¢aktopom (UD) moHMMAETCs COBOKYITHOCTH (hHU3HO-
JIOTUYECKUX U TCHUXOJOTUYECKUX BO3MOXKHOCTEH M OrpaHMYEHUH, MPUCYUINX aBHALIMOHHOMY IEpCo-
HaJy, KOTOpbIE B CIIyyae HENPHUHATUS MUX BO BHUMAHUE MOTYT CTaTh MPUYMHON HENpPaBUIbHBIX JEH-
CTBHI TIPU OPTraHU3AIlMU U BHITIOJIHEHUH TI0JIeTa U 00YCIOBUTh MPUUMHY aBUAITMOHHOTO coObITHS [1].
Bomnpocs! nposinenns YO B aBuaiuy paccMaTpyuBaINCh, HAIIpUMeEp, B paboTtax [2—4].
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Heo0xoauMo 0TMETUTB, YTO Ha MPAaKTHKE, a TOPOH U B TEOPUH, TOBOJIBHO YaCTO BCE MPHUUMHBI,
CBSI3aHHbBIE C HEYIOBJIETBOPUTEIHHON JEATEIbHOCTHIO JIMYHOTO COCTaBa, OTHOCST K OJJHOMY OIAaCHOMY
(akTOpy — UeIOBEUYECKOMY, XOTSl B OOJIBIIMHCTBE CIIy4aeB MPOSBISAETCS TaK HA3bIBAEMBIH JUMYHOCT-
HBIM (HaKTOp, KOTOPHIH MO CBOEH CYTH SIBJISIETCS Pa3HOBUAHOCTBIO MJIM COCTABHBIM 3JIEMEHTOM YeJo-
BEUYECKOT0 (pakTopa.

Kaxk nmpaBuio, 0 TMYHOCTHOM (PaKTOpe TOBOPST B TOM CIIydae, €CIIM COOBITHE OBLIIO 00YyCIIOBIIE-
HO 0COOEHHOCTSIMU KOHKPETHOT0 yesioBeka. Hanpumep, TMYHOCTHBIM (DaKTOPOM MOKET OBITh YPOBEHB
(buU3MYECKOTO pa3BUTHS YEJIOBEKA: JIETUMKY HE XBAaTHJIO CHJI AJIs CO3JAaHUS HEOOXOIUMBIX YCHUJIMM Ha
pYUKe YIpaBlIeHHs, KOTJa Ipyrue JETYUKH CIIPaBUINCh ObI ¢ 3TOM 3anaveil. Mim ocobeHHOCTH TeMmIe-
paMeHTa JIETYMKA He MO3BOJIMINA €MY BBIIIOJHUTE TpeOyeMble NeUCTBUS C HEOOXOAMMBIM TEMIIOM, KO-
r7a Ipyryue JETYUKH MOTIIM Obl 0JaromnolyyHO BEIMTH U3 CO3/ABILEHCS CUTYAIUH.

3aMeTuM, 4TO MPUYMHAMU HAPYIICHUS MOJIETHOTO 3a/laHusl, MOpPsAKa WU MPaBUJ €ro BBINOJ-
HEHMs (PaKTHUECKU BCETJa SBISIOTCS MMEHHO JMYHOCTHBIE OCOOCHHOCTH JeT4YHKa (ero yOexIeHus,
CKJIOHHOCTH, HPaBCTBEHHbIEC KAUECTBA).

OO0001m1ast PUBEICHHBIC BBIIIIE MOJOXKEHUS, MOYKHO CJIEIaTh BBIBOJ, YTO MOHATHEM «YEJIOBEUCCKUN
(akTop» B aBUAIMK OXBA4YeH CHEKTP (HU3UOTOTHYECKUX U TICUXOJIOTMYECKUX BO3MOXKHOCTEI U OrpaHHYECHHH,
HECYILIMX B ce0e MOTEHIMATBHYIO YIpo3y Oe3aBapuitHoMy (D)YHKIIMOHHMPOBAaHHUIO aBUallOHHON cucTeMbl (AC),
MPUCYIIUX aBUAIMOHHOMY TEPCOHATY KaK COBOKYITHOCTH aBHALMOHHBIX crHerManicToB. [loa muaHOCTHBIM
(bakTOpoM MOHMMAETCS HA0OP (PU3HONOTMYECKUX, TCHXOJOTMYECKUX U MOPAIBHBIX BO3MOKHOCTEH M Orpa-
HUYEHUH, MPUCYIIMX KOHKPETHOMY aBHAIIMOHHOMY CIIELMAINCTY — UHIMBUIYYMY, MPEICTABIISIONIMX COO00i
MOTEHIMATBHYIO Yrpo3y Oe3aBapuiiHoMy ¢yHKIHoHMpoBaHuio AC. B Hacrosieil pabore IMEHHO B TaKOM
KOHTEKCTE TIOHUMAIOTCSl TEPMUHBI «UEJIOBEUECKHIA (PAKTOP» U «IMYHOCTHBIN (haKTOp.

BezomacHoCTh MONETOB, KOTOpas omnpenaeieHa B padore [1] kKak 3aIUIICHHOCTh aBUAIIIOHHOM
CUCTEMBI OT BO3JICHCTBHUSI OMAcHBIX (haKTOPOB, MO3BOJSET 00ecnednTh (HYyHKIMOHUPOBAHUE aBUAIlM-
OHHOM cuCTEeMbI 0€3 aBHAIMOHHBIX IporciiecTBUNA. OHa NMOJBEpKEHA BIMSIHUIO MHOXKECTBa (PaKTOPOB,
HEYCTOMYMBBIX 110 CBOEMY XapaKTepy, HaXOSIIMUXCs, KaK MPaBUIIO, B TECHBIX B3aUMOCBSI3SX JAPYT C
apyroM u ¢ komnoneHtamu AC. Ilpu 3TOM MEXAyHapOJHBIMU U TOCYJapCTBEHHBIMHM CTaHAApTaMH
MIPEANKUCHIBACTCS 00s3aTeIbHOE CUCTEMHOE yrpaBieHue Oe3omacHocThio mojeToB (b3llo). B coot-
BETCTBHHM C STUMH TpeboBanusamu B Korenmuu' onpeseneHa 3a1a4a MOCTPOCHHS CHCTEMBI yIIPaBIIe-
Hus b3lloB. Pemenuto 31oi 3aa4u, 0 MHEHUIO aBTOPOB, MPEMATCTBYET CIAEAYIOIIEE.

1. Ynpasnenue 6€30MaCHOCTBIO MOJIETOB B 0053aTEIILHOM MOPSAIKE MPEIyCMaTpUBACT KOJTUYe-
CTBEHHOE olleHuBaHue mnapameTpoB b3IloB, mo KOTOpBIM OCyIIECTBISETCA ympaBiieHue (YMpaBisiTh
BO3MO>KHO TEM, YTO MOKHO U3MEPUTH).

B pa6ore [1] o6ocHOBaHO, uT0 b3[10B HEOOX0MMO OTpaXkaTh Yepe3 CIACAYIOIINE XapaKTCPUCTHKH:

balloB kak mpouecc pearupoBanusi AC — uepe3 cocrosinue b3l1os;

b3lloB kak pe3ynbprar pearupoBanusi AC — dyepe3 ypoBEHb aBUAIIMOHHON aBapUiTHOCTH.

Ypoeenv asuayuonnoii asaputinocmu — KOMIUIEKCHas Xapakreprctuka b3lloB, oroOpaxarormast mo-
CPEICTBOM CHCTEMBI CTATHCTHUECKHX TTOKa3aTeNeH JIIOJCKKE TIOTEPH U yTPaThl aBHAITMOHHON TeXHUKH (AT)
B pe3yabrate All, npounsomennumx B rocyjapcTBeHHOM apuau PO 3a onpenenennslil nepuog. OgHuM U3
MOKa3aTesieil ypOoBHS aBUAITMOHHOW aBapUMHOCTH siBJIsieTcst KommuecTBO All Ha cTo Thicsy yacoB Haseta [1].

B Hactosmee Bpems b3lloB oneHMBaeTcs COBOKYIHOCTBIO KOJIMYECTBEHHBIX M Kau€CTBEHHBIX
nokasaresei. Yposenb b3l1oB onieHnBaeTCs MO0 KOJMUECTBY aBUALIMOHHBIX COOBITUM, TPOU3O0LIEANINX B
aHamM3upyeMoM mepuoje. Takas OleHKa HOCUT allOCTEPHOPHBIM XapaKTep M He MOXKET OTpakaTh HC-
TUHHOTO TEKYILIEro U nepcrnekTuBHoro coctosiuug AC. I1oaToMy enMHCTBEHHAs: BO3MOXHOCTb YCHEll-
HOTO peleHus 3a1a4 ynpanieHus b3lIoB mosiBiseTcst mpu yCIOBUM KOTHYECTBEHHON M KaueCTBEHHOM
otieHkU coctosHus b3l1oB B kayka0M aBHallMOHHOM (POPMHUPOBAHUM B MacIlITabe peaibHOTO BPEMEHH.

: Konmenmus 6e3onmacHocTr monetoB apuanmu BoopykeHHbx Cunn Poccuiickoit ®@enepanun. Y1B. MO PO 31.05.2017 1.
M.: CBITI A BC P®, 2017. 19 c.
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B pa6ore [1] cocrosinue b3lloB onpeneneHo kak MHTETpaibHAs XapaKTEPUCTUKA 3aIUIIEHHO-
CTH aBUAIIMOHHOM CHUCTEMBI, ONpE/ETeHHas BO3JCHCTBHEM Ha Hee ONacHbIX (PaKTOpOoB B MacluTabe
pEaIbHOTO BPEMEHHU.

Onenka cocrosiHus b3l1oB B aBUaniMOHHBIX (POPMUPOBAHUAX B HACTOSIIEE BPEMS BBINOJIHACTCS
crocoboM, onpeseneHHbM PykoBoactom®. Ho To, 4TO MbI MBITAGMCS OLGHHBATD STHM CIIOCOOOM, He
sBisieTcst cocmosanuem b3lloB (kypcuB aBTOpoB). [lo cyTu aena, orieHMBAETCs YPOBEHb aBapHUHHOCTH
3a TPOLIEALINIA NepUol, IPH ITOM HCIOIB3YIOTCS a0CONIIOTHBIE CTaTUCTUYECKHe Mokazarenu. U1 ore-
HUBAETCsA KAayecTBO NPOPHIAKTUYECKOH paboThl, MPOBEIECHHONH B aBUALMOHHOM (OPMHPOBAHMU 32
ouieHuBaeMbIil mepuo. Hu o kakoit oneHke peanbHoro cocrostaus b3lloB mpu TakoM croco0e oLeHKH
peun ObITh He MOXKeT. OTcro/1a ClleyeT BbIBOJ — HAa HACTOSIIMNA MOMEHT 3((EeKTUBHBIE MEXaHU3MBbI U
MHCTPYMEHTBI, ONPENEICHHbIE PYKOBOAAIIMMYU JOKYMEHTaAMM JUIsl OLeHKH cocTosiHus b3lloB B aBua-
LIUOHHBIX (POPMUPOBAHUSIX, OTCYTCTBYIOT.

2. CornacHo odunManbHON craTHcTUKE O00NbIIMHCTBO All MpOMCXOOUT MO NMpUYUHAM, CBS-
3aHHBIM C HEYJIOBJICTBOPUTEIBLHON JIEATENBHOCTHIO aBUALIMOHHBIX CIIELIMAIUCTOB, 3aICHCTBOBAHHBIX B
AC npu npousBoactse nosuetos. Josnd Takux All B rocyapcTBEHHON aBHallMU B Pa3HbIE MEPUOJIBI
Kkone0iieTcs oT 63 10 85 % ot 001Iero KOJIUYECTBA.

XapakTepHo, 4To HambOosee yacTo mpuuuHbl All CBs3aHBI C OMIMOOYHBIMH JCHCTBUSMH U
YMBIIUICHHBIMU HapYIICHUSAMH JIETHBIM COCTaBOM YCTAHOBJICHHBIX IPABWJI IIPH BBINOJIHEHHUH IIOJIE-
TOB — TO, YTO Ha S3bIKE AaBUAIIMOHHBIX CIICIIHATMCTOB HA3bIBAIOT MPOSBICHUSMH «UYEIIOBEUECKOro (pak-
topay (UD). Hons takux AIl B oOmieM konudecTBe KatacTpod M aBapuid, TPOU3OMIEAIINX IO TPUIH-
HaM, CBA3aHHBIM C HEYJOBJIETBOPUTEIBHOMN JIEATENBHOCTHIO aBUALIMOHHBIX CIIELUAINCTOB IIPH MIPOU3-
BOJICTBE IIOJIETOB, cocTaBiseT npuMepHo 80 %.

B mmpokoii aBHalimoHHOM OOIIECTBEHHOCTH CYMTACTCS MPU3HAHHBIM TOT (DAKT, YTO B MUJIOTH-
pyeMoii aBuanuu YD sBiseTcss OJHON U3 TIIaBHBIX MPUYMH aBapUHUHOCTH. [Ipu 3TOM, KaK MOKa3bIBAET
npaktuka, YO Hambosiee cnokHO moaaaeTcss KOHTpoo. OOBSACHIETCS 3TO TEM, UYTO Ha MPOTSHKEHUU
BCEro Nepuoja pa3BUTHs aBUALMM PEIIAINCh 3a/1a4i oOecreueHus: 6e30acCHOCTH I0JIETOB, a 3aJa4yaM
oOecrieueHust 6€30MaCHOCTH KOHKPETHOTO T0JIETa U yTpaBieHUs] 0€30MaCHOCTHI0 KOHKPETHOTO TOJIeTa
HE YJeJsUIOCh TOJDKHOTO BHMMAaHMA. [Ipy TakoM moaxone mombITKM KOHTposmpoBats YD aBranuoH-
HBIX CIEIMAINCTOB MOXKHO CPABHUTH C MOIMBITKAMU KOHTPOJIHUPOBATH CPEIHIOI0 MO OOJIBHUIIE TEMIIe-
paTypy OOJIbHBIX.

Hazpena Heo0X0aMMOCTh pa3fenuTh Takue NOHATH, Kak ypoBeHb b3lloB u ypoBenb 6ezomac-
HocTH mosieta (nmanee bslla). st Toro 4ToObl moBeimathk ypoBeHb billa, HE0OOX0AMMO OIEHUTH €T0
HCXOJIHOE COCTOSIHHE U OIPENENIUTh, 10 KaKOW BEJTMYMHBI OH JOJDKEH ObITh MOBBINIEH. CyIecTByIO-
AN MEXaHU3M OLICHKH cocTOsSHUS b3I1oB Takoii BO3MOXKHOCTH HE AaeT [4].

AC npencraBnsger co00# CIOXKHYIO IUHAMHUYECKYIO CHUCTEMY, HCIIOTHUTEIHHON 4acThIO KOTO-
POl SIBJISIETCSI CHCTEMa «IKUITAX — BO3yIIHOe cyaHoy» (manee cuctema DBC). Cucrema DBC siBnsiercs
YeJIOBEKO-MAIIMHHON HJIM 3praTudeckoi cucTeMoil. [ TaBHBIM 371eMeHTOM J1000# 3praTuueckoi cu-
CTEMBI SIBJIICTCS YEJIOBEK-OIIEPaTOpP, MOITOMY HEOOXOAMMO YUYHUTBIBATH BIMSHUE COLMAIBHBIX U TICH-
X0(U3MNOIOTHUECKUX aCIIEKTOB, CBS3aHHBIX C yUaCTHEM YeJIOBeKa B ynpasiieHHH cuctemoit 9BC, — To,
YTO Ha S3bIKE ABUAIMOHHBIX CIIELUATUCTOB HA3bIBAIOT «IMYHOCTHBIM (pakTopom» (JID).

ITo cytu JI® sBisgercs coCTaBHBIM 3j1eMeHTOM YD, 11o3TOMy peasibHasi BO3MOKHOCTb KOHTPO-
mupoBaTh UD neTHOro cocraBa aBHAllMOHHBIX (POPMUPOBAHUIN MOSBUTCSA NPU YCIOBUM KOHTpOs JID
Ka)KJJOTO KOHKPETHOTO JIETYHKA.

CymiecTByrole B HacTOsIIEE BpeMsi MEXaHU3Mbl OlleHKH cocTossHus b3lloB u koHTpons ro-
TOBHOCTH 371eMeHTOB AC K MOJIeTy He MO3BOJISIIOT CUCTEMHO YYeCTh BIMSHUE Ha O€30MacHOCTh Mpe/-

2 PyKOBOZCTBO 110 TPEIOTBPAIIEHHIO ABUALMOHHEIX MPOMCIIECTBHH C rOCYIapCTBEHHBIMU BO3AYIIHBIME CynaMu B Poc-
cuiickoii denepanyn (PITIAII-2002 — yrBepxxaeno npukazom MO P® 2002 r. Ne 390). M.: Boenunsnar, 2003. 71 c.
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CTOSIIETO TOJIeTa ONacHbIX (aKTOpoB, cBs3aHHbIX ¢ JID netunka. [1o3TOMy Ha CEroqHSIIHUI IeHb B
aBranMoHHBIX (popmupoBanusix Boopyxenusix Cun Poccutickoit @eneparuu (BC PO) JIO kaxmoro
JIETYMKA CUCTEMHO HE YUYMTHIBAETCS, U OLICHKA €ro BiMsHUSA Ha b3lla HOCUT UHTYUTUBHBIM XapakTep.
Otcrona ciieyer BbIBOJA — Ha HACTOSAIIUN MOMEHT 3()(heKTHUBHbIE MEXaHU3Mbl U MHCTPYMEHTHI OLIEHKU
BiusiHUs JI® xoHkpeTHOro nerynka Ha b3lla Bo3mymuoro cyaHa u Ud nerHoro cocrasa Ha b3llos B
aBUAIMOHHBIX (HOPMUPOBAHUSIIX OTCYTCTBYIOT.

Bce 310 00pasyer npotuBopeune, rae, ¢ OAHOH CTOPOHBI, CYIIECTBYET OObEKTUBHAS HEOOXO-
JTUMOCTB TTOCTpoeHus 3P deKTUBHOM cucTeMbl ynpapienus billoB, ¢ Apyroit CTOpOHBI, UMEET MECTO
HepocTaToK uH(opManyu o coctosHun 3ammuiieHHocTd AC ot Bo3aeiictBus O®D, o0ycnoBieHHbIX YD
ABHAIIMOHHBIX CHEIUAINUCTOB, 3a1cCTBOBAaHHBIX B AC mpH NMpoU3BOJCTBE MOJIETOB. ITO MPOTUBOPE-
grie 00yCIIOBICHO OTCYTCTBUEM MEXaHU3MOB OlleHKH cocTostHus b3lloB ¢ yuetom Biusiaus YD aBua-
[MOHHBIX CTIELUAINCTOB, IPEXKIE BCETO U3 YUCIA JIETHOI'O COCTaBa, U MPENSTCTBYET BHIPA0OTKE 000C-
HOBAHHBIX YIIPaBJIAIOIINX BO3AEHCTBUN, HAIIPABICHHBIX Ha NoBbIIeHUE b3IIoB.

Jns yctpaHeHuss »TOro mpoTuBopeunss Ha Kadeape OeszomacHoctu mojetoB BYHI[ BBC
«BBA» pa3zpabotan mMeToaMueckuil ammapaT omeHku coctosHus billoB, mpencraBnstonmii coOoin
KOMIUIEKC METOJIUK YHCICHHOW oIleHKH coctosiHus billa BosmymHoro cymna (BC) u cocrostHus
b3lloB aBuanuonHoro ¢opmupoBanus. Llenpio HacTOSIIEH CTaThbU SABISAETCS JIOBEICHUE 0 HAyYHOU
00IIIeCTBEHHOCTH U crienuaaucToB B obmactu billoB comepikanust pazpaboTaHHON METOJIUKH OIICHKH
coctosHus b3lla ¢ yuerom BausHus JI® seruunka.

CIIOCOB YYETA BJIMAHUSA JI® JETYUKA HA COCTOSHMUE 3AIINUMINMNEHHOCTHU
CUCTEMBI OBC

Jlnst Toro 94To0BI 00BEKTHBHO ONCHUTH BimsHUe YD jreTHOro cocraBa Ha 3amuiieHHOCTh AC,
HEOOXOUMO TIPEKE BCETO UMETh BO3MOKHOCTh YUCICHHOU OIeHKH BiusHus JID kaxaoro jperynka
OILIEHUBAEMOI'0 TOAPA3AEICHUS Ha 3alIUIIEHHOCTh cucTeMbl DBC, 35ieMeHTOM KOTOpPOH SIBISIETCS JaH-
HbIl netynk. [losToMy BHauane pa3zpaboran croco0 yuera BnusHus JID neTymka Ha COCTOSIHUE 3a-
mumeHHoctr cucteMbl DBC. OcHOBOM [1s1 pa3pabOTKK TAaHHOTO CIoco0a MOCTyKuil MeToa Gopma-
JU3aIMY JTUYHOCTHOTO (PaKTOpa B 3praTHUECKOM CUCTeME, MOAPOOHO OMMCAaHHBIH B padore [5].

Pa3zpaboTanusiii criocod 6azupyeTcs Ha MPUMEHEHNUU JIMYHOCTHO OPHUEHTHPOBAHHOTO MOAXO0Aa
K oneHke obecrnieueHus bzlla. OCHOBOI JTMYHOCTHO OPHUEHTUPOBAHHOIO MOJIXOAAa MPUMEHHUTEIBHO K
obnactu b3lloB siBisieTcst o0s3aTenbHbIl yueT JID kaxI0T0 aBUAIMOHHOTO CTEIHAINCTA, 33/1eHCTBO-
BaHHOr0 B AC 1npy NpOn3BOJICTBE MOJIETOB.

JIns mpakTHYecKor peanu3alyy JAHHOTO MOJIXO0/1A BIIEPBbIE NPUMEHEH UHTETPAJIbHBIN ITOKA3a-
tenb yrpo3 AC co croponsl JI® nerunka. J[aHHBIN MOKa3aTenb NOIYYWI Ha3BaHUE «CyMMapHBIN MTOKa-
3aTesb OMACHOCTH JeTunKa». YnclieHHoe 3HaueHne CyMMAapHOTo MOKa3aTess OnmacHOCTH JieTunka (K,,)
3aBUCHUT OT IposiBiieHHM JID KOHKPETHOTrO JIeTUMKa U MOXKET U3MEHThC B Anana3one ot 0 1o 1. 3Ha-
yenue K,, = 0 xapakrepusyeT cocrosiure cucteMbl DBC npu oTcyTcTBUU Yyrpo3 co cTopoHbl JID ner-
yuka, npu K,; = 1 yrpo3sl cocrosiHuto cucreMbl OBC co ctopons! JID nerunka onpenensrorcs: Kak
MaKCUMaJbHO BO3MOKHBIE.

[Tonmyuena maremarndeckast popmyiia win mMareMatudeckas Moaens (1) ypoBHs obecriedeHus
0€30MacCHOCTH MOJIETa, MO3BOJISIONIAs YUYECTh KaK 3aKOHHOCTb JI0IYCKa K MOJIETY KOHKPETHOTO JIETYH-
ka u BC, Ttak u Bnusaue JI® neTunka Ha COCTOSIHUE 3aIIUIEHHOCTH cucTeMbl DBC:

U=3,-(1-K,)-100% 3,. = 3-(1-K,,) -100%, (1)

rne  U-yposenb obecnieuenus b3lla;
K,, — cyMMapHBbIii OKa3aTeNlb OMACHOCTH JIETYUKA;
3, — 3aKOHHOCTb JIOITyCKa JIETUYMKA K BBIIIOJHEHUIO IIPEACTOALLETO TOJIETA;
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36c — 3aKOHHOCTD Jomycka BC K BBINOJIHEHHIO TPEACTOSIIETO MOJIETA;

3 — 3aKOHHOCTH BBIITOJTHEHMS noyeTa cuctemoi OBC.

3HaueHUs 3aKOHHOCTH 3;, 34, U 3 MOTYT OBITh «J1a» WK «HEeT» — «1» umn «0». Takum obpazom,
BenmmurHa UMoxeT MeHsaTbest ot 0 1o 100 % [4].

Jlyist Toro 94TOOBI UMETH BO3MOXHOCTB OIPEAETSATh YUCICHHOE 3HAUeHHE CYMMapHOTo TMoKa3a-
TEJN OIacHOCTH JieTunka K,,;, He00X0aUMO:

e OMpeAenuTh HauboJee CYIECTBEHHBIC MOKA3aTeN yrpo3bl 0€30MaCHOCTH IMOJIETa CO CTOPO-

HbI JID jreTunka, Ha3BaHHBIX ITOKA3aTEIIMHU OMMACHOCTH;

e 00OCHOBAaHHO OIPENIEIUTh BEITUIHHY Ka)I0T0 TAKOTO IMOKA3aTelsl OMTACHOCTH.

B pe3ynbpraTe mpuMeHeHHUs SKCIEPTHBIX METOJIOB OMpPEAETIEHBI MATh MOKa3aTeIe OMacHOCTH.
B cymMme 3HaueHusi mokasarenieil OMAacCHOCTH JAlOT BEJIMYMHY CYMMAapHOTO IOKa3aTessi OMacHOCTU
netyuka (2):

Kon = Kean + Koy + Kyy + KHpn + Kon » (2)

rae  K,;,— CyMMapHbIi NTOKa3aTellb OMACHOCTH JICTUHKA;

K4, — mokazaTenb ONacHOCTH, CBSI3aHHBIM C HAJIMYUEM CEPbE3HBIX aBUAIIMOHHBIX WHIIMJIEHTOB
(CAN), mpousomieamx 1mo BUHE JETUHKA;

K, — nokazareyib OacCHOCTH, CBSI3aHHBIN C HAJIMYUEM aBUALIMOHHBIX MHUUJAEHTOB (AI), mpo-
M30LIEIINX IO BUHE JIETUHKA;

K,y — moka3zaresb ONMacHOCTH, CBSI3aHHBIN C MPOSIBICHUEM HEIUCHMUILUIMHUPOBAHHOCTH JIETUHKA
IIPH BBINOJHEHUH MTOJIETHOTO 3a/1aHMS;

K,pn — IOKa3aTenb OMAaCHOCTH, CBA3aHHBIM C HEUECTHOCTBIO JIETUMKA IIpU pa3bope moieros. B
JAHHOM CJIy4yae peyb UAET O MEXKIIOJIETHOM pa3bope IMOJETOB, 1IeJIb KOTOPOro — MPEeA0TBPATUTDH BbI-
MyCK B MOBTOPHBIN MOJET JIETYMKA, AOMYCTUBIIEr0 aBUallMOHHbIN HHIUACHT (AW). IIpu npoBenenuun
MMEHHO TaKoro pa3bopa moyieToB HauboJiee BEPOSATHO MPOSBIEHUE HEUECTHOCTH JIETUHKA;

K,, — mokazarenb OMacHOCTH, CBSA3aHHBIM C OTCTPAHEHUSMH JIETYMKA OT NoJjieToB. [Ipuunnamu
OTCTpaHEeHMsI MOTYT OBITh HEYIOBJIETBOPUTEIbHAS MOArOTOBKA K MOJIETaM, COCTOSIHUE 3/I0pPOBbS MEpel
MIOJIETOM, BBISIBIIEHHOE IIPU MPEANO0JIETHOM MEOCMOTPE U T. II.

[Ipu onpeneneHny YUCIEHHBIX 3HAYEHUHN MOKa3aTeNel OMMACHOCTH MPUMEHSIIUCh METOJIbI JKC-
MEPTHBIX OIEHOK. B Tabi. 1 mpencTaBiieHbl 3HAYCHHSI ONIPEICTICHHBIX TIOKa3aTellell OMTACHOCTH B 3aBU-
CUMOCTHU OT KOJIMUYECTBa 3a(pUKCUPOBAHHBIX (PAKTOB HEraTHBHBIX NposiBieHuid JID neruunka.

Taoauna 1
Table 1
3HaueHus MoKas3aTesiel ONMaCHOCTH B 3aBUCUMOCTH OT KOJIMYECTBA 3a()MKCUPOBAHHBIX
HEeOJIaronpusITHBIX COOBITHIA
Values of hazard indicators depending on the number of recorded adverse events

KonmuecTBo 3adukcupoBaHHBIX K. K, K., K,, Kpn
HEOIarONPHUSITHRIX COOBITHIH
0 0 0 0 0 0
1 0,16 0,13 0,11 0,1 0,06
2 u boiee 0,27 0,22 0,2 0,19 0,12

[Tepuon BausiHUS 3apUKCHPOBAHHOTO HEOJIATOMPUATHOTO COOBITHS HAa BEIHMYHMHY COOTBET-
CTBYIOILIETO TTOKA3aTeJIsi OMAaCHOCTH OMPEEISIICS SKCIEPTHBIM METOJIOM U COCTaBWII | TOJ B OTHOIIIE-
HuM Ko, Ko K3 6 1 3 Mecana B orHomiennu Ko, 1 K, COOTBETCTBEHHO.
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[[Ixana cymmapHOro rnokasateisi onacHOCTH jeTunka K,,, npeacraBineHHas Ha puc. 1, ucrnomib-
30BaJiach MpH pa3paboTke KpuTepueB onleHKu BiausHusa JIO nerunka va bslla.

3€JICHBII JKENTBIA CUHUU OpaHXEBBII KpPaCHBII
0 0,1 0,2 0,5 0,75 1

Puc. 1. Pacnipenienenue 3HaueHU CyMMapHOIO IOKa3aTesi ONaCHOCTH JIETYMKA IO IBETOBOM IIKaJIe
Fig. 1. The distribution of the values of the total hazard indicator of the pilot on a color scale

Kpurepuu pacnpenenuinch o mkase clIeIyrmuM o0pa3om:

Ky, cBbimie 0,75 10 1 BKIIOYMTENIBHO HAXOAUTCS B KPACHOM I[BETOBOM JUANa30HE — HEJIOMYCTUMO;

K, cBbimie 0,5 no 0,75 BKIIOUUTENHHO HAXOJIUTCA B OPAHKEBOM I[BETOBOM JHAIa30HE —
YCIIOBHO JOITyCTUMO;

K, cBbie 0,2 10 0,5 BKIIOUYNUTEILHO HAXOAUTCS B CHHEM LIBETOBOM JUAINA30HE — IOy CTHUMO;

K,, cBrimie 0,1 mo 0,2 BKIIOUHUTEIHLHO HAXOOUTCS B JKEJIITOM IIBETOBOM JHAIIa30HE — BIIOJIHE JO-
Ty CTUMO;

Ko, cBbime 0 10 0,1 BKIIOYUTEIHPHO HAXOAUTCSA B 3€JICHOM IIBETOBOM JUAIa30HE — JOMYCTUMO
B [IEPBYIO OYEPE/Ib.

Takum 00pa3oM, MOTYYUB BO3MOKHOCTB OIPEACIISATh YUCICHHOE 3HaueHue K, B 3aBUCUMOCTH
ot (akToB nposiBiieHus JI® nerunka v BeIpadOTaB KPUTEPHUU OIICHKU CTETICHU BIUSHUS JTaHHOTO TOKa-
3arens Ha b3lla B 3aBUCHMOCTH OT €ro YMCICHHOTO 3HAYEHHUS, MBI TTOJTYYHIIN CIIOCOO OIICHKU BIIMSTHUS
JI® nerumka Ha coctosiHUe 3auuiieHHocTH nepBuyHo AC wiu, uabiMu ciioBamu, Ha b3lla. [Tomy-
YEHHBIN CIIOCO0 JIET B OCHOBY METOJIMKH OIICHKH COCTOSTHUSI O€30MaCHOCTH T0JIeTa BO3IYIITHOTO CY/THA
¢ yueroM BiusHuA JIO serunka.

METOAUKA OHEHKH COCTOAHUSA BE3OITACHOCTH ITOJIETA BO31YIIHOI'O
CYJHA C YYETOM BJIMAHUA TUYHOCTHOI'O ®AKTOPA JIETUUKA

Cocrosinue 6e3omacHOCTH TojieTa B pabote [1] 000CHOBaHO KaK MHTETpaIbHAS XapaKTEPUCTH-
Ka 3ammieHHocTu cucteMbl DBC, onpeneneHHas BO3JCHCTBIEM Ha HEe OMACHBIX (PaKTOPOB B Mac-
mrade peangbHOro BpeMeHH. CocTosiHHMe 0€30IacHOCTH MOJeTa OTPa)kaloT CIIEAYIOIIHE MOKa3aTeNn:
ypoBenb obecnieuenus b3lla u yposens balla.

Yposenwv obecneuenus bzlla — nonydeHHOE MPU MOATOTOBKE K MOJETY YUCIEHHOE 3HAYCHHE
MOKa3aTelsi, OTPAXKAIOIIEr0 COCTOSHHME 3aIIUIIEHHOCTH cucteMbl DBC OT M3BECTHBIX M YUYTEHHBIX
ycTaHoBJICHHBIM nopsimkoM O®d, o06ycnorneHHbIX JID neTunka, mepes mojeToM, C yueToM 3aKOHHOCTH
Jloycka K nosiery jgetuuka u BC.

Ypoeenwv bzlla — nokaszaTenb, XapaKTepU3YIOIIHMI COCTOSTHUE 3alMIIEHHOCTH cucTeMbl DBC oT
Bo3zelicTBUsl O@ B X0/1€ BBINIOJIHEHUS TTOJETHOTO 3a1aHust [1].

OueBUIHO, YTO BO3MOKHOCTh YHMCJICHHO OLIEHUTH ypoBeHb obOecrieuenus b3lla u yposens billa
MOSIBUTCS B pe3yJIbTaTe Pa3pabOTKU COOTBETCTBYIOIUX METOIUK.

OIIEHKA OBECIIEYEHMSA BE3OITACHOCTH ITOJIETA

B Mmeroamke oneHku ypoBHs oOecrieueHusi billa ompeneneH oawH OIlCHMBAaEMBIM IOKa3a-
Tenb — ypoBeHb oOecrnieuenus billa (U). [lpu onpeneneHnn ero TEKyIIero 3HaA4eHUsS! UCIIOIb3yeTCs
BeIpakeHue (1).

Omnpenenenue KpuTepueB oLEeHKH ypoBHs obecrieueHust billa sBnsercs crnemyromuM 3Tanom
pa3pabOTKN METOIUKH.
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C yuerom obpatro#t 3aBucumoctu U ot K, U pacnpeneneHus mo nBeToBoi mkaine K,,, pac-
npeaenenne U 1o IIBETOBOH IIKaJe BRITJISAUT CICTYIONUM 00pazoM (cM. puc. 2).

3€JICHBII JKENTBIA CUHUU OpaHXEBBII KpPaCHBII
100 % 90 % 80 % 50 % 25 % 0%

Puc. 2. Pacnipenenenune 1o BETOBOH IIKajie 3HAYCHUH YPOBHS oOecIiedeHus 0€301MacHOCTH MMOJIeTa
Fig. 2. Color scale distribution of flight safety level values

[IpuMmeHssi HOMUHATHBHYIO HIKany U, ompeienuMm CleAyIoUMe KpUTEpUU OLIEHKU YpPOBHS
obecneuenus b3lla:
e 3eJCHOMY LBEeTy cOOTBETCTBYIOT 3HaueHMs U ot 100 1o 90 % BKIIOUHUTENBHO — JOIyCTUMO
B IIEPBYIO OYEpEb;
e KEINTOMY LBETY cOOTBETCTBYIOT 3HaueHus U ot 90 1o 80 % BKIIOUNTENBHO — BIOJHE AOIY-
CTHMO;
e CHUHEMY IIBETYy COOTBETCTBYIOT 3HaueHus U oT 80 10 50 % BKIIOYUTENBHO — IOy CTUMO;
e OpPAHXXEBOMY I[BETY COOTBETCTBYIOT 3HaueHHUs U oT 50 10 25 % BKIIOYUTENIBHO — YCIOBHO
JIOITy CTUMO;
e KpacHOMY LIBETY COOTBETCTBYIOT 3HaueHus U ot 25 10 0 % BKIIIOUNTENBHO — HEAOITYCTUMO.
Pa3paboTka kpurepueB olieHKH ypoBHs oOecrnieueHus billa siBuacek 3akimoYUTENbHBIM 3TallOM
pa3paboTK METOJMKHU OIICHKU ypoBHs oOecrieueHust b3lla ¢ yuerom BimsHus JI®O netdmka, cTpyk-
TypHas cxemMa KOTOpOH IoKa3zaHa Ha puc. 3.

Ortan 1. OmpenencHue OLCHUBAEMBIX AJIEMEHTOB MepBUYHOM AC — KOHKPETHOTO JIETYUKA U
koHkperHoro BC

v

Ortan 2. OnpeneneHne TEKYIIEr0 3HAUYECHUS CYMMAapHOTO ITOKa3aTeNsl OMAacHOCTH JieTumka. K,

MOXKET IIPUHUMATh 3HAYCHHUA OT 0 a0 1

v

Ortan 3. OnpeneneHue 3aKOHHOCTH fonycka K nojsety BC. 3,. MoeT nNpuHUMaTh JBa 3HAYCHUS —
«1» nmm «O»

v

Oran 4. OnpeneneHre 3aKOHHOCTH JIOITYCKa K TOJETY JISTYNKA. 3, MOKET IPUHUMATH JIBa
3HaueHU — «1» mm «0y»

v
Oran 5. [Moxacrasnss B popmyny (1) onpeneneHubie 3HaYCHUS 3, 3, U K, ONPENENIIOT 3HAUCHUE
YpOBHS oOecreueHnss O€30MacHOCTH MpeAcTosAmero mnojera. U MOXeT NPUHUMATH 3HAYCHUS
ot 0 mo 100 %

v

Otan 6. B cOOTBETCTBUU C OMMPEACICHHBIMU KPUTCPHUAMU OIPEACTIACTCA LBCTOBAasg TIraMma

1 COOTBCTCTBHCEC ITOJITYUYCHHOI'O 3HAYCHUS U TD66OB8,HI/I$IM, OpEaABABISICEMBIM K bsIla

Puc. 3. CtpykTypHas cxemMa METOJIMKH OLIEHKH YPOBHsI o0ecrieueHHs: 0€301acHOCTH I10JIeTa C Y4€TOM BIIMSHUS
JIMYHOCTHOTO (pakTopa JIeTunKa
Fig. 3. Block diagram of the methodology for assessing the level of flight safety, taking into account
the influence of the personal factor of the pilot-pilot
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JlanHasi METOMKA MO3BOJIIET OLEHUTH COCTOSTHUE 3aluileHHocTH cucteMbl OBC nepen noe-
TOM C YYE€TOM 3aKOHHOCTH JOIMycka K moJiety jetunka u BC u ¢ ydyerom BnusHusi JI® neryuka Ha
bslla [4].

OIEHKA YPOBHA BE3OITACHOCTH ITOJIETA

B xone HenmocpeCTBEHHOTO BHITIOJIHEHMSI TOJIETHOTO 3aJ]aHusl PEIIAIOTCS 3a/1aud yIPaBICHUS
bslla. CyTb 3TOrO mporecca 3akiIo4aeTcs B TOM, YTOObl CBOEBPEMEHHO OIpPENEINTh BOSHUKHOBEHHE
oco6oii cutyarun (OC) B mojere U MyTeM YIpPaBISIOMIUX BO3JCHCTBUH MPEXKe BCErO HE MO3BOJIUTH
nepepactu OC B aBapuiiHy10, a B ONTUMAJILHOM BapuaHTe — BEPHYTh cuctemy DBC B mraTHble napa-
MeTpsI nonera [6-9].

OC — 310 HemTaTHas CUTyaluus B KOTOpyro nomaaaer cucrema OBC B pesyibraTe BO3/ACH-
ctBusi Ha Hee OD. [lo cTemeHn OMacHOCTH MOCIEACTBHUM s dkunaxa (maccaxxupoB) u AT ocoOwie
CUTyaluy NOJIPa3/IEISAI0TCS Ha CIIEYOLIHE:

e YCIIOKHEHHUE yCJIOBUH I10JIETA;

e CJOHYIO CUTYyalHIo;

® ABAPUIHYIO CUTYAlUIO;

e KaTacTpoUUYeCKUe CUTYyalHH.

B xone npornecca ynpasnenus b3lla cranoButcs aktyanbHbIM ypoBeHb b3lla (). Benuuuna W
omnpenensieTcs 3HaueHueM ypoBHs obecniedeHust balla U n crenensto ocoboit cutyaruu (OC), B KOTO-
poit Haxogutcst cucrema OBC B MoMeHT oueHku. [l unciaeHHoi ouenku BiausHus OC Ha ypoBeHb
b3lla BnepBbie MpUMEHEH MOKa3aTenb, XapakTepusyromuid crenenb OC B moJiete, Ha3BaHHBIA B UC-
cnenoBanuu kodddummenrom 6ezonacHoctu noneta (Kp).

3nauenne ypoBHs b3lla Moxket ObITh MpeicTaBIeHO B BUE (YHKIINH:

W= fU, Kj).

Onpenenenue 3HaueHus K sBisercss HanOosiee CIOXKHBIM IpH oueHke ypoBHs bslla. Jlns
YCHEIIHOTO pEeIIeHUsl 3TOM 3ajauu HeoOXOAMMO pa3paboTaTh M BHEIPUTh B CHUCTEMY YNpaBICHHS
b3lla aBTOMaTH3UPOBAHHON CUCTEMBI, CTIOCOOHOM OTpeNessITh B peKUME peaTbHOIO BPEMEHH CTETICHb
onacHocTH Bo3HuKaromieil B nosiere OC s cuctemsl DBC. Takast aBToMmaTu3upoBaHHas CUCTEMA 10
CUX TIOp HE CO3/]aHa, HO TEXHUYECKUE 3aTPyAHEHUSI HE JOJKHBI CO3/1aBaTh MPEMSTCTBUMN IS MPOBE-
JICHUsI HAy4YHBIX MCCJIEJIOBAHUI B HAIIPABICHUHU OLEHKH PEAIIBHOIO COCTOSIHMS 3allMILEHHOCTH CHCTE-
Mbl DBC BO BpeMsl BBIIIOJIHEHUS TIOJIETHOTIO 3aJaHUsI.

3nauenne U ompenensercs nepes MoJeToOM M OCTAaeTCs MOCTOSHHBIM B IIPOLIECCE BCETO TOJIETA,
MIpY yCIIOBUH O1aronoayqHoro ero 3aepiieHus. [lepemennas K; MOXKeT U3MEHATHCS B TCUCHHUE TIOJIETA B
nuanasone ot 0 1o 1 B 3aBucumoctu oT cnoxknocty OC, Bo3HUKaromel B nojiete. 3Hauenue K = 0 xapak-
tepusyet cocrosinre cucrembl IBC npu orcyterBrn OC, npu K, = 1 OC ctana karacTpopuyecKkoi.

B oxkoHuaTtenpHOM Bue ypoBeHb b3lla MokHO mpecTaBuTh B BUIE BhIpakeHH (3)

W=U-K,, 3)

rae W — yposens b3lla;
U — ypoenb obecnieuenus b3lla;
K — xoadpunmenT 6e30macHOCTH TOJIeTa.
OueBuaHO, yTo BeanunHa W MmoxeT MeHAThesa oT 100 go 0 %.
Jnst ynoOcTBa MpUMEHEHHs 11e71ec000pa3H0O KauyeCTBEHHO OLICHUTH cocTosinue billa Bo Bpemst
ero BeinosiHeHus. Ha puc. 4 nokazaHo pacnpenenenue 3HadeHui ' 1o 1BETOBOM LIKaJIe.
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3€JICHBII JKETHIN CUHUHI OpaHXEBbIi KpacCHBII

100 % 90 % 80 % 50 % 25% 0%
OTJIMYHO XOpo1o YAOBJIETBODP. HEYAOBJIETBOPUTEIIBHO

Puc. 4. Pactipenenenne 3Ha4eHUH ypoBHS 6€30MMacHOCTH MoJieTa W 10 IIBETOBOM IIIKaje
Fig. 4. The distribution of the values of the safety level of the flight /# on a color scale

3rauennsa W ot 100 go 90 % BKIIOYNTEIBHO HAXOIITCSI B 3€JI€HOM IIBETOBOM JIHAIla30HE — JKe-
smartenbHo. Onenka 3a cocroguue b3lla — oTinu4Ho;

3rauennsa W meHee 90 mo 80 % BKIIOYMTEIBHO HAXOAATCS B JKEITOM IIBETOBOM AHAITa30HE —
BIIOJIHE AonycTuMo. OneHka 3a cocrostuue b3lla — xopoio;

3nauennsa W menee 80 mo 50 % BKIIOYHTEIBHO HAXOASATCS B CHHEM IIBETOBOM IHANa3OHE —
nonyctumo. Ouenka 3a coctostuue billa — yaoBnerBopuTenbHo;

3nauenust W menee 50 1o 25 % BKJIIOYUTEIBHO HAXOJATCS B OPAH)KEBOM I[BETOBOM JMana-
30HEe — HexkenareabHo. OteHka 3a coctosinue billa — HeyjoBIeTBOPUTENBHO;

3nauenust W menee 25 1o 0 % BKIIOUMTENBHO HAXOASITCA B KPACHOM I[BETOBOM JHAIa30HE —
Heponyctumo. OneHka 3a cocrosinue b3lla — Hey10BIeTBOPUTEINBHO;

Pacnpenenenue 3HaueHnii W 1o nBeTOBOM MIKaJe OMPEAECICHO METOJIOM SKCIEPTHBIX OLIEHOK.
B wacTHOCTH, IpUMEHEH METOJT OTPOCca IKCIEPTOB, KOTOPBIN MPOBOAMIICS CITIOCOOOM MHTEPBLIOUPOBA-
HUE-aHKETHUPOBAHUE B OJIUH TYP.

3AK/IFOYEHUE

Takum oOpa3om, B pe3yibTaTe MPUMEHEHUS JUYHOCTHO OPUEHTHUPOBAHHOTO MOAX0/a K OLIEHKE
cocrosiaust AC pa3paborana meToauka omeHku coctossaus billa ¢ yuerom Biustaust JIO netauka.

Crnioco6 yuera Biusaus JI® netunka Ha COCTOSIHUE 3aIUIIEHHOCTH cucteMmbl DBC u mosryden-
HBI B XOJI€ €ro pa3pabOoTKU MHTETpalbHBIN MMOKa3aTeNlb YIrpo3 0€30MacHOCTH MPEACTOSIIETO MoJIeTa,
MOJIyYMBIIUHN Ha3BaHUE «CyMMAapHBbIM MMOKA3aTENb OMACHOCTH JIETYMKA», MOJIOKEHBI B OCHOBY paspa-
00TaHHOM METOAMKH OLleHKU cocTosiHus b3lloB B aBHanmoHHOM (POPMHUPOBAHUU. DTAa METOAMKA T103-
BOJISIET B PE3YJITATE MPUMEHEHHUS JJUYHOCTHO OPUEHTUPOBAHHOTO MOJAX0/a K OLeHKe coctossHug AC
OIICHUBATh COCTOsSIHUE 3amUIeHHOCTH AC TaKTUYECKOro ypOBHS (YHKIIMOHUPOBAHUS (aBUAIIMOHHAS
yacTh) oT OD, 00ycnoBneHHBIX YD JI€THOTO cOCTaBa BO BpeMsi OPTaHHU3AIIMN 1 TTPOBEICHHUS TI0JIETOB B
MmacmTabe peanbHOro BpemeHu. K coxaneHuio, 00beM CTaTbU HE MO3BOJIET JIOBECTU COJCpIKAHUE
ATON METOIMKH JI0 3aMHTEPECOBAHHBIX unTaTesneld. Ho B miaHbl aBTOPOB BXOJIUT OMyOJIMKOBaHHUE MO-
JYYEHHBIX Pe3yJIbTaTOB B cieAyroIuX Beinyckax «Hayunoro BectHukay.

B 3axitoueHune HEOOXOIMMO OTMETUTH, YTO Pa3padOTaHHBIM MHCTPYMEHT OLIEHKH COCTOSIHUS
zanuiieHHocTH AC ot O® HOCUT alalTUBHBIN XapakTep BBUAY TOTO, YTO MPHU €ro pa3paboTke MIHpo-
KO IIPUMEHSUTUCH KCIIEPTHbIE MeTOIbl. [[0ATOMY BenrKka BEpOSATHOCTh BHECEHUS AOMOJHEHUN U yTOU-
HEHUM B XOJI€ €ro MPakTUYECKOr0 NPUMEHEHUS, YTO B KOHEYHOM MTOI€ TOMOKET YCOBEPILIEHCTBOBATh
MOJTyYE€HHBIH HHCTPYMEHT OLIEHKH COCTOSIHUSA 3auuieHHocTd AC.
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METHODICAL APPARATUS FOR EVALUATING THE STATE
OF AVIATION SYSTEM SAFETY AND SECURITY

Boris I. Bachkalo', Valeri I. Zolotykh'
!dir Force Education and Research Center "The Zhukovsky and Gagarin
Air Force Academy", Voronezh, Russia

ABSTRACT

The article analyzes the existing problems that impede the effective safety management of the flights of the air forces of the Armed
Forces of the Russian Federation. As a result, this analysis revealed the contradiction between the need to build a safety
management system and the lack of effective mechanisms for assessing the state of the aviation system and taking into account the
influence of the human factor of aviation professionals on flight safety. The contradiction identified the need for developing a set of
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methods to estimate the actual state of the aviation system protection from the effects of threats associated with the human factor of
flight personnel. A methodological apparatus was developed for assessing the security status of an aviation system against
hazardous factors, which is based on applying a personality-oriented approach to assessing and managing the state of an aviation
system. The method of assessing the state of flight safety allows you to quantify the state of protection of the crew-aircraft system
from the impact of hazards caused by the personal factor of a particular pilot before the flight and to assess in near real-time the
state of protection of the crew-aircraft system during the flight. The method of assessing the state of safety in aviation formation
allows you to assess the status of safety during the organization and conduct of flights, taking into account the influence of the
human factor of flight personnel in near real time.

Key words: flight safety, flight security, personality factor, human factor, aviation system, flight personnel.
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PA3BUTHUE INIEPCIIEKTUBHBIX CETEBBIX TPEHAXKEPHbIX
KOMIIVIEKCOB HA BO31YIIHOM TPAHCIIOPTE C IPUMEHEHUEM
HEYETKUX MOAEJIEN 1 ITIOMEXOYCTONYNBOI'O KOAUPOBAHUA

AA. TJIAIKHAX', JL.T. BOJBIIEABOPCKASE, Au.K. BOJIKOB', A1.K. BOJIKOB'
"Yivanosckuii uHcmumym epaxcoanckou asuayuu umenu I nasnoeo mapwana asuayuu b.11. byeaesa,
2. Ynvanoeck, Poccus
’Mockosckuii 20Cy0apCmeeHHblll MeXHUYeCKULl YHUBEPCUMem 2paicoOanHcKol asuayul,

2. Mockea, Poccus

B nmanHOi paboTe MpoBEACH aHAIM3 3apyOEKHOIO OMbITa M CHCNAH BBIBOJ, YTO OJWMH U3 IyTeH MOBBIICHUS 3()(PEKTHBHOCTH
obecriedeHns aBHalMOHHON Oe3onacHoct B Poccuiickolt denepaimu 3aKiiroyaeTcss B NMPUMEHEHHH COBPEMEHHBIX CETEBBIX
TpeHaXXEpHBIX KOMIUIEKcoB. [IpemtoxkeH M anmpoOMpoBaH HOBBIM IOAXOZA K OLEHKE YPOBHS KOMIIETEHTHOCTH OIEpPaTOpOB
JIOCMOTpA, TO3BOJIIOIIMI YYUTHIBATh MapaMeTphl ITIA30/IBUTATeIbHON IESTEIbHOCTH M BapHaOeIbHOCTH CEPAEYHOr0 pHTMa
UCHIBITYEMBIX OIEpaTopoB, OTINYAIOIIMICS OT CYIIECTBYIOIINX MOIXO0/I0B IPUMEHEHHEM HEUETKHX Mojiesel kinaccudukamyy. B
KaueCTBE alapaTypHBIX CPECTB NCUXO(MHU3HOIOTHIECKOr0 MOHITOPHHTA HCIIONIb30BaHbl TexHonorust Eye tracking u ycrpoiicTo
ncuxomuonormdeckoro tectupoBanust YIIDT-1/30 «llcuxodmsnonor». [IpencrapieHbl OCHOBBI aBTOMATHIECKOH T'eHeparn
HeweTkux Mozeneit trma CyreHo 1 Mamaanu U3 SKCIepHIMEHTaIbHBIX JaHHBIX. [[pOBeeHBI SKCIIEpUMEHTAIBHBIE NCCIICIOBAHMS
Ha 0aze @I BOY BO YU I'A. Pesynbrarsl cpaBHEHHS CTEHEPHPOBAHHBIX MOJIeNIel ToKazai, 9To Mojaens CyreHo, oOydeHHas ¢
npumeHeHneM ANFIS-anroputMa, TouHee, 4YeM Mojens, MamIaHW W MOJENb JIMHEHHON perpeccuu, HIACHTHQHIMpPYET
HCCIIEAYEMYI0 3aBUCHMOCTB I10 OLIEHKE KOMIIETEHTHOCTH OIEpaTopoB JOCMOTpa. B KauecTBe KpuTepusi KadecTBa MOJENCH Ha
00ydJaroIMX ¥ TECTOBBIX MAHHBIX HCIIOJIB30BAHA CPEIHSsI KBajparmdeckas ommoOka. OOOCHOBaHA aKTyallbHAs 3a/a4a BhIOOpa
3 )EKTUBHON KOHIICIIIIMM TMOMEXOYCTOMYMBOIO KOJMPOBAaHMS B TEIICKOMMYHHKAIIMOHHONW COCTAaBJBSIIOIICH MEPCHEKTUBHBIX
TPEHAXKEPHBIX KOMILICKCOB. Onucanbl IMyTU PEHICHUA Ba)KHOM 3a/ladi TOBBIIICHUSA AOCTOBEPHOCTU aAKTYaJIbHBIX LII/I(I)pOBI)IX
JIAHHBIX B CETEBBIX TPEHAXKEPHBIX KOMIUIEKCAX HA OCHOBE NPHMEHEHHUs CpEJCTB MOMEXOYCTOMYMBOIO KOJMPOBAHMS.
[pencrapneHa Mofenb IEPECTAHOBOYHOIO JIEKOJEpa HEJBOMYHOIO M30BITOYHOIO Kojla Ha 0as3e JIeKCHKOTpaduuecKoi
KOTHUTHBHOHM KapThl. JlaHHas MOJIENb JeKoiepa N30BITOYHOTO KO/IA MCIOJIb3YeT METOIbl KOTHUTUBHOM 00pabOTKH JaHHBIX NPH
peanm3alyy Ipoueypbl NEPECTAHOBOYHOTO JIEKOAMPOBAHMS Tl 3(P(HEKTHBHOMN 3alUThl KOMAHA JMCTAHIMOHHOTO YIIPaBJICHHUS
OT BIIMSTHUS IECTPYKTHBHBIX (DAaKTOPOB Ha IIPOLIECC YTIPaBIICHUS.

KunioueBble cjioBa: oneparop 10cMOTpa, TpeHaKEepHasi OJIroToBKa, TexHosorus Eye tracking, neuerkue moznenm, ANFIS-anro-
PHTM, CyOTpaKTHBHAS KJIACTEPU3ALIHS, CETEBbIE TEXHOIOTUH, TIOMEXOYCTOHUMBOE KOIMPOBAHHE.

BBEJIEHUE

OnHOM U3 KIIIOUEBBIX 33J]a4, CTOSILIEH Hepes] aBUAlMOHHOM OTPaciiblo B HACTOSAIIEE BPeMsl, SIBIISI-
€TCsl TIOBBIIIICHUE KAauecTBa MPOPECCHOHATFHOMN MOATOTOBKU PAa3JIMYHBIX KATETOPUH aBUALIMOHHOTO TIep-
COHaJIa, U B YaCTHOCTH ONEPAaTOpOB AOcMOTpa. JIisl perieHus JaHHO! 3a/1aull HE0OXO0AUMO MOBBICUTD YPO-
BEHb MHTEJUICKTYaIN3alliy MPOLIECCOB MPHHSATHS PELICHHUH 10 OLEHKE KOMIIETEHTHOCTH OIIEPaTOPOB J0-
CMOTpa U PeaIn30BaTh MHTETPALIUIO CUCTEM MOJITOTOBKU B €IMHOE MH(OPMALIMIOHHOE IPOCTPAHCTBO.

HauanbHast moAroToBKa onepaTopoB J0CMOTPA PEATU3YETCs C IPUMEHEHNUEM CIIELMATU3UPOBaH-
HBIX KOMIIBIOTEPHBIX TPEHAXKEPOB, a TEKyIllasi HOATOTOBKA HA paboueM MecTe ¢ IPUMEHEHHEM TEXHOJIO-
ruy npoeuupoBaHust u3zoOpakeHuit omacHbix npeameroB (ITHMOIT) [1]. CormacHo pexkomeHIanusM
MexnyHapoaHoi opranuzanuu rpaxaaHckoit aBuanun (MKAO) noaroroBka aBHallMOHHOTO MEPCOHANA
JIOJDKHA OCHOBBIBAaThCS Ha aHanmm3e (pakrtudeckux naHHbIX (Evidence Based Training, EBT). loctmxke-
HHME KaYeCTBEHHOM MOJrOTOBKY aBHALMOHHBIX crenuanucTtoB B pamkax EBT B nepByto ouepenp 10CTH-
raeTcs 3a CYeT BHEIPEHHS amlapaTypHBIX CPEICTB MCHXO(MU3NOIOTHIECKOT0 MOHUTOPHHTA. [IpruMene-
HHE OMOJIOrMYecKoil 0OpaTHOM CBSA3M MO3BOJISET MOTy4aTh OOBEKTUBHYIO U BCECTOPOHHIOI MH(pOpMa-
IIUI0 O TIpoliecce TPEHAKEPHOM MOJATrOTOBKM ONEpaTopoB. B maHHOI pa®oTe A pemieHus MHpPOKOro
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Kpyra JMarHOCTHYECKHX 3a]au B 00JacTH MOJIrOTOBKH ONEPaTOpPOB JOCMOTpa Ha 0a3e OMOIOTHYecKOn
0o0paTHOM CBsI3U TIpeNjIaraeTcsl UCIoJb30BaTh TexHojoruto Eye tracking m mMeron BapualimoOHHOW Kap-
muonntepBanomerpuu (BKM). IIpumenenue texnonoruu Eye tracking mo3BosisieT OLEHUTH CTPAaTETUH
3pUTETLHOTO TIOMCKA 3alpPElIeHHBIX NMpeaMeToB oneparopamu. Mcnonb3oBanue metona BKM B cBoro
ouepe/b MO3BOJISET OIEHUTh CTeneHb Ncuxodusnonornyeckoit HampspkeHHocTH ([IOH) (meuxodusno-
JIOTUYECKOM «IICHBD» BBIMOJHIEMOMN 3aJa4M) OTIEpaTOPOB BO BpeMs TPeHaKepHOU MoaAroToBku. Mccie-
JOBaHHMS OCOOCHHOCTEW IBIDKEHHMS IJIa3 MPU PELIeHUH Npo(ecCHOHANBbHBIX 337ad B MPOLECCe MOAro-
TOBKHM aKTHUBHO Pa3BUBAIOTCS B MeauIuHe [2, 3], ciopte [4, 5] u aBuanuu [6, 7]. CyiiecTByronme Moje-
7 [8], ucrionb3yemble AJIs OLIEHKN KOMIIETEHTHOCTH OIIEpaTOpPOB AOCMOTPA, IPUMEHSIOT TOJIBKO UTOTO-
BbI€ pe3yJIbTaThl UX JIEATEILHOCTH, HE YUUTHIBAs MPHU 3TOM MapaMeTphl IN1a30/IBUraTeIbHOMN AeATeNbHO-
ctu u IIOH oneparopos. IIpu 3T10M B paMKax Ja)ke OJHOW TPEHUPOBOYHOM ceccuu B ycnoBusix EBT
resepupyercsi 0oJbIIoil MH(GOPMAIMOHHBIA MAacCUB, MO3TOMY HEOOXOJMMO MPUMEHSTH TEXHOJOTHH
MHTEIJICKTYaJIbHOTO aHalIM3a TaHHBIX. B CBS3M C 3THM akTyanbHOU 3a/1a4ell sBisieTcs pa3paboTka HOBO-
ro MoAxojia K MOAJIEP’KKE MPUHATHS PELICHUH MO OLIEHKE YPOBHS KOMIIETEHTHOCTH OIEpPaTopoB JI0-
CMOTpa, 3aKIIOYAIOIIErocsl B MPUMEHEHUH allapaTypHbIX METOAOB JAUATHOCTHKH NCUXO(H3NOI0rHYe-
CKOT'0 COCTOSTHHSI 00YYaOIIUXCs € TIOCIEYIOIUM aBTOMaTHYECKUM MPOEKTUPOBAHUEM HEUETKHX MOJIe-
Jiel U3 SKCIIEPUMEHTANIBHBIX TaHHBIX. B CBA3M ¢ TeM, YTO NpUHSITHE pelIeHni B 00JacTH o0ecTieueHHs
aBUAIIMOHHOM 0€30MacCHOCTH YacTO MPOUCXOJAUT B YCJIOBUSAX HEONPEAETICHHOCTH U HETOJHOTHI MCXOJ-
HBIX JJAaHHBIX, IPUMEHEHNE HEUETKUX MOJEIIEH ABISETCS ONpPaBAaHHBIM.

AHanu3 3apy0eXHOIO OIbITa MOKa3bIBAa€T, YTO Pa3BUTHE CETEBOW OpraHU3alMU MOATOTOBKHU
OIIEepPaTOpOB JIOCMOTpa SBJISIETCS aKTyaJbHBIM HAIPAaBICHHEM MOBBIIICHUS KadyecTBa OOeCTeYeHUs
aBUAIIMOHHOI 0e30macHOCTH. B 1ensx cranaapTH3aluy HadaJlbHOM MOATOTOBKH ONEPaTOpPOB JOCMOT-
pa B EBporneiickoM corose OblT pazpaboTaH ceTeBoi TpeHaxepHbId komiuieke X-Ray Tutor [9]. B me-
JSX UEHTPAJTU30BAaHHOTO YMpPaBIEHUS TEKyILIeH IMOArOTOBKOW oOmepaTopoB Ha pabouMx MecTax
3-e nokonenue texHosorun [IMOII Ttaxke peann3oBaHo ¢ MPUMEHEHHEM CETEBbIX TexHojoruil [10].
B nacrosimee BpeMst B EBponelickoM coro3e peanusyeTcsl NPOeKT « ABTOMAaTUYECKOE CPaBHEHUE PEHT-
TeHOBCKUX M300pakeHUil Mpu CKaHMpoBaHUU Tpy30B» (Automated Comparison of X-ray Images for
cargo scanning) [11, 12]. [lanHbIil npoeKkT mpenanonaraetT oObeIUHUTH B OOMIYIO CETh KaK OOBEKTHI
TPAHCHOPTHON MHQPACTPYKTYpPHI, TAK U pa3IMyHble HccienaoBaTenbckue neHTpsl [13]. Heobxonumo
OTMETUTH, YTO BHEJIPEHHE CETEBBIX TEXHOJIOTUN B MPOIECCHl OpraHU3alMU MOATOTOBKH ONEPaTopoB
JIOCMOTpa MPeIbsBIAET MOBBIIICHHbIE TPEOOBAaHHS K XapaKTEPUCTUKAM MPUMEHIEMBIX KaHAJIOB CBSI3H.
Jnst moo0HBIX CHCTEM peallbHOTO BpeMeHU TpeOyeTcsi 00ecneunTh KaueCTBO BH3YalbHBIX JaHHBIX,
CBOEBPEMEHHOCTh U JIOCTOBEPHOCTh MOJy4yaeMoil 1 oOpabarbiBaeMoil 1udposoit napopmanuu. [Ipu
ATOM JaKe B yCIIOBUSX NMPUMEHEHHSI OUEHb HAJICKHBIX ONTHUYECKUX CHCTEM CBSA3M BO3HHKAET OCTpAs
HEO0XOIMMOCTh MCIIOJB30BaHUS CPEACTB U METOJJOB IOMEX0YCTOMYMBOTO KOJUPOBAHMS JJISl 3AILUTHI
JIAHHBIX OT OIMUOOK. B cBs3U ¢ 3TM 000CHOBaHUE U BHIOOP 3((HEKTUBHON KOHIIETIIIMH TTOMEXOYCTOM-
YUBOIO0 KOJIMPOBAHUSA B TEJIEKOMMYHMKAIIMOHHOM COCTaBIISIIOIIEH IEPCHEKTUBHBIX TPEHAKEPHBIX
KOMIUIEKCaX sIBJISIETCs, 0€3YCIIOBHO, aKTyaJIbHOU 3a/1auei.

HEYETKASA MOJAEJIb OHEHKH YPOBHA KOMIIETEHTHOCTH
OIIEPATOPOB JOCMOTPA

MeToauka aBTOMATHYECKOT0 MPOEKTHPOBAHUS HEYETKHX MoJIeJiei
10 pe3yJbTaTaM KJIacTepu3aluuu

Ha MMPAKTHUKE Yallle BCCro UCIOJIb3YIOT IBa OCHOBHBIX THIIA HECUCTKUX MOI[CJ'IeI\/’II MOJCJ/Ib Mawm-
JaHu U MOACIIb CyreHo. Heuerkuii BBIBO/I MaMI[aHI/I npeamnojgaract, 4To BCC 3HAUYCHUA BXOAHBIX U
BBIXOI[HOIZ MNEPEMCHHBIX 3a/JaHbl HCYCTKUMU MHOKCCTBAMMU. Heuerkuit BBIBOJ CyreHo IIpeAaroaracr,
YTO 3aKJIIOUCHUA MPaBUII ABJIAIOTCA JIMHCHUHBIMU (1)YHKHI/I$[MI/I OT BXO/JIOB. MGTO)II/IKa ABTOMAaTU4YCCKOI'O
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IIPOEKTUPOBAHMSI HEUETKUX MOJENEH U3 SKCIEPUMEHTAJIBHBIX JaHHBIX MPEAIOJaraeT, 4To UMeEeTcs
3aBUCUMOCTh y = f(X), KOTOPYIO MOKHO OIUCATh HEYETKOH 0a30ii 3HaHuil. [Ipu 3TOM nmeercst 00y-
qaromiasi BEIOOpKa U3 M map JaHHBIX, CBS3BIBAIOIIAS BXOJHBIE NaHHBIC (X) ¢ BBIXOAOM () HUcciemye-
MOM 3aBUCUMOCTH [14]:

(Xrﬁ yr)3 r:LM’ (1)

rae X, —3HaueHUe BXOJIHBIX JAHHBIX B /- CTPOKE BBIOOPKH U ), — COOTBETCTBYIOIIUI BBIXO.

[Iponenypa renepanuu monenu CyreHo M3 SKCHEPUMEHTAJBHBIX JAaHHBIX COCTOMT M3 JIBYX
sTanoB. Ha nepBom 3tamne [ij1st cuHTE3a 6a30BOM CTPYKTYPhl HEUETKOM MOJIENIN MPUMEHSIETCs CyOTpaK-
TUBHas Kiacrepu3anus. Ha BTopom 3Tame mpoucxoguT oOydeHHEe MONydeHHOW 0a30BOM Monenu C
npumenenueM ANFIS-anroputma. OOydenue moaenmu CyreHO OCYIIECTBISETCS MO KPUTEPHUIO CPEll-
Hel kBagpaTtudeckoit ommoku (RMSESs):

RMSE, = |~ 3 (v, F(P,B,X,)?, 2)
M 5

rjae P — BeKTOp XapakTepucTHK GyHKIuN npuHaiexxaoctu (PIT) tepmoB nepemMeHHBIX (X); B — BEeK-
TOp K03((UIMEHTOB B 3aKIIOUEHUIX NpaBui 0a3sl 3HaHuid Cyreno; F(P,W,X,) — pe3ynbrar HedeT-

KOTI'0 JIOTH4eCcKOro BeiBoga CyreHo.

I'enepanys U3 1aHHBIX HEYETKOW Mojaean MamaaHu peanusyercs ¢ IOMOIIBIO KJIaCTepU3aluu
[0 aJrOpUTMY HEYeTKux c-cpeaHux. OOyueHne Moaenn MamaaHu OCYIIECTBIISIETCS N0 KPUTEPHUIO
cpenHei kBagparudeckoit ommbku (RMSE,,):

RMSE, = |~ 3 (y,~ F(P.W.X,)). 3)
M S

rae P — Bekrop xapaktepuctuk @I repmoB nepemeHHBIX (x) U (¥); W — BEKTOp BeCOBBIX K03 duiu-
€HTOB IpaBmI 0a3bl 3HaHui; F(P,W, X, ) — pe3ylbTaT HEYETKOro JIOTH4YeCKOro BeiBoa MaMmaaHu.
TepMbl TepeMEHHBIX MPECTABIAIOTCS HEUYETKUMU MHOKecTBaMu c rayccoBbiMu OII. [lns

OIICHKM KavecTBa pa30MCHMSI HMCXOJHBIX JAHHBIX Ha HEYETKHE KIIACTEPhl HWCIOJB3YETCS HHIEKC
Xeii-benu (Index Xei-Beni, /XB) [15]:

S W)X -vl
IXB _ i=l,c k=1,M . , (4)
Mmin(lle _Vz” )
i#j

Tle f4; — STEMEHT MATPHIIBI HEUeTKOro pasduenus, mpmaem y,; €[0,1], k=1, M, i=1,¢; X, — k-i
9JIEMEHT 00IIero MHOXKecTBa X; V; — HEHTPBl HEYCTKUX KJIACTEPOB; m — JKCIIOHEHITMAIBHEIN BeC,
me (1, o).

Pa30Ouenunto Ha KOMIAKTHBIE U OTAEIMMBIE KIacTepbl cCOOTBeTCTBYeT Kputepuid IXB < 1. B ka-
YECTBE BXOJIHBIX MEPEMEHHBIX (X) MOJEIHN UCIOJIBb3YIOTCS TPU MOKa3aTels, OMUCHIBAIOIINUX CTPATETUN
3putenbHoro noucka onepatopos (DT, SE u ET), kotopsie npencrasnens B padote [14]. UeTBepThiit
nokasarenab HR onmceiBaeT ncuxodusnonornyeckoe HanpspkeHUe oreparopa u 6a3upyercs: Ha aHaH-
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3€ YaCTOTHI CepJICUYHBIX COKpalleHni. BerxogoM Mozaenu () sBIsS€TCS 4acTOTa OOHapy)KEHUs 3aripe-
IICHHBIX TpeaMeToB. TakuMm oOpa3oM, CTaBUTCA 3aJadya UACHTH(PHUIMPOBATH HEIMHEWHYIO 3aBUCH-
MOCTh MEXIy TOKa3aTelIIMU TJIa30ABUTATEIbHON JEATEILHOCTH ONepaTopa, €ro mcuxoPpu3noiorude-
CKOH HampsHKEHHOCTHIO U YaCTOTON OOHAPYKEHHS 3aIPELICHHBIX MPEAMETOB.

Fenepaunﬂ HeYeTKHX Mojejiell OlleHKH KOMIIETEHTHOCTH onepaTopos 10CMOTpa

Jlns pa3paboTKU HEYETKOM MOJenu ObLTM MPOBEAEHBI SKCIIEPUMEHTAIbHBIE UCCIeI0BaHUS Ha
6aze ®I'bOY BO «YIbSHOBCKUI MHCTUTYT TPakJaHCKON aBHAllMM UMEHH | JTaBHOTO MapIiiana aBha-
uun b.I1. ByraeBa». B kauectBe CpeicTB cheMa MOKa3aTeseld AEATEIbHOCTH OMEPaTOPOB MCIOJIb30-
Baiica ai-tpekep Eye Tracking Glasses 2.0 u ycTpoiicTBa ncuxo(pu3nOIOTHUECKOr0 TeCTHPOBAHUS
YIIDT-1/30 «Ilcuxodusnonor». B TecTupoBanuu mpuHsIIO yuyactue 35 KypcaHToB, u3 HuX 30 Bouwin
B 00y4JaromIyIo BEIOOPKY U 5 B TECTOBYIO.

Jl1s OLIEHKM KadyecTBa MCXOAHBIX JaHHBIX MPOBENEHO poOAaCTHOE OLIEHWBAHME, KOTOPOE MpE.-
CTaBJIeHO B Ta0. 1.

Taoauna 1
Table 1
Po0OacrtHOE orieHMBaHME
Robust evaluation
Trimmed mean, Winsorized mean, Grubbs Test Std.
5,000 % 5,000 % Statistic p-value Dev.
DT 2,989 2,985 2,208 0,795 0,445
SE 0,100 0,106 2,072 1,000 0,094
ET 2,258 2,294 2,603 0,219 0,695
HR 0,958 0,955 3,037 0,038 0,049

Kpurepun ['pab6ca s makcumanbabIx 3Hadennit nokaszareneir DT, SE, ET u HR umerot ypo-
BeHb 3HaunmocTH 0,7952; 1; 0,2199; 0,03858 cOOTBETCTBEHHO, YTO OOJbIlIE BHIOPAHHOTO YPOBHSA
sHaunmoctu o = 0,01. Paccunranneie kputepuu ['pabbca He MPEBBIIAIOT KPUTUIECKOTO 3HAYCHHUS,
paBHoro 3,33 mpu o = 0,01. Takum 006pazom, MakCUMallbHbIE 3HAUYEHUS HE SIBISIIOTCS BBIOpOCAMHU.
3HaueHMs TII0Ka3aTeleld TOYHOCTH BBIOOPOYHBIX XAPAKTEPUCTHK PaBHBL:  Ary, =2,5234 %,

Arg =14,9901 %, Ary, =5,1421 %, Ary, =0,8634 %. 3Hauenue Ar uis DT u HR Haxonutcs Hibke

3aJJaHHBIX KPUTEPUEB, YTO TOBOPUT O JAOCTATOYHOW TOYHOCTH JAHHBIX XapakTepucTuk. /st ocranb-
HBIX MHTETPAJIbHBIX IIOKa3aTelled 3HaueHue Ar HeCcKolbKo InpesblmaeT 5 %. llpoBeneHHslil aHanus
MOKa3aJl MPUTOAHOCTD MOTYYCHHBIX CTATUCTHYECKHIX JaHHBIX I 00yUeHHSI HEYETKON MOJICIH.

Jlns reHepanuu HEUYETKUX Mofened ucmonb3oBaica nakeT Fuzzy Logic Toolbox cuctembl
Matlab. C momomsto ¢yakuu genfis2 renepupyercss moaens CyreHo ¢ HCIOJIb30BaHHEM CYOTpak-
TUBHOM KJIaCTEpHU3alMK. 3HAaYCHHE pPaJuycoB KiacTepoB paBHO 0,7. B pe3ynbrare cuHTE3MpOBaHa He-
yeTkas Mojienb CyreHo ¢ TpeMs IpaBUIaMu:

ECJI1A DT=inlclusterl U SE=in2cluster]l U ET=in3clusterl 1 HR=in4clusterl, TO DP=outlclusterl;
ECJI1 DT=inlcluster2 U SE=in2cluster2 U ET=in3cluster2 1 HR=in4cluster2, TO DP=outlcluster2;
ECJIA DT=inlcluster3 U SE=in2cluster3 U ET=in3cluster3 1 HR=in4cluster3, TO DP=outlcluster3.

Ommbka MoJieTMpoBaHKs Ha 00ydJaroIIel BRIOOpKE coryiacHo (2) paBHa z‘rnRMSEl1 =0,0105, a

o 1 .
Ha TecToBoit — chkRMSE, =0,8313. Pe3ynbrarsl TeCTHPOBaHHUS MOJCIN Ha 0OydaroIiel BRIOOPKE MO~

ciie CyOTpaKkTUBHOM KJIacTEpU3alliy MPEICTaBIeHbI Ha puc. 1.
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Fig. 2. Testing the Sugeno model after ANFIS-training

Puc. 1. TectupoBanue monenu CyreHo
Fig. 1. Testing the Sugeno model

[Tocne oOyuenus mozmenu Ha mpotrsikeHuun 200 urepauuii ¢ ucnosnb3zoBanueM ANFIS-anro-

pUTMa 3HauCHUE OIIMOOK CHU3MIOCH JI0 trnRMSEIZ =0,0025 u chkRMSE) = 0,0329. CpasHenue dKc-
IEPUMEHTAIIbHBIX [aHHBIX C pPe3yJbTaTaMH He4eTKoro MmozenupoBanus mocie ANFIS-o0ydeHus

MpeJICTaBJICHO Ha puC. 2.
Ha puc. 3 npencraBneHsl KpuBbIe 00y4YeHHs MOACTH ipu ucnoiibzoBanuu ANFIS-anropurma.
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Puc. 4. TectupoBanue Mmoaenu Mamianu

Puc. 3. [lunamuka o0yuenus: moaenu CyreHo
Fig. 4. Testing Mamdani model

Fig. 3. Dynamics of learning Sugeno model

Ananu3 nuHaMHUKH oOyuyeHHs (puc. 3) MO3BOJSET CHIENaTh BBIBOJ, YTO OIIMOKA Ha TECTOBOU
BBIOOPKE JIOCTUIaeT HAMMEHBIIETO 3HaueHus Ha 20-i urepauun (chkRMSE) = 0,0106). Tlpu sTom

ommOKa Ha 00ydaromIe BEIOOPKE CHIKAECTCS Ha MPOTsHKEeHNU Beex 200 uTeparimid.
Ha puc. 5 u 6 uzobpaxenst @II HeueTkuM Kiactepam Juid nepeMeHHoW HR 1o oOydeHus

ANFIS-anropurmMoM u mocie o0ydeHus.
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indcluster3 ndcluster2 indclustert ndclusterd ndcluster?  indclustert

A
YL | | |

i 0.6  0.88 0.9 092 094 09 098 1
input varizble *HR" input variable "HR"

Puc. 5. ®yHKIMY NPUHAAIEKHOCTH HEUETKUM KJlacTepam Puc. 6. DyHKIMY IPUHAIEKHOCTH HEUETKUM KJlacTepam
nmepemeHHoi HR mo oOyueHus nepemeHHoit HR mocne ANFIS-o0yuenns
Fig. 5. Membership functions for fuzzy clusters of HR Fig. 6. Membership functions for fuzzy clusters of HR
variable before learning variable after ANFIS learning

[Tapametprr ®II a5 Bcex 3HaueHUi nepeMeHHoi HR npeacTaBieHsl B Ta0M. 2.

Taoauma 2
Table 2
[TapameTps! (HyHKIHIA TPUHAIISKHOCTH HEYETKIM KIlacTepam
Parameters of membership functions for fuzzy clusters
Bxonnas Knactep JI0 00yueHus nocsie ANFIS—o6yqu1:151
nepeMeHHasl b c b c
clusterl 0,987 0,035 0,981 0,052
HR cluster2 0,952 0,035 0,951 0,005
cluster3 0,865 0,035 0,868 0,045

B nanHOM ciyuae mokasarenb b XxapaKTepu3yeT KOOpAMHATy MakCHUMyMa, a IoKa3aTenb ¢ KO-
3¢ UIHEHT KOHLIEHTpaluu (QYHKIUNA TPUHAUICKHOCTH. AHAIOTUYHBIM 00pa3oM MOcCie MPUMEHEHUS
ANFIS-anroputma Obuti yTouHEHBI Kak mapameTpbl PII npyrux BXOIHBIX MEpPEMEHHBIX, TaK U Mapa-
METpBI B 3aKIIOUYEHUAX MpaBUi Mojeau CyreHo.

C nomompro pyHknuu genfis3 OblTa creHepupoBaHa HeueTKas Mojerb Mamaanu. [lapamerpsr
NrOpuTMa HEYETKUX C-CPEIHUX OBLIM BHIOpaHBI CIEAYIOIIMMU: KOJHMYECTBO KIACTEPOB — 3; HKCIIO-
HEHIMAJIbHBIN BeC — 2; 3HaUeHHe yIydllleHus ueneBor pynkuuu 3a ogny urepauuto — 0,00001; komu-
yectBo utepauuii — 100. B pe3ynbraTe HEueTKO# KiacTepu3aluu CreHepHpoBaHa MoJenb MaMaaHu,
TakkKe cojaepkaimas 0azy 3HaHHA U3 Tpex npaBwi. OmuoKka MOACITMPOBAHUS Ha 00yJaroei BEIOOPKE
cornacHo (3) pasHa trnRMSE; = 0,0323, a Ha TecTOBOM — chkRMSE; = 0,0360. Pe3ynbrars TecTHpO-
BaHUs MOJIeNM Ha oOyuaromiel BRIOOpKE MpescTaBieHbl Ha puc. 4. B pesysibrare KiacTepu3aliu mo-
Jy4yeHa MaTpHlla KOOPAMHAT IIEHTPOB HEYETKHX KJIAcTepoB (M MaTpulla CTENEHEH NMPUHAIICKHOCTH
00BEKTOB KJIAaCTEPaAM.

Ha puc. 7 u 8 npencrasnensl npuMepbl @I HeyeTkM Kitactepam JjIsi BXOJHOW MEpEeMEHHON
SE u BbIxoaHOM nepeMeHHoi DP.
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Puc. 7. OyHKIMHN NPUHAIEKHOCTH HEUETKUM KJlacTepaMm

nepeMeHHoi SE

Fig. 7. Membership functions for a fuzzy cluster of
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outicluster2

outfcluster!  outiclusterd

output variable 'DP*

091 092

Puc. 8. ®yHKIIMM IPUHAAIEKHOCTH HEUETKUM KJlacTepam

nepemeHHoi DP
Fig. 8. Membership functions for a fuzzy cluster of
the variable DP

Crenyromum 3TarioM HCCIIEOBAaHUS SIBIISJICS perpecCHoHHbIM aHanus. [lapameTpsl perpeccu-
OHHOM MOJIENH TS UCCIIelyeMON 3aBHCUMOCTH IPE/ICTaBICHBI B Ta0I. 3.

ITapameTpsl perpecCHOHHON MOJEIU
Regression model parameters

Taoauma 3
Table 3

CrangapTHas 3HadueHNEe t-KpUTEpHS VpoBeHb 3HAYNMOCTH

Tepemennas Kospumment omngKa CTI)IOIICIII)Ta ’ i (p-value)
Koncranra 0,554 0,103 5,332 9,102E-06

DT —0,025 0,007 —2,874 0,007

SE 0,095 0,034 2,873 0,008

ET —0,005 0,005 —0,920 0,364

HR 0,467 0,084 5,595 4.339E-06

R? 0,83

Ommbka Monenw Ha oOydarolield BBIOOPKE paBHA trnRMSEi=0,0368, a Ha TECTOBOU —

1
chkRMSE, =0,0393. Ouenka npaBuIbHOCTH BBIOOpa KOJIMYECTBA KJIACTEPOB MPOBOIMIACH [0 KPUTE-

puto IXB u cornacHo (4) coctaBmia 0,6892. Takum 00pa3om, ObLT CIENIaH BBIBOJI, YTO MOJTYICHBI KOM-
MAKTHBIE W OTICIUMbIC HeUCTKHE KiacTepbl. Ha mocnemHem 3tane CpaBHUBAIKMCH PE3yJIbTaThl HEUYCT-
KO MICHTU(UKAIIMK C MOJICITBIO JIMHEHHOU perpeccuu (Tadi. 4).

Taoauna 4
Table 4
O1eHka KadyecTBa MOJEIEH
Evaluation of the models’ quality

RMSE na obOyudatoreit RMSE Ha TecTOBOI
HeueTkas Mozenb
BBIOOpKE BBIOOpKE
Cyreno (6e3 ANFIS-00yueHus) 0,0105 0,8313
Cyreno (¢ ANFIS-00y4deHuem) 0,0025 0,0329
Mampaau 0,0323 0,0360
JIuHeltHas MojieNb perpeccun 0,0368 0,0393
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W3 tabn. 4 cnenyer, uro moaenb CyreHo, o0ydyennas ¢ npumenenneM ANFIS-anropurma, Tou-
Hee JIpYrux Mojiesiel HACHTUPHUIUPYET UCCIEAYEMYIO 3aBUCUMOCTD 10 OLIEHKE KOMIIETEHTHOCTHU OIle-
paTopoB JOCMOTpA.

NPUMEHEHHUE IOMEXOYCTONYHUBOI'O KOIAUPOBAHUSA
B CETEBBIX TPEHAKEPHBIX KOMIIVIEKCAX

Konuenuusi KOrTHUTHBHON MeTa(OpbI B IEPECTAHOBOYHOM JIeKOAUPOBAHUH

OOBEeKTHBHONW OCHOBOM HMHTEIUICKTYaTU3allid MHOTUX IMEPCHEKTUBHBIX WH(GOPMALMOHHBIX H
TEXHOJOTMYECKHUX MPOIIECCOB SBISETCS COBEPILIEHCTBOBAHUE MPOLIETYPhl YIIPABICHUS NPU UX peau-
3aluu B Maciutabe peaiabHoro BpeMeHu. [locneanee oOCToATENBCTBO TpeOyeT moucka myTel CoKpa-
IIEHMs [UKJIa MOJy4YeHUs: TpeOyeMoro n300pa)keHus, BHEPEHNS MPUHIUIIOB KOTHUTUBHOM ajanTa-
IIUU U UCKYCCTBEHHOTO MHTEIEKTa. KOHEUHO ke, HCIOIb30BaHHE HEJABOUYHBIX KOJOB SIBIsieTCS Oec-
cropHbIM. Toraa cTaHOBUTCS OYEBUIHBIM, UYTO YKECTKHME TPEOOBaHUS K JJIUTEIBHOCTH LMKIA Mpea-
CTaBJIeHHs OOYyYaloIIero BUAEOpsia HE MO3BOJSAIOT UCIOIL30BaTh B MOJHOM Mepe i AOCTHXKECHUS
YKa3aHHOM 1IeJIM Psil MOJIOKEHUN TEOPUHM MOMEX0YyCTOMYMBOTO KOJUPOBaHUs, HAllpUMeEp, B BUJIE CHU-
CTEM TYpPOOKOAMPOBAHUS C €MKOM MO YHCITy apu(pMETHUECKUX ONepaluil mpoueaypord UTEPATUBHBIX
peoOpa3oBaHuil TaHHBIX WM CUCTEMbI, OCHOBAaHHOM Ha MOJISIPHBIX KOJax. YKa3aHHbIE KOHCTPYKIMH
HEJOCTAaTOYHO MPHUCIOCOONIEHBI 11 00pabOTKM HEIBOMYHBIX cUTHaNOB. Ha »ToM (oHe BO3HHMKaeT
npobaema 3(h(HEeKTUBHOTO MPUMEHEHUS KOPOTKHX HEJBOMYHBIX TOMEXO0YCTOMYMBBIX KOJIOB JIJIS 3aIllH-
Thl BEKTOPHBIX M300paKeHUN ¢ MAaKCUMAJIbHBIM HCIIOJIb30BAHUEM BBEACHHOMN B TaKUE KOJbI M30BITOY-
HOCTBIO U OBICTpOU HAeHTUUKAIMEH IN(POBHIX AaHHBIX. [IpeanmaraeTcs MeTo 1, B KOTOPOM €MKasl 110
BpPEMEHH MpOoLeypa PEIICHUsS CUCTEMbI IMHEHHBIX YpaBHEHHUH 3aMeHsIeTCA Ha MIaboH, XpaHAIIMiCS
B MaMATHU JieKoaepa. MeTo ] OCHOBaH Ha BO3MOKHOCTH CO3/1aHHS MHOKECTBA 3KBUBAJICHTHBIX KOJIOB B
CHUCTEME MEPECTAaHOBKU CHUMBOJIOB KOJIOBBIX BEKTOpOB [17, 18]. [IpenmymiecTBOM nepecTaHOBOYHOTO
nexkoguposanus (I1[1) mepen nqpyrumu MeTogamMu B KOHTEKCTE KOTHUTUBHON 00paOOTKHU JaHHBIX SIBJIS-
€TCSl HaJIM4YKue AEeTePMUHUPOBAHHON COCTABJISIOIIEH, KOTOPYIO AEKOAEP MOYKET BHIYUCIIAThH B MPOLIECCE
paboTHl M XpaHWUTh B KOTHUTUBHOU KapTe. [IaHHBIA MOAXO0J PE3KO CHUKAET CIOKHOCTH pealTu3aIliu
MpoLEeyPbl JEKOJUPOBAHMS HA MIPOrPAMMUPYEMBIX JJOTUYECKUX MHTEIPATBHBIX CXEMaXx.

Pe3y.m,TaT1)1 HOMeXOYCTOﬁqHBOFO KOJAMPOBaHUA HaA 0a3e KOrHUTHBHOM MeTa(l)Opbl

AHanu3 1Moka3bIBaeT, uTo 1eneBas GyHkuus anropurMa [1J] conepkuT HECKOIBKO cTOXacTHYe-
CKHUX MMapaMeTpoB W €IWHCTBEHHYIO JETEPMUHUPOBAHHYIO KOMIOHEHTy. O0pa3 meneBoi (QpyHKIHMU
MO>KHO MPEACTaBUTH KaK

P = )
rae {V;,} — MHOXeCTBO CITy4aifHBIX BEKTOPOB, COCTABIISIONIMX CYTh KOMaH/Ibl YIIpaBieHus, a e( /) — Bepo-
SITHOCTB TIOSIBJICHHsI BEKTOPOB MIOMEX JUIMHBL 71 KaK (yHKUMs OTHOWIEHHs curHan/urym npu h=E, /N,
JEHCTBYIOIMX Ha 371eMeHThl MHOXecTBa{l, }. K merepMuHMpOBaHHOI cocTaBistoLieil 1enecooopasHo
OTHECTH MHOXKECTBO IIEPECTaHOBOK {F,}, (opMHUpYIOLIMXCS Ha BTOpoM dtane peanu3armu [1/1. [Tpunmm-

NHAIbHO TaKHE MEPECTAaHOBKH MOTYT OBbITh BBIUHMCIIECHBI 3apaHee (B mpoliecce 00yueHus AeKojepa), 1 pe-
3yJIbTAThl BHIYUCIIEHHUSI MAaTPUL] BUJIa MOTYT OBITh 3a()MKCHPOBAHBI B MAMATH JEKOJIEpa, IO CYTH B €ro Ko-
THUTUBHOU KapTe. B 3TOM Cilydae CII0KHBIM B pealu3allMOHHOM OTHOILEHUHW BTOpOU dtan aaropurma I1J1
OJTHO3HAYHO TEPSIET CBOEC HETATUBHOE 3HAYCHUE B peanu3anuu npouenypsl IT/1.
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IIycte B cucteme oOMeHa NaHHBIMHM HCIONB3yeTcss HenBowuHbld kox PC ¢ mapamerpamu
(7,3,5). lloposknaromas Mmatpuna G 3TOro Kojia B CUCTEMaTHUECKOH (hopMe MMeeT BH

(X,O O O 0(.4 O(,O 4 5
G=|l0 o 0 o o af af, (6)
0 0 o o o o &

a CTOJIOIIBI MATPHUIIBI HYMEPYIOTCS OOBIYHBIM 00Pa30M CIlIeBa HAMPaBO. 31IECh U J1ajee o — MPUMHUTHB-

o 3
HbIi sneMent mosst GF(27) . TIpeamonokum, 4To HaACKHBIMH CHMBOJIAMH B HEKOTOPOM IPHHSITOM

Ko/10BoM BekTope koaa PC OyayT cumBoibl ¢ HoMepamu (2 4 5), a MeHee HaJle)KHble CUMBOJIBI B TO-
psake yObIBaHUS 3HAYEHU pacroyiaratoTcs B rnocienonarenbHocty Buaa (6 7 1 3). Toraa u3 Bbipaxe-
Hus (6) cnemayer

G'=la’ a* o’ a° a® 0 o0f. (7)

o 0 0 6 2 6 2
G;l-s — 0 (X,O 0 3 3 1 1 (8)
0 0 o o of ot o

3amMeTuM, YTO I BBIUMCICHUS MaTpuibl (8) MpH peanu3anuyd u3BeCTHOro anroputma I1]]

HPHIILUIOCH BBITOJIHUTE 336 apudmeTndeckux onepaimii B none GF (23) .

B xone onepatuBHOM 00pabOTKM JaHHBIX COYETAaHUE HAJESKHBIX CUMBOJIOB KOJOBOM KOMOMHA-
nuu Buga (2 4 5) naxe B OJTHOM CEaHCE CBSI3U C BBICOKOH J0JI€H BEPOSITHOCTU MOYKET HMOBTOPSITHCS.
[TosTOMy B LESX KOHOMUHU BBIYMCIUTEIBHOTO pecypca AeKojepa LenecooOpa3HO COXPaHUTh 3TOT
pe3ysIbTaT B MaMATH MPOLECCOpa U UCHOIb30BaTh ATH JIaHHBIE NPU BO3MOXKHBIX ITOBTOPEHUSIX INepe-
CTaHOBOK ¢ HoMepami (2 4 5). [IpoBepouHast yacTe MaTpUIlbl, OJTYUYEHHAs U3 BbIpakeHus (8) u mpea-
CTaBJIEHHAs Ha pHC. 9, CO CTPOro BO3pacTaOLIEH MOCIEI0BATEIBHOCTBIO HOMEPOB CTPOK HA3bIBACTCS
KaHOHHWYECKOH, U caMa MaTpulia SABJISETCS ITATIOHHOM.

a® o a® a? 2

o o o o 4

o at at o 5
6 7 1 3

Puc. 9. CTpykTypa STAIOHHO# MaTPULIBI B KAHOHMYIECKOM BHIIE TI0 CHCTEME HaIE)KHBIX CHMBOJIOB
Fig. 9. The structure of the reference matrix in canonical form on the system of reliable symbols

B xone uccrnenoBanuii yCTaHOBJIEHO, YTO MPU COXPAHEHUU HOMEPOB MO3ULIUN B IEPECTAHOBKAX
k HamexHbIx U (n—K) HEHaJEKHBIX CHMBOJIOB CIEyeT Ha MEPBOM IIare MepecTaBsiTh CTPOKH ITa-
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JIOHHOHM MAaTpHIlbl, @ HA BTOPOM IIare — CTOJOIBI ATOW HOBOW MaTpuiibl. Cleaysi MpUHIUIAM KOTHU-
TUBHOM 00pabOTKH AaHHBIX, AEKOACP, MOTYUHB, HAIIPUMED, KOPTEK 3HAYCHUM HAJICKHBIX CHUMBOJIOB B
Bujie (5 2 4) 1s NepBBIX A HAJEKHBIX CUMBOJIOB IIPUHATON KOMOMHALMM KM ocTaBimmxcs (7 —k) me-
Hee HaJIeKHBIX CUMBOJIOB B BHe (3 7 1 6), popmupyet mMatpuity G', UCXOIsS U3 CTPYKTYPHI STAIOH-
HOM MaTpHIIBI, KaK TTOKA3aHO HUXKE:

0 O oot ot o
a’ 0

SIS

—
w
—_
w

o
G, =0
0

R R R

0 o

JIns1 3TOro BBIMOJHAOTCA TPU ASCUCTBUS C IEPECTAHOBKOW CTPOK, HAIIPUMED, BTOPast CTPOKA U3
STAJIOHHOM MAaTpUILbl ¢ NEPBOM MO3MLIMH yCTAHABIMBAETCS HA BTOPYIO MO3ULUI0 B COOTBETCTBUM C
nepecTaHoBKOM (5 2 4) u 1. 1. U 3aTeM BBINOJIHAIOTCS YETHIPE MEPECTAaHOBKH CTOJIO1I0B BHOBb 00pa30-
BaHHOW MAaTPHIIbI C COOTBETCTBYIOIICH KOH(DHUTypanuet HeHaaexkHbIX cuMBOJIOB (3 7 1 6). Beero cemb
JNeMCTBUI KOMMPOBAaHUS M MEpeHoca JaHHbIX BMecTo 336 apudmermueckux omeparmii. Ilposepka
IOJIyYEHHOI'0 pe3ysbTaTa (M MHOTHX JPYTHMX) ¢ NPUMEHEHHEM KJIaCCUYECKOM METOAMKH IOoKa3ana
CIIPaBEUIMBOCTb MpeI0KeHHON Moaenu I1/1.

a® o’ ¢ a2 2 o ot ot & 5 o of o o 5

o o o a4 b o a2 o o o ab 2
5 4 4 5 = 3 3 1 1 = 1 3 1 3

a’ o a5 o o o o 4 o o o o 4
6 7 1 3 6 7 1 3 3 7 1 6

CTaHOBUTCS OYEBHIHBIM, YTO JJI MOMCKA 3TAJOHHON MaTpPHUIIbI JEKOJEP HE BHITIOIHSAET apud-
METHUYECKHX Olepanuil B monsax ['anya, a peanusyer TpPUBUAIBHYIO MPOLEAYPY KOMMMPOBAHUSA U aJipec-
HOTO TIepeHOoca JaHHbIX. B mocneaneM ciydae 4yuclio TaKuX orneparuii Bcerna OyneT paBHO JIMHE KO-
JIOBOTO BEKTOpA A.

Taoauna 5
Table 5
OlieHKa BBIMTPHIIIIA 110 YUCITY OTepaluii
Estimation of winning by the number of operations
Kon Puna — Comomona Kiaccuueckuii MmeTon [IpennoxeHHblil METOT

Kox PC (7,3,5) 336 7
Kox PC (15,5,11) 2,410° 15
Koxn PC (15,9,7) 2,9 10° 15
Kon PC (15,13,3) 6,8 10" 15

[IpeumymiecTBa mpeiaraeMoro METoAa OYEBHIHBI, OCOOCHHO JUIsI KOJOB C PA3IMYHON KOp-
PEKTUpYIOLIEH CTOCOOHOCTHIO MPHU (PUKCHUPOBAHHOW JIJIMHE KOJOBOTO BeKTOpa. Briepsrie pazpaboTtana
MOJIEITb JIeKO/Iepa U30BITOYHOTO KOJIa, UCIIOJIB3YIOIIas METOIbl KOTHUTUBHOW 00pabOTKHM JaHHBIX NPU
pean3aliuy MpoLeayphl IEPECTaHOBOYHOTO JA€KOAUpOoBaHus A 3(G(HEKTUBHON 3alIUThl KOMaH/ -
CTaHLIMOHHOTO YIPABJICHHUS OT BIUSHUA JECTPYKTUBHBIX (PaKTOPOB HA MpoIlecc ynpasieHus. Matema-
TUYECKH 00OCHOBAH amnmapaTr ObICTPBIX MAaTPUUYHBIX MPEOOPA30BaHMM TAJOHHBIX MATPUI] U JIOKA3aHbI
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LUKJIMYECKUE CBOMCTBA TAKUX MATPHUL], IIO3BOJIMBIINE 32 CUET HEKOTOPOI'0 YBEINYECHUS BEIYUCIIATEIIb-
HOW Harpys3ku Ha IPOLECCOp IEKOAEpa CHU3UTh 00BbEM €ro KOTHUTUBHOM KapThl 10 IPUEMIIEMBIX pa3-
mepoB. CoBpeMeHHas 37eMeHTHas 6a3a Mo3BossieT peanu3oBarh anroputmsl 1], IToBbimenue ckopo-
CTH TOJYy4EHUs KOHEYHOrO pe3ysibTaTa IO3BOJSIET FOBOPUTH O LEIECOOOPA3HOCTH HCIOJIb30BAHUSA
anroputmoB I/l U1 cucrteM peanbHOrO BPEMEHHM, U B YACTHOCTH I IOCTPOCHUS TPEHAKEPHBIX
CPEICTB Ul CHELUATUCTOB CUCTEMbI aBUAIIMOHHON 0€30I1aCHOCTH.

3AK/IFOYEHUE

Ha ocHOBaHMM IpOBEIEHHOIO aHaIM3a 3apyOeKHOTO OIbITA ObLI CJeNIaH BBIBOJ, YTO BAYKHBIM
HaIpaBJICHUEM MOBBIIICHUS YPPEKTHBHOCTH 0OecTieueHHs aBUAaIMOHHON O6e3onacHocTr B Poccuiickoit
denepanyu sABISETCS NPUMEHEHHE COBPEMEHHBIX CETEBBIX TPEHAKEPHBIX KOMILIEKCOB. Pa3paboran
HOBBIH MOJXOJ K MOJJEPKKE MPUHATUS PELICHUM IO OLIEHKE YPOBHS KOMIIETEHTHOCTH OIEpaTopoOB
JIOCMOTpa, 3aKJII0YaouIelics B IPUMEHEHUH anapaTypHbIX METOAOB TUAarHOCTUKU MCUXO0(U3NOIOTH-
YECKOr0 COCTOSIHUSL OOYyYarolMXCsl ¢ MOCIEAYIOUIMM aBTOMAaTHYECKUM MPOEKTUPOBAHUEM HEUYETKUX
MoJiesIel U3 HKCIEPUMEHTANbHBIX JaHHbIX. B paboTe onmucaHbl MyTH pelieHus] BaXKHOM 3a/1aud MOBBI-
LIEHUs JOCTOBEPHOCTH M HAJIEKHOCTU MEpeAayud JaHHBIX B CETEBBIX TPEHAXXEPHBIX KOMIUIEKCAX Ha
OCHOBE NMPUMEHEHUS IOMEX0YCTOWYMBOrO KoanpoBaHus. [IpencraBiensl pe3yabTaThl MOAEIMPOBAHUS
MEPECTaHOBOYHOIO JIEKOepa HEABOUYHOIO N30BITOYHOIO KOa Ha 0a3e KOTHUTUBHOM KapThl.
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THE DEVELOPMENT OF ADVANCED NETWORK SIMULATORS FOR
AIR TRANSPORT BY USING FUZZY MODELS
AND NOISE-RESISTANT CODING

Anatoliy A. Gladkih', Lyudmila G. Bolshedvorskaya®,

Andrei K. Volkov', Alexander K. Volkov '

! Ulyanovsk Civil Aviation Institute, Ulyanovsk, Russia

’Moscow State Technical University of Civil Aviation, Moscow, Russia

ABSTRACT

The article analyzes foreign experience and concludes that one of the ways to improve the efficiency of aviation security in the
Russian Federation is to use modern network training complexes. A new approach to the assessment of the competence of the
aviation security screeners was proposed and tested, that allows to take into account the parameters of the oculomotor activity and
heart rate variability of the aviation security screeners being tested, different from the existing approaches using fuzzy classification
models. The eye-tracking technology and the device of psychophysiological testing UPFT-1/30 "Psychophysiologist" were used as
instruments of psychophysiological monitoring. The basics of automatic generation of fuzzy models such as Sugeno and Mamdani
from experimental data are presented. Experimental studies were conducted on the basis of the Ulyanovsk Civil Aviation Institute.
The results of the comparison of the generated models showed that the Sugeno model trained with the use of ANFIS-algorithm is
more accurate than the Mamdani model and the linear regression model identifies the dependence being studied, according to the
competence of aviation security screeners. As a criterion of quality of models on training and test data the average square error is
used. The actual problem of choosing an effective concept of noise-resistant coding in the telecommunication component of
advanced training complexes is substantiated. The ways of solving the important problem of increasing the reliability of actual
digital data in network training complexes based on the use of noise-resistant coding are described. A model of permutation
decoder of non-binary redundant code based on lexicographic cognitive map is presented. This model of redundant code decoder
uses methods of cognitive data processing in the implementation of the procedure of permutation decoding to effectively protect
remote control commands from the influence of destructive factors on the control process.

Key words: aviation security screener, simulator training, Eye-tracking technology, fuzzy models, ANFIS-algorithm, subtractive
clustering, network technologies, noise-resistant coding.
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®OPMUPOBAHUME YACTHBIX KPUTEPUEB DOPEKTUBHOCTHU
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PaboTa BeimonHeHa pu MaTepuanbHoi noaaepxke PODOU, rpant Ne 19-08-00010

B cratbe paccmarpuBaeTcst mpolece COBMECTHOTO yrpapiieHust B aspornopTax A-CDM B IMHAMAYECKH N3MEHSIOIIMXCS YCIOBHUAX
MIPOM3BOJICTBEHHOTO TIPOLIECCa, MOA KOTOPHIM TIOHMMACTCS BO3HMKHOBEHHE HEINTATHBIX CHTYAIlH, CIIOCOOHBIX W3MEHHThH
3aIlJIaHUPOBAaHHBIE IEHCTBYS. B peaslbHOM PONU3BOACTBE B 3TOM CITydae MOSIBIACTCS OOJIBIIOE KOJIMYECTBO BOSMOXKHBIX PEIIeHHI
0 KKIIOM HEUITaTHOW CHUTYAaIllH, YeM HIDKE YPOBEHb YUeTa STHX BAPHAHTOB, TEM OOIBIIE MX KOMMYIeCTBO. B maHHOI pabote
AKICHT C/JCJIaH Ha BHCHUIHUC (l)aKTOpI)I, CYHIECTBCHHO BJIMAIOIIUE Ha ACATCIBHOCTH aBUAKOMITAHMH " adpornopToB U Ha
COOTBETCTBYIOIIHE OTBETHHIC NEHCTBHS CO CTOPOHBI YIpaBieHHS, (DOPMaM30BAHHBIE B BUJE IITH IYHKTOB. AKTYalbHOCTb
BBIOOpA MIPOAMKTOBAaHA HATMYMEM MIPOTHBOPEUMBBIX HHTEPECOB YIACTHUKOB Tporecca. OObeKTHBHOE OOBSCHEHHE B TIOJIB3Y TOTO
WM WHOTO PEIICHHs, OCHOBAHHOC HA MHHHMI3AIMU OOIMX TOTEPh OT BO3HMKHOBEHUS HEIITAaTHBIX CUTYAIWH, MTO3BOJUT
3HAUUTENIHHO YKPEUTh TO3UIMH KaXKIOr0 yYaCTHHUKA Mporecca. ABTOPHI BBEIM B MATEMAaTHUECKUNA armapaT paa 0003HaYeHUH 1
JIONYILCHHUH, TIePeYCHb KOTOPBIX MOXET JOMONHATHCA. COpMHUPOBaHBI TUHAMUYECKUC TPUOPUTETHI U KKIOTO yYaCTHHKA
npouecca. THCTpyMEHTOM ONTHUMHU3ALMKY COBMECTHOTO MPUHATHSL PELIEHUH SIBJISETCS] TEHETUUECKUI allTOPUTM, TIO3BOJIIIOLIMI 3a
MEHBIIIEE YHUCIIO UTEPALMiA B peaJIbHOM MacliTade BpEMEHH IOTy4YHTh CyOONITUMATIbHOE, OTBEYAOLIee TPeOOBaHMSIM yIaCTHUKOB
mporiecca, pemieHne. B kadecTBe mpumepa B CTaTbe pacCMaTPHUBACTCS CHUTYAIWsl, KOTOpas MOKET BO3HHKHYTh B PEaIbHOM
TpoIIecce TPOM3BOICTBEHHON NesTenbHOCTH. Ha OCHOBE MYJBTHUILIMKATUBHOW (hOPMBI HA3HAYACTCS TMHAMUYCCKUNA TPHOPHUTET
JUTSL 3aJIEpPKAHHBIX PEHCOB C YIETOM MPOTHBOPEUMBHIX HHTEPECOB YIACTHHUKOB Iporiecca, (POPMUPYIOTCS YaCTHBIE KPHUTEPHH JUTS
PaHXUPOBAHUS PEHCOB Ha KaXKJIOM IlIare MeperviaHupOBaHMsl, PUMEHSAETCS TeHETUYECKU anroputM. B pesynbTarte mnoigydeHo
KOHKPETHOE PEIICHHE «HEIITATHOW» CHUTYAalll{, CIIOHTAaHHO BO3HMKIIEH B pe3yJbTaTe BO3AEHCTBHS BHEHIHHX (pakTopoB. bes
COMHCHUS, TAaHHBI MaTeMaTHYCeCKHI ammapar uMeeT MepPCIeKTHBBI BHEIPSHUS B TIPOM3BOICTBEHHBIN IMPOILIECC, TaK KaK JIE00ast
HeIITaTHAas! CUTYalsl MOYKET OBITh BCTPOEHA B aJITOPUTM TIOHCKA PELICHHS C €€ YIETOM.

KunroueBsbie ciioBa: coBmectHoe npunsitie pemennii (CDM), 6e3011acHOCTh TOJIETOB, TEHETUUYECKUE allTOPUTM, TIEPBOOYUEPETHOE
00CITy)KIBaHHE.

BBEJIEHME

[TpoBeneHHbIN aHaNU3 B3auMoaecTBus B paMkax A-CDM ciyxObl ynipaBieHHs BO31yIIHBIM
JBHKEHUEM, a3pOINOPTOBBIMM CIIYOaMH UM aBHAKOMIAHUSMU YOEAUTENbHO MOKa3al HaJIU4due Ipo-
TUBOPEUYUIl HHTEPECOB U HEOOXOTUMOCTH COBMECTHOTO ympaBiieHUs. B obecreueHnn npueMiaemMoro
YPOBHsI 0€30MaCHOCTH BO3AYIIHOTO ABMKEHUS 3aMHTEPECOBAaHbI BCE YUaCTHUKH Ipolecca. OJIHaKo B
JUHAMHYECKON 00CTaHOBKe, M0Jl KOTOPOW MOHMMAIOTCS YCIIOBUS HE3AIUIAHWPOBAHHOTO YXY/IIECHUS
METE0YCJIOBUN, BPEMEHHOI'0O MAaJIEHUs CIIpOca MacCaXKMpOB Ha aBUANEPEBO3KU M HENPEIBUIECHHBIX
OTKA30B TE€XHUKH, MPOSBIAIOTCA paznuuust uHTepecoB [1, 2, 3, 4]. I'panuisl paccMaTpuBaeMoil B
CTaTh€ 3a/aud OINPEAENAIOTCS HCXOJs M3 CUTYyallud, BO3HUKAIOLIEH IMOJ BO3JEHCTBUEM BHEIIHHX
(bakTOpOB, KOTOPBIE AOMYCKAIOT UCIOIb30BAHUE TOJIBKO YaCTH PECYPCOB TOTO WJIM HHOTO YYacCTHHUKA
nporecca A-CDM. B uwactHOCTH, NI711 aBHAaKOMITAaHUN CTOUT 3ajladya MOMCKa MUHUMAJIBHOTO, HO J10-
CTaTOYHOI'O KOJMYECTBA M KayecTBa 00eCleUYeHNs paclucaHus B COOMHBIX CUTyallusX BO3AYLIHBIMU
CyJlaMH, CHWKCHHUS TOTUTUBHBIX 3aTpaT, 3aTpaT pacxoJHOro Marepuana. B mHTEepecax ciryxObl ynpas-
JIEHUS BO3IYIIHBIM JBHXKCHHEM Ba)XHO CKOpEHIIEe IOralleHHue BO3MYILEHUs IIOTOKA JIBHXKeE-
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Hust BC [9], s asponopToB BaxkHbI 3a7aud 3()()EKTHBHOTO HCIIOJIB30BAHUS PECYpPCOB MEppOHA U
a’ponopTOBOro KomIuiekca [7].

Jiist moncka o01Iero B3BEUICHHOTO PeIIeHuUs] TpeOyeTcsl y4eT BceX MHTEpPEeCOB (aBHaKOMIaHUH,
a’pomopThl, ¢y k061 YB/I), KoTOpple MOTYT MMETh pa3Hble M3MEpeHUss W MmacmTaObl. Bo3HukaeT
HEOOXOIUMOCTh B HEMITATHBIX CHTYaIUSAX pellaTh 3aqady MeperuiaHupOBaHUs CKOOPAUHHUPOBAHHBIX
JIEWCTBUI W MCIIOJIb30BaTh PsAJl MEP, HAMIPABJICHHBIX Ha cTaOWIM3anuio curyanuid. K ux gucny B maH-
HOU paboTe OTHOCATCS CIEAYIOIUE ICHCTBUS.

1. IIpuopuTeTHOE OCYIECTBICHNUE BbIJIETA B CIy4yae TEHICHIIMU K BOZHUKHOBEHHUIO JAePUIUTA
MECT CTOSIHOK B KOHKPETHOM a3pOIopTy.

2. TlepBoouepemHOI BRIMTYCK PEHCOB, MMEIOIIMX OOJIbIIIEE BPEMS 3aICPKKH.

3. OnepatuBHOE — B IOJIETE WU JI0 BBUIETA U3MEHEHHUE a3pOJpOMa Ha3HAUYEHHUS B Cllydae He-
BO3MO>KHOCTH TOCAJKU Ha HEM IO Pa3INYHbIM MPUYHHAM (METEOYCIOBHUS, TEXHUYECKHUE U T. 1I.), KOTAa
BpeMs 33JCP>KKH BbIJIETA TOCTUTIIO KPUTUUECKOTO 3HaUeHUs. Hanpumep, npu 3akpuimuu a/0 BHyK08o
803MOdiCeH npunem Ha a/0 J[omooedoso. [lpu smom naccaxrcupos, umerouwux « CmulKO8OUHblE» Pelichl,
oocmassam noe300M-3KCnpeccom Ha a/o0 BHykoego, a odcudarowux viiem ¢ a/0 BHykoeo ananocuunvim
nymem oocmasgam na a/o /Jomo0oeoogo.

4. Boibop tuna BC (cpenHeil BMECTUMOCTH WM IIHUPOKO(IO3EISHKHOTO) U BapHaHTa €ro 3a-
MIPAaBKU TOIUITMBOM «B OJMH KOHEI MJIM TyAa U 0OpaTHO» B 3aBUCHMOCTH OT CIIPOCa MAacCa)KupoOB MpU
BBIJIETE U OOpAaTHOM TpHIIETE.

5. Ce30HHOE U3MEHEHHE PACTIUCaHUs PEICOB, B TOM YHCIIE B MPa3IHUYHBIC U BBIXOHBIC THHU.

[TogBoast nmpeaBapUTENbHBIA UTOT, HYKHO MOJAYEPKHYTh, UTO B LIEJIOM pelllaemasi 3ajayda sBJsi-
€TCSl MHOTOKPUTEPHUAJILHON [6], M KakIas U3 MATH BBIOPAaHHBIX MEp TO-pa3HOMY BIUseT Ha dddek-
TUBHOCTH JCSITEIFHOCTU 3aMHTEPECOBaHHBIX ciyk0 [1]. s onpenenenust 3QPeKTUBHOCTH HEOOXO-
TuMO cOPMUPOBATH KOJIMYECTBEHHBIE OLEHKU KaK JJIsi TPEX YaCTHBIX KPUTEPHEB, TaK U JJi OOIIETO
KpUTEPUSl ONTUMAIBHOTO KOMIIPOMHKCCA MPU MIPUHATUU PEILICHHUS.

C y4deToM pa3HO00pa3us ITUX JCHUCTBUI M Psijia HETAaTHUBHBIX (DaKTOPOB BBEZIEM psifi 0003HAUCHUIA:

i —HoMep aspomnopTa (i = [&...N);

i,g — HOMEp a’pONOPTOB BbUIETA U MPUJIETA COOTBETCTBEHHO;

n; — 00111ee YMCI0 MECT Ha JIETHOM I10JI€ i-T0 a3POIOpTa;

X; — YACIIO CBOOOHBIX MECT B i-M a3pOIOPTY;

¥i —4nciIo 0a30BBIX MECT Ha JIETHOM TOJI€ JUIs CTOSHKY;

z; —uancno BC B Bo3ayxe, nprOBIBAIOIINX B i-i adPOIOPT;

7 — HOMEp aBUAKOMIIAHUU;

K — HOMep 3anepkanHoro peiica (K = 1,..., L);

[; ; — 4MCII0 3a/1epAKAHHBIX PEHCOB U3 a3POIIOPTa i B a9POIOPT J;

At; ; — BpeMs 3aJICpKKH B BBUIETE peiica i, j;

T} ; — NIUTEIBHOCTD BBIIIOJIHEHUS PEHca i, J;

Sjj — 4MCII0 TACCAXKUPOB B pEHcCe i, J;

Sj i — 4UCIIO BBUIETAIOLIMX [1aCCAXKHPOB OOPATHO;

C; = 0,1 — anpTepHATHBA JIETHOM IIOTO/IbI IIPUIIETA B a3POIIOPT j;

O, —uucno BC, npunaanexanmx aBHaKOMIaHUU 7

M — obmee uncno BC Bo Becex aspomnoprax;

QO = 1,2 — Tin BO3YIIHOTO CyJHA (¢ = 2 — MUPOKO(DIO3EISIKHBIN);

1Il; — mrpadHas (u1n 1oxoqHas) pyHKUUS B 3aBUCUMOCTH OT 4MCJIa CBOOOJHBIX MECT Ha JeT-

HOM II0JI€;

Aj — IONOJHUTENIbHBIE PacXo/bl 3a CYET Mpoe3[a MacCaXUpaMy YacTU IyTH Ha MOe3]e-dKC-

npecce;

M, — YACJIO 3aepKAHHBIX PEHCOB, BBUIET KOTOPBIX IJIAHUPYETCS] HA OJTHOM II1are pelieHus 3a-

Jauu;
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R — o011ee 4ncIio maroB neperyiaHupOBaHuUs 331€P>KaHHBIX BBUIETOB B CYTKH;
mj, my, m3 — MaclITaOHble KO3(PPUIIMEHTHI B MYJIbTUILUIMKATUBHON CBEPTKE YACTHBIX KPUTEPH-
€B PAH)KUPOBAHUS, YUNUTHIBAIOIINE PA3HYIO 3HAUUMOCTb IPOTUBOPEUNBBIX HHTEPECOB.

IMTPUHATBIE JOIIYIIEHUSA

1. 3amano unciao N B3aUMOJEHCTBYIOIIMX a3pPONOPTOB, IPUYEM B TEKYIIEH CUTYallUN KaXKbIi
i-i a’poNOPT XapaKTEepPU3yeTCsl YMCIOM X; CBOOOAHBIX MECT Ha JIETHOM II0JI€, OOIIMM YHUCIIOM 7; BCEX
MECT apeHIyeMbIX aBUaKOMIIaHEH, YHCIIOM y; «0a30BBIX» MECT Ha JIETHOM MoJie ¥ uyuciiom z; BC B Bo3-
JyXe, BBUIETEBILUX B a3pONOPT, KOTOPOE HE TOJKHO MPEBBIIATh 3HaYeHUs (1;— X;). Bee 3T mapamer-
PBI OIPEIEIISAIOT IEPCOHANBHYIO 3HAUUMOCTh /1; TIepBOOYEPEeTHOTO 00CITY )KUBAaHUSI.

2. 3agaHo obmiee yncio » aBUakoMIanuii. B manHou padore r = 1.

3. 3agano oOmiee yucio M BO3AYLIHBIX CYAOB, B TOM YHCIE U 3HAYCHHUE M, CYIOB, IPHHAJIC-
KALMX KaX10M aBUAaKOMITAHUH, CPEIU HUX MIPU ¢ = 2 IUPOKO]IO3EIIIKHBIE.

4. 3amano oOuiee yuCiIO L HEBBHIIOIHEHHBIX PEHCOB M3-3a 33/I€P>KKH BBUIETA BO BCEX a’pOIIOp-
Tax, B YaCTHOCTHU YUCIIO /;; pEHCOB U3 a3poropra i B a3pomopT .

Kaxxnprit petic i,j umeer cBoit Homep K (K = 1,..., L) u XapakTepusyercs: JUIMTEIbHOCTBIO 7 BbI-
HOJIHEHHSL U CIIOKMBIIMMUCA K TEKyLIEMYy MOMEHTY BpeMeHU Aty 3a[JepKKOil 0OCITy)KMBaHUs, a TaKkKe
YUCIIOM Sj; ACCaXXUPOB. Bce 3TH mapameTpsl, BAMAIOLIME HA YACTHBIM IEPCOHANIBHBIA IPHOPUTET 1>,
MOXKHO TIPEJICTaBUTh B BUJIE Ta0JI. 1, B TOM 4MCIIe BO3MOKHOCTB OTKAa3a B MIOCAJKE M3-3a METEOYCIOBHH.

Taoauna 1
Table 1
[TapameTpsl onpeaeneHns IepCOHATBHON 3HAYMMOCTH TIEPBOOYEPETHOTO 00CITy )KUBAHUS
Options to specify the personal relevance of priority services

Kb g |m | x |z |y x|z |y |L|S|q A G|S

1 1 2 12 2 0 8 10 4 0 3 1 100 2 2 1 100

2 1 3 12 2 0 8 6 0 0 2 4 50 1 1.5 1 100
1 4 12 2 0 8 8 6 0 2 2 100 1 3 2 50

L 4 2 6 3 0 3 6 4 0 3 2 50 1 2 1 50

5. CyuecTByIOT TpU COOOpakeHHsI BBIOOpAa ONTUMAIBHOTO IJIaHA MCIIOJIB30BaHUS aBUAIMOH-
HOM TEXHUKU JJIs1 00ecreueHHs] pecoB, KaKIbplil U3 KOTOPBIX XapakTepusyercs 16-10 mapamerpamu
Tabm. 1:

1) B uHTEpEcax ABYX a’dpONOPTOB I U J;

2) B MHTEpecax aBUAKOMITAHUU C YYETOM HCII0JIb30BaHMsI [10€3/1a-3KCIIpecca;

3) B uHTEpecax ciyx0p1 YBJI, maccaxxupos, a ToO4Hee, ¢ y4eToM ITpadHBIX QYHKIHA TPH UX
HEyJJauHOM OOCITy>KHBaHUHU.

6. B kauectBe emuHOoro Kpurepus /) odmeil 3pPeKTHBHOCTH IJIAHUPOBAHUS PACIMCAHHS B
JTaHHO pa0oTe mpeIokeHa cieIias MyJIbTUIIMKaTUBHAs opma:

L
Iy =max Y [17,()) + m, ][ 17, (i, j) + m, ][ 775G, j,q) + m; ] @)

K=1

46




Tom 22, Ne 06, 2019 Hayunblii Becthuk MI'TY T'A
Vol. 22, No. 06, 2019 Civil Aviation High Technologies

[TpemioskeHHBIN KpUTEpUd 00JIaaeT CIEAYIOIIUMHU IPEUMYIIIECTBAMU:

® [IPOM3BEJICHUE JIy4lle CYMMBI;

e mro0as pu3mvecKkas pa3MepHOCTbh COMHOXKUTEIIEH.

7. B kauecTBe MeTO/AA YMCICHHON ONTHMU3ALUMU PEIIA€MOl MHOTOKPUTEPUATIBHOM 3a/1a4u HC-
M0JIb3yeTcsl reHeThueckuid anroputm (I'A), cocrosmumii U3 onepanuid, KOTOpbIE ABISAIOTCA MPEIMETOM
HanbHEUINX UCCIEeIOBAHNHN:

e ormepaluii CKpeuMBaHUs BEIOPAHHBIX BAPUAHTOB MIEPBOHAYAIBHOMN «IJIUTHDY,;

e oIepanuii MyTalyu IyTEM EPECTAaHOBKHU YaCTH PEHCOB MECTaMU 110 BPEMEHU BBLIETA.

JIOCTOMHCTBOM 3TOTO ajrOPUTMA SIBJISIETCS COKPAIIEHHOE YHCIIO BHIOMPAEMBIX BApUAHTOB MPHU
CKPELMBAaHUM U MYTAIlU{ TIO CPABHEHUIO C MTOJIHBIM MepebopoM, XOTs pe3yabTaT ero paboThl SIBIIETCS
cybonTuManbHBIM. TeM He MeHee KOJMYECTBEHHAs OIICHKA YaCTHBIX Kputepues I1;, I, I1; obecrnieun-
BA€T BO3MOYKHOCTb CPaBHEHUS OAHUX MPEIOKEHHBIX IIJIAHOB C IPYTUMH.

O®OPMUPOBAHUE IUHAMUWYECKUX TPUOPUTETOB
JJIAA BAUHTEPECOBAHHBIX CTOPOH

PaccMOTpHM BOIIPOC Ha3HAYCHWs AHMHAMHUecKoro npruopurera 11,7 s kaxmoro asporopra ¢
Y4eTOM JBYX 00CTOATENLCTB [6]. IlepBbIM U ITTaBHBIM U3 HUX SBJSIETCS TEKyIasi CUTYalus, CBsI3aHHas
C HaJINYMEM CBOOOJIHBIX MECT X;, YTO XOPOIIO AJIs IPUJIETa, U 3aHATBIX MECT (1;— X;). HeM MeHblle Tex
WIN JpYyTUX, TeM Xyxe. [IpuHumas kak caMyro BBITOJHYIO «CEIUIOBYIO TOUKY», paBHYI0 0,57;, KaKk s
[-TO adpOTIOPTa BBIJIETA, TAK H j-TO a3pPOINOPTa MPHIIETA, OTCYTCTBUE (PaKTa OJIIM30CTH COCTOSTHUSI 000HUX
a’pOIIOPTOB OT «CEAJIOBOM TOUKM» OINpeNeNIeT IPUOPUTET Naphl i,j B YIyUIICHUH 3TON CUTyaluH, MO-
CKOJIbKY mTpadHbIe GYHKINHU IS KQKIOTO a3pOIopTa UMEIOT BHT

l=n—z, -1, W, =2x,-n; -1, (2)

a MX CyMMa paBHa HCKOMOMY 3HA4YEHHUIO
I+, =n,—n, +2(x; —x; - 1). (3)

B dopmyiie (3) He yuTeH NOTOK z; NPUOBITUSA K i-My a3pOpOMY B3JIe€Ta, HAXOASIIUICS B BO3TY-
X€, I03TOMY C Y4E€TOM 3TOTr0 UMEEM COMHOXKHUTEIb

ar +1, =n,—n; +2(x; —x,+0,5z, - 1). 4)

BTOpOG 06CTO$ITCJII>CTBO AOJDKHO YUYHMTBIBATH YHCIIO 6a3OBI>IX MECT AJI1 CTOSAHKU BC na aetHBIX
HOJISIX JBYX a3PONOPTOB, ;U Vj, CIABAEMBIX B apEH]LY, YeM UX OOJIbIIE, TEM JIy4llle U MPUOPHUTET BHILIE.

Torna no anamoruu ¢ kKpurepueM (1) moxyduM CBOIO MYJIBTHUIUIMKATHUBHYIO (opmy 7, nmist
Ka)XJI0¥ mapsl i,/ BBUIETA U MIPUJIETA PY aHAJIU3€ JI000TOo peiica:

I,(i, j) = max | m,—n, +2(x, = x, + 0,5z, =1+ m,(1) ][y, + m, (D], (5)

uy (i, )

rae my (1) m my (1) — macmTabHble KOA((UIIMEHTHI, YIUTHIBAIONINE Pa3HYI0 3HAYMMOCTh YACTHBIX
COMHOKHTEIIEH.

MOXHO OTMETHUTb, YTO KpuTepuid //;(i), KOHEUHO, YUUTHIBAET UHTEPECHI a3pONOPTOB, HO KOC-
BEHHO U aBMAaKOMIIAaHUU IS peiica, 0003HAUEHHOT 0 Yepe3 i U j, U MacCa)kupoB 3TOro peiica, nmpaBia B
y1iepO OCTaTbHBIM MaCcCaXUPaM.
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PaccmoTpum Teneps npuopureT /1, kKaxaoro peiica K 6e3 yuera a3poropToB MpUJIeTa U BbUIETA
Ha OCHOBE JIByX CBOMX 00cTOsTENbCTB. [IepBBIM U I7IaBHBIM OOCTOSATENBCTBOM SIBJISI€TCSI HAJIU4Me
BpeMEHU Aty 3aJIEpKKH BBITIOJIHEHUS peiica — YeM OHO OOJIbIlle, TEM paHbIlE HYKHO ONPEACTUTH BbI-
net. Takyke BayKHBI YUCIIO MACCAKUPOB Sy M JUIUTENBHOCTD 1oJieTa ), 4TO B LIEJIOM HPUOIU3ZUTENBHO
onpeznensaer ueHy Sy - I u oxunaemplii 1oxon. IToaromy mosyunM Hpou3BENEHHE CBOMX YacTHBIX
COMHOXUTEIIEN

I7,(K) = max [Ate +m, (2)][Sc T +m,(2)], (6)

rae my (2) u my (2) — MacmITabHbIe MHOXKUTEIH, ONPECIISIONINE PA3INYHYI0 3HAYMMOCTb JUISL IBYX
CBOMX OOCTOSITENILCTB, YUUTHIBAIOIIUX B MEPBYIO ouepeab MHTepechl ciyxk0bl YBJl u maccaxupos, a
TAKK€ aBUAKOMIIAHUM.

Tpetnii cnydail Ha3HA4YCHHS PUOPHUTETA /13 COCTOUT B TOJAJICP)KAHUHM pacrucanus (B UHTEpe-
cax BCEX 3aMHTEPECOBAHHBIX), KOIJIa OTCYTCTBYET BO3MOKHOCTH ITPOU3BECTH MOCAAKY Ha a’3poOJpOMeE
Ha3Ha4YeHHsI KPYITHOTO a’poysia. B aTom cinyuyae aBuakomMmaHusi TEPHUT YOBITKUA M3-3a HEOOXOIUMO-
CTH JIOCTaBKHU IIaCCAKUPOB MOE30M-IKCIIPECCOM.

Torna nepBblil COMHOXUTEND [/3; ICKOMOTO IMPUOPUTETA B MHTEpPECAX aBUAKOMITAHUH MOYKHO
NPEJCTaBUTh CIEAYIOMINM CIIenU(PUIECKUM 00pazoMm:

1,( 1= (1—u, =Y
n D= U

J J

) | (7)

rae C; = 0,1 — npu3sHaK UCKIIOYEeHUs npuiera B asponoprt j (C; = 1) unm ero paspemenue (C; = 0);
1I]; — mTpad 3a OTCYTCTBHE AJOCTATOYHOIO YHCIJIA UMEIOIINXCS CYA0B B a3POINOPTY j, BBIUUCIIAEMBIH 11O
dbopmyne (2); I1l; — mrpad 3a OTCYTCTBHE JOCTATOYHOTO YUCIA CBOOOIHBIX MECT B a’pomnopTy i, Aj —
JOTIOTHUTEJIFHBIE 3aTPAThI 32 KEJEe3HOAOPOKHBINA (/) MPOe3a OT MecTa MOCaIKU /10 MyHKTa j Ha3Ha-
qyeHus; uz = ),/ — npuHATUE pelIeHus 00 0TKa3e /1 npoesaa npu [1l; < Aj unu Hao60poT.
Ota ¢hopMyIa JaeT MpoCThie OTBETHI B CIEAYIOMIMX CIIydasX:
e C;= 0 — mpuieT paspelieH;
e [I; (j) = 1 — HU BBITO/IbI, HA YOBITKOB aBUAKOMITAHHSI HE HECET;
e (; = ] — mpuner B IyHKT j 3ampelieH, Ho [1]; < Aj, T. €. cuTyalus B a3poIOpTy HEIIoxas,
torna uz = 0, I13;(j) = 0, T. €. HHKaKOoro CMBICJIa BHOCUTh B CITUCOK BBLJIETa peiica (i,j) He
UMeeTCs;
o Ci=1;u3=1,ecnu Ill; > Aj, T. e. yOBITKH aBUAaKOMIIAaHUU MU >KEIE3HOJOPOKHOM IIPOE3/Ie
SIBHO MEHbIIIEe MTpadoB 32 OKUIAHUS TACCAXKUPOB, TOT 1A

/7,
W=—2—2>0.
o1, + 11,

TakuM 00pa3om, €CTh CMBICI MTONTH IO ITyTH HOBOTO BapHaHTa TPAHCIIOPTUPOBKH ITACCAKUPOB.

Hakoner, mociaeaauii 10BOJ B MOJIb3y aBHAKOMIIAHWN COCTOWT B TOM, YTO €CJIM Ha peic (i,j)
€CTh JIOCTATOYHOE YMCJIO MACCAKUPOB TyJa U OOPATHO, TO UMEET CMBICT 10 COOOPaKEHHUSIM TOIUIHMB-
HOM 3¢ (EeKTUBHOCTH MPOU3BECTH 3alpaBKy TOIUIMBA B 00a KOHIIA OJMH pa3 MpH BbuieTe «Tynax. [1o-
ATOMY APYTOM COMHOXUTENb /13, AIMEET BUJL

II,, =max(S; + S ).
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B nenom Tpetuii fuHAMHYECKUN TPUOPUTET /73 MOXKHO OMPEAETUTh 10 (hopmMyIie

I, - A
H3 (K) = n’]u?X 1- Cj (1 — U, m) +1m, (3) I:Sif + Sji +m, (3):| ) (8)

i J

rie my (3), mz (3) — COOTBETCTBEHHO Ha3Ha4YaeMble K03 PHUIIMEHTHI 3HAYNMOCTH.

Ha ocnoBanuu dopmyn (5), (6), (8) MOXkHO yTBepkaaTh, UTO TUHAMHYECKHH MPHOPHUTET V)
KaX/IOTO pelica ¢ y4eTOM BCEeX 3aMHTEPECOBAHHBIX CTOPOH OKAa3bIBACTCS 3aBHCSIIUM OT BCEX Iapa-
METPOB, MEPEUYHCICHHBIX B 3ar0J0BOYHON cTpoke Talm. 1. DT mapameTpsl B TEYEHUE CYTOK HEIpe-
PBIBHO MEHSIIOTCA 10 TE€X 0P, MOKa peic He OyAeT BBIIIOJIHEH, U 3TO CIPaBEJIMBO sl BCEX peiicoB L,
YTO YKa3bIBAaeT Ha BBICOKYIO Pa3MEPHOCTH 3a/a4l ¢ MHOTOLIAroBbIM MOMCKOM ONTHMAJbHOIO pelle-
HUS TI0 TpeM KputepusM. [Ipu BbUTeTe M3 OHOTO a3poIopTa i 3TO YUCIIO TOJHKHO OBITh COM3MEPUMO C
o0mmuM yuciaom N a3ponopToB IpUiIeTa, I03TOMY PUMEM IIEPBOE yCIIOBHE:

mop= N—-1. (9)
COOTBeTCTBeHHO, YHUCJIO IaroB pelICHU B TCYCHUEC CYTOK 6y,[[eT paBHO

L
=—. (10)
N -1
KonudecTBO MOBTOpEHMI MPU BBIOOPE YKCia m PEHCOB MO TpeM Kputepusm Oynet paBHO 30.
[Ipu UX CKPEIMBAHUK C MOMOIIBIO TCHETHYECKOTO anropurMma moiayuuM Q = 3", a npu MyTamuu 3T0

o 2 R o
YHUCI0 COYETAHUN Cm;" ~3". B utore oka3pIiBaeTCs, 4YTO T€HETUICCKUN OTOOp HA KaXKIOM ITIare J0CTH-

raet 10" moBTOpenuii pacueros mpu R ~ /0, 4TO CIMIIKOM TPYAOEMKO TPH BHIYHCICHHUAX, AaXKe s
OJTHOTO a3pOIOPTA.

Takumu ke TPyAHOCTSAMH 00JaJaeT BEPCHS O CKPEIIMBAHUH PA3HBIX IJIAHOB BBUIETA MEXKIY
CaMUMH a3poropTaMu, HO eciu uuciao N > 10, To oOHapykuBaeTcs TOT ke HepocTaTok. [loatomy
IPEANIOYTEHUE TOTO WIIM MHOTO CIIoco0a reHeTHUECKOro 0TOOpa MPpH ONTUMH3ALUHU TPeOYyeT TOMOTHH-
TEJIHOTO aHAIIN3A.

[IpuHEMaeM ATUTENBEHOCTH MIara OOIIMX pacyeToB | ¥ac, I/ie y4acTByeT OOIlee YHCIIO 71 BbI-
oupaemsIx peticos [10].

Pemenne mpy BO3HUKIIEM OOCTOSITEIECTBE MOXKET OBITh TAKUM.

1. OO6benuHEHNE HECKOIBKUX PEHCOB, NMEIOLIUX TOX0KHUE XapaKTEPUCTHKH.

2. Oprasu3anusi TeHETUYECKOr0 0TO0pa BApMAHTOB MEX/ly COCETHUMM IIaraMH pacyera ImyTemM
«TIEpPEeHOCay» Psizia MEPBOOUYEPEIHBIX PEHCOB Ha HOBOM IIIare B KOHEI CIIMCKa PEHCOB Ha MPEAbIIyIeM
Iare, y4uTbiBasg MX NPUHIMIHAIBHYIO CBSI3b OPYT C JIPYTOM, «Pa3opBaHHYIO» MPU HUCKYCCTBEHHOM
pa3OueHue pemeHus Ha psiJi He3aBUCUMBIX I1aroB.

Bompoc mpeamodreHus TOro WM MHOTO croco0a FeHETHYECKOTo OTOOpa MPH ONTUMH3ALUH
TpeOyeT TOTOIHUTEFHOTO aHATN3a.

B kadecTBe mpuMepa pacCMOTPHM YCIIOBHYIO KapTHHY 3aJep)KaHHBIX PEHCOB MEXIY MATHIO
asporopramu (N = 5), noxoxumu Ha MockBy (M), Cankt-Ilerepoypr (CII6), Ilapwx (II), Exatepun-
oypr (E) u Cumdeponons (C), kKak OKa3aHO Ha puc. 1.

CoriacHo ycJI0BHOM BEpCUU pHUC. | BCEro B adporopTax pacroyioxKeHO Ha CTOsSTHKE 17 BO3ayI-

N
HBIX CYJIOB, PaBHBIX va u n8a BC naxondarcs B Bozayxe (z; = 2), BouiereB u3 E u C, 1.e. M = 19.

i=1
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ITpu atom ogHo BC, ucnons3yemoe B peiice K = 2 (I10Ka3aHbl CTPENKaMH), HAXOAWIOCh 3HAUUTEIbHOE
BpeMs B HEHCITPAaBHOM COCTOSIHMH, U3-3a 4ero BeuieT B CI16 3anepsxaics Ha BpeMs Af, = 2 4daca.

JleTtHas nmorona C>=0 Hawgano BozmozkHoro npriaera Cy =0
2. IletepOypr 4. ExaTepuHOypr
n, =7 n, =8
y,=5x,=3 Y= 21 =1
=, =L m,=3 z,=0:x,=6
K=3; At;=24 1K =4; Ati=4q

JletHas noroma C; =0

3. IMapmx 1. Mocksa
] = =
n,=2 K=5: Ats=05 My =My + 0y 1, + 01 =9
y,=1Lm,=1 * Y 0zr=2;
) _ =6; Afs=0.11
;=03 =1 f g L x, =L n=12;
K=7, At-=39|K=8;Afs=49|K=9; Ate=51
IIpuner zanpemen Cs = 1 + v
5. Cumdeporonb
‘ _________
n; =10 6 K
A - — - - - — - — : acHo/1a
ys=4, m;=3 P Aap
- — - - - ———
Sp==X =15

Puc. 1. YcioBHas kapTHHA 3aiepKaHHBIX peicoB (L = 9) uzs M
Fig. 1. Conditional pattern of delayed flights (L = 9) from M

Curyarnuu npu BouieTe u3 M B Jpyrue adponopThl BRITISAAT CASAYIOLUIM 00pa3oM.

Jnsa noneroB B CII6 nBa cpeHux U aBa mupokodrozenskHbix BC, mo-pasHoMy UCTIONB3Y-
€MBIX B pa3JIUYHbIE CE30HbI, IPU 3TOM B IITATHOM COCTOSIHUM JiBa CyJHa cTapTytoT u3 CI1o,
JIpyrHe Ba — OAHOBPEMEHHO U3 M, 1 OHU OOMEHHMBAIOTCS MECTaMH YEThIPE paza B CyTKH.
OpHako, MOCKOJBKY M3-3a OTKa3a TeXHHKH ogHo BC pemonTHpyeTcss B M, 4ncio cBOOO-
HBIX MECT CTOSIHOK TaM YMEHBIIWIOCH, @ MPUOPUTET peiica K = 2 u3-3a 3a/Iep>KKH MOBbIIIA-
eTcsl.

Jns moneToB TypucTudeckoil kommnanuu B IT ucnionwszyercs tpu BC, npudem B I1 ogHO
CYJIHO 3aHUMAaeT OJHO MECTO, a Jpyroe cBoOOAHO (n3 = 2, m; = 1), 3aT0 B M Ha meppoHe
CTOSIT JIBA Cy/IHA — MUPOKO(DIO3EIHKHOE U cpeiHee (OTHO — B PE3EPBE), MOITOMY IO CPaB-
HeHuto ¢ I1 yucno cBoOOAHBIX MecT B M Ha OJHO MEHBIIIE, HO B IIEJIOM CHTYyaIusi OJaromnpu-
aTHast BBUILY JieTHOU noroasl (Cs = 0).

Jlnis noneroB B E BO3MOXKHOCTh IIpUjieTa ObUIa UCKIIIOUEHA J0JT0e BpeMsi, TOITOMY IPOHC-
xoauno Juib yosiBanue BC ¢ neTHOro moss, a Bpems 3aiepKku pericoB 3 u 4 us M goctu-
rajio CyIlleCTBEHHbIX 3HaueHu (At; = 2r, Aty = Ir), nostomy nBa BC octanucek Ha 1eTHOM
none M (He cuMTas ABYX CBOMX), a YHCIO CBOOOIHBIX MeCT B E JOCTUTIIO KPUTHUYECKUX
3Ha4YeHUH (x4= 0).
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e Haxkoner, HauOomnee clIoXHasi CUTyanus ciaoxunach B C, u3-3a JUIUTEILHOTO OTKa3a B MpHe-
Me CyJI0B U3 OCTaJIbHbIX a3pornoptoB (Cs = /). B yacTHOCTH, 3a7iepKKHU BbUIETa peiicos 7, §,
9 nocturiau makcumyma (At; = 3r, Atg = 4r, Aty = 5r), 1 TIOATOMY TPOCMATPUBAETCS BO3-
MO>KHOCTb BBITMIOJTHEHUS 3TUX peiicoB B KpacHomap, a 3aTeM — jKeJie3HOM T0pOroi Win aBTo-
Oycamu. [Ipu sToMm ynereBmre u3 C cyla cO3IAI0OT 3aBBIIIEHHOE YUCIIO X5 = 5 CBOOOJHBIX
MecT, a mpuiiereBire B KpacHogap cyia Ha 3TO YMCIIO HUKAK HE BIUSIOT.

[lepeuncneHHble yCIOBUS JOHKHBI OBITh YYTCHBI IPH HA3HAYCHUH OMMCAHHBIX BHINIE TUHAMU-
YyecKuX npuoputeToB [1;, I1,, 113 Ha KaxaA0M I1are, mepeji 3TUM B COOTBETCTBHH C MPUBEACHHBIMU CO-
00pakeHUSAMHU OTPEIENIUM YMCIIO 7 LIaroB IUIAHMPOBAHHUSA, YHMCIIO PEICOB m Ha OAHOM IIare, UMes
CJIEAYIOIINE UCXOAHbIC JaHHBIE:

N=5L=9 tornam = 4; r=2+3 mara.

Ucnons3ys dopmynst (5)—~(8) ans Beraucnenus 3HaueHuit 11;, I1,, I13, MOXHO YCTaHOBHUTDH TPU
CIIENIMAJIbHO BBIOPAHHBIX MAcCIITa0HBIX Kod(duimeHTax mj, mp, mjz, 4TO0 HOMEpa MEPBOOUCPEIHBIX
YEeTHIPEX PEeUCOB (T. K. m = 4) IS pa3INYHBIX BAPUAHTOB HA3HAUYCHUS IPHOPUTETOB BBITJISIIAT TaK:

— ¢ yuerom npuoputetoB I1; u I, (I1; = 1) nomyuum xox 3, 4, 2, 5;

— ¢ yuerom npuoputetoB I1;u I1; (113> 1), us=1—-xon 9, 8, 3, 2;

— ¢ yuerom npuoputetoB [ u I1; (113> 1) us=1—xon 3,9, 4, §;

— C y4eTOM BCEX IPUOPUTETOB — KoA 3, 2, 9, 4.

B wurore oOuuii coctaB nepBooYepeHbIX PECOB, MOMABIIUX BO BCE IUIAHBI, BBHITTIAIUT TaK U
COCTOMUT U3 IIeCTU HOMEPOB: 2, 3,4, 5, 8, 9.

[Ipou3sBenst pa3auyHbIE COYETAHUSI 3TUX HOMEPOB, YUCIO KOTOPHIX PABHO cl =15 (amcio
CKpEIIMBaHU), U OCYUIECTBUB pPa3JIMUYHbIE MEPETACOBKU KaXKJIOTO COYETAHUS, YHCIO KOTOPBIX
paBHO 4! = 24, MOXHO ¢ oMoIIsI0 aHanmu3a 15 - 24 = 360 BapuaHTOB MyTEM T'€HETUYECKOTO O0TOO-
pa MOJYYHTh JTYUIIUe U3 HUX, UCTIONB3YS IS ATOTO CHEUaIbHYI0 QYHKIUIO 3Q(HEeKTUBHOTO 0TOO-
pa «HOBOM AJIUTH» T'€HETHYECKOTO alrOpuTMa. YHCIIO 3TMX BapUaHTOB HEBEIMKO HM3-3a MaJOro
yucia N. Ha 1aHHBII MOMEHT BBIIIOJHEHUE 3TOW 3aJ]a4l B YKA3aHHBIX JTOMYUIEHUSAX COOTBETCTBYET
kony 3, 2,9, 4.

MOXHO NEPEUUCITUTD JAIBHEUIINE IEUCTBUS NIEPEILUIAHUPOBAHMS BBUIETOB JIJIS1 IaHHOM 3a/1a4u.

1. ITonyyeHHBIN TIJIAH BBIOJHEHUS 3aJI€PKAHHBIX PEHCOB COBMEIIAETCS C TOTOBBIM IUIAHOM
MPEACTOAIIMX BBUIETOB, UCKJIIOYAsi UX COBIAJEHUS 10 BPEMEHH JAPYT C JAPYroM. DTOT TEXHOJOTHYE-
CKUI MIpOLIECcC, HE MPEICTaBISAIONINI HaydHOTO HHTEepeca, B paboTe He pacCMaTpUBAETCSl.

2. Jlanee aHAJOTMYHBIM OOpa30M COCTABIISIFOTCS TUIAHBI BBUIETA TIEPBOOUEPETHBIX 3a/ICPHKAHHBIX
peiicoB st octanbHBIX (N-1) a3poropToB Ha TOM ke mare neperuianupoBanus — st CITo, I1, E u C.

3. 3aTeM IPOMCXOJUT MEPEOIIEHKAa HOBOTO TEKYILIETO COCTOSHHS BCEX a3pOMOPTOB M OCTaB-
LIEICS YaCTH 3aJIep>KaHHBIX PEMCOB /IS MEPEIUIaHUPOBAHKS HA HOBOM IlIare. JTO 03HAYaeT, 4To MpakK-
TUYECKH BCe MapaMeTpsl B Taba. | mepecunTsiBaloTCs, BKIIOYass yucio cTpok (L ymensmaercs), a
TaK)Ke YHCI0 CBOOOAHBIX M 3aHATHIX MECT B adpONOpTax ¢ y4eToM JeTeBlux Ha nocaaky BC u pac-
TYIIETO0 BPEMEHHU 3aJICP)KKU B OOCIYy)KHBAaHHH TIACCAKUPOB JJIsi PEICOB, HE MOMABIIMX B IUIAH HA
MpEeAbIAYIIEM [Iare.

4. TlpousBoauTcs MEpEIUIAaHUPOBAHUE BbUIETA APYIHX 3aJE€p>KAHHBIX PEHCOB HA HOBOM Iare
JUIS1 BCEX a3pONOPTOB.

5. OcymecTBisieTcss 0OYepeTHOe COBMEIIEHUE HOBOTO TUIaHA ¢ TpadUKOM eIle HE BBITIOTHEH-
HBIX [T0KA BBLJIETOB.

6. JIOMOJHUTENHHO BBIMOIHIETCS «COCTHIKOBKA» IMOMYYEHHBIX JIByX IUIAHOB Ha PaBHBIX IIarax
nepes UX BOCCOSAMHEHHUEM ITyTEM JPYroro TeHETHIeCKoro oToopa psia BapuaHTOB, MOIYUYEHHBIX CIeTy-
oM o0pazoM. C 1enbio MoBbIIEHUS 3(P(HEKTUBHOCTH COBMECTHOTO HCIIOIB30BAHUS PE3yJIbTaToB Ha
COCEJIHMX II1arax MpeylaraeTcsi IEPEHECT OJIMH WM JBa MEPBBIX HOMEpPA pelica U3 CIMcKa Ha HOBOM IIa-
re B KOHEIl CIIMCKA, MOTYYEHHOT0 Ha MPEbIIyIEM I1are, a HOMepa peiicoB B KOHIIE CIHMCKA Ha MPEJIbITy-
IIeM Ilare OTIPaBUTh B CIIMCOK Ha HOBOM Iare (T. €. MOMEHATh OJMH WM ABa peica mectamu). Yuncio

2
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TaKHX MEPEeHOCOB OyeT HeBennko. Hanpumep, pyu YeThlpex BapHaHTaxX IUIaHa HA KaXJOM Iare u mepe-
HOCE KaK OJTHOTO, TaK U JIByX PEHCOB MOJIyYHM 2 * 4#=32 BapUaHTa COCTHIKOBKH.

7. BblUMCIUTENBHBIE ONEpalMM Ha CIEAYIOLMX I1araX MOBTOPSIOT MPEAbIAYIINE AEHUCTBUS 10
TEX IMOp, MOKa OCTaBIIMECS 3aJepKaHHbIE peiickl HE ucue3HyT L—0.

HeobxonnMo 3aMeTuTh, 4TO AJIsi TEHETUYECKOTO 0TOOpa BApHAHTOB KaK BHYTPH KaXKJIOTO II1ara
IUTAHUPOBAHMSI, TaK U JUIsl COBMEILEHUS MEXIY COCEAHMMHM IIaraMM HEOOXOIMM €Ille OJUH «00beK-
TUBHBII» Kputepuii Y; 3pPexTuBHOCTH M1000TO MIaHa B OTIMYHE OT KpUTEpUs Yy, MpeHa3HAUEHHOTO
TOJIBKO JUJISl PaH)KUPOBAHUS pecoB [S]. DTOT KpUTEpHUM AOKEH CTaTh MHTErPajbHOW OLEHKOW IS
BCEX IIIaroB B TEYCHHE CYTOK, YUUTHIBAIOIIEH KaK JOXOJbI, TaK 3aTPaThl U mITpadHbIe QYHKINU 32 He-
KayeCTBEHHOE 00CITy’KMBaHUE NACCA)KUPOB U TEXHUKHU B BO3JyX€ U Ha 3€MJIE B a3pOIopTax. DTOT KpH-
TEpHii IPEACTOUT elle cPOopMUPOBATE.

3AK/IFOYEHUE

1. IlpeanoxkeHa MyJIbTHIUIMKAaTHBHAs (opMa HA3HAUYEHUS JWHAMHYECKOTO HMPUOpHUTETA s
Ka)KJI0TO 3aJIep’)KaHHOTO peiica, KoTopasi OKa3anach JIydllle aAJUTUBHON (HOPMBI BCIEACTBHE OJHOBpPE-
MEHHOT'0 y4eTa POTUBOPEUHBBIX HHTEPECOB YUaCTHUKOB MTPOU3BOICTBEHHOI'O MpoLIecca.

2. B Buzme ¢popmyn chopMHpPOBAHBI YACTHBIC KPUTEPHUHU JIJISI PAH)KUPOBAHHS PEICOB HA OAHOM
11are neperuiaHupoBaHys rpa)uKoB BbUIETA C YUETOM 3aUHTEPECOBAHHBIX CTOPOH.

3. IIpenyoxkeH MeXaHU3M MHOTOIIArOBOTO CyOONTHUMAIBHOTO OTOOpA BapHaHTOB NEPEIUIaHH-
POBaHUS C MOMOIIBIO TEHETUUECKOTO aIrOpUTMA.

4. J1y1 BBIIIOJTHEHUS TJIaBHOM OMepaluy FreHETUUECKOro oToopa npu (GOopMHUPOBAHUN «HOBOH 371H-
ThD) JIy4IIUX BAPHMAHTOB HEOOXOIMMO JOMOJHUTENBHO c(HOPMUPOBATH MHTErPATbHBIN KpUTepuii 3dek-
TUBHOCTH C YYETOM J0XOJI0B, 3aTpaT 1 Tpa(HbIX PyHKIMI 3a CHIYKEHHUE KauyecTBa 00CITy KUBaHMUS.
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CBEJEHUSA Ob ABTOPAX
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ABSTRACT

The article describes the process of collaborative management at airports A-CDM in dynamically changing conditions of the
productive process, defined as the occurrence of emergency situations capable of altering the planned actions. In real operation, in
this case, a large number of possible solutions for each emergency situation appears, the lower the level of recording for these
options, the more their number. This paper focuses on external factors that significantly affect the activities of airlines and airports
and to the relevant management retaliation formalized in the form of five points. The relevance of the choice is dictated by the
presence of conflicting interests of stakeholders. Objective explanation in favor of a decision based on the minimization of the total
losses from the outbreak of emergencies would significantly strengthen the position of each participant in the process. The authors
have introduced a number of mathematical notations and assumptions, a list of which can be supplemented. Dynamic priorities for
each participant in the process are formulated. The tool for optimization of joint decision-making is the genetic algorithm, which
allows for a smaller number of iterations in the real time to get suboptimal decision that meets the requirements of the participants
in the process. As an example, the article describes a situation that may occur in a real-world production. Based on the
multiplicative form a dynamic priority for delayed flights is assigned, taking into account the conflicting interests of the participants
in the process, private ranking criteria for flights during each step of the rescheduling are formed, a genetic algorithm is applied. As
a result, a specific decision of the emergency situation, arising spontaneously from the impact of external factors is obtained. This
mathematical apparatus has prospects of introduction into the productive process as any emergency can be built into the solving
algorithm and taken into account.

Key words: collaborative decision making (CDM), flight safety, genetic algorithm, priority services.
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METOA0JI0I'vs1 HOBBINEHUS SOPEKTUBHOCTU 1 HAJEKHOCTH
TPAHCIIOPTHO-TEXHOJIOIT'HYECKOU MYJIbTUMOJAJBHOU
CUCTEMBI CEBEPA POCCUH

H.A. DUJIHNIIIIOBA', B.M. BJIACOB'
"Mockosckuii asmomobunbro-doposicuiii 2ocydapemeentvisi mexruueckuii ynusepcumem (MAIH),
2. Mockea, Poccus

Jns pa3sBUTUSL SKOHOMMKH CTPaHbl OIPEACISIETCS] NEPCIEKTUBHBIM Pa3BUTHE HCCIENOBAHMN B OOJACTH HCIIOJIB30BaHUS
pa3pabOTaHHBIX TEOPETUKO-METOAOIOTMYECKHX TOJIOKEHHH W HAYYHBIX METOIOB, MMEIOIIMX YHHBEPCAIBHBIN Xapakrtep, IJIs
PEHICHMA BaXXHBIX BOIIPOCOB JIOCTaBKU I'PY30B HOTpe6l/ITeJ'DIM BCEMU BUJIaMU TpaHCOPTa U MOBLIICHUA HAACKHOCTH IICPEBO3OK
3a CUET CHWKEHMSI pUckoB B ycioBusix CeBepa Poccuy, 4TO COOTBETCTBYET NMPHHSATOW NpaBUTENLCTBOM Poccuu HaydHO-
NPaKTHYECKO TporpamMe «ApKTHKa». VIcronp30BaHHE COBPEMEHHBIX CPEICTB MOOWJIBHOW CBSI3W, CIyTHHKOBOM HABHTallH,
reoMH(OPMATHKY, BBIYMCINTENIFHON TEXHUKH SIBISIETCS HEOOXOAMMBIM — YCJIOBMEM COBEPILCHCTBOBAHMS  YIPaBJICHUS
MIPOM3BOICTBEHHO-XO3HCTBCHHON ESTENBHOCTBIO TPAHCIIOPTHBIX KOMIIAHWH, YJacTBYIOIMX B JOCTABKE TPY30B I PaliiOHOB
Cegepa Poccun. B Hacrosiimee Bpemst yripaBJieHHE TIPOIIECCOM TIEPEBO30K TPY30B B CeBepHEIE paiionsl PO HaxomuTcst Ha HU3KOM
TEXHOJIOTMYECKOM YPOBHE, HE HCIIOJIB3YIOTCS COBPEMCHHBIE TEXHMUYECKHE CpPEJCTBA M MAaTeMAaTHYECKHe METOABI IS
ONTUMH3ALIMK TIPOIIECCa, CNIab0 M3y4EeHO BIMSHHE OCOOCHHOCTEH KIMMATHYECKHX YCIOBHUH Ha MPOLECC HEPEBO3KH IPY30B
ceBepHOro 3aBo3a. Ha ocHOBe (hakTOpHOTO aHauM3a ¢ MCIOIb30BAHMEM CHCTEMHOTO MOAXO/AA M METOAA CTATHCTHYECKOTO
MOJIETIMPOBAHUSI ONPEIEICHBl MEPBI 110 CHIDKECHUIO PUCKOB IIPU OPTaHM3alMM W YNPABICHWH IEPEBO3KAMH TPYy30B IEPBOH
HeoOXOMMOCTH, BO3HUKAIOIHE B TPAHCHIOPTHO-TEXHOJIOTMYECKOM IIPOLIECCe MYJIBTUMOJANBHBIX NIEPEBO30K IPY30B UL CeBepa
Poccun ¢ yuerom tpebosanuit 'OCT P 51901.1-2002. 310 MO3BOMMIO MOBBICUTH HAAEKHOCTH IPOIIECCOB JOCTABKH TPY30B
ceBepHOro 3aBo3a Ha 10—15 %. PazpaboranHas MeTomuKa pacueTa BepXHEW NOBEPUTENBHON I'PaHUIBI BpEeMEHH OKOHYAHUS U
HayaJia JIEAOBBIX SBJICHHUI NP IUIAHUPOBAHHUH IIEPEBO3OK I'PY30B CEBEPHOTO 3aB03a I03BOJIMIIA COKPATHTh BPEMs MIEPEBO3KU Ha
10-15 %, no ouenkam cnenuanuctoB npeanpusatuii OO0 «Cynpoxonnas komnanus "Butum-Jlec"» ropona Kupencka.

KuioueBnblie cioBa: MYJIbTUMOIOAIIBHBIE TPAHCIIOPTHBIE CHUCTEMBI, CEBEP POCCI/II/I, HaBHUTallUA, I‘COI/IH(i)OpMaTI/IKa, TPaHCIIOPTHO-
TEXHOJIOrMYECKasA CUCTEMA.

BBEJEHUE

JlocTaBka rpy30B KOHEUHOMY TIOTPEOUTENIO B pallOHBI ceBepa Poccuu sSBISETCS CIIOXKHOM JKH3-
HeoOecTIeunBaoIeH 3a1a4ueil I HaceJleHUs 3TUX pailoHOB, pemaeMoil B OOJBIIMHCTBE CIydaeB Ha
OCHOBE MYJIbTUMOAAILHOTO MEPEBO30YHOIO MpoIiecca, KOHEYHBIN 3Tal KOTOPOro 00eCreunBaeTcs aB-
TOMOOWJIBHBIM TpaHCTIOPTOM. OCOOEHHOCTBIO TIEPEBO30YHOTO TpoIlecca SBISETCS pasHOOOpa3ue rpy-
30B MEPBOIl HEOOXOIUMOCTH, KOTOpbIe TpeOyeTcs AO0CTaBUTh KOHEYHOMY MOTPEOUTENIO, HO OCHOBHBI-
MU SIBJIIFOTCSI TOIUTMBO U MPOAYKTHI MUTAHUS. CIOXKHOCTH TOCTABKHU OIpPEAENSIeTCS] YpE3BbIUANHO CY-
POBBIM, 3KCTpeMaJIbHBIM KiinMaToM ceBepa PD. Ha puc. 1 mokazaHbl BO3MOKHBIE CXEMBI ITEPEBO30K
Pa3IMYHBIX TPY30B CEBEPHOI0 3aBO3a.

[IpoBeneHHOE HCCIeA0BaHNE CYNIECTBYIONIEH MYJIbTUMOIAIBHOW TPAHCIOPTHOM CUCTEMBI J10-
CTaBKU TPY30B MEPBOIl HEOOXOAMMOCTH CEBEPHOIO 3aB03a MO3BOJUIIO OMPENENIUTh, YTO CEBEPHBIM
palioHaM TPUCYIIU CJIEAYIONINEe OCOOCHHOCTHU: OOIIMpHAsT TEPPUTOPHS, YAAICHHAS OT SKOHOMUYECKU
Pa3BUTHIX PAiOHOB CTpaHbl; C1ad0e pa3BUTHE WM MOJIHOE OTCYTCTBHUE >KENE3HOAOPOKHOTO, aBUAIU-
OHHOTO W TPYOOITPOBOIHOTO TPAHCIOPTA; cab0 MPOTHO3UPYEMOE IO BPEMEHH COCTOSHUE YYacTKOB
TPAHCIIOPTHOM CETH, 3aBUCHUMOE OT MPUPOIHO-KIMMATHUECKHUX YCIOBHH; 00sf3aTelIbHBIA IMpelBapu-
TETBHBIN 3aB0O3 TPY30B HAa HAKOIMUTEIBHBIE CKJIAJbI JKEJIE3HOOPOKHBIM TPAHCIIOPTOM; JIOCTaBKa IPy-
30B KOHEYHOMY MOTPEOUTENI0 aBTOMOOMIBHBIM TPAHCIOPTOM; KCIIOJIb30BAHUE TMEPEBATOYHBIX 0a3,
/i€ 33JIeiCTBOBAHBI HECKOJIBKO BUJIOB TPAHCIIOPTA; UCIIOJIH30BAHNE MOCTOSIHHBIX U BPEMEHHBIX MTyTeH
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JIOCTABKH TPY30B; JOCTABKA TPY30B MEPBOK HEOOXOAUMOCTH PEYHBIM TPAHCTIOPTOM B YCIIOBHSIX JKECT-
KMX OTPaHUYCHHI MO CpOKaM HABUTALMM M HEOMPEACICHHOCTH Hayajaa WU OKOHYAHMS JIEJOBBIX SIBIIC-
HUM Ha CYJIOXOJIHBIX ydyacTKax pek [1].

COBOKYIMHOCTb peIIaeMbIX B pad0Te 3a/1a4 SBJISACTCS KPYIMHBIM HayYHBIM JTOCTH)KCHHEM, UME-
IOIIUM Ba)XHOE COIIMAJILHOE U XO3IUCTBEHHOE 3Ha4YeHUA 1711 Poccuiickoi d)enepaupml.

Ipy3bl ceBepHOro 3aBo3a

N~ |

MsicHble u OpyKTbi XpaHumble Xupkoe Teepnoe lNpouue rpyabl
MOJIOYHbIE OBOUJM’ NPOAYKTbI TONNMBO TONNNBO nepBsow
MPOAYKTbI nMTaHus nrrcm (yronb) HeobxoaumMocTm
ABI/Ilalil.l/loHHble ﬂepleEl‘03KVI MynbTuMoaarnbHble NepeBo3kn
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CxeMbl AOCTaBKU rpy30oB CeBepHOro 3aBo3a

Puc. 1. OcHOBHBIE CXEMBI JOCTABKH I'Py30B CEBEPHOTO 3aB03a KOHEYHOMY ITOTPEOUTEIIO
Fig. 1. The main schemes of Northern goods delivery to the final consumer

IIYTHA HOBBIITEHUS S®PPEKTUBHOCTH U HAIEKHOCTH
TPAHCIHHOPTHO-TEXHOJIOTHYECKOU MYJbTUMOJAJBHOU CUCTEMBbI
CEBEPA POCCHUH

[oBbitienne 3(p(GEKTUBHOCTH M HAACKHOCTH (YHKIIMOHHUPOBAHUS TPAHCIIOPTHO-TEXHOJIOTH-
YeCKOW MyJIBbTHMOJAILHON CHCTEMbI CEBEPHOTO 3aB0O3a HA OCHOBE OLIEHKH M YIIPABJICHUS 3HAYNMbBIMU
pHcKaMH HE0OXOAMMO HAYMHATH C MCCIEIOBAHUS U OINPENEICHUS] OCHOBHBIX OCOOCHHOCTEH OpraHu-
3aI[id TPAHCHOPTHOTO OOCITY)KMBaHMSA; pabOTHl M B3aUMOACHCTBHS BCEX BUJIOB TPAHCIIOPTA, 3a]ei-
CTBOBaHHBIX B JOCTaBKE TPy30B MepBOil HeoOXxoaumMocTu Jitst ceepa Poccum [2].

" TOCT P 54620-2011. I'noGanpHas HaBUralMOHHAs CIYTHHKOBas cuctema. CHCTeMa SKCTPEHHOTO PearHpOBaHHs IIPU
aBapusiX. ABTOMOOMJIbHASI CHCTEMa BbI30Ba 3KCTPEHHBIX OINEpPATUBHBIX CiIyk0. OOmue TexHuueckue TpedoBaHus. M.,
2011.
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Puc. 2. Cxema MyTbTUMOJATEHON TPAHCIIOPTHOH CETH CEBEPHOTO 3aB0O3a
(IT - ITepmp; O — Omck; A — Arrapek; U — UepemxoBo; [] — [xebapuku-Xast; JI — Jlenck; ¥ — Yere-Kyt; T — Takcumo;
b — bognaiibo,  — jkee3HOMOPOKHBIN TPAHCIIOPT;  — BOIHBINA TPAHCIIOPT; ....... — aBTOMOOMIIbHBIN TPAHCIIOPT)
Fig. 2. Northern delivery multimodal transport network scheme
(where: IT —Perm; O — Omsk; A — Angarsk; U — Cheremkhvo; I — Djebariki-Haia; JI — Lensk; ¥V — Usti-Kut;
T —Taksimo; b — Bodaibo, __ —railway transport; _ — water transport; ....... — automobile transport)

IIpoBeneHHoe HccnenOBaHUE CYLIECTBYIOLIEH MYJIbTUMOAAIBHON TPAHCIIOPTHOM CHUCTEMBI
(puc. 2) nmpu mepeBo3Ke TPy30B CEBEPHOTO 3aB03a B CEBEPHBIC pailoHbI pKyTCKOM 00JaCTH MTO3BOJIN-
JIO ONpPENeNUTh MPEJCTaBICHHbIE B Ta0J. 1 OCHOBHBIE MEpHI, MPUHATUE KOTOPHIX MO3BOJIHUT YMEHb-
IIUTh BIMSIHAE BBISIBICHHBIX (PAKTOPOB HAa BO3HMKHOBEHUE HEOIArONpPUATHBIX COOBITHH JUIsl TIIAHUPO-
BaHUs ONTUMAJIbHOTO MaplIpyTa B MyJIbTUMO/1aJIbHO-TPAHCIIOPTHOM cucteme [3].

BbIsiBIIeHHBIE PUCKU 3HAYUMBI JUUIsl CUCTEMBI CEBEPHOro 3aBo3a. Ha ocHOBaHMU NMPOBEJEHHOTO
aHaJIM3a U NPEeJIOKEHHBIX MEPOIPUATHI CliejaH BBIBOJ, UTO TAKHE MEPONPUSATHUSA ITOMOIYT CHU3HUTH
BO3MOYKHBIE PUCKH KaK 33 CUET CHUYKEHHsI BEPOSITHOCTH BO3ZHUKHOBEHHS BBISIBJICHHBIX HEOJIaromnpusT-
HBIX COOBITHH, TAaK U 3@ CYET CHIKEHUS MOCIEACTBUH B CIydae UX BOZHUKHOBEHHUSI.

[lepeBo3ku rpy30B CEBEPHOrO 3aBO3a aBTOMOOMIBHBIM TPAHCIIOPTOM OCYLIECTBIISIFOTCS Kak I10
MOCTOSIHHBIM, TaK M MO BPEMEHHBIM aBTOMOOWJIBHBIM J0poraMm (aBTo3MMHHKaM). IIporHosupoBanue
CPOKOB Hayaja U OKOHYaHHS MEPEBO30K IPy30B MO0 aBTO3MMHUKAM SIBJISIETCS OTAEJIbHOM Hay4HOH 3a-
nauei [4].

Ha cpoku Hauwama u OKOHYaHUS paOOTHl AaBTO3MMHHUKOB OKAa3bIBAIOT BIHMSHUE IPHPOHO-
KJIMMaTU4YECKHUE SBJICHUS, B pe3yJbTaTe ACUCTBUS KOTOPBIX MPOJODKUTEIBHOCTD UCIIOIb30BAaHUS aB-
TO3UMHHUKOB MOXKET KoyiebaThes B mpezenax 120-210 cytok [5].

st pemiennss 0003Ha4eHHOM MPOOIEeMbI pa3paboTaH MPHUKIATHONW MTPOTPaMMHBIN MPOAYKT Ha
s3pike C++ A1 MpOrHO3a CPOKOB Havaja U OKOHYAHUS JICAOBBIX SBJICHHH HAa OCHOBAaHMH 00pabOTKH
CTaTUYECKHX JIaHHBIX. B OCHOBY pacuera CpOKOB Hayajla U OKOHYAaHUS paObOThl aBTO3UMHHKOB IOJIO-
JKEHa MOJIENIb yueTa Ce30HHBIX KOJIeOaHUH TeMrepaTypsl Bo3ayxa (puc. 4), IOCTpOCHHAs Ha OCHOBa-
HUM TPUTOHOMETPUYECKOM Mozenu. [[jisi mporHo3upoBaHusl CPOKOB Hauyajla U OKOHYAHMS IEPEBO30OK
Ipy30B 10 aBTO3UMHHUKAM pa3paboTaHa METOJHMKA pacyeTa JOBEPUTEIbHBIX TPAHUIL] STHX CPOKOB. AJl-
TOPUTM pacyeTa BPEMEHH 3aJeHCTBOBAHMS aBTOMOOMJIBHOIO TPAaHCIOpPTA IO pe3yJbTaTaM MPOrHO3a
HayaJja JIEJOBBIX SIBJICHUI Ha CEBEPHBIX pekax Poccum nokasan Ha puc. 3.

57



Hayunsbiii Bectrnuk MI'TY T'A
Civil Aviation High Technologies

Tom 22, Ne 06, 2019
Vol. 22, No. 06, 2019

Taoauna 1
Table 1

Mepsl 10 CHUKEHUIO PUCKOB IIPY OPraHU3aluu U YIIPABICHUU [IEPEBO3KaMU I'Py30B

MepBOi HEOOXOIMMOCTH

Measures to reduce risks in the organization and management of the transport of essential goods

OcHoBHBIE
BbIfIBJICHHbIE
daxTopbl

Mepbl 10 CHMKEHHIO PUCKOB OT BJIMSAHUSA (paKkTOpPOB

[ rpynma. Bremraue hakTops

1.1. CaoxHble TpUpoI-
HO-KITUMAaTHYECKUE
YCIIOBUS

1. Pa3paboTka 1 HCIIOIB30BaHUE METOAOB IPOTHO3a BOSHUKHOBEHHUS CJIO0KHBIX MIPUPOIHO-
KJIIMMaTU4YECKUX YCIIOBUM.

2. Micnionp30BaHue pecypcoB peruoHanbHbIX oTAeneHnit MUC npu BOSHUKHOBEHHH Ype3-
BBIUAIHBIX COOBITHI B IPOIIECCE MEPEBO3KH.

3. Mcnonb30BaHUe rocyJapCTBEHHBIX pe3epBoB B ciryuae UC no npuunHe KIMMaTHYECKUX
YCIIOBHH.

4. Vcnonp30BaHUE PE3EPBHBIX MOIIHOCTEN CKIIQACKUX MIOMIAAeH 111 BpeMEHHOI 0 XpaHe-
HUSI TPY30B ITPH HEBO3MOXKHOCTH 3aBEPIICHHUS IIEPEBO3KH

1.2. HepasBurocth
TPaHCTIOPTHOM

HHPPACTPYKTYPHI

1. PazBuTHe TpaHCIOPTHOM HHPPACTPYKTYPHIL.

2. BoccTaHOBIIEHHE Pa3pyIICHHBIX JIEMEHTOB TPAHCIIOPTHON HH(PPACTPYKTYPHI C IPUBIIC-
geHneM pecypcoB MUC.

3. Mcnionp30BaHne anbTEPHATUBHBIX BUOB TPAHCIIOPTA, B TOM YHCIIE JIENOKOJIOB, TPY30-
BBIX CyJIOB JIEZIOBOTO KJIaCcCa U aBTOMOOMIIbHBIX TPAHCIIOPTHBIX CPEZCTB MOBBIILICHHON

U BBICOKOHU IIPOXOAMMOCTH

1.3. CounanpHble

1. Onogemenue o UC.
2. CBoeBpeMeHHOC OKa3aHUC pa3jIMYHbIX BUAOB ITOMOIIHN HACCJICHHUIO TP BO3SHUKHOBCHUHN
YC o mpuyHHE CphIBa CEBEPHOTO 3aB03a

Il rpynma. BuytpenHue gpakropbl

2.1. Bpewms mepeBo3ku

1. Mcnonb30BaHue MOJBUKHOIO COCTaBA C TEXHUYECKUMU XapaKTePUCTUKAMH, COOTBET-
CTBYIOLUMH yCIIOBHUSAM IEPEBO3KU.

2. OnepaTuBHOE MIAHUPOBAHKE MPOLEcCa IEPEBO3KH, BKIIIOUasl IPOBEIEHHUE COMYyTCTBYIO-
LIUX MEPOIPUSITHIA.

3. Ucnonb3oBanne pecypcoB MUC nipu BOSHUKHOBEHHHU 3KCTPEMATBHBIX CUTYAIIHH.

4. ®opmupoBaHue pe3epBa (PUHAHCOBBIX CPEACTB VI UCIIOIb30BAHNS allbTePHATHBHBIX
BUJIOB TPAHCIIOPTA B CIIy4ae CPbIBA 3aINIAHUPOBAHHOTO IIPOLIECCA IEPEBO3KU

2.2. Texuuueckoe co-
CTOSIHHE TPAHCIIOPTHBIX
CPEJICTB B IpoIiecce Te-
PEBO3KH

1. KOHTpOJIb TEXHUYECKOTO COCTOSIHUSI TPAHCTIOPTHBIX CPEICTB.

2. CobuoieH1e perjaMeHTa TEXHUUECKOTr0 00CyKMBaHHsI TPAHCIIOPTHBIX CPEJICTB, pa3pa-
0O0TaHHOTO € Y4eTOM crieln(HUKH PErHOHa.

3. Hcnosnp30BaHue JOMOIHUTEIBHOTO 000PYy10BaHHs, TO3BOJISIONIETO ONIEPATHBHO yCTpa-
HATH HETIOJIAAKU TPAHCIIOPTHBIX CPEIACTB.

4. [IpoBeicHNE HHCTPYKTaXKa BOJUTENICH IO 0COOCHHOCTSIM MapIIpyTa IEPEBO3KH IPY30B

2.3. HepocraTouHas
KBaJTU(UKAIHS CIICIIHA-
JIUCTOB OpraHHU3aInH,
o0ecIeYnBaroInX ce-
BEPHBII 3aB0O3

1. KBanudukannoHHBIA 0TOOD MEepCOHANA.

2. O0y4enue nepcoHasia.

3. [oBbIIeHUE KBATU(UKAIIHH.

4. ExxeTHeBHBIN HHCTPYKTAX + MOHHUTOPUHT HHTEPAKTUBHBIA OOCTaHOBKH.

5. IloarotoBka AOJKHOCTHBIX HHCTPYKIUH U IEPCOHANA, YIaCTBYIOIIETO B OpTaHU3aIlUI
W OCYIIECTBICHUH CEBEPHOTO 3aB03a

Takxe pa3zpaboTaHa nporpamMma M IpOBEACH pacyeT BEPXHUX U HIKHUX T'PAHUI] CPOKOB OKOH-
YaHus W Hadaia HaBurauuu. Ha puc. 4 mokazana ¢opma npencTaBleHHs] HCXOJHBIX JTAaHHBIX B IPO-
rpamMMe Ha npumepe pexku Butuwm [6].
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Fig. 3. The motor transport involvement calculation time algorithm according to the beginning of the ice phenomena on

the Northern rivers of Russia forecast results
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Fig. 4. The form of initial ice phenomena presentation on the Vitim River
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Puc. 5. Ce3oHHbIC KOJICOaHHS TEMITEPATyPhI BO3IyXa HA OCHOBAaHHY TPUTOHOMETPUICCKON MOJICIH
Fig. 5. Seasonal air temperature fluctuations data based on the trigonometric model

Ha puc. 6 mpencraBieH anroputM padOThl MPOTrpaMMbl IPOTHO3UPOBAHMS CPOKOB Hayajga U
OKOHYaHUS pabOThl aBTO3MMHHUKOB, IOCTPOCHHOM Ha OCHOBE Y4eTa CEe30HHBIX KoJieOaHUIl Temmepary-
pBI BO3/IyXa MO CTaTUCTUYECKUM JaHHBIM, cOOpaHHBIM Oosiee ueM 3a 100 jet. DTu JaHHbIE MOTYy4EHBI
aBTopoM B ®I'BY «Bcepoccuiickuit HUU rugpomereoponornueckoii nHpopmanuu — MUpoBoi IEHTP
MaHHEBIX», T. OOHHUHCK U 3aTEM 06pa60TaH512.

Pa3pabotanHble mporpaMMbl Hayanda U OKOHYAHUS JIEJOBBIX SBJIEHUN Ha CEBEPHBIX peKax M
IPOTHO3a Hayajla U OKOHYaHUsI pa0OThl aBTO3MMHUKOB MOT'YT UCIIOJIb30BAaThCS Ha BCEX MPEANIPUATHUSAX,
paboTaronux B aHAJIOTMYHBIX yclioBusix ceBepa PD. Ha paspaboranHble mporpaMmbl MOJIY4YEHBI aB-
TOPCKHUE CBUJIeTEIbCTBRA [12].

Pa3paboranHoe mporpammHoe oOecrieueHHe aBTOMAaTU3MPOBAHHOW HAaBUTAllMOHHON CHCTEMBI
JTUCTIETUYEPCKOTO KOHTPOJIS U yueTa paboThl Tpy30BOro aBTOMOOMIBHOTO TpaHcnopta s Cesepa Poc-
CHH CITy’)KUT HE TOJIBKO COBEPIICHCTBOBAHHIO M MOBBIIEHUIO d(P(HEKTUBHOCTH U HAJICKHOCTH TIEPEBO-
30K IPY30B, HO SIBJISICTCSI OJTHUM U3 BaXKHBIX (PAKTOPOB, 0OECIIEUNBAIONINX BRDKMBAHUE JIOACH B Cypo-
BBIX YCTOBUSX [8].

Ha puc. 7 npuBenena cxema oOmeHa mH(MOpMaIMeld y4aCTHHUKOB TPAHCIOPTHBIX MPOIECCOB
NIEPEBO30K I'PY30B CEBEPHOIO 3aBO3A.

? KommiekcHoe pemrenne. JloctaBka Just-in-time mox koHTponem [DnmekTpoHHsii pecypc] // OMNICOMM.
URL: https://www.omnicomm.ru/case/db-schenker/ (zata oopamenus 17.07.2019).
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Puc. 6. Anroputm paGoThl IPOrpaMMBI IPOrHO3UPOBAHKS CPOKOB Havaia M OKOHYAHHsI pabOThl aBTO3UMHHKOB
Fig. 6. The program work forecasting the starting and final dates of auto-winter works algorithm
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Puc. 7. Cxema nH(pOpPMAIIOHHOTO OOMEHA HABUT'ALIMOHHOM CHCTEMBbI y4eTa U KOHTPOJISl pa00Thl aBTOMOOHIIBHBIX
TPaHCIIOPTHBIX CPEACTB
Fig. 7. The scheme of informational exchange for navigation system of motor vehicles record and control

Pa3zpabGoTanHblil anropuT™ mpeacTaBiseT co0oi GOopMaTbHYI0 OCHOBY JUIS CO3/IaHUS CIICIHa-
JU3UPOBAHHOTO MPOTPAMMHOIO OOecTeueHUs] aBTOMATH3UPOBAHHBIX UCHETYEPCKUX CUCTEM KOH-
TpoJs nepeBo3ok rpy3oB AT [9, 10].

KonnuecTBO y4acTHUKOB MYJIBTUMOJAIbHONW TPAHCIOPTHOM CHUCTEMBI CEBEPHOIO 3aB0O3a MO-
JKET JIOCTUTaTh HECKOJILKHUX TBICSY, BKITIOYAsI BOJUTEIICH TPAHCIIOPTHBIX CPEIICTB, TPY300TIPABHTENICH,
rpy30noiayJaTeneil, MOPTOBBIE CIIYKObI, )KeNe3HOAOPOKHBIE CTAHIIMU U T. A. Pa3paboTka mpeioxeH-
HOW HABUTAIIMOHHOW CHCTEMBI ydeTa M KOHTPOJS pabdOThl aBTOMOOWIBHBIX TPAHCIIOPTHBIX CPENICTB
IpeJnoiaraeT, YTo BCe YYaCTHUKHM OyyT UMETh BO3MOXHOCTH B JIFOOOM MOMEHT MOJKIIIOYATHCS K CH-
cTeMe 3a cueT aDOHEHTCKUX TepMUHAIOB. HaBUTAIIMOHHO-CBSI3HOM OJI0K (T100aIbHOE HABUTAIIMOHHOE
YCTPOWCTBO M CITyTHUKOBBIA TeseoH) OyIeT pa3Memarbcsi B KaOWHE TPAHCIIOPTHOTO CPEICTBA U C
3aJJaHHOW MEePUOJUYHOCTBIO Mepe/laBaTh HABUTAIIMOHHBIC JaHHBIC, a MPU HEOOXOAMMOCTH U TOJIOCO-
BYIO CBs3b). OrnepaTuBHass HHPOPMAIUS HEMPEPHIBHO OYJET IMOCTYIATh HA CEPBEP CUCTEMBI OT KOH-
TPOJUPYEMBIX TPAHCIIOPTHBIX CPEACTB.

Pa3zpaboranHas yHUBepcallbHAS apXUTEKTYpa B COUYCTAHUU C MPOCTHIMU ATOPHUTMAaMU PabOTHI
U BBICOKAs MPOITyCKHAsi CIIOCOOHOCTh TEIEMAaTHUECKOTrO CcepBepa MO3BOJSET MOJKI0YATh K CHCTEME
JI0 HECKOJIBKHX THICSY a0OHEHTCKUX TEPMUHAJIOB, JIJISl HAJIC)KHOCTH JTAaHHBIE AyOJIUPYIOTCS Ha pe3epB-
HbI cepep [11].

3AK/IFOYEHUE

B pesynbraTte nccienoBaHus Ha OCHOBE (PaKTOPHOT'O aHAJIM3a C UCHOJIb30BAHUEM CHUCTEMHOTO
MIOJIX0JIa U METO/A CTaTUCTHUECKOI0 MOJEIMPOBAHUS OINPEAEIEHBI MEPHI 110 CHUKEHHUIO PUCKOB IIPH
OpraHu3alUM IEPEBO30K U YIPABICHUH NI€PEBO3KAMU I'PY30B NEPBOIl HEOOXOAMMOCTH B TPAHCIIOPTHO-
TEXHOJIOTUYECKOM TIpoliecce MyJIbTUMOIAIBHBIX IEPEBO30K I'PYy30B Ul ceBepa Poccuu ¢ yuetom Tpe-
6oBanuii 'OCT P 51901.1-2002. 3T0 1no3BOIMIIO MOBBICUTH HAJIEKHOCTh MPOIIECCOB JJOCTAaBKHU I'PY30B
ceBepHoro 3aso3a Ha 10-15 %.

Pa3paboranHas MeTonuka pacdyeTa BEpXHEHW JTOBEPUTEIbHOW IpaHMIIbl BPEMEHH OKOHYAaHUS U
HayaJa JeI0BbIX SBJICHUH MPH MJIaHUPOBAHUM MEPEBO30K I'PY30B CEBEPHOI0 3aB03a MO3BOJIUIIA COKPaA-
TUTH Bpems nepeBo3ku Ha 10—-15 %, mo onenkam crneuuanuctoB npennpusituii OO0 «CynoxoaHas
koMmnanus "Butum-Jlec"» ropona Kupencka.
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Hcnonp3oBanue pe3yabTaToB MPOrpaMMbl IPOTHO3UPOBAHUS CPOKOB Hayaja U OKOHYAHHS pa-
OOTBI aBTO3MMHMKOB I103BOJII€T CIUIAHUPOBATh CPOKH CBOEBPEMEHHOIO MEPEKIIOUEHUS MPOLECCOB
NIEPEBO30K C IMOCTOSHHBIX JOPOT HAa aBTO3UMHUKH U 00paTHO. Pa3paboTanHblii anroput™ paboThl mpo-
rpammbl ObuT BHeApeH Ha aBrompeanpusatusx B 3A0 «3K "JIEH30JIOTO"» ropoma bomaii6o,
00O «Ycunckoe ATII» ropona Ycuncka u ap. Ilo oneHkam cnenuanucToB NPEANPUATHI, HA KOTO-
PBIX MCIIOJIB30BAJIUCH IIpEIaraéMble POrpaMMHBbIE MTPOAYKTBI, 3TO MO3BOJIMIO YBEJINYUTh 00BEM Iie-
pPEBO30K Ipy30B 1o aBTo3UMHMKAM Ha 10-20 %. [IpaBunbHOE onpeneneHne CpoKOB JOIYCTUMOM IKC-
IUTyaTalluy aBTO3UMHHUKOB IT03BOJIUT CHU3UTh TPAHCIIOPTHBIE PUCKHU, TIOBBICUThH HAa/IEKHOCTh ITIOCTABOK
JKU3HEHHO Ba)KHBIX MIPOJOBOJIBCTBEHHBIX TOBapoB [13], a Taxxke obecreunt 3(h(PeKTHBHOE UCTIONB30-
BaHHE BCEH MOMMU(YHKITMOHAILHON TPAHCTIOPTHOM CUCTEMBI CEBEPHBIX peruoHoB Poccun [14].
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METHODOLOGY OF THE NORTH OF RUSSIA TRANSPORT
AND TECHNOLOGICAL MULTIMODAL SYSTEM EFFICIENCY
AND RELIABILITY IMPROVEMENT

Nadezhda A. Filippova', Vladimir M. Vlasov'
"Moscow Automobile and Road State Technical University, Moscow, Russia

ABSTRACT

Research in the field of the developed theoretical and methodological provisions and scientific methods application which have a
universal character in the cargo delivery by all means of transport and improving the reliability of transportation by reducing risks
in the North of Russia is being carried out. This research corresponds to the "Arctic" program which was adopted by the
government of Russia. The application of the modern means of mobile communication, satellite navigation, Geo-informatics,
information technology is an important condition for the improvement of economic activities production management of transport
companies involved in the delivery of goods to the Northern regions of Russia. Currently, process management of the cargo
transportation to the Northern regions of the Russian Federation is at a low technological level, modern technical means and
mathematical methods for optimizing the process are not used, the influence of climatic conditions on the process of Northern
delivery goods transportation is poorly studied. On the basis of factor analysis with the use of systematic approach and the method
of statistical modeling, measures for reducing risks in the essential goods transportation organization and management which
appear in multimodal goods transportation and technological process to the North of Russia according to the requirements of
GOST R 51901.1-2002 are determined. This made it possible to increase the reliability of the Northern delivery processes by
1015 percent. According to the experts of the LLC "Shipping company "Vitim-Les" of Kirensk the developed method of
calculating the upper beginning and ending ice phenomena confidence time limit while planning the transportation of goods of
Northern delivery allowed to reduce the transportation time by 10-15%.

Key words: multimodal transport systems, the North of Russia, navigation, Geo-informatics, transport and technological system.
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MULTI-ROTOR HELICOPTER TYPE PLATFORM
CAPACITIES RESEARCH

V.. BUZULUK!, K.G. KOSUSHKIN!, V.I. MAVRITSKIY'
! Central Aerohydrodynamic Institute, Zhukovsky, Russia

The development of multi-rotor helicopter concepts, driven by the active introduction of brushless electric motors, leads to the
necessity of assessing the multi-rotor scheme main advantages implementing possibility and determining the rational areas of its
application. The article analyzes the concept of a multi-rotor platform with a distributed power plant. Parametric study of
characteristics depending on the number of rotors for a line of multi-propeller aircraft with take-off weight from 0.5 to 120 tons was
carried out. Evaluation of weight and dimensional characteristics of blades, main rotor heads, gear boxes, as well as power wires of
electric motors and structure beams connecting the elements of the distributed power plant is obtained. Evaluation of drag and
thrust losses on blowing, as well as power requirements for typical flight modes was carried out. Estimation of the required number
of rotors for the implementation of the gearless condition and flight safety with one engine failed are obtained. Rational areas of
multi-rotor scheme application are defined.

Key words: multi-rotor helicopter, bearing system, distributed power plant, electric engines, drag power.
INTRODUCTION

In order to increase the weight of the cargo, economically lifted by vertical take-off and landing
helicopters, it is necessary to increase the rotor disk area. Because of the difficulties connected with the
construction of propellers with a very big diameter, the increase of rotor disk area can be reached by
constructing multi-rotor bearing systems.

Initially, this possibility was pointed out by N.E. Zhukovsky in his work "About the payload
lifted by helicopters" in 1904 [1].

The development of multi-rotor helicopter concept is currently conditioned by the active appli-
cation of brushless electric engines, with a high specific capacity (up to 5 kW / kg), and lithium-ion
batteries. Currently unmanned aircraft with electric or hybrid power plant as well as brushless electric
engines with specific capacity up to 0.5 MW are in mass production, which allows us to create aircraft
for general aviation and also aircraft for individual use [2]. The advantages of brushless electric en-
gines are realized through reducing the amount of noise and harmful emissions as well as through in-
creasing the reliability and simplification of the design by means of eliminating gearboxes, transmis-
sions, as well as swash plates, due to the separate rotation control of brushless electric engine frequen-
cy and main rotor speed.

The use of a distributed power plant architecture which consists of several (usually six or more)
electric motors and controllers connected by means of a common tire with backup batteries allows to
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avoid the problems of sudden engine failure due to the power reserved in the power plant. Engine fail-
ure may lead to speed reduction or vice versa, to a climb, but still the absolute control of the aircraft in
the operating range is maintained. Improvements in this area are expected to lead to the further reduc-
tion in plane crashes.

But the increase in the number of rotors leads to the increase in the dimensions of the units
which mount the rotors. The length of the wiring which links the source of electrical energy (battery or
electric generators) with the electric engine also changes in case the energy source is located in the fu-
selage. It is necessary to find a compromise which will be shaped by the particular aircraft perfor-
mance capabilities layout.

Thus, there is a need to assess the main advantages of implementation possibility and the ra-
tional areas of application for a multi-rotor circuit with an electric or hybrid distributed power plant.

METHODS AND METHODOLOGY OF RESEARCH

The research methodology is based on a complex approach to helicopter design, having taken
into account the main features of the multi-rotor carrier system. One of the main advantages of the
multi-rotor scheme is the increase in load capacity, by means of reducing the total weight of the air-
screws and their assemblies, since several airscrews have less weight than one airscrew of the same
total area. So, while maintaining the total area of the screws

Sy =n-Sy

and increasing their number n the radius of the screws » will be determined through the radius of the
original screw unit R, as

R

Vr=——

N

The load on the rotor disk area is related to the take-off weight by the following dependence [3]:
p=2,05-my>",

where p is the load on the rotor disk area , kg / m?, and my is the take-off weight, kg. Thus, having a
number of p values, it is possible to determine the corresponding value of m, and the area of the pro-
pellers Sp.

Taking the number of propellers into account we can calculate the mass of blades, barrels and
gearboxes using the engineering methods outlined in [3, 4]. In order to estimate the mass of the struc-
ture we analyzed a beam structural-and-power scheme, in which the beams connecting the modules
with the main rotor and brushless electric engine work only on bending (figure 1). We examined tubu-
lar section beams which are made of fiberglass prepreg adhesive grade KMKS-2M.120. T64 [5] with
the wall thickness of 2,5 mm.

One of the characteristic features of helicopter loading is a maneuvering flight which means the
helicopter recovery from the planning [6]. In this case, it is considered that the maximum operational

overload is n,,, =3; safety coefficient is f'=1,5; the number of revolutions of a single main rotor is

n=1,2(n)nom; speed is V = 1,15 V,; thrust of the main rotor is 7 = nfnaXG; longitudinal force is
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Fig. 1. The multi-rotor bearing system

H? =0,15T° and lateral force is S° = 0,0757°. Accordingly, the estimated thrust of each screw was

defined as TP = f -, - G/n.

The main power factor which the frame perceives is the bending moment of Mpepging. Thus,
there is tension in the beam:

. M bending

oc=
w

The geometric moment of bending resistance is [7]:

where D and d are- outer and inner diameter of the tubular section. So, having known the wall thick-
ness:

o=D—-d,

and having the material of the structure, you can calculate the diameter and weight of the beam.

The mass of the beam structure which connects the elements of the distributed power plant
(brushless electric engine with main rotor) will be defined by the rigidity requirements in order to
eliminate self-oscillations of the rotor on an elastic foundation of the "earth resonance" type. There-
fore, when calculating the beam structure, the mass obtained for the case of static loading was multi-
plied by the weighting coefficient K, = 2.
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In order to determine the mass of the motor power wires, based on the structural-and-
constructional scheme, we can determine their total length with the different number of main rotors, as
well as the thrust and power available for each rotor. It was supposed that the source of electrical ener-
gy is located in the fuselage of the aircraft. Besides, it is necessary to determine the required wiring
section, which depends on the current amperage and is determined according to electrical standards
from the wiring thermal mode operating conditions [8].

For alternating current (AC) lighter wires are required; as the voltage increases, the specific
gravity of the wires decreases.

The designed maximum current can be defined as:

N

Imax =
U xn

>

where N is — the maximum available capacity, # is — the efficiency of the electric engine performance,
Ujax 1s — the maximum operating voltage. Correspondingly, according to the known characteristics of
the electric cables, the cable with the necessary sectional area is selected; the weight of the linear meter
cable with polyvinyl chloride and rubber insulation is determined according to the reference table'.

One of the possible advantages of the multi-rotor scheme is the improvement of flight safety in
case of engine failure. In order to assess the feasibility of this advantage, it is necessary to estimate the
drag power required for different flight modes, depending on the number of rotors.

The typical flight modes of helicopters are [4]: flying at maximum speed at an altitude of
H = 500 m; hovering on a static ceiling; continued take-off when one engine failed and the other one is
operating at extreme power; flying on a dynamic ceiling. Each mode has its own parameters of alti-
tude, airspeed, drag power for the main rotor drive and power loss. Thus, the capacity of the helicopter
power plant is determined by the maximum value of the flight modes drag power.

Taking into account the interference of rotors in a multi-rotor carrying system the algorithms
for calculating drag power, are thoroughly described in works [9, 10].

RESULTS OF THE RESEARCH

Performance predictions of flight characteristics dependency on the number of rotors (from 1
to 120) were made for the family of multi-rotor aircraft with take-off mass from 0.5 t to 120 t and the
load on rotor disk area from 15 to 80 kg/m”. Assessments of weight characteristics for blades and air-
screw bosses, gear boxes and electric engines actuators as well as construction beams connecting ele-
ments of distributed power plant are given in Figure 2.

When the number of rotors increases, the mass of the construction components connecting the
modules of the distributed power plant (main rotor + brushless electric engine) also grows.

The total weight of the beam construction including the weight of rotors, gearboxes and wiring
begins to decrease when the number of rotors only for heavy and super heavy aircraft increases at p
over 60 kg/m” (Go over 60 t). At the same time, it should be pointed out that currently the construction
of a large diameter propeller and a gearbox for it is a difficult task and presently the largest propeller
and gearbox are created for the Mi-26 helicopter with Gy = 56 ¢ [11].

Thus, for a number of aircraft under consideration with a Gy of more than 60 t, the construction
of a single-rotor arrangement at a given level of technical perfection is problematic, and therefore it is
advisable to use several lifting airscrews.

It should also be noted that for small values of p = 15...30 kg/m’ with the increased number of
screws the wiring makes a significant contribution to the total weight.

' The hand book of power-engineering constructor. Kiev, 1973. 248 p.
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Fig. 2. Main units mass dependency on the number of rotors and take-off mass

One of the advantages of the brushless electric engine operation is the possibility to increase
the reliability and the power plant service life by means of simplifying the design of construction and
eliminating a number of complex mechanical devices (gearbox, transmission, etc.). In order to exclude
the gear box from the scheme of the power plant, we need such type of conformity of the main rotor
diameter to the brushless electric engine revolutions that the speed at the ends of the blades did not ex-
ceed the critical number of M.

As it is shown by the analysis of modern electric engines characteristics [12, 13], the starting
number of their rotational speed is mainly 2000 revolutions per minute (rpm). Hence, it can be figured
out that the required radius of the main rotor should not exceed 1.2—1.5 m.

Table 1 shows the requirements for the quantity of screws which are necessary for the gearless
helicopters with different take-off weight, as well as the possible gain in weight after the refusal of
gearboxes.

Table 1
Gear renunciation capability assessment

Rotor disk area loading Take-off weight The number of screws needed Gear box mass
kg/m’ kg for gear renunciation
15 566 8...10 10
20 1414 12...15 20
30 5144 30...40 100
40 12860 60 250...270
60 46799 More than 120 1000
80 116936 - Up to 5500
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We can see that in order to renunciate of gearboxes with the increased take-off weight we either
need to increase the number of main rotors in case we use ordinary electric engines with speed from
2000 rpm or start using low-speed superconductive electric engines.

Drag power for typical flight modes with different number of propellers are shown in Figure 3.

The Figures show that along with the increase in the number of screws we can see a moderate
increase in the drag power necessary for the flight at maximum speed and on the dynamic ceiling,
which is due to the increase of drag and to the increase in the number of beams connecting the distrib-
uted power plant modules. It should also be noted that with the increase in the number of screws, the
drag power needed for hovering on a static ceiling also increases. It happens because of the increase in
thrust losses for blowing the increased number of beams.

At the same time, the drag power for the continued take-off mode decreases and its dependence
on the number of propellers takes a flat form when the number of propellers 7n,,,, is over 14-16. As it
can be seen, when the number of propellers is more than 4, the drag power is determined by the hover-
ing mode and has the drag power continued takeoff margin, which admits the failure of more than one
engine under the condition of a fully electric distributed power plant or distributed power plant with
modules consisting of the main rotor and gas turbine engines, which is more typical for super-heavy
multi-propeller helicopter projects. Thus, the flight safety significantly increases, which is especially
important when using a multi-rotor scheme with an electric power plant for the aircraft family with a
take-off weight of up to 1.5 tons, since the helicopters of this class are usually equipped with only one
engine.

Drag power
450
400
350
+ 300 —@— Continued takeoff
@©
z
o 250 Hover ceiling. Hovering
= .
g 200 \ Flight at fastest airspeed
¢ e
a- 150
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100
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Number of rotors

Fig. 3. The drag power at rotor disk loading p = 40 kg/m’

The drag power for the one engine failed hovering mode of flight was also determined and pre-
sented in the Figures. The pictures demonstrate that with the increase in the number of rotors over
14-16, the drag power for hovering with one engine failed exceeds the drag power for hovering with
all engines running by only 3.5%, which can be very actual for helicopters designed for crane installa-
tion work.
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CONCLUSION

The analysis of the multi-rotor scheme performance main advantages which was made accord-
ing to the adopted methodology revealed the following results:

— the increase in the load capacity by reducing the total weight of the main rotors and their as-
semblies is possible when the take-off weight is more than 60 tons and the rotor disk area is more than
60 kg/m?, which is appropriate for super-heavy helicopters;

— with the increase in the number of propellers for more than 4, the drag power is determined
by the hovering mode and has the drag power continued takeoff margin, which admits the failure of
more than one engine under the condition of a fully electric distributed power plant or distributed pow-
er plant with modules consisting of the main rotor and gas turbine engines. Thus, the flight safety sig-
nificantly increases, which is especially important when using a multi-rotor scheme with an electric
power plant for the aircraft family with a take-off weight up to 1.5 tons, since the helicopters of this
class are usually equipped with only one engine.

— with the increase in the number of rotors over 14—16, the drag power for hovering with one
engine failed exceeds the drag power for hovering with all engines running by not more than 3.5%,
which can be very relevant for helicopters designed for crane installation work.

Thus, we can conclude that the efficient application areas of a multi-rotor scheme with a dis-
tributed power plant are: super-heavy great load capacity helicopters for crane installation work and
light helicopters with the load capacity up to 1.5 tons.
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HNCCJEJOBAHUE BO3MOKHOCTE MHOI'OBUHTOBOM
IJIAT®OPMbI BEPTOJIETHOI'O TUIIA

B.N. By3y.11y1c1, K.I. Kocymmml, B.H. Maspmumﬁl
Llenmpanvhwlil as3poudpoOUHAMUYECKUE UHCTIUMYM
umenu npogheccopa H.E. JKykosckoeo, 2. Kykoseckuti, Poccus

Pa3Burre KOHLIETIIMIT MHOTOBHHTOBBIX BEPTOJIETOB, OOYCIIOBIIEHHOE aKTUBHBIM BHEPEHHEM OECKOJUIEKTOPHBIX AJIEKTPUYECKHX
JIBUTATeN e, NPUBOIUT K HEOOXOAMMOCTH OLIEHKH BO3MOXKHOCTH pEalM3alliid OCHOBHBIX JOCTOMHCTB MHOTOBHHTOBOM CXEMBI
OlIpeJIeNieHysl PalliOHAIBHBIX o0JacTel ee mpuMeHeHust. B paboTte npoBenieH aHaIN3 KOHIEIMA MHOTOBUHTOBOH IUIaT(OpMBI C
pacnpeneeHHON CHI0BOM YCTaHOBKOM. [IJ1sl MMHEMKNM MHOTIOBUHTOBBIX JIETATENIBHBIX aMIapaToB ¢ B3JETHOH maccoi ot 0,5 no
120 T npoBeAEHO MapaMETPUUECKOE UCCIICJOBAHUE XapaKTEpUCTHK B 3aBHCHMOCTU OT YHCNIA HECYIUUX BHHTOB. IloirydeHsl
OLICHKH BECOBBIX M rabapuUTHBIX XapaKTEPHUCTHK JIOMACTeH M BTYJIOK HECYIINX BHHTOB, PEILYKTOPOB, & TAKKE ITPOBOIOB MUTAHUS
ANEKTPUYECKUX IBUTATENCH U 0aJOK KOHCTPYKIINH, COSIUHSIONIEH 3JIEMEHTHI PacIipe/ieNIeHHON CHIIOBO YCTaHOBKH. [IpoBeneHb!
OLIEHKH JI0OOBOTO COINPOTHBIIEHMSI M TOTEPh TSATH Ha OOIYBKY, @ TAKKE MOTPEOHBIX MOIIHOCTEH UIS XapaKTEPHBIX PEXHUMOB
nioniera. ITomy4eHb! OIEHKH NOTPEOHOTO YMCIIa HECYIMX BUHTOB ISl PEAIN3aLMH YCIOBUSI 0€3peLyKTOPHOCTH U OE30IaCHOCTH
TOJIETA C OJJHUM OTKAa3aBIIUM JpurareneM. OnpeseneHsl panioHaIbHbIe 0071acTH IPUMEHEHHS! MHOTOBUHTOBOM CXEMBL.

KiroueBble c¢j10Ba: MHOTOBUHTOBOM BCPTOJIET, HECylIass CUCTEMA, paCIpCAC/iCHHAasd CHUJIOBasA YCTAaHOBKA, J3JICKTPUYCCKHUC
JBUTaTCIIN, HOTpe6HaH M pacnoJiaraémMas MOIHOCTb.
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OCOBEHHOCTH UCITOJIB3OBAHUA CTATUCTUHYECKOI'O METOA
CTABUINBAINUN YACTOTBI 'TEHEPATOPOB B PACIIPEJAEJIEHHBIX
NHOPOPMALIMOHHO-UBMEPUTEJIBHBIX CUCTEMAX

.. TABPUDJIbSIH', I.M. KOCTEHKO?, O.A. CA®APBSH?
]PocmOGCKub?-Ha—ﬂOHy HAYYHO-UCCIe008aAMENbCKULL UHCIMUMY M PAOUOCBA3U,
2. Pocmog-na-/{ony, Poccus
’Pocmosckuii Gunuan MI'TY I'A, 2. Pocmos-na-/Jony, Poccus
3 Toncxkoi 20Cy0apcmeenHulll mexHudeckuti ynugepcumem, 2. Pocmoe-na-/Jony, Poccus

PaGoTa BeimonHeHa npu MatepuanbHoi noaaepxkke POOU, rpant Ne 19-01-00151

B craree paccMoTpeHbl BOIPOCH CTaOMIIM3AIMK YaCTOTHI TEHEPATOPOB B PaCIIpEeeIeHHBIX MH(POPMALIOHHO-U3MEPHUTENBHBIX
CHCTEMax Ha OCHOBE MCIIOJB30BAHMS METOJA CTATUYECKOW CTaOWIM3allMK 4YacTOThL IIpUBEIEHBI NPUMEPHI TAKMX CHCTEM H
OTMEUYeHa HEOOXOUMOCTh OOECIEUEHUsST BBICOKOW CTAOMIIBHOCTH YacTOThI (DOPMHUPYEMBIX a0OHEHTAMH CHUTHAJIOB ISt
noBbIieHUs 3QHEKTUBHOCTH (DYHKIIMOHUPOBAHMS YKa3aHHBIX cucTeM. OTMEUYEHBI JIBE OCHOBHBIE OCOOEHHOCTH PUMEHEHUSI
METO/la CTATUCTUYECKOM Crabumiu3aimu 4actoThl. [lepBasi ompesensieTcsl 3a/epyKKOi MOCTYIUICHHSI CHUTHAIA B YCTPOMCTBO
OIICHMBAHMS YaCTOTHO-BPEMEHHBIX IMapaMeTpoB CHTHAA 10 OTHONIEHHIO K WHTEPBATY W3MepeHWs (aspl CurHaia. Bropas
0COOEHHOCTE CBsI3aHa C 3aJIEpPXKKOM MpHXoaa C(hOPMHUPOBAHHOTO YIPABILSIONIErO CHUTHATA KOPPEKIMH YacTOTHI TeHepaTopa.
ITokasaHo, YTO OTMEUYEHHBIE OCOOCHHOCTH TPHBOIAT K HECOBIANCHUIO TEKYIIEr0 OTKJIOHEHWS YacTOTHI TeHeparopa |
KOPPEKTHPYEMOTO 3HAYCHMS, TOMYyYCHHOTO C YUYeTOM 3ajepKKd. IIpemioKeHo onmcanne HH()OPMAIMOHHBIX CHIHAJIOB,
TMIO3BOJISIFOIIMX YTOYHHUTH MATEMATHYECKYIO MOJIEIh TIporiecca (hOPMHUPOBAHHS OIIEHKH OTKJIOHEHHSI YACTOThI HH(POPMAIIHOHHOTO
CHTHAJTA C YYETOM YKa3aHHBIX (hakTopoB. [ToKazaHo, 4TO BO3MOKHOCTh UCIIOIB30BAHHS CTATHCTHYIECKOTO METO/Ia CTAOMIIH3AINH
YaCTOTbl I'€HECPATOPOB B PACIIPEACIICHHBIX I/IH(1)OpMaI_ll/IOHHO-l/ISMepI/lTeJ'I])Hl)IX CUCTEMAX ONPEACIIICTCA HE TOJIbKO 3HAYCHUAMU
HOMUHAJIbHBIX 4aCTOT U OTHOCHUTEJIIbHBIX HeCTa6HJ'IbHOCTeI>i TCHEPATOPOB, BXOAAIINX B COCTAB l/lH(l)OpMaI_ll/IOHHO-I/ISMepIdTeﬂbHOﬁ
CHCTEMBI, HO M aBTOKOPPEIISIIMOHHOMN (DYHKIIMEH CITy4aliHOTO IIPOLIECCa, OMUCHIBAIONIEr0 H3MEHEHHE YacTOThl MH()OPMAIMOHHOTO
curHana. [Ipyu MajbIX BPEMEHHBIX 3a7IEP)KKax MEXTy OICHUBAHMEM YaCTOThI WH(OPMAIMOHHOIO CHIHANA U CTaOWIM3aluei
YACTOThI KCIOJIB30BAHUE PACCMATPHBAEMOrO METOA IO3BOJSIET YMEHBIIUTh OTHOCHTEIbHYIO HECTAOMILHOCTh YaCTOTHI
MH(POPMAIIMOHHOTO CHrHAsIa. [Ipu BpEeMEHHBIX 3a[epXKKax OOJIbIIE WHTEPBAIA KOPPEISIHU HCIOJb30BAaHUE CTATUCTUYECKOTO
METOJIa He TIPUBOJWT K W3MEHEHHIO OTHOCHTENBHONW HECTAOWILHOCTH YacTOTHI MH()OPMAIMOHHOTO CHTHama. B mpenemax
MHTEpBaIa KOPPETSIMHI HCTIOIB30BAHIE CTATHCTHYECKOTO METO/IA CTAOMIIM3AIIMK YaCTOThI MOKET MPUBOIUTE B 3aBUCHMOCTH OT
3HAYECHHUI aBTOKOPPETIHOHHOM (YHKIMH KaK K YMEHBIIEHNIO, TaK W YBEJIMYCHHUIO OTHOCHTEBHOM HECTAOMIBHOCTH YACTOTHI
HH()OPMAIIMOHHOTO CHTHAIA.

KioueBble ciioBa: pacnpeneneHHas HHPOPMAIMOHHO-U3MEPHUTENbHAS CHCTeMa, WH(POPMAIMOHHBIN CHUTHAJ, CTaOMIHHOCTHh
YacTOThI, HHTEPBAJI 3aMa3IbIBAHUS, CITYYAHHbBIH MPOIIECC, KOPPEIIIMOHHAS (DYHKIIHS CITy4alHOrO IpoIiecca.

BBEJEHUE

CoBpeMeHHBIH dTall pa3BUTHS (YHIAMEHTAIBHBIX U MPUKJIAJHBIX Pa3/IeloB HAYKH, BHEJPEHUS
HOBBIX IPOPBIBHBIX TEXHOJOIMH BO BCe cephl ACATEIbHOCTH OOIECTBA HEPAa3phIBHO CBA3AH C Jlallb-
HEHIIUM pocToM TpeOOBaHMU K IMOKa3aTeNsiM (YyHKIIMOHHPOBAHUS PACIIPECIIEHHBIX HH()OKOMMYHH-
KallMOHHBIX CUCTEM. B moaTBepieHue MMPOKOTro pa3BUTHS U UCIOJIb30BAHUS TAKUX CUCTEM MOXHO
BBIJICJIUTH CITyTHHUKOBBIE CHCTEMBI CBSI3H, TJI00AbHBIC HABUTAI[MOHHBIC CITyTHHKOBBIE CHCTEMBI, T€0-
JIe3UYECKHEe CUCTEMBbI, TYHKThl U3MEPEHUsI B COCTaBEe KOTOPHIX paclpeseeHbl 0 BCe TeppUTOPHH
3eMHOr0 mIapa, THPOKOMMYHHUKAIIHOHHBIE CUCTEMBI, a0OHEHTHI KOTOPBIX MOTYT OBITh paccpeioTove-
Hbl Ha OOLIMPHOW TEPPUTOPUHU, PATUOTEXHUUYECKHUE CUCTEMbI HAOMIONEHUS 3a JaJbHUM KOCMOCOM U
T. 1. YcToitunBoe u 3PdexTnBHOE (PYHKIIMOHUPOBAHUE TAKMX CHCTEM W PEIICHHE MOCPEJACTBOM HX
NPUMEHEHHUS LENIEBbIX 3334 CBS3aHO C BO3MOXKHOCTBIO OBICTPOI Mepegaun, a BO MHOTHX CIy4asX B
peanbHOM MacmTade BpeMeHH, O0IbIINX 00beMOB IU(POBHIX TTOTOKOB MEXKIY aOOHEHTaMH.
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TexHU4YeCKOl OCHOBOW YCTOWYMBOTO OOMEeHa OONBIIMM O0BEMOM JAHHBIX SIBISETCS CTa-
OWJIBHOCTh YaCTOTHO-BPEMEHHBIX MapamMeTpoB (opMupyeMbix MH(GOPMALUOHHBIX CUTHAIOB. Bo-
MPOCHl HEOOXOIUMOCTH TOBBINICHUS CTA0OMIBLHOCTHA yKa3aHHBIX MapaMeTPOB U B3aUMOCBS3H CTa-
OMWJIBHOCTH YacTOTHI C BEPOSTHOCTHO-BPEMEHHBIMHU XapaKTEpUCTHKAMM Iepenadyu UHPopManuu
paccMOTpEHHI B 0OIBIIOM KolnyecTBe paboT, Hampumep [1-5]. K omHOMY U3 COBpEMEHHBIX METO-
JIOB CTaOWJIM3alMi 4YaCTOTHO-BPEMEHHBIX MapaMeTpoB MH()OPMAIIMOHHBIX CUTHAJIOB MOKHO OTHE-
CTH METOJ CTATUCTUYECKOW CTAOMIU3AIINU YaCTOThl, OCHOBAaHHBIN Ha OJHOBPEMEHHOM HU3MEPEHUU
OTKJIOHEHUH (pa3 JaHHBIX CUTHAJIIOB OT HOMHUHAJBHBIX 3HAYEHUM HA HEKOTOPOM H3MEPHUTEIHLHOM
WHTEpBaJIe U (OPMHUPOBAHUU OIEHOK TEKYIIEH YacCTOTHI CUTHAJIOB JUISl TOCIEAYIOIIETO yMEHbIIIe-
HUsI YKa3aHHBIX OTKJIOHEHUH [6, 7]. B yka3zaHHbIX paboTax Takke pacCMOTPEHBI BONPOCH TEXHH-
YECKOHM pealin3aliy yCTPOMCTBA OIEHHMBAHUS YaCTOTHO-BPEMEHHBIX MapaMeTpOB CUTHAJIOB U MO-
JeTUpOBaHUs ero (PyHKIMOHUPOBAHUS.

Pacnpenenennbsie MHOOPMAIMOHHO-U3MEPUTEIBHBIE CHCTEMBI BKJIIOYAIOT OOJBIIOE YUCIIO
YCTPOUCTB, (HOPMUPYIOLIUX CUTHAIBI, YTO MOTEHIIMATIBHO OMPENENseT TOCTUKEHHE BHICOKON TOU-
HOCTH TIOJIyYaeMbIX OIIEHOK TEKYIIEero 3HA4€HUs YacTOThl BCEX I'€HEPATOPOB M COOTBETCTBEHHO
BO3MOKHOCTH MX cTabmim3amuu [6, 7]. B To ke BpeMs pacupeaeieHne TaKuX yCTPOUCTB Ha 00JIb-
IO TEPPUTOPUU MPUBOIUT K MOSIBICHUIO 3P(HEKTOB, CBA3AHHBIX C 3aMa3AblBAHUEM IMMOTyYCHUS
OIICHKHM OTKJIOHEHHS YacTOTHI 0 OTHOIIEHUIO K BPEMEHHOMY HHTEpBaly, Ha KOTOPOM BO3HHUKAJIO
JAaHHOE OTKJIOHEHHE YacCTOThI U MOCIEAYIOIIEeTo (OPMUPOBAHUS CHUTHANA YIPABICHUS YaCTOTHO-
BpPEMEHHBIMU TTapamMeTpaMu curHana [8, 9]. Takoe 3ama3gpIBaHUE MOXET B PSJ€ CIy4aeB HE TOJIb-
KO YMEHBIIUTh KOMIIEHCAIIMIO BOSHUKIIET0 OTKJIOHEHHS YacTOTHI, HO U, HA00OPOT, MPUBECTHU K €¢
yBenuueHnto. OgHako yka3zaHHble 3(PQPEKThl, KOTOpble MOTYT IMPOSIBIATHCS MMEHHO B pacmpese-
JIEHHBIX CHUCTEMaX, B M3BECTHBIX paboTax, MOCBIIMICHHBIX METOIY CTATHCTHYECKOW CTaOMIM3aluu
4acTOThI, HE PACCMATPUBAJIIUCH.

C y4eToM OTMEUEHHBIX BBIIIE OCOOCHHOCTEH IIeNIb CTAThU 3aKIIOYASTCs B aHAIM3E MpUMEHe-
HUSl METOJa CTaTHUCTUYECKOW CTaOMIM3alliy YacTOThl B paclpeieleHHbIX WH(GOPMalMOHHO-U3MEPH-
TEJbHBIX CUCTEMAX.

[IpeacTaBuM CTPYKTYpHYIO CXEMY pachpenesieHHON MH()OpMalnOHHO-U3MEPUTEIHHOU CUCTE-
MBI, KaK U B pabore [6] (puc. 1). B COOTBETCTBUH C METOJJOM CTATUCTUYECKON CTAOMIN3AIUN YaCTOTHI
nH(pOpMallMOHHbIE CUTHANBI N aOOHEHTOB, IUPKYJIUPYIOUIME B paclpeieseHHON HHPOPMAIMOHHO-
U3MEPUTENIBHON CUCTEME, MOJAI0TCS Ha JOMOJHUTEIHO BBEJIEHHOE YCTPOUCTBO OLICHMBAHUS YacTOT-
HO-BPEMEHHBIX IaPAMETPOB CUIHAJIOB. DJIEMEHTHI 7,, 7,, 7, OIHUCHIBAIOT 3aJIEPXKKY, yUUTHIBAIOULYIO

KaK BpeMsl MPOXOKACHUS CUTHAJIA OT a0DOHEHTa JI0 yCTPONUCTBA OLCHUBAHUS YaCTOTHO-BPEMEHHBIX I1a-
paMeTpoB B pacupeeeHHON HH(OPMAIIMOHHO-U3MEPUTENBLHON CHCTEME, TaK M BPEMsI TOCIEAYIOIIETO
MPOXOKJCHUS YTIPABIISIONIET0 CUTHANA JJISi KOPPEKTUPOBKU YaCTOTHI MHPOPMALIMOHHOTO CUTHANA OT
JTAHHOTO yCTPOWCTBA J10 aOOHEHTA.

NudopmaninoHHO-U3MEPUTENBHBIA CUTHA, POPMUPYEMBIA 71-M aOOHEHTOM B PacpeIeICHHON
MHPOPMALMOHHO-U3MEPHUTENbHOIN cucteme (curHan Buga KAM, ®M), MoxeT OBITh MPEICTaBICH C
UCIIOJIb30BAaHUEM CJIEIYIOLIET0 COOTHOLICHUS:

u,(t)=UL (t)cos(27- ¥ (1)), (n=1,..,N), (1)

T

B KoTopoM WV (¢) = j fo(@)-dr+y,,(t) — MmopynupoBanHas ¢asa paguocurnana, U Oy — monymn-
0

POBaHHas aMIUIATY/a PAJMOCUTHANA; f, (+) — HECYIIas 9acToTa paJuoCUrHana; v, () — MoIympo-

BaHHas (aza pajuocurHaia; I — JUIMTeIbHOCTD CUTHAJIA.
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Pacnpenenenran
HE [(])ﬂ PMATTHOHHO-H3MCPHTCIBHAA CHCTCMA

'lv"u:'rpui’{i:'ruu OHCHHBAHHA HMACTOTHO-BPCMCHHBIX
NapaMcTpoB CHIHATOB

Puc. 1. CtpykrypHas cxema pacnpeelieHHOH HH(OPMAIIMOHHO-U3MEPHUTEIEHON CUCTEMBI
Fig. 1. The block-diagram of the distributed information-measuring system

OTk0HEHHE Hecylel 4acTOThl f, () CHTHajla yCTpoicTBa (pOpMHPOBaHUA M OOPaOOTKH OT
COOTBETCTBYIOIIET0 HOMMHAJILHOIO 3HAYEHHUs f, ~TIPUBOJUT K U3MEHEHHIO aMIUIUTYIbI TIaBHOTO IH-
Ka aBToKOppensainonHoi Qynkuun (AKD) R (A7, Af,), KOTOpas IPHU MOJHOM CUHXPOHM3ALMK CHI'HA-
noB (A7 =0) onpenensieTcs BeIpakeHHEM [2]

sin(7z-Af,-T)

Rn(OoAfn): AT

, (n=1,...,N), (2)
rae Af, = f, = fon

Ha puc. 2 na npumepe renepartopa, ynpasisemoro Hanpsbkenuem, ['K-77 YH npusenena Bo3-
MO>KHas BpEMEHHAasl 3aBUCMMOCTh HOMUHAJIBHOH [, M TeKyllel f, (¢) 4acTOTHl CUTHAJA yCTPOWCTBA

dbopMupoBaHus U 00pabOTKH 7-TO aOOHEHTA.

Jon(1+0,) | _
VvV TV

AF,

fon(1-0,) |

0 10 A, AT, 2 t, ¢

Puc. 2. CoorHoleHus MCXKAY TCKYIIUMU 3HAYCHUAMU YaCTOThI CUT'HAJIa B PA3JIMYHBIC MOMCHTBI BPEMCHMU !
7 -7
HomuHanpHas yacrora f,, =5-10" T'u, orHocuTenbHas necrabuibhocts o, = 2-10
Fig. 2. Relations between the current values of the signal frequency at different time moments:

nominal value of frequency f,, =5- 107 Hz, relative instability of frequency o,=2- 1077
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Ha puc. 2 TaxKe MOKa3aHbI BPCMCHHBIC MHTCPBAJIbI: HHTCPBAJI I/ISMepeHI/Iﬁ (ba3r>1 CHUI'HAJIOB HO-
MHHAJIbHON IJIMTEIbHOCTHIO AZ‘O, XapaKTepHLIﬁ HHTCPBAJI AJIUTCIIBHOCTBHIO Tn , B TCUCHUC KOTOPOTO

4acToOTa CHI'HAJa /1-T0 aDOHEHTAa Ha MHTEPBaJle U3MEPEHHMH Af, U3MEHHUTCS Ha BEIUYMHY OOJBIIYyIO,
4eM AF,, ONpelensieMyro TpeOOBaHHAMH K CTaOMIBHOCTH YaCTOTHI HH(POPMALMOHHOIO CUTHAa JaH-

HOr'o a0OHEHTA.
[Ipoananu3upyeM BO3ZMOXHOCTh MCIOJB30BaHUS CTATUCTHUECKOTO METO/a CTAa0MIM3alUU Ya-

croTel. Jlns m3mepurensHoro uHrepBana A, =[Tm —-At, [2,T, +At,/ 2], JJIUTEIBHOCTh KOTOPOTO

3aJJaeTCs B YCTPOHCTBE OICHUBAHUS YaCTOTHO-BPEMEHHBIX MapaMeTPOB CHUTHAJIOB M OTIUYACTCS OT
HOMHUHAJIBHOTO 3Ha4€HUs Af,, Ha OCHOBE pE3yJbTaTOB [6, 7] 3amuIIEeM OLEHKH TEKYIIMX 3Ha4YEHHI
YaCTOThI CUTHAJIA 1-T'0 ADOHEHTA C MMOMOUIBIO CJIEIYIOIIET0 COOTHOIICHUS:
R N oy
Afmm = Atal A, ., —27rf0m Zaj
=

p=l

(A%,m ‘27TfopAfo)0;2fo;} , (n=1,..,N), (3)
1

rie Af,, — OlleHKa OTKJIOHEHHUs YacTOTHI /1-I0 WH(POPMAIMOHHOTO CHIHAJA HA mM-M W3MEPHUTEIHLHOM
MHTEPBAJIE, JUIUTENBHOCTh KOTOPOro Af, OTIMYAeTCsl OT HOMHUHAJIBHOM Af,; 0, — OTHOCHTENbHAs He-
CTaOUIIBHOCTB YCTPOiicTBa ()OPMHUPOBAHUSA U OOPAOOTKH 71-r0 aOOHEHTa; A, — U3MEPEHHOE 3HaYEHHE

¢a3pl 7-ro UHYOPMAITMOHHOTO CUTHAJIA Ha M-M U3MEPHUTEIHLHOM UHTEpBaJie, OKa3aHHOE Ha puc. 3.

Ag,

(=]

0 10 At, L. c

Puc. 3. Pacnipenenenne n3mepseMbIX 3HaYCHAHN (a3 HHHOPMAIIMOHHOTO CUTHAIA
Fig. 3. The distribution of the measured phase values of the information signal

[TomydeHHble 3HAYECHUSI OICHOK WCHOJIB3YIOTCSA IS (POPMHPOBAHUS YIPABIISIONIETO CUTHAIIA,

A~

IpOoNnOpHUOHAIIBEHOT'O Af}; m > A1 KOMIICHCAIIMN YXOJA0B YaCTOTHI 71-TO I/IHq)OpMaI_[I/IOHHOl"O CHUI'HaJI1a. OI[—

HAaKO IOJIy4YCHHas JIs1 MHTCpPBAJIa At » OHCHKa OTKJIOHCHHUS 4aCTOThI A]Z m HE 6y2[€T COOTBETCTBOBATH

TEKyILleMy 3Ha4E€HMIO 4acToThl f, (T, +7,) 4Yepe3 BpeMs 7,, M, COOTBETCTBEHHO, C(QOPMUPOBAHHBINH HA

ocHOBaHMU Af,  YIpPaBISIOLMi CHTHAT He 00ECTICYHT CTAONIIN3AIIMIO YaCTOTHI Yepe3 BpeMs 7.
OTKJI0HEHHE 4acTOThl OT HOMHHAJILHOTO 3HAUYEHUSI B MOMEHT BpeMEHU 7, + 7, IOCIE KOMIIEH-

calguu MOXKET 6I)ITB HpeILCTaBHeHO CJIGIIYIOIHI/IM COOTHOULICHUCM .
5f(T, +7,)=Af, (T, +7,)—Af,(T,), (n=1,..,N). (4)
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Bemnuuna 6 f, (T, + 7,) NPEACTABIAET COO0M JONOIHUTENLHO BO3HUKAIOIIEE OTKIOHECHHE 4a-

CTOTHI B yCTpoicTBe (hopMHpOBaHHS U OOpabOTKM CHTHANA 7-TO aOOHEHTa B pacIlpe/IeiICHHONW WH-
(bopMaIMOHHO-U3MEPUTEIBHON cHcTeMe, 00YCIIOBICHHOE 3ama3/ibiBaHueM (OPMHUPOBAHUS YIIPABIIS-
IOIIETO CUTHANA JJISl CTA0MITN3AI[H YacTOTHI.

[IpoanamusupyeM CTATHCTHYECKOE PACIPENEIECHUE OTKIOHEHUs 4acToThl o f, (T, +7,). Ma-
TeMaTu4eckoe oxunanue M {5 f1.(T, +z'n)} paBHO HYJIIO, YTO MOXKET OBITH JIOKAa3aHO CIIEIYIONTUM 00-

pazom [10]:
M {5fn(Tm + Tn)} =M {Afn(Tm + Tn)} -M {Afn(Tm)}a (I’l = 17"'7N)7 (5)

IJIe YITCHBI MPE/ICTaBIICHHBIC B [6, 7] pe3ynbTatel M {Afn (T, + rn)} =0u M {Af‘n (T, )} = 0. ducnepcus

D{é‘ 1., + Tn)} MOJKET OBITh TIpe/IcTaBIeHa COOTHOMEHHEM [10]
D{8 £,(T,, +7,)} = DN, (T, +7,)} + D{AT,(T,)} = 2p{A1, (T, +7,)- A, (T,)}, (1=1,...N), (6)

B KOTOPOM p{O} 0003HaYaeT aBTOKOPPEIAIUOHHYIO (PYHKIMIO CITydalfHOTO IMpoiecca — BpEMEHHYO
3aBUCHUMOCTH OTKJIOHEHUS YaCTOTHI OT HOMUHAILHOTO 3HAUEHUS.
Bennunna D{5 1, (T, +r”)} ompezenseT AUCIEPCUIO TOTOTHUTEIFHO BO3HUKAIOIIETO OTKIIO-

HEHHUS YaCTOTHI B YCTPOUCTBE (POPMUPOBAHUSA U 0OpaOOTKH CHUTHaIA 7-TO aOOHEHTa B pacIpeIesieH-
HOW MH(MOPMAIIMOHHO-U3MEPUTENHFHON cUCTeMe, OOYCIIOBICHHOTO 3ala3/bIBaHUEM (OPMHPOBAHUS
YIIPaBJIAIOIIET0 CUTHAJA Ul cTadbunu3anuy 4actoTsl. IIpu 7, =0 ¢ yueToM CBOWCTB aBTOKOppEILU-

OHHOM (PYHKITMHU U PE3yJIBTaTOB padoT [6, 7] momydaem
P{N(T, +2,)- A, (T)| = p{ A, (T,) - A, (T,)| = 07 -(N=1)/N, (n=1,..,N). ()

2
B stom ciryuae D{5 1T, +rn)} =0, -(N —1) / N, 4TO TOJHOCTBIO COTJIACYeTCsl C pe3yJibTaTa-
MU, TPUBEJAECHHBIMHU B [6, 7].
Ha puc. 4 Ha untepBane koppenauu T, 3HaueHUH CIydalHOro IHpoliecca INPUBEICHBI 3aBU-
cumoctu Di(z,)=D{6f,(T,+7,)} or r,/T, NpU pasIMdHBIX 3HAYCHHMSX OTHOCHTEIBHOI HeCTa-

OUIBHOCTU YaCTOTHI 71-TO MH(OPMALIMOHHOTO curHana. Vcrnonb3yeMble 3Ha4eHHUs] OTHOCUTENLHOU He-
CTaOUIIBHOCTH CBSI3aHBI C BO3MOKHBIMHM M3MEHEHHUSIMHU TeMIIepaTyphbl OKpY>Kalolleld cpeibl U Hampsi-
KEHUs NuTaHus Ha npumepe reneparopa I'K-77 YH. [lnurensHoCTh MHTEPBAIa M3MEPEHUM Af, BbI-

Opana paBHOH 0,01 - AT,. Kak ciemyer U3 NpuBEIEHHBIX 3aBUCUMOCTEH, CyIIECTBYIOMIAs KOPpeEs-

U] MEXY OTKIOHEHHMSMHU YacTOTHI B YCTpoicTBE (hOpMUPOBaHHS M 0OpaOOTKM CHUTHAjIa OT HOMH-
HAJIBHOTO 3HAYCHHUS B Pa3IMYHbIC MOMEHTBI BpPEMEHH 00YCIIaBIMBACT HEMOHOTOHHBIN XapakTep U3Me-
HCHUS BEJIMYMHBI JOTOTHUTEIBHO BO3HUKAIOIIETO OTKJIOHEHHUS YacTOThIZ-r0 aDOHEHTa B pacrpese-
JICHHOW WH(POPMAITMOHHO-U3MEpHUTEIbHOM cucteme (n=1, ..., N).

IIpuBeneHHble 3aBUCUMOCTU D, /o, 0T7, /T, TO3BOJAIOT UCCIIE0BATh U3MEHEHHE aMILIUTY bl
rnapHoro nuka AK® ot 7, /T,, HEMOCPEACTBEHHO ONPEJENAIOIEr0 OTHOIEHHE CHIHANI/ITyM Ha BXO-

Jie IeMOYyJISATOpa U, COOTBETCTBEHHO, U3MEHEHHE BEPOSITHOCTH OIIMOKYU MpremMa 6urta nHdopMaluu B
MPUHUMAEMOM COO0OIIeHnH. J[JIs MoaydeHus: yKa3aHHOW 3aBUCHUMOCTU MPEJICTABUM C YYETOM PasJio-
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Puc. 4. 3aBHCHMOCTb H3MEHEHHSI OTHOCHTENIBHOM HECTaOHIBHOCTH YaCTOTHl HHG)OPMALOHHOTO CHIHAJIA
ot sanepxku 7,: a— o, =4-10"7; 6—0,=3-10"; 6-0,=2-10"; 2— 5, =1-10"
Fig. 4. The dependence of the change of the relative instability of information signal frequency on the delay
t.a-0,=4-107; 6-0,=3-10";6-0,=2-10";2— 5, =1-10"
keHus QyHKIMH sinx = x — x°/6 [10], sSBAAIOMErocs J0CTATOYHBIM TIPH OTHOCHTEBHBIX HECTAOUIIb-
HOCTSIX COBpeMEHHBIX reHeparopoB, AK® B 001acTu I71aBHOTO MHUKa BRIPAKEHUEM

R,(0,Af)=1(r-Af,-TY /6, (n=1,..,N). (8)
C yuetom Beipaxenuit (2) u (8) 3Hauenue riiapHoro nuka AK® paBHo
R, =1-(z-D,(z,)- T) 6, (n=1,..,N). 9)
3aBUCUMOCTH, WJUTFOCTPUPYIOLIME U3MEHEHHE En 0T7,, NIPUBEJIEHBI HA PHC. 5.
Jonyctumoe cHKeHHe YpoBHs riaBHOro nrka AK® onpenensercst JOMyCTUMBIM YBEITHYCHUEM

BEPOATHOCTH OMTOBOM OImIMOKU. B yacTHOCTH, JUIsi CUCTEM CBSA3M U MEPeAadyd JAaHHbIX, UCTIOJIb3YIOINX
CIJIOXKHBIE CHUTHAJIBI, KaK MMOKa3bIBAIOT Pe3yJIbTaThl CCIICAOBAHUM, IPUBEICHHBIE B psijie paboT, HapHUMep
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Puc. 5. 3aBUCUMOCTE M3MEHEHHUS aMILIUTY bl r1aBHOro nuka AK® or 3agepxku 7, :
a-0,=410";6-0,=3-10";6-0,=2:10";2— 0, =1-10"
Fig. 5. The dependence of the change of the main peak of the autocorrelation function amplitude on the delay 7, :
a-0,=410";6-0,=310"; 6-0,=2-10";2—- 0, =1-10""

B [11], ypoBenb HopmupoBanHOiI AK®D He nomkeH cHuwkaTbes Huke 0,7. DTO MO3BOJISIET ONPENEIUTH J0-
MYCTHMBIE OTHOCHUTENIBHBIE 33eP’KKH BpeMeHH (DOPMUPOBAHHS CUTHAJA YIPABJICHHSA, a IIPU U3BECTHOM
XapaKTepHOM BPEMEHH U3MEHEHUS YaCTOThI CUI'HAJIA MTOTYYUTh A0COMOTHOE 3HAYEHHE.

Jlna paccmatpuBaeMoro B pabote tuna reHeparopa I'K-77 YH nomyctumoe BpeMs 3aiepiKKu

7, TIpu KoTopoM 3HadeHue nuka AK® He yMEHbIIUTCS HUKE 3aJJaHHOT'O 3HAUYEHHUs, COCTABJIAET B 3a-

n?’

BHUCUMOCTH OT BHEIIHUX ycJIoBMM nopsaka (0,12...0,5)-T, .

AHanu3 NpUBEIEHHBIX PE3yJbTATOB MOKA3bIBAET, YTO MCIIOIB30BAHUE CTATUCTHUYECKOTO METO-
Jla cTaOMIIM3aLUU YacTOThI B paclpeeeHHbIX HH()OPMAIIMOHHO-U3MEPUTENBHBIX CUCTEMAX MO3BOJIS-
ernpuz, ~0 (n=1, ..., N) popMHpOBaTh CUIHAJIbI yNIPAaBJICHHs, 00CCIICYNBAIONINE IPAKTUYECKH MOI-

HOE UCKJTFOUEHHUE OTKJIOHCHHUS YaCTOThI, YTO COOTBETCTBCHHO ITO3BOJISICT MCIIOJIb30BATh TAHHBIH METOT
B pacrpeielIeHHBIX HHPOPMAMOHHO-U3MEPUTENBHBIX cucTeMax. [Ipu 3ToM JJ1sl MCTIONBb30BaHMS B CO-
CTaBe pacIpeleICHHBIX WH(POPMAIIMOHHO-U3MEPUTEIBHBIX CUCTEM TMPEANOYTUTCILHBIMU SIBIISTFOTCS
yCcTpoiicTBa (popMHUpOBaHUS ¥ 00PAOOTKH CUTHAJIOB C OOJIBIIIMM XapaKTEPHBIM BPEMEHEM H3MEHCHHS
4acTOThI curHanaT .
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SAK/IIOYEHUE

[IpoBeneHHbIe UCCIEIOBAHUS MTOKA3BIBAIOT CIEAYIOIIEE.

1. Iloy4yeHHbIe pe3ysbTaThl 00OOIIAIOT BEHITIOJHEHHBIE paHEe WCCIEAOBAaHUS JIOCTHTAaeMOMN
CTaOUITFHOCTH YaCTOTHl M OCHOBHBIX 3aKOHOMEPHOCTEH, CBS3BIBAIOIINX MapaMeTphl (4acTOTa U OTHO-
CUTEJIbHAsI HeCTaOMILHOCTh) YCTPOUCTB (hOPMHUPOBAHKS M 0OPAOOTKH CUTHAJIOB C YYETOM BO3MOKHBIX
3afiepkek (OPMUPOBAHUS CUTHAJTIOB I CTAOWIM3AI[MU YacTOThI, KOTOPHIE BO3HHUKAIOT B pacmpee-
JICHHBIX HH()OPMAITMOHHO-U3MEPUTEITLHBIX CUCTEMAX.

2. Bo3Hukaromue 3a1ep>Kku (pOPMUPOBAHUSI CUTHATIOB MPUBOMAST K TMOBBIIICHUIO OTHOCHUTEIh-
HOI HecTaOMIILHOCTH YacTOTHI U CHIKeHMIo ypoBHA AK® 1o cpaBHeHuto co ciaydaeM 7, = 0. OgHako

CHI)KEHHME YKA3aHHBIX XapaKTEPUCTUK ONPENENAETCS HE TONBKO aOCONIOTHBIM 3HAYEHUEM 7,, & OT-
HOLICHHEM BPEMEHH 3aI€PKKU 7, K XapaKTepHOMY BPEMEHH M3MEHEHHs 4acTOThI curHana T,. Jlomy-

CTUMOC 3HAa4YCHHUC 7,, IIPM KOTOPOM BO3MOKXHO HCIIOJIB30BAHHUC MCTOJa CTATUCTHYECKOM CTaOMIM3a-

b
IIUM 9acTOTHI B pacHpeeNieHHbIX MH(POPMAIMOHHO-U3MEPUTEIBHBIX CUCTEMAax, 3aBUCUT OT OTHOCH-
TEJIbHOM HECTaOMJIBHOCTH CaMOro IeHepaTopa M COCTABISET MPH PA3JIMYHBIX 3HAUYEHUSX HUCXOIHOU
OTHOCHTENBHOU HecTabmiibHOCTH (0,12...0,5)-T,.

3. HpI/I MaJIbIX BpCMCHHBIX 3aJICPIKKaAX MCIKAY OLHCHHUBAHUCM YaCTOTHI I/IH(bOpMaI_II/IOHHOI‘O CHUr-
HaJla 1 CTa6I/IJ'II/I?>aHI/IeI\/’I YaCTOThI MCIIOJIB30BAHUC pacCMaTprBAC€MOI'0 METOAA IMO3BOJACT YMCHBIINTD
OTHOCUTCIIbBHYIO HECTAOMIILHOCTh YaCTOTHI I/IH(I)OpMaLII/IOHHOF O Curaalia. HpI/I BPCMCHHBIX 3aJICPKKax
OoubIIIe HHTCEPpBAJIa KOPPEIIAINN UCITOJIB30BAHUEC CTATUCTUYCCKOI0O METOAAa HE IMPUBOJUT K U3MCHCHUIO
OTHOCUTEILHOW HECTAaOMIIBHOCTH YaCTOTHI I/IH(i)OpMaI_[I/IOHHOFO curHama. B npeaciiax UHTepBajlia Xa-
PAKTEPHOTO M3MCHCHUS YaCTOTBI HMCIIOJB30BAHUC CTATHCTHUYCCKOI'O METOOa CTa6I/IJ'II/I38.HI/II/I HaCTOTHI
HMEET HEMOHOTOHHBIN XapaKTCp B 3aBUCUMOCTU OT 3HaYCHUH aBTOKOppeHHHI/IOHHOﬁ (1)yHKI_II/II/I

CIIMCOK JIMTEPATYPbI

1. Tuxommpos H.M., Pomanos C.K., Jleabmiun A.B. ®opmupoBanue UM-curnaios B
CUHTE3aTOpax ¢ aBTonoicTpoiikoil. M.: Pagno u cs3p, 2004. 210 c.

2. Bapakun JLE. CucteMsl cBA3M C IIMPOKONOJIOCHBIMU CUTHajdaMu. M.: Panno u cBs3b,
1985. 384 c.

3. IHecrpsakos A.B., XacesinoBa E.P. KomneHcanus ciBura nocTossHHOM COCTaBIISIFOLIEH C
NpUMEHEHHEM MeToza BpeMeHHoro ycpeanenus // CBU-TexHuka U TeIeKOMMYHHUKAIIMOHHBIE TEXHO-
JIOTUHM: MaTepuaibl IoKiIanoB 25-if MexaynapoaHoit konpepenmun (KPBIMHUKO’2015), Cesacto-
noisib, Poccus. Centsa6ps 6-12. 2015. T. 1. C. 351-353.

4. Fortier T.M., Nelson C.W., Hati A. Sub-femtosecond absolute timing jitter with a 10
GHz hybrid photonic-microwave oscillator // Appl. Phys. Letters. 2012. Vol. 100, Iss.23. Pp. 197-200.
DOI: 10.1063/1.4726122

5. Hati A., Nelson C.W., Howe, D.A. Howe. Reduction oscillator PM noise from AM-PM
noise correlation // Electronic Letters. 2014. Vol. 50, no. 17. Pp. 1195-1197.
DOI: 10.1049/e1.2014.2210

6. Ta6puwnbsau /I./I. Metox onieHku yacToT B cucteme reneparopoB / A.A. IIpeirynos, A.L. [1pbi-
ryHoB, O.A. Cadapbsa // @m3udeckre ocHOBHI ipubdopoctpoerus. 2012. T. 1, Ne 2 (3). C. 72-77.

7. Safaryan O.A. Method of Reducing Phase Noise in the System Simultaneously and Inde-
pendently Operating the High-Frequency Signal Generators / [.A. Sakharov, N.V. Boldyrikhin,
I.A. Yengibaryan // Engineering Computations. Emerald Group Publishing Ltd. 2017. Vol. 34, no. 8.
Pp. 2586-2594.

8. Teaoxke F0.A., Knumenko IL.II., MakcumoB A.B. MccnenoBanne 10KaJdbHOW JHHAMUAKH
koHTypa ®AITY // CBY-TexHuka M TEIEKOMMYHUKAITMOHHBIE TEXHOJOTHUU: MaTEpUabl TOKIAJI0B

82



Tom 22, Ne 06, 2019 Hayunblii Becthuk MI'TY T'A
Vol. 22, No. 06, 2019 Civil Aviation High Technologies

26-i1 Mexnynapoanoit koHdepenuun (KPBIMMUKO’2016). CeBacromons, Poccus. Centsadps 4-10.
2016. C. 449-455.

9. Zucca C., Tavella P. The clock model and its relationship with the Allan and related vari-
ances // IEEE Trans. on UFFC. Febriary. 2005. Vol. 52, iss. 2. DOI: 10.1109/TUFFC.2005.1406554

10. Kopn I'., Kopn T. CipaBoyHHK IO MaTeMaTHUKe JUIsl HAYYHBIX PAOOTHUKOB U MH)KEHEPOB.
M.: U3n-Bo Hayka, 1974. 832 c.

11. Ckasap b. Lludpposas cBs3b. TeopeTrueckue 0OCHOBHI M MpaKkTHUECKoe npuMeHenue. Mzna-
Teabckui 1oMm «Bumesamcey, 2007. 1104 c.

CBEJEHMSA Ob ABTOPAX

Tadpuwdaban [Amutpuii JlaBuaoBu4, JOKTOp TEXHHYECKUX HAYK, Mpodeccop, 3aMecTHTENb
HavanbHuka HTK no nayke ®I'VII «PHUUPCy», d.gabrieljan2011@yandex.ru.

Koctenko IMerp UBanoBUY, KaHIUIAT TEXHMYECKUX HAYK, JOLEHT Kad)ephl aBUAIIMOHHOTO JJICK-
TpopaauonproopHoro odopynoBanust Pocrosckoro ¢umana MI'TY T'A, pit.kostenko.73@mail.ru.

Cadapbsan Ouabra AjiekcaHApPOBHA, KaHAWIAT TEXHUYECKUX HAyK, JOLUEHT Kadenpsl Kudep-
6e3onmacHOCTH MH(OPMAIIMOHHBIX CUCTEM JJOHCKOro rocyJapCTBEHHOTO TEXHUYECKOTO0 YHUBEPCUTETA,
safari_2006(@mail.ru.

FEATURES OF THE USE OF THE STATISTICAL METHOD
OF FREQUENCY STABILIZATION OF GENERATORS IN DISTRIBUTED
INFORMATION-MEASURING SYSTEMS

Dmitriy D. Gabrielyanl, Petr 1. Kostenko?, Olga A. Safaryan3

I Rostov-on-Don Research Institution of Radio Communication,
Rostov-on-Don, Russia

?Rostov Branch of the Moscow State Technical University of Civil Aviation,
Rostov-on-Don, Russia

’Don State Technical University, Rostov-on-Don, Russia

The research was conducted with the financial support of the Russian Foundation for Basic Research,
grant Ne 19-01-00151

ABSTRACT

The article deals with the problems of frequency stabilization of generators in distributed information-measuring systems on
the basis of the static frequency stabilization method. The examples of similar systems are given. The necessity to ensure high
stability of signal frequency generated by subscribers to improve the efficiency of the stated systems is noted. Two main
features of applying the static frequency stabilization method are stated. The first one is determined with a delay in signal input
into the device for estimating the frequency-time signal parameters in relation to the signal phase measurement interval. The
second feature involves the entry delay of the formed control signal of generator frequency correction. It is shown that the
mentioned features lead to divergence of the current variation of generator frequency and the value under correction, obtained
considering the delay. The description of information signals enabling to specify a mathematical model of the process of
assessment forming of the information signal frequency variation, taking into account the mentioned factors, is offered. It is
shown that the possibility of using a statistical method to stabilize the frequency of generators in distributed information-
measuring systems is determined not only with the values of nominal frequencies and relative instabilities of generators
included into the information-measuring system, but also by the autocorrelation function of a random process describing the
change of information signal frequency. In case of small time delays between the evaluation of information signal frequency
and frequency stabilization, the use of the method to be considered allows to reduce the relative instability of information
signal frequency. When time delays are greater than the correlation interval, the use of the statistical method does not lead to
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the change of relative instability of information signal frequency. Within the correlation interval, the use of the statistical
method of frequency stabilization can cause depending on the autocorrelation function values both decrease and increase of
the relative information signal frequency instability.

Key words: distributed information-measuring system, information signal, frequency stability, delay interval, random process,
correlation function of a random process.
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Il[eHmpaﬂbezﬁ aspozuopoounamuyeckuti uncmumym um. H.E. JKyxoeckoeo, . Kyrxoeckuii, Poccus
T 0CY0apCmeeHHblll HAYYHO-UCCIe008AMENbCKULL UHCIMUMYM 2PAXCOAHCKOLL asuayul,
2. Mockea, Poccus

OnmHMM W3 OCHOBHBIX KpPHTEPHEB INPOYHOCTH KOMIIO3UTHOH aBHAIMOHHOM KOHCTPYKLIHM IO YCJIOBHSM JOITYyCKaeMBIX
MOBPEKACHAH SIBISIETCS MUHUMAJIBHBIN pa3sMep Ae(eKTa OT CIydaiHOTO yIapHOTO HOBPEKACHNUS, KOTOPBIH rapaHTHPOBAHHO
00Hapy>XHUBAeTCs MPH CTAaHAAPTHBHIX (hPOpMax TEXHUIECKOTO OOCITyXMBaHUS camoneTa. [IpoYHOCTh KOHCTPYKIMH, UMEIOIEeH
takue (HazpBaemble BVID — Barely Visible Impact Damage) u MeHbpIIHe TOBpeXICHUS TODKHA OBITH oOeclieueHa Ipu
pacueTHOH Harpyske. B paboTe BBIIOIHEH aHATIN3 SKCILTYyaTAllMOHHBIX ()aKTOPOB, BIMSIOIINX HA BEIUYMHY 3TOTO KPUTEPHS.
MCCJ’IG}IOBaHO BJIMAHUC KBaJ'lI/l(l)l/IKaIJ,I/II/I MEpCoHaIa, IBCTAa NOBEPXHOCTU, YPOBHA 3aIrpA3HECHHOCTH, PACCTOAHUA 10 061>e1<Ta, a
TaKKC SABJICHUA HW3MCHCHHA pasMepa Z[e(i)eKTa BO BPEMCHHU BCJICACTBUC pEJIaKCallul BHYTPECHHUX HaHpSDKeHl/Iﬁ B
MOBPEXIEHHOW KOHCTpYKIMH. VccrnenoBaHusa NMPOBOJWINCH C HUCHONB30BaHHEM 90 YITIEIIACTHKOBBIX TPEXCTPUHTEPHBIX
naHesnel pa3JIMyHoOro IBETa M CTENIeHN YUCTOTHI, Ha KOTOpPbIE 25-MUIUIMMETPOBBIM c(eprYecKUM OOMKOM OBbLIIM HaHECEHBI
ylapHbele ToBpexeHus. Bcero Obuio Haneceno 80 ymapoB ¢ sHeprueil B nmanasone 3—107 k. B skcmepumeHrte 1o
BU3YaJIbHOH OOHapy’>KMBaeMOCTH TOBPEXKIECHUH B Pa3iIMYHBIX YCIOBHAX Y4acTBOBaIM 42 CIENHaINCTa, B TOM YHCIE
25 coTpynHUKOB aBHakoMmaHuii. [Ipw cTaTcTHUecKoif 00pabOTKe OSKCIICPUMEHTATIbHBIX JAaHHBIX M OINpPEIeTICHUN
3aBHCHUMOCTH BEPOSITHOCTH OOHApYKEHHs MOBPEXKICHHS OT €ro pasMepa Hcnosb3oBaiack (yHkims BeiiOymma. Ouenka
pazmepa BVID no kpureputo «90/95» (95 % nposepsitomux KomkHbI 00HapyXuTh He MeHee 90 % nedekToB ¢ pasmMepoM He
Merpiie BVID) BrIMOmHSIACh € MOMOLIBIO TEXHOJIOTHH OyTCTpEN-MOACNMPOBAHUS. Pe3ynbTaTel MPOBEIEHHOTO
UCCIIEZIOBAaHNS TTO3BOJIMIIA OLEHUTH CTEIICHb BIMSAHHSA Pa3iIMYHbIX SKCIUTyaTAlMOHHBIX (haKTOPOB Ha HAJIEKHOCTH BBISBIICHHS
MOBPEXKIEHUM IPU BU3YIBHOM JKCIUIyaTaLlMOHHOM KOHTpOJIE M onpeAenurs 3HadeHus BVID B 3aBucumoctn ot
KOMOMHaIMu 3THX (hakTopoB. B yactHOCTH, ITOKa3aHo, 4TO Ha CHHEH MoBepXHOCTH noBpexaeHus B [IKM BuaHb! siydine, yem
Ha KpacHOW WM CEpoil, Npu JIIOOOM pacCTOSIHUM a0 O0beKTa. BBINOJIHEHHBbIE HCCIEAOBaHHS NPOAEMOHCTPHPOBAIN
CYIIECTBEHHOE BIMsHHE peiakcauuu (3ddexra yMeHbIIEHHS CO BPEMEHEM I10Ji BO3JEHCTBUEM pPa3IMYHBIX (PakTOpoB
pa3MepoB ITOBEPXHOCTHOTO Jie)eKTa B KOMIIO3UTHOMN MaHENN) Ha BO3MOXKHOCTh BBISIBJIEHHS edeKTa B 3KCIUTyarauuu. [lpu
3TOM KPUTHYECKOE M0 CPABHEHHIO C IPyTMMH (DaKTOpaMu BIMSHHE Ha peakcanuro rnospexaeHuii B [IKM okazbiBaeT pesxum
BJIArOHACBIIIEHUS KOHCTPYKLIMU IIPY IMOBBIIIEHHBIX TEMIIEPATypax.

I[MomydeHHbIe pe3ybTaThl XOPOLIO COITIACYIOTCS C OIyOJIMKOBAaHHBIMH B MHOCTPAHHBIX MCTOYHUKAX JaHHBIMH, CYIIECTBEHHO HX
JIOTIOJHSISL ¥ KOHKpeTH3upys. Ha ocHOBe npoBeeHHbIX MccIenoBaHui chopMyIMpOBaH psii PeKOMEH AW 11 pa3pabOTYMKOB U
9KCIUTyaTaHTOB ABHAIMOHHBIX KOHCTPYKIMI 13 KOMIIO3UIIMOHHBIX MAaTEPHAJIOB.

KaroueBble cj10Ba: KOMIO3UTHAS! KOHCTPYKIWS, Mao3aMeTHoOe yaapHoe nospexzaenue (BVID), ocMmotp, penakcarms.
BBEJIEHUE

B Hacrosimiee Bpemsi OOIIEIPUHATHIM TIOJXOJIOM TPHU TPOBEACHHH PabOT MO 00eCIeueHUIO
MPOYHOCTH KOMIO3UTHBIX KOHCTPYKITHH 1O YCIOBUSM IKCILTYyaTalldOHHON KUBYYECTH SBISETCS KJIac-
cuuKanysa 0)kMJIAEMBIX TIOBPEKACHUHN MO MATH KaTerOPUsAM MO CTENEHU MOBPEXKACHUS U HAJC)KHOCTH
ero oOHapy»XeHHs pU BU3yallbHOM KOHTpoJie [1]. CteneHb cephe3HOCTH MOBPEXKICHUS OTPEIEIIIeTCs
B 3aBHCHUMOCTH OT BPEMEHH WJIM HapaOOTKH, B T€YEHHE KOTOPOH JaHHOE MOBpexkaeHHuEe OyaeT oOHa-
PYKEHO U YCTPAHEHO C YYETOM MPUHATON MPOrpaMMbl TEXHHUYECKOTro oOciykuBaHus. Js Kaxmoi
KaTeropuH YCTaHOBJICHBI TPEOOBAHMS 110 CTATUICCKUM M YCTAJIOCTHBIM Harpy3KaM, KOTOPBIC JTOJKHA
BBIIEP)KUBATh KOHCTPYKIHUS B AKCIUTyaTallMH BIIOTH 10 MOMEHTa OOHapykeHus noBpexaeHus. Kiro-
YEBBIM TPEOOBAHHMEM SIBJISICTCS TO, YTO JIFO00E MOBPEKICHUEC B KOMITO3UTHOW KOHCTPYKIIMH JIOJDKHO
nubo OBITh OOHApYKEHO, JUOO HE JOJDKHO CHIDKATh MPOYHOCTh KOHCTPYKIIMH HIDXKE PACUYETHOM
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Harpy3ku [1]. J{ms Toro 4To061 000CHOBATh COOTBETCTBUE KOHCTPYKIIMU 3TOMY TpeOOBaHUIO, HEOOXO-
JTUMO OTIPEAETUTh MOPOT BU3YaIbHON KOHTPOJICTIPUTOAHOCTH, TAKKE M3BECTHBIN KaK €Ba BHUANMOE
ynapsoe nospexaenue win BVID (BVID — Barely Visible Impact Damage).

OCHOBBI COBPEMEHHON METOA0JOTHH 00ecTeyeHs] MPOYHOCTH IO YCIOBHSIM JIOIYCTUMOCTH
MOBPEXICHUN, MPUHATOW CEPTUDUIUPYIOIUMH OpraHaMH ¥ NPUMEHSIEMOH BeAyIIMMU MHUPOBBIMU
paszpaboTtunkamu, ObLTH 3a7105KeHbBI B 90-x Togax XX Beka. 3HaUYNTEIbHBIN 00BEM JaHHBIX, COOpAHHBIX
IIPU DKCIUTyaTallM¥ CaMOJIETOB BOCHHO-BO3AYLIHBIX [2] 1 BoeHHO-Mopckux [3] cun CILA, no3sonunu
YCTAaHOBUThH MPAKTUUYECKUN KPUTEPHUI MOPOrOBOTO 3HAUEHHS OOHAPYKMUBAEMOCTU JJIsi KOMIIO3UTHOM
naHeNu Kpbuia dgyip = 0,25 M.

bonpiioi Bkiag B U3ydyeHHE 3TOTO BOIIPOCA BHECIU pa3pabOTYMKU NEPBOTO MOKOJIEHUS Mac-
CaXHUPCKUX CAMOJIETOB C KOMIO3UTHBIMH 3JIeMEHTaMH TiaHepa Aerospatiale [4], Boeing [5] u Air-
bus [6], koTopbie coOpanu U 00padboTanTu OrPOMHOE KOJIMUYECTBO IMIUPUUYECKUX JTAHHBIX B 00OCHO-
BaHUE KpUTEPHs BU3YAIbHON 0OHapykuBaeMocTH. K coxkaleHuIo, STUX JaHHBIX HE HAHTH B OTKPHI-
ThIX McTOYHHMKaX. Cpeau NOCTYMHBIX MyOIMKAUUA MOXKHO YNOMSHYTh PaOOThI, BBITIOJHEHHBIE B
CIHIA nox srunoit FAA, [7] u [8], a Takke nBa OTYETa MO MPOEKTaM, BBINOJHEHHBIM B EBpore, [9]
u [10]. Pe3ynbTarsl, IpUBECHHBIE B HUX, B II€JIOM MOATBEPANIN HAJCKHOCTh MPUHITOTO KPUTEPHUS
BVID, a Take MO3BOJMIN OXapaKTEpU30BaTh BIMSIHHME HAa BH3yaJbHYI0 OOHApYKHBAEMOCTb JKC-
IUTyaTallMOHHBIX (PaKTOPOB.

[Moxxanyii, HanboIee KPUTHUECKUM (PAKTOPOM cpeliu HUX sBisieTcs 3(p(eKT u3MeHeHus pa3me-
POB BO BPEMEHH, WIN «peJaKcarus» MOBPEKICHUS. JTO SBICHUE MOKET MPHUBECTU K TOMY, YTO IO-
BPEXKICHUE, XOPOIIO BUAUMOE Cpasy MOCie ynapa, CTAHOBUTCS TPYJHOOOHApPYKUBAEMBIM CO BpeMe-
HEM, IIPUTOM YTO pa3pylIEHUs BHYTPEHHEU CTPYKTYphl B MOJIMMEPHOM KOMIIO3ULIMOHHOM MaTepHa-
ne (ITKM) coxpaHsroTcs Ha TOM K€ ypoBHE. PaboT B OTKpBITOM meuaTH Ha 3Ty TEMY TaK)Ke U3BECTHO
MaJjio, MOKHO TOJIBKO YMOMSIHYTh myOnukamuu [11-12], B KOTOpBIX M3y4deHHE peraKCalud yIapHBIX
MOBPEXICHUN MPOBOIMIOCH CHayalla Ha 3JEMEHTapHBIX o0paslax, a 3areM ObUIO MPOJOHKEHO Ha
KOMITO3UTHBIX MaHEeNAX, NOJKPEIUICHHbIX (2-CcTpUHrepamu. 3Ha4MMble JaHHBIEC 10 BIUSHUIO HEKOTO-
PBIX SKCIUTYaTallMOHHBIX (paKkTOpPOB Ha penakcanuto BMATHH B [IKM npuseznens! B foknazae Airbus [6],
MOCBSIIIEHHOM 00ECEeUeHHUI0 TPOYHOCTH 10 YCIOBUSAM JI0MYCKAEMbIX MOBPEXKICHUI.

Pe3ynbraThl, NOTy4YeHHBIE B paMKax 3TUX paboT, 0071a/1al0T HECOMHEHHOM IEHHOCTHIO U MOTYT
OBITh MUCIIOJIB30BAHBI B KauecTBe pedepeHTHhIX 3HaueHuid BVID, ognako o0aacTe uX nmpuMeHEHUsT HE
Oe3rpannuna. Kak m3BecTtHO, HanboJee HAJEKHBIM MCTOYHUKOM JIaHHBIX JJIsl 0OOCHOBAaHUS TMPOYHO-
CTH caMoJIeTa SIBJISIETCS HAKOTIJICHHBIN OMBIT SKCILTyaTalluu, U B 3TOU CBSI3U Ui cepTUUKALUN CaMO-
aera MC-21 HeoOXoIuM OTIENbHBIM aHalU3, YUUTHIBAIOUINHA CHENU(UKY OTEUECTBEHHBIX YCIIOBHM,
TEXHUUYECKOTO OOCIyXMBaHUs, KBATU(UKAIIMN MEepCOHaia U APYTUX (PakTOpoB, BIUSIOUIMX Ha pac-
cMaTtpuBaeMblii kputepuil npounoctu [13]. Jns ananusza BnusiHUS 3THX (akTtopoB Ha BVID 6bu10
IIPOBEJICHO HACTOSINEE HCCIEeI0BaHNE, OCHOBHAS II€JIb KOTOPOTO COCTOSUIa B TOM, YTOOBI ONTHUMM3H-
pOBaTh MPOrpaMMy TEXHMYECKOTO OOCITYXKHMBaHHMS KOMIIO3UTHOTO Kpbla IMyTeM OOOCHOBAaHUS aJeK-
BaTHOT'O KPUTEPHS POUYHOCTH.

METOAOJIOTUA

JKcnepuUMeHTaJIbHbIe 00pa3ubl. [IporpamMmma sKcriepuMEHTANBHBIX HCCIEA0BaHUN ObuIa pas-
paboTaHa B COOTBETCTBUHU C OPUTMHAIBLHOW MeTojojoruei [14], opueHTHpOBaHHON Ha y4eT Kitoye-
BbIX ACIIEKTOB B 00JIACTH MPOEKTUPOBAHMUS, U3TOTOBJIEHUS UCIIBITAHUN U DKCIUTyaTal[H, KOTOPbIE MO-
I'yT HOTEHIMAJIbHO MOBIUATH Ha omnpenenenue BVID. Ee cxema npuBesneHa Ha puc. 1, oHa mpeamnona-
raeT MakCUMaJbHYIO MPEICTaBUTEIbHOCTh MPUMEHAEMBIX METOJIOB C TOUKU 3PEHMSI UX COOTBETCTBUSA
TUIIOBOM KOHCTPYKIIHH.
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Onpenenerne GaxTopoB, BIUSIONINX HA BIH3YAIbHYI0 OOHAPYKHUBAEMOCTb
MIOBPEKIESHMII B SKCILTyaTallll, H MeTOAHI olleHKn BVID
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B wactHOCTH, 00pa3Ilbl 711 UCIIBITAHUHN JOJIKHBI OBITH M3TOTOBJICHBI U OKPAIIEHBI TI0 CEpUIA-
HOW TEXHOJIOTHH, CIICHAPUH U METOJMKA HAHECEHUS yAapHBIX BO3JICHCTBUIN OMKHBI OBITH 000CHOBA-
HBI OTIBITOM JKCIUTyaTallid, OCMOTP JOKHBI IPOBOJAUTH SKCTIEPTHI, aTTECTOBAHHBIC B COOTBETCTBHUH C

Puc. 1. O6mas cxema 3KCIIepIMEHTa 110 onpeaenennto BVID
Fig. 1. The general scheme of BVID experimental evaluation

JIEUCTBYIOILIEH CUCTEMOM MMOATOTOBKH MEPCOHANIA, U T. [I.

Jns sxcnepumeHTa ObUTO M3roTOBIEHO 90 YIJIETIACTUKOBBIX TAHENEH, MOAKPETUICHHBIX
T-00pa3HBIMU CTpUHTEpamu, ¢ pazmepom 320 x 320 x 3,2 MM, IOTHOCTHIO AHAJIOTHYHBIX IMAHEJSIM,

MIPUMEHSEMBIM B XBOCTOBOM OIlepeHuu (puc. 2).

Puc. 2. O6uwmii Bux obpasua
Fig. 2. The specimen
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OOmuBKa ¥ CTPUHTEp MaHENeH COCTOAT W3 AeBATU cioeB mnpernpera HexPly Ha ocHoBe yrie-
ponuoro (M21/34%/UD194/IMA) u crexnsaHoro (M21/45%/120) Bonokna. [Tocne mokpacku o0Opa3s-
IIOB Ha CEpUMHOM 3aBOJIE Ha NaHeIu 25-MUIMMETPOBBIM chepruecKuM OOMKOM ObUIM HaHECEHBI
yAapHBIE MOBPEXKIEHUS ¢ Nepeaadeii sHepruu B nuanaszone 3—107 [x. M3smepenns noBpexIeHui Bbl-
MOJTHSUTUCh KOHTaKTHBIM TITyOMHOMEpPOM, YCTaHOBJICHHBIM Ha IITaTWBE. | IyOMHBI BMATHH, 00pa3o-
BaBIIMXCA B pe3ynbTaTe, okazanuch B uHTepBane 0,01-1,68 mm. Bce manenu, kak ¢ yaapamu, Tak u
6e3, OBLIN CKOMITOHOBAHBI B INTAHIIETH 3 X 3 IITYKH IUIOMAABIo 1,1 M°, OC/Ie 9ero ImpoM3BOMICS HX
OCMOTP 3KCIIEPTaMH.

Onucanue 3xcnepuMeHTa. B Xone skcnepuMeHnTa oTpadaThIBaIOCh ABa TUIA AKCILIyaTalu-
OHHOT'O KOHTPOJISl aBUALIMOHHBIX KOHCTPYKLUH, MPUMEHSAEMBbIX B YCIOBUAX a3POAPOMHOTO OOCITYXKH-
BaHus: o0t ocMotp (GVI) u neranbubiit ocMoTp (DET). OO11uii ocMOTp BBINOIHAICS C pACCTOSHUS
3 u 5 M, geranbHbIi — ¢ pacctosHus 0,7 M. IIpu npoBeaeHun 001IET0 OCMOTpA CIIEUATUCTaM JaBa-
noch 20 CeKyH] Ha KaXAbli IUIAHILIET, HE pa3peliajoch BCTaBaTh M3-3a CTOJA U 3HAYUTEIBHO H3Me-
HATH yroia o63opa. [Ipu nerambHOM ocMOTpe BpeMsi Obulo orpaHuueHo 40 ceKyHIamH, pa3peniagoch
XOJUTh BOKPYT IJIAHIIETa U OCMaTpHUBaTh MaHENIU MO Pa3IMYHbIMU yrilaMu. Bce ocMOTpbI BBIOJIHS-
JIUCh NIPU €CTECTBEHHOM OCBELICHHH.

Ha nepBom sTane 42 cnenuanucra, B TOM YHUCIE 25 COTPYIHUKOB aBUAKOMIaHUM, 00agaro-
IIMX OTBITOM B JaHHOH oOmnacty, u 17 yenoBek 0e3 KBaIM(UKALMK, YIaCTBOBAIU B SKCIIEPUMEHTE 110
MIPOBEPKE BIUSHUS Ha BU3YAIBbHYIO O0OHAPYKUBAEMOCTh PACCTOSIHHSA 10 00BEKTa, KBATH()UKANN KOH-
TpoJiepa U LBeTa MOBEPXHOCTH. [y 3TOro ocMaTpuBaIiCh YUCThIE (HE3arpsi3HEHHbIE) MTAHENIU Ceporo,
KPaCHOTO M CHHETO IIBETOB, COJEPKaBIIME B 00mIel ciokHocTu 80 ynapHBIX moBpexacHuil. Beioop
TAaKOM IIBETOBOW raMMbI CBSI3aH C OCOOEHHOCTSIMH JIMBPEM OCHOBHOI'O OXMJAEMOI0 3aKa3uuka
MC-21 — komnanuu «A3podaoT».

Ha BTOpOM 3Tare u3ydanoch BIMsSHUE 3arps3HEHMsI IOBEPXHOCTH. Bee nmanenu ObuUIH MOKPHITHI
CJI0EM T'yallll, UMUTUPYIOLIEH I'psA3b. B ombITax ¢ 3arpsA3HEHHBIMU MaHEISIMHU y4yacTBOBaslo 16 yerno-
BEK, B TOM uncie 10 axcrepToB U 6 4eIOBEK 0€3 ombITa.

Mopnean ctaTucTH4YecKo 00padoTKH pe3ybTaTOB. B MaTeMaTnueckoil Mozieny, UCTIoNb3ye-
MOH JUIsl aHalu3a, OOHapy KEHHE MOBPEXKIEHHUs PAcCCMAaTPUBAIOCh KaK CIydaiHOE COObITHE, KOTOpPOE
MOJKET MPOUCXOJUTH C BEPOSITHOCTHIO P WM HE IMPOUCXOJUTH C BeposATHOCThIO ¢ = 1 — p. [Ipenmnona-
rajoch, 4YTO BEPOSTHOCTh OOHApPY’KEHHs 3aBUCHUT OT pa3Mepa MOBPEXICHUS (ITTyOMHBI BMATHHBI), KBa-
TUQUKAIMY CIIEIMAINCTOB, LIBETA KPACKH U YPOBHS 3arpsi3HEHMSI TOBEPXHOCTH. VICTHHHAs BEPOSATHOCTh
0OHapyKEHUs MMOBPEXKEHUS ONPEAETICHHOI0 pa3Mepa CrielMaIUCTaMy paBHOM KBaJIM(HUKALUKU B OIMHA-
KOBBIX YCJIOBHUSIX CUMTaJIaCh HEU3BECTHOM MOCTOSHHOM, KOTOpast JOJKHA OBITh OIpeesieHa B XO/€ UC-
nbITaHui. Yucno oOHapyKeHUI MOBPEXACHHS ONPEeNICHHOTO pa3Mepa [ B N HE3aBUCUMBIX HCCIIENIO0-
BaHUSX CUUTANIOCH CIy4YailHON BEIMYMHOM, KOTOPast MOXKET IPUHUMATh TOJIBKO JUCKPETHBIE LIENIbIE 3Ha-
yenus 0, 1, 2, ..., n ¥ TOAYNHAETCS OMHOMHHAIBHOMY PAcIpesieNIieHHIO ¢ TapaMeTpamMu p u n. Bepost-
HOCTbh OOHApYXEHMS MOBPEXJICHUS k pa3 B N UCHBITAHUAX MOXKET ObITh BbIpakeHa Kak [15]

F(u = kin,p) = () p*a" ™, (1)

n . .
rae (k) =n!/k!(n — k)! — GuHOMUHATIBHBIA KOA(P(UIMEHT WM KOJHYECTBO KOMOHMHAIIHIA, B KOTO-

pBIX k crienuanucToB U3 N, YYacTBYIOIIUX B dKCIEPUMEHTE, 0OHAPYKUBAIOT MoBpexaeHue. Oxxuaae-
Masi BeJIMUMHA B IaHHOM Cllydae:

E(p) = np. (2)
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BeposTHOCTE 00HApYKEHUS MOBPEKIeHUS k MO0 OOJIbIe pa3 BO BpeMs BU3yaIbHOU MTpOBEp-
KU M CTIeHUAIMCTaMU OyZeT CyMMoii BeposiTHOCTeH (1) U1 Bcex BeMYUH U, A1 KOTOphIX k < u < n:

n
F(uzkln,p) = Xji=k (#) prq"r. )

CornacHo (2) ToyedHas OIEHKa O0XHIaeMOTO0 3HAYEHHUS BEPOATHOCTH OOHApYKEHHs TOBpe-
JKICHHS ONIPEIICIICHHOTO pa3Mepa MOXKET OBITh OMpesesieHa U3 AKCIIEPUMEHTAIBHBIX JTAHHBIX KaK OT-
HOIIIEHUE U (KOTUYECTBO OOHAPYKEeHHIT) U N (00IIee KOJTMYECTBO HCIIBITAaHUN): P = U/N.

YtoObl NMPUOTU3UTH COOTHOIICHUE MEXKIY BEPOATHOCTHIO OOHAPYKEHUS MOBPEKICHUS U €ro
pa3MepoM, ObLTH pacCMOTpPEHBI TpH (HYHKIIMU: SKCTIOHEHIMAIbHAS, JIoTHCcTUYecKas u BeliOymia. Onu
ObUTM KCIOJIb30BaHBI JJIsI COTJIACOBAHMSI SKCTIEPUMEHTANIBHBIX JaHHBIX, TIOJYYEHHBIX B Pa3HbIX yCIO-
BUSX U TP Pa3HOM KOJHMYECTBE UCIBITAHWHN. B manpHeIeM aHaIn3e OTKAa3aIMCh OT YKCIIOHCHIIUAb-
HOW (YHKITUU W3-32 TIPOTHBOPEUHIA B 00JACTH KPYITHBIX MOBPEXKICHUH: BO MHOTHX CIy4asX OHa Jlana
HEepeambHbIe BEPOSITHOCTH, p > 1. Anmpokcumanuu BeiiOysuia u noructudeckast GyHKIHS TOKa3aIH
COTJIaCOBAHHOCTh B OOJIACTH MaJIbIX BEPOSTHOCTEH U pacXoxkaAeHHEe B o01acTu BeposiTHocTel p > 0,7.
UuciieHHOEe MOJIETMPOBaHMUE, BBHIIOJIHEHHOE ¢ moMolibio Metona Monte-Kapio [16], mokazano, 4To
CyMMa KBaJIpaTOB OCTATKOB MEXJy TOUYKaMH TEOPETUUYECKUX M SKCIIEPUMEHTAIBHBIX JaHHBIX () Oblia
MEHBIIIE I ypaBHEeHUs Beli0yinia, geM s JOTUCTHYeCKOTro ypaBHeHwus. J[is mpoBepeHHOro Habopa
nauubIX Queipyn = 1,38 U Qpogistic = 1,58. Takum 00pasom, 11 JaabHEHIIEro aHann3a Oblia BbI-
Opana ¢ynkius BeiiOya

p=1-ex(-(2)) (4)

[Tapametps! pyHkimu BeliGymia a 1 b MOTYT OBITH OIpeIeNIeHBl METOIOM HAaUMEHBIIIUX KBaIPaTOB:

2
Q=X |Dpi—|1—exp (— (%)b> = min, (5)

reP; — SKCIEPUMEHTAIBHO OIPEICICHHAs BEPOSTHOCTh OOHAPYKEHUS TOBPEXKICHUS pa3MepoM h;.
[Tockonbky dyHKIUs (5) rmaakas ¥ OJHOMOJANIbHAS, €€ MUHUMYM MOXXET OBITh ONPENENICH, K IPUMe-
Py, METOJIOM MOKOOPAMHATHOTO cirycka [17].

PE3YJIBTATBI U OBCYXIEHHUE

KonnyecTBeHHBIE XapaKTEPUCTUKU 3HAYMMOCTH JKCIUTYyaTallHOHHBIX (DaKTOPOB JJISI BH3Yallb-
HOM 0OHApYKUBAEMOCTH OMPEACIISIINCH C UCTIOIB30BAaHUEM HEMapaMeTPUYECKHUX METOJJOB MaTeMaTH-
YeCKOM cTaTUCTUKU. [ MPOBEPKU OJHOPOIHOCTH JAHHBIX, TO €CTh TMIIOTE3bl O MPHHAIIC)KHOCTU
BBIOOPOK K OJHOM M TOM e reHepaJIbHOW COBOKYITHOCTH, AJISl ABYX BBIOOPOK MPU OTCYTCTBHM B HUX
COBMAIAIOIINX 3HAUYCHUHN HCIONb30BaNIca KpuTepuid Manna — Yurthu [18]. B ciydae Tpex unu 6onee
BBIOOPOK WJIM B CITy4ae JIBYX BEIOOPOK C COBMAIAIOIIMMU 3HAYCHHUSIMU HCIIOJIH30BAJICS k-BBIOOPOYHBIN
Kputepuii cornacust Auaepcona — lapnunra [19].

Bansinue xkBanudukauum nepconasa. BousHue kBanudukanuyu nepcoHana Ha OOHapyKHUBae-
MOCTb YJIAPHBIX MTOBPEXICHUH H3y4yalloCh Ha YMCTHIX 00pa3liax Tpex BHIOPAHHBIX LBETOB ITyTEM IPOBE/Ie-
HUSI KCTIEPUMEHTA C ABYMS TPYIIIIaMU: TPYTIION SKCIEPTOB C OMBITOM COOTBETCTBYIOLIMX PabOT U IpyII-
noit 6e3 crenuaabHONW MOArOTOBKH. [t cpaBHeHMs 3(h(HEKTUBHOCTU 3THX TPYII Ui KaXXIOTO pa3mepa
MOBPEKACHUS ONPEEISUIMCh PA3HOCTH MEXKAY BBIYUCICHHBIMU CPEHUMU 3HAUEHUSMHU BEPOSITHOCTH €T0
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obHapysxeHus. OKazanock, 4To 3a UCKIIOUCHHEM HEOOJBILION TPYIIbI JaHHBIX (IETalbHBII OCMOTP BMS-
THH TIyOuHOM cBbiie 0,4 MM), 1711 BCEro OCTAJIBHOTO JHAla3oHa Pa3MEpOB IMOBPEKICHUN W THIIOB
OCMOTpPa Pa3HOCTU BEPOATHOCTEH MEXIY IBYMs IPYIIIAMHU P; — Ppg TPOSBIAIOT 3aMETHYIO HECTAOMIIb-
HOcTh. C y4eToM TOro, YTo CpelHHE 3HAYECHHUS 3TUX pa3HOCTeH MpuOMKaloTcs K Hyso (B Tabn. 1 ato
NPOWJLTIOCTPUPOBAHO JUISl CHHUX HE3arpsi3HEHHBIX 00Pa3LioB), MOXKHO 3aKIIIOYUTh, YTO B YCIOBHAX JaHHO-
ro AKCIEepUMEHTa KBATM(UKALIKS CIEHUATICTA HE OKa3aa CyIECTBEHHOTO BIMSHHS Ha BEPOSTHOCTH 00-
Hapy>KECHUS MOBPEXACHUN. B 1ensax TanbHEHIIero anaamsa, COCpeJOTOYEHHOIO Ha JPYTUX JKCIUTyaTalu-
OHHBIX (paKTOpax, CTATUCTUUECKUE JaHHBIE U3 ABYX TPYMI ObUTH 00BETMHEHBI.

Taoauna 1
Table 1
BeposiTHOCTH 00HapY)eHHS BMATHH [Tl CHHUX HE3arps3HEHHBIX 00pa3IoB
The probabilities of detecting dents for clean blue specimens
Ne | h.mm 0,7m 3m S5m
bi Pnq Di — Pngq pi Png Di — Pngq pi Png Di — Png
1 0,04 0,95 1,00 —0,05 0,25 0,00 0,25 0,10 | 0,00 0,10
2 0,05 0,55 0,31 0,24 0,05 0,15 —0,10 0,05 0,08 —0,03
3 0,07 0,95 0,85 0,10 0,15 0,39 —0,24 0,05 0,23 —0,18
4 0,08 0,95 1,00 —-0,05 0,00 0,08 —0,08 0,05 0,00 0,05
5 0,11 0,95 0,77 0,18 0,20 0,15 0,05 0,15 0,00 0,15
6 0,12 0,65 0,54 0,11 0,05 0,00 0,05 0,05 0,00 0,05
7 0,12 0,80 0,85 —0,05 0,10 0,08 0,02 0,05 0,08 —0,03
8 0,20 0,65 0,77 —-0,12 0,35 0,39 —0,04 0,05 0,08 —0,03
9 0,21 1,00 1,00 0,00 0,85 0,92 —-0,07 0,60 0,77 —0,17
10 0,31 1,00 1,00 0,00 0,85 0,85 0,00 0,80 0,85 —0,05
11 0,34 0,95 1,00 —0,05 0,90 1,00 —0,10 0,85 1,00 —0,15
12 0,34 1,00 0,92 0,08 0,80 1,00 —0,20 0,55 0,85 —0,30
13 0,39 1,00 1,00 0,00 1,00 0,92 0,08 0,95 1,00 —0,05
14 0,39 1,00 1,00 0,00 0,85 1,00 —0,15 0,90 1,00 —0,10
15 0,72 1,00 1,00 0,00 1,00 1,00 0,00 1,00 | 0,92 0,08
16 0,95 1,00 1,00 0,00 0,95 1,00 —0,05 0,90 | 0,92 —0,02
17 1,00 1,00 1,00 0,00 1,00 1,00 0,00 1,00 1,00 0,00
18 1,08 1,00 1,00 0,00 1,00 1,00 0,00 0,95 0,85 0,10
19 1,10 1,00 1,00 0,00 0,95 1,00 —0,05 1,00 1,00 0,00
20 1,12 1,00 1,00 0,00 1,00 1,00 0,00 0,90 1,00 —0,10

Biausinue nBera. /(715 OLIEHKU 3HAYMMOCTH BIIMSHMSI IBETOBOM TaMMBbI Ha OOHAPYKUBAEMOCTh
HOBPEXJICHUN MCIIOJIb30BAJIACh BEIMYMHA OTHOCUTENILHOTO YMCIIa OOHAPYKEHHBIX BMATHH [l KXKIbIM
u3 42-x crienuanuctoB. C 1eIbi0 KOPPEKTHOTO CPaBHEHUS, TaHHBIE TT0 CEPBhIM, KPACHBIM M CHHUM 00-
pasiaM ObLTH B3SIThI C OJJMHAKOBBIM JHMANa30HOM pa3MepoB, a uMeHHo oT 0,5 1o 1,1 mm. OToT AMana-
30H BKJII04aJ 33 BMATUHBI HA cEpbIX 00pa3uax, 17 BMATHH Ha KPacHbBIX U 18 BMSATUH Ha CUHUX.

J1nst Bcex M3yyaeMbIX paccTOSHUI 0030pa JJIsl CHHUX MaHesel cpeiHue 3HaUeHUs] OTHOCUTENILHOTO
yrcina OOHAPY)KEHHBIX BMATHH ObUTH OoJbIle, a KO3()(UIMEHTHI Bapualiy MOYTH B J[Ba pa3a MEHBIIIE,
4eM JUI cepbIX U KpacHbIX. [IpoBepka Ha OTHOPOIHOCTb AAHHBIX JUI TPEX BBIOOPOK, KOTOPbIE BKIIOYAIH
1o 42 pe3yinbTara, oKasaja, YTO BCE 3HAUEHUS] CTATUCTUKH k-BBIOOPOUYHOTO KpuTepus AHnepcona — Jlap-
JIMHTa MHOTO OOJIbLIE KPUTUYECKOTO 3HAYEHHs, I09TOMY BEPOSITHOCTh OOHApPYKEHUs 3HAUMMO 3aBUCHUT OT
1Bera obpasua. CpeqHue 3HaueHUs: OTHOCUTEIbHOW OOHAPYKMBAEMOCTH, ONPEAEICHHBIE JUIsl KPaCHOW U
cepoll maHesnei, ObUTM 0YeHb OJIM3KM JIPYT K JIPYTY MPU PACCTOSIHUM OCMOTpa 3 U 5 M C HOYTH OAMHAKO-
BbIM pazopocom. Tect ManHa — YUTHH UCTIONB30BAJICS ISl IPOBEPKH OJTHOPOTHOCTH JAHHBIX, MOTyYECH-
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HBIX Ha KPAaCHBIX U cepbIx oOpasiax. Oka3aiaoch, YTo Ui paccTOsiHUS 0030pa 3 U 5 M MOXKET ObITh MPHHSI-
Ta FUIIOTE3a O TOM, YTO 00€ BRIOOPKH MPUHAUIEKAT K OJHON 1 TOM K€ MOIYJISIU C YPOBHEM 3HAYUMOCTH
5 %, a i paccrostHus ocMotpa 0,7 M — ¢ ypoBHEM 3HauuMocTH 1,2 %.

[Tomy4eHHble 3HAYEHUST BEPOATHOCTH OOHAPYKEHUS TIOBPEXKIICHUN Ha CEPhIX M KPacHBIX 00pasIax
¢ paccrosuusg 0,7 M Kak (pyHKIMHM pa3MepoB MOBPEXKICHUS MOKa3aiM, YTO SKCIEPUMEHTAIbHbIE TOUYKH
PaBHOMEPHO IEpeMeIlIaHbl, 32 HCKIIOUYEHHUEM TpeX 3HaueHWUH Ul 00paslloB KPACHOTO IIBETa, KOTOpHIE
BBITIAJIM M3 OOIEH MOJIOCH! pa3dpoca M MOBIMSIIM HAa YPOBEHb 3HAUUMOCTH KpuTepus. IIocKonbKy cucre-
MaTUYECKOT0 PacXOoXkICHHUS MEXKIy SKCIIEpUMEHTAbHBIMU TOUKaMH HE HaOII0/1aJI0Ch, MOXKHO MPEANoo-
JKHTh, YTO 3HAYCHUS BEPOSITHOCTH OOHAPYKEHHS Ha CEPOil U KPaCHOMN IMOBEPXHOCTSX OMHAKOBBI, U SMIIH-
pHUYECKHe TaHHbIE, TIOTyYEHHBIE IS 3TUX JBYX I[BETOB, TAK)KE MOTYT OBITh OOBETUHEHBI.

Biusinue paccTosiHMsl. DKCIEPUMEHTHl ¢ KpacHBIMH M CephIMH OOpa3liaMy IOKa3asd, 4TO
yBenudeHue pacctossHus ocmorpa ¢ 0,7 10 3 1 A0 5 M MPUBOAMT K YMEHBIIICHUIO KOJIMYECTBa OOHA-
PYXXEHHBIX BMATHH B 2 U 3 pa3a COOTBETCTBEHHO. JIJii CHHMX 00pa3lioB HAOIIONATIOCH YMEHBILICHHE
KOJIM4ecTBa 0OHAPYKCHHBIX BMSTHH B 1,4 pa3a 1is paccTossHusl ocMoTpa 3 M u B 1,6 pa3a s paccto-
SIHUSL OCMOTpa 5 M.

Bumnsinue 3arpsi3HeHus. J{1s OLICHKHU BIMSHUS 3arps3HEHHS] TOBEPXHOCTH HAa BU3YaJIbHYIO 00-
HAPYKUBAEMOCTh KOMITO3UTHBIE TIAaHENW ObLTH MOKPBITHI YEPHOU Tyallblo, UMUTHPYIOIIEH CaXeBYIO
IJICHKY, TI0 aHAJIOTHH C HAOJIOMAaBIIMMCS B SKCIUTyaTallud COCTOSTHUEM 3aKphlika camoiiera Ty-204.
Jlyist BBIOOPOK 3HAYEHHIT OTHOCUTEILHOTO YHUCIIa BMSATHH, OOHAPYKEHHBIX KaXKIBIM DKCIIEPTOM Ha YH-
CTBIX W 3arpsi3HEHHBIX 00paslax, MpoBepsaach runore3a 00 UX MPHUHAIICKHOCTH K OJTHOM reHepaib-
HOW COBOKYMHOCTH. TecT Ha 0AHOPOIHOCTH 10 AHIEpCcOoHY — JlapnuHry Ui IBYyX BBIOOPOK, BKIIIOYA-
fomux 42 3HaYeHUs] Ha YUCTHIX M 16 Ha 3arpsi3HEHHBIX 00pasiax, Mmokas3ai, 4To B Tpex ciaydasx (Kpac-
Ho-cepsblid 0,7 M / cuHMit 3 M / CHHMIA 5 M) BIUSHUE COCTOSHUS MOBEPXHOCTH Ha 0OHAPYKUBAEMOCTh
OBLJIO 3HAYMTENBHBIM, a B JPYTHX TPEX Ciydasx (KpacHO-cephlii 3 M / KpacHO-CEphId 5 M / CHHHI
0,7 M) BAHMSIHUS BBISIBICHO HE ObUI0. CrenaTh OJHO3HAYHBIN BBHIBOJ O BIMSHUU 3arpsi3HEHHUS Ha OCHO-
BaHUU 3THUX JAHHBIX JOBOJILHO TPYAHO, OJJHAKO C YBEPEHHOCTHIO MOYKHO CKa3aTh O CJIEIYIOIIEM.

Bo-niepBbIx, BEpOSATHOCTh OOHAPY>KEHHS Ae(PEKTOB MPH 3arpsA3HEHUH MOHUKAETCS, O YEM CBH-
JETEeNbCTBYIOT allPOKCUMUPYIOILIUE 3aBUCUMOCTH, IIPUBE/ICHHBIE HA puUC. 3.

Bo-BTOpBIX, 3arpsA3HEHNE MOBEPXHOCTH NMPHUBENO K CYIIECTBEHHOMY IOBBIIICHUIO PACCESTHUS
PE3yJIbTaTOB BU3YaJIbHOTO KOHTPOJIS, TO €CTh B HEKOTOPBIX CiIydasX AepeKT Ha 3arpsA3HEHHOH mo-
BEPXHOCTH MOXKET OKa3aThCs 00Jiee 3aMETHBIM.

@ Ywucrble

Yucrble

3arpAsHeHHbIe

= 3arpA3HeHHbIE

BepoATHOCTL 06HapyXeHua

1 1,5 2
Fny6uHa BMATHHDBI, MM

Puc. 3. BeposiTHOCTh 00HapYKeHUsI Kak (DYHKIHS pazMepa IMOBPEKACHHS sl KPaCHBIX M CEPBIX 00pa3LoB IpH

paccTosiHUM OCcMOTpa 3 M
Fig. 3. The probability of detection as a function of damage size for red and gray specimens from viewing distance of 3 m
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Metoauka Beruucienusi BVID. B cooTBeTcTBUM C IPAKTUKOM, IPUHATON B aBUACTPOEHUH [4—6],
pazmep BVID i KOMIO3UTHBIX KOHCTPYKIMHA ycTaHaBIUBaeTcs Mo kpurepuio «90/95»: 95 % mpose-
PSIIOIINX JOJDKHBI 0OHApYKuTh He MeHee 90 % nedexToB ¢ pazmepom He Menblire BVID. Onenka storo
pa3Mepa BBIMOIHSIIACH C TTIOMOIIBIO TEXHOJIOTHH OyTcTpen-mMoaenupoBanus [20], KoTopast mpeacTaBIIseT
co0oil HemapameTpryecKuii MeTo/1 00pabOTKHU CITyYaiHBIX JaHHBIX. DTOT METOJ HE TpeOyeT Mperoio-
KEHUI 0 3aKOHE pacIpeesIeHUs] U UCIOJIb3YET TOJIBKO SMIMPHUYECKHE PE3yJIbTaThl, TEHEPUPYS U3 JI0-
CTYIHOT0 Habopa CiIydailHbIX JaHHBIX HA00p «(paHTOMHBIX» BBIOOpOK. [Ipeanonaraercs, 4To UMEIOLIH-
ecsl n 3HaUeHUH 00pa3yroT TeHEePAIbHYIO0 COBOKYITHOCTh, M3 KOTOPOU CIIydaitHBIM 00pa3oM M3BIICKAOTCS
C BO3BpAIIICHUEM 71 3HAYCHUH C PaBHBIMH BEpOSITHOCTAMU (1/71) M3BIEUCHUS KaXKIOTO, KOTOpBIe 00pasy-
10T OyTcTpen-BbIOOpKY. Beero renepupyercss N BBIOOPOK, M JUIsS Ka)KIOH IMPOU3BOAUTCS OLIEHKA pac-
CMaTpUBaeMOM CIy4yailHON BENUYMHBL. 3aTe€M AaHAIM3HPYETCS pacHpelesiCHHE MOJYUYEHHBIX OLIEHOK.
Pe3ynbraThl SKCIEPUMEHTOB 1O BU3YaJIbHOMY KOHTPOJIIO MOKHO IPEJCTAaBUTh B BHUJIE TAOJIUIIBI, B KaX-
JIOM KJIETKE KOTOPOH COACPKHUTCS PE3yJIbTaT OCMOTPa KOHKPETHBIM IKCIEPTOM 00pasiia ¢ KOHKPETHBIM
pa3MepoM MHoBpexaeHHus. B Tabmuue coObITHIO OOHApYKEHUs MOBPEXKICHUS COOTBETCTBYeT nudpa 1,
HeoOHapykeHuio — nudpa 0. B xagectBe mpumMepa B Tab1. 2 IPUBEICHBI PE3YIbTATHI OCMOTPOB 3arpsi3-
HEHHBIX 00pa3II0B CUHETO I[BeTa ¢ paccTosHUS 3 M. Tabmura BkitouaeT 20 CTpoK U 16 KOJIOHOK IO YHC-
Jy TIOBPEKACHUHN M KCTIEPTOB COOTBETCTBEHHO. CTPOKM TaOJIMIIBI SBISIOTCS BBIOOpKaMU 00beMa # pe-
3yJITATOB OCMOTPOB 00PA3LI0B € MOBPEXKICHUAMH ONpPEIEIICHHBIX pa3MEPOB.

Jnst kaxaou cTpokd Tabiumbl (pa3Mep MOBPEXICHHS) TEHEPUPYIOTCS n nudp, paBHOMEPHO
pacnpeneneHHbix B auanasone [1, n]. Kaxnas uudpa onpenenser HoMep sUSHKA B CTPOKE, UCTIONB3Y-
eMOH /ISl U3BJICUCHHS 3HAYCHHS C NTOMEIICHHEM €Tr0 B HOBYIO BBIOOPKY. [Jiss HOBOH BBIOOPKH C HC-
MoJIb30BaHreM cooTHoieHuH (4)—(5) crpoutcs pynkuus BeitOynna u onpenensiercs MakKCUMAalbHBIH
pa3Mep MOBPEXKICHNUS, KOTOPBI MOKET OBITH 0OHAPYKEH € BepoITHOCTHIO 90 % (hgg).

Tao6anna 2
Table 2
PesynbraThl KOHTPOJIS 3arpsSI3HEHHBIX CHHUX 00Pa3IloB ¢ PACCTOSIHUS 3 M
The inspection results for contaminated blue specimens from viewing distance of 3 m

I'myOuna Howmep skcniepra
BMSATHUHBI,
MM ?
0,04
0,05
0,07
0,08
0,11
0,12
0,12
0,20
0,21
0,31
0,34
0,34
0,39
0,39
0,72
0,95
1,00
1,08
1,10
1,12
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I'enepanus BeIOOpOK M aHanu3 Belibysia npogomxkatorcest N pa3s. IlomyueHHslli MaccuB, co-
nepxamuii N olleHOK hgo, BHICTPAUBACTCA B BAPUALMOHHBIN Psijl B MOPSAKE BO3pAaCTaHUs BeTUUnH. B
COOTBETCTBUU C IPUBEJCHHBIM BbIIIE onpesencHrueM 95 % 3HaueHUil MacCcuBa JOJKHBI OBITh HUKE
pasMepa Majl03aMETHOTO y/IapHOTo MoBpexkaAeHus. TakuM 0o0pa3oM, OLEHKOH pazMepa Majlo3aMEeTHOTO
YIApHOTO MOBPEXKAEHUSA Rgg /95 ABISETCA 3HAaUCHHE hgy ¢ mopsakoBeiM HOMepoM 0,95N. Yucno no-

BTOpEHUH «dKcnepumMenTa» N BoiOMpaeTcs u3 ycnoBus crabunuzanuu 3Hauenus BVID. [Iposenennbie
WCCTIEOBAHMS MMOKa3ajdu, YTO CTa0MIM3alus yKa3aHHOTo mporecca Hactymaer nocie 700-800 k-
JIOB, @ Npu o0beme MojaenupoBanus Oosiee 800 auama3zoH kosebanuA omeHkM BVID He mpeBwimaer

10,2 %. Takum oOpa3om, 4yuciao MOBTOpeHUH «KkcnepumerTta» N = 1000 mMoxHO cuuTaTh JIOCTa-
TOYHBIM.

[TomrydyeHHble 3HAUYEHHS MaJO3aMETHBIX YAApHBIX MOBPEXKICHHUN IMPEACTaBICHbl B CBOJHOM
Tadm. 2.

Buansnue penakcanmu. Ilocne skcrepuMeHTOB MO U3y4eHHIO 3(G(EKTUBHOCTH BH3YalbHOTO
KOHTPOJIsI paboTHl ObUTM MPOJIOIHKEHBI B HANPABJICHUU HCCIIEIOBaHUs SBJICHUS penakcauuu. [lox pe-
JaKcamuei 3unech moHuMaeTcst 3GpGHEeKT YMEHBIIIEHUs CO BpEMEHEM Pa3MepOB MOBEPXHOCTHOTO AcdeK-
Ta B KOMIIO3UTHOM naHenu. MccienoBanue npoBoAMIOCh HA JBYX MaHENSX, COAEPIKALUX IEBATH BMS-
TuH. Ha mepBoMm 9Tare penakcaiusi uccienoBajach Ipu KoMHaTHOUM Temriepatype (Hmke RT — Room
Temperature), ¢ peryJIsspHbIMHA U3MEPEHUsIMU B TedeHune 97 nueil. Ha BTopom 3rtarme Te ke naHeiau Obl-
JIM TIOMEIIECHBI B KJIUMATHYECKYIO KaMepy Ha 73 IIHs 1Ji1 OLEHKU BO3ACHCTBUS OKPYXKAIOIIEH CPEbl:
OJlHa IaHesb BiaroHacsimanacek npu temmneparype 80 °C u orHocutenbHOM BiaxkHocTH 90-95 % (HU-
xe ETW — Elevated Temperature Wet), a BTopast BeicymuBaiack npu temreparype 70 °C u BIaxHO-
cta 10 % (ETD — Elevated Temperature Dry). Ha puc. 4 npencraBieHbl 3Hau€HUsI OTHOCUTEIHHOTO
k03 durenTa perakcanuu R = 8g /6y (OTHOILICHHE KOHEYHOTO ¥ HAYAILHOTO Pa3MEPOB BMSATHHBI)
B 3aBHCHMOCTH OT BPEMEHHU C JOBEPUTEIbHBIM UHTEpBaIOM 90 %.
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Puc. 4. Penakcanyn pa3mMepa BMSTHHBI IIPH PA3JIHYHBIX yCIOBUIX
Fig. 4. The relaxation of dent size under different conditions

Kax moxHO BuzeTh, HanbOosiee 3HAYUMOE BIUSHUE Ha peEIaKcalllio OKa3blBae€T KOMOMHAIIMS
MOBBIIIEHHON TeMIepaTypsl M BIaKHOCTH. K KOHIly 3KcriepyuMeHTa cpeJHHe 3HaueHus: Kod(puimeH-
TOB PEJIaKCAllMi B HOPMAJIBHBIX YCJIOBUSAX M B KOMOWHUPOBAHHOM PEXHME «HOPMAJIBHBIN + Temrepa-
Typa-BIaXHOCTE» COCTaBWIA Rpr =~ 0,2 ¥ Rgriprw = 0,6 cooTBeTcTBeHHO. ClIeyeT YIOMSIHYTh, YTO
(hakT KpUTUYECKOTO BIUSHMS BJIarM HA PEJIAKCALUI0 U COOTBETCTBYIOIIMN KOA(P(OUIMEHT CHIKEHUS
pasmepa BUIMMOTrO Ae(eKTa XOpoIo cornacyroTes ¢ JaHHbIMU Airbus [6].
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Kputepun npouHoctu. B Ttabn. 3 mpezacraBiena cBogHas MH(OpMAIMs IO IOJyYECHHBIM
ornieikam BVID ¢ ydeToM paccMOTpeHHBIX SKCIUTyaTallMOHHBIX (pakTopoB. B cTonmbiie 4 moxaszaHbl
pe3yJIbTaThl CTATUCTHYECKOTO aHAJIM3a JAHHBIX SKCIEPUMEHTA 110 BU3yAIbHOMY OOHApy>KEHUIO yaap-
HBIX MOBPEXJEHUHN MPHU Pa3IMYHBIX YCIOBUAX, B CTOJOLAX 5 U 6 Te ke BEeJIMYMHBI IPUBEICHBI C yde-
TOM KO3 (HIMEHTOB peaKcaluy IIpH KOMHATHOM TeMIepaType Rgr U B YCIOBHSX IIOBBIICHHOTO
TEPMOBJIAKHOCTHOTO CTApeHUs Rpr s prw -

Tadiauua 3
Table 3
Bnustaue skcmtyatanoHHbIX (hakTopoB Ha Kputepuid BVID
Operational effects on BVID criterion
VemoBus [Ber Paccrosuue BVID, BVIDgr, BVIDgrr+ETW,

JUIsl TOBEPXHOCTHU 0CMOTpa MM MM MM
Yucras Cepsriit 0,7m 0,30 0,4 0,5
MMOBEPXHOCTH Y KpacHBIN 3,0m 0,69 0,8 1,1
5,0m 1,02 1,2 1,6
Cunnit 0,7m 0,24 0,3 0,4
3.,0m 0,34 0,4 0,5
5,0m 0,41 0,5 0,7
3arpsi3HeHHAas Ceprrit 0,7m 0,91 1,1 1,5
MTOBEPXHOCTh U KpacHbIN 3,0m 1,17 1,4 1,9
5,0m 1,71 2,1 2,7
Cunnit 0,7m 0,59 0,7 0,9
3.0m 0,83 1,0 1,3
5,0m 0,88 1,1 1,4

3AK/IFOYEHUE

[IpoBeneHHBIE PKCIIEPUMEHTHI U PE3YJbTAThl aHAIN3a MOJYYEHHBIX JAHHBIX MO3BOJIWIM OIle-
HUTh, KaK dKCIUTyaTallMOHHBIC ()aKTOPHI BIHSIIOT HA BU3YaJbHYIO OOHAPYKUBAEMOCTh IMOBPEXKICHUN B
aBHAIMOHHBIX KOHCTPYKIMAX U3 [IKM.

Tot ¢axT, 4To KBaTH(HUKAIMS CIEIUATUCTOB HE OKa3alia CYIIECTBEHHOTO BIUSHUS HA BEPOST-
HOCTb OOHapyXEHUs MOBPEKICHHUI, MO3BOJIAET CleIaTh BBIBOJ, YTO KBAJTH(PHUKAIUS M HABBIKU DKC-
TUTYyaTallMOHHOTO KOHTPOJIsA, OTpaOOTaHHBIC HA MapKaX METaUIMYECKUX KOHCTPYKIIHMA, MOTYT OKa-
3aTbcsa HEI(PPEKTUBHBIMU MPU KOHTPOJIE KOHCTPYKLUUN U3 KOMIO3UIIMOHHBIX MaTepraioB. [l perie-
HUSL ATOU MpOOIeMbl HEOOXOauMa pa3padoTKa CIEeNUaTN3UPOBAHHBIX PYKOBOISIIMX MaTepUATOB U
OpraHu3aiys y4eOHbIX KypPCOB MO0 00CITYKMBAaHUIO KOMIIO3UTHBIX KOHCTPYKIUH.

Bbu10 ycTaHOBIEHO, YTO BEpOATHOCTh OOHAPYKEHUSI CHIILHO 3aBUCHUT OT 1BeTa. Ha cuHeil mo-
BepxHocTH noBpexkaeHus B [IKM BumHbI myurie, yem Ha KpaCHOM WJIM CEPOM MpH JIFOOOM pacCTOSTHUN
1o oobekra. boree obmas MHTEPIIpETAIUs STOTO pe3ysIbTaTa COCTOUT B TOM, YTO CJIe/Ibl OT YJapoB B
ITKM 6o:ee 3aMeTHBI Ha TEMHBIX TTOKPBITHSIX.

OpnHako 3TO CIPaBEIIMBO TOJIBKO IPU YCIOBUHU, YTO MOBEPXHOCTD JIEMEHTA YUCTAsl, TOCKOJIb-
Ky 3arpsi3HEHUE fABIISETCS OAHUM M3 ONpPENeSIIOMMX (PAKTOPOB M OKA3bIBAET OUYEHb HEOAHO3HAYHOE
BIUSHUE Ha OOHAPY)KUBAEMOCTh. B OONBIIMHCTBE ClTydaeB 3arpsi3HEHUE CKPHIBAET BMATUHBI, HO B He-
KOTOPBIX CIIy4asiX MOKET MMOJYEPKUBATh UX; B TEPMHUHAX CTATUCTUKH 3TO BBIPAXKAECTCS B 3HAUYUTEIb-
HOM PACCESIHUU MOJYYEHHBIX AIMIUPUUYECKUX JAHHBIX. ABUAKOMITAHUAM, SKCILTyaTHPYIOIIUM KOMIIO-
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3UTHBIE CAaMOJIETHI, MOKHO MOPEKOMEH]I0BATh OKPAIIMBAaTh BHEIIHUE MOBEPXHOCTU CHIIOBBIX 3JIEMEH-
TOB B TEMHBIE [IBETA U COJAEPKATh UX B UHCTOTE.

BrlimonHeHHBIE WCCNEA0BAaHUS MOATBEPIMIA KPUTHUECKOE MO CPABHEHUIO C IPYTHUMH (HaKToO-
paMH BIMSHHUE Ha penakcanuio noppexaeHuid B [IKM pexxnma BIIaroHachllEHHs TIPU MOBBIIIEHHBIX
temneparypax. [Ipu Hauxy/ei KOMOMHAIIMK YCIOBUI OKPYIKAIOIIEH Cpelibl B TEYEHHE OTHOCHUTEIb-
HO HEOOJIBIIOTO0 MPOMEXYTKAa BPEMEHHU, CPABHUMOIO C MHTEpPBAJIAMU MEXIY JIETKUMU (hopMaMu 00-
CITY»XKUBaHUS, TITyOMHA BMATHHBI MOXKET YMEHBIITUTHCS 00Jiee 4eM BJIBOE.

Takum o0pa3oM, MOJy4YEHHBIE PE3yJIbTAaThl MOKA3bIBAIOT, YTO SKCILTyaTallMOHHBIE (aKTOPHI
MOTYT OKa3bIBaTh CYIIECTBEHHOE BJIUSHHE Ha BU3YaJIbHYI0 KOHTPOJICIIPUTOJHOCTh MOBPEXKICHUM B
[TKM u st obecriedeHns JOKHOTO YPOBHS 0€30MacCHOCTH KOMITO3UTHOTO CaMOJIeTa IporpaMmMma ero
TEXHUYECKOTO OOCITYKUBAHUS 0053aTeNbHO JOKHA YUUTHIBATH COOTBETCTBYIOIIUE CIICHAPUH.
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DETERMINATION OF STRENGTH CRITERIA ON CONDITIONS
OF VISUAL TESTABILITY OF IMPACT DAMAGE
IN COMPOSITE AIRCRAFT CONSTRUCTIONS

Stanislav V. Dubinskiy', Yury M. Feygenbaumz, Vitali Ya. Senik’
! Central Aerohydrodynamic Institute (TsAGI), Zhukovsky, Russia
’The State Scientific Research Institute of Civil Aviation, Moscow, Russia

ABSTRACT

One of the principal criteria of aircraft composite design strength on the conditions of damage tolerance is the minimum defect size
of accidental impact damage that is sure to be located during regular maintenance checks. Construction strength with similar
(BVID — Barely Visible Impact Damage) and smaller damages must be ensured under design load. The analysis of operational
factors affecting the criterion value is conducted in the paper. The effects of personnel qualification, surface color, level of
contamination, distance to the object as well as defect size variations during the time due to relaxation of inner strains in the
damaged construction were studied.

Research was carried out using 90 carbon fiber three stinger panels of different color and contamination levels which were subject
to impact damages by a 25 mm spherical striker. Totally 80 blows were struck when applying energy within the range of 3—107 J.
In the visual damage detectability test under different conditions 42 experts were participated including 25 airlines inspectors. For
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the statistical analysis of empirical data and determination of dependence for the damage detection probability on its size, the
Weibull function was utilized. Determination of BVID size using "90/95" criterion was performed by means of the bootstrap
method (95% of inspectors must detect not less than 90% of defects with the size not smaller than BVID). The results obtained in
this study enabled to access the degree of various operational factors impact on reliability of damage detectability during the visual
inspection and determine BVID values depending on the combination of the given factors. In particular, it was demonstrated that
from all the viewing distances the defects in polymer composite materials are more detectable on the blue surface than on the gray
and red ones. Conducted research demonstrated a significant effect of relaxation (the reduction effect of the surface defect sizes in
the composite panel affected by different factors during time span) on the probability of defect detectability during operation. Also
water saturation of the construction under excessive temperatures has the critical compared with other factors impact on relaxation
of damages in polymer composite materials. The obtained results accord with the data in foreign publications making them more
supplement and specific. On the basis of conducted research the entire range of recommendations for aircraft designers and
operators utilizing composite constructions is formulated.

Key words: composite construction, Barely Visible Impact Damage (BVID), inspection, relaxation.
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N30JIAAUA BBIYUCJIUTEJIBHBIX CETEX IPEJNPUSTUS
C UCITIOJIB3OBAHUEM BUPTYAJIM3ALIUU CEPBEPOB

A.K. BJIATOPA3YMOB', I.I. KUPIIUYEB?, /I.B. IETPOB’
'Tocyoapemesennviii nayuno-uccredosamensckutl uHCMumMym 2pajicoanckoi aguayi,
2. Mockea, Poccus
’Mockosckuii 20CY0apCmeeHHblll MeXHUYeCKULL YHUBEPCUMen 2paicOaHCKoU aguayul,
2. Mockea, Poccus
'[1AO «Hayuno-npouseodcmeennoe npednpusmue «Aspocunay, 2. Cmynuno, Poccus

PexxrMHBIE TIpepusTHs NMEIOT JIOKaJIbHBIE BbraucianTenbHble cetd (JIBC), B KOTOPBIX XpaHATCS M LMPKYJIHPYIOT JaHHEIE,
yTeyKa KOTOPHIX BOBHE HENONMYCTHMa. B TO ’k€ BpeMs HM OIHO COBPEMEHHOE IPEINIPUSTHE HE MOXKET ITOIHOICHHO
(yuxmmonupoBats 0e3 JIBC, umeromeiit noctyn B MHTEpHET M 0OBEIUHSIONICH KOMIIBIOTEPHI OTIENA MPOAaX, TEXHUYECKOH
CITyOBI TIOIICPKKH M CepBep DJIEKTPOHHOHM IMoYTHL. B memsx obecrieueHwst mHpOpMAIOHHOM Oe3omacHocTr 311 aBe JIBC
M30JIUPYIOTCS APYT OT Apyra (PU3MYECKH — MCKIIOYEHHEM JIIOOBIX CBS3BIBAIOIMX MX Kabened. [lpenmpusarus, Ha KOTOPBIX K
0€30TKa3HOCTH PabOTHI CEPBEPHOTO OOOPYIOBAHMS NPEIBABILIIOTCS MOBBIIICHHBIE TPEOOBAHMS, WCIIONIB3YIOT BUPTYAIU3ALIIIO
CEepBEPOB, TPEOYIOIIYIO MOAKIIOYECHHS (PU3MUECKHX CEPBEpOB K IMCKOBOMY XpaHWIMILY (DaiiyioBEIX 00pa3soB BHUPTYaIBHBIX
cepBepoB. Ecin BEICOKOHAIEKHBIE CepBephl HEOOXOMMBI TOJIBKO B OJJHOM 13 ABYX He3aBHUCHUMBIX JIBC npeanpusaTus, To 3aTpaThbl
Ha CO3JIaHHe TaKOro CEPBEPHOI0 Kilactepa 00OCHOBAaHBI M OKynaeMbl. Ho Korna npenpusTie CTalkuBaercs ¢ He0OX0AUMOCTBIO
ycranoButh B Jpyroit JIBC oauH, XOTh M MaJIONpPOU3BOAMTENBHBIH, HO BBICOKOHA/ISKHBIN CEpBEP, TO BO3HUKAET IpoOIeMa:
TpeOyeMyI0 HaJJe)KHOCTh MOXKET 0OECIICUNTh TOJIBKO CEPBEPHBII KIIACTEP C JOPOTOCTOSIIMMU KOMIIOHEHTaMHM, HO JUISl PELICHUS
BO3/IaraéMbIX Ha HOBBIM CepBep 3a[ad BBIYMCIIUTENBHAS] MOIIHOCTD KJIAacTepa OKaXKETCs MHOTOKDATHO 3aBBILICHHOW, M €ro
MIOCTPOCHHUE OKKETCS KpalHe 3aTpaTHBIM M SKOHOMHYECKM HEOOOCHOBaHHBIM. B To ke Bpems HeoOXOIMMBIE Ui HOBOTO
cepBepa BBIYUCIIUTEIFHBIE MOIITHOCTH MOTYT OBITh 0€300J1€3HEHHO IT03aMMCTBOBAHBI y YK€ HMEIOIIErocs CEpBEPHOTO KIIacTepa
NPEINPHATHS IyTeM NOOaBICHHS B HEI'O HOBOTO BHPTYaIbHOTO CEPBEPA, M 3TO HE MOTPEOYyeT HUKAKMX MaTepUATbHBIX 3aTpar.
OpHako UIs 3TOr0 HEOOXOOMMO OOECTICUMThH M3OJIIMI0 HOBOTO BHPTyallbHOTO cepBepa oT JIBC, k KOTOpoi HMOIKITIOYEHB Te
(du3nueckne cepBepbl, Ha KOTOPBIX IUIAHUPYETCSl Pa3MECTUTh BUPTyalbHbIM cepBep. B crathe wmccnemyrorcss MeETOAbI
xoH(purypupoBanusi JIBC, oOecnieduBaronye H3OMALMIO BUPTYAIBHBIX U (DM3HMYECKHX CEpBEpOB HA CETEBOM YPOBHE,
MO3BOJIIIOIIME PEIINTh 3Ty 3ajady. Tarke paccMaTpuBaeTCsl Cilydail, Korza TpebyeTcst odecrieunTs nepenady (hailioB MEKILy
JIByMs KOMITbIOTE€paMH, HaXOASAIIMMUCS B PasHBIX, M30JMPOBAHHBIX Apyr oT npyra JIBC, u mpemnaraercs cOOTBETCTBYIOLIEE
peleHue.

KunioueBrble ciioBa: jokanbHbIe BEMucuTenbHbIe cetr, JIBC, Bupryammsamws, Hyper-V, VirtualBox.

BBEJIEHME

B Hacrosiee Bpemsl MPakTHYECKU HU OJTHO MPEIIpHUsITHE, TPOU3BOJICTBEHHBIE MPOLIECCH KOTOPO-

T'O 3aBHCAT OT 0€30TKA3HOCTH (DYHKIIMOHUPOBAHUS CEPBEPHOTO 0OOPYIOBAHUS, HE MOKET OOOUTHCH 03

NT-unppacTpyKTyphl, OCHOBAHHOM Ha BUpTyalu3auuu cepBepoB. CyTh BUPTyaIM3alMU 3aKII0YACTCS B

TOM, YTO Ha OJIHOM (PU3NYECKOM CEpBEPE, HA3bIBAEMOM XOCTOM (HJIH XOCT-CEPBEPE), BHITOIHSETCS Mapa-

JIETbHO HECKOJBbKO onepalroHHbIX cucteM (OC) ¢ npuiioKeHUsIMH, Ha3bIBAEMbIX TOCTEBBIMU BUPTYalb-

HBIMU MallMHaMH (WM BUPTyaJlbHBIMH cepBepamu), npuyeM 3Tu OC moryT ObITh pa3HbIX TUNOB (Win-
dows, Linux, macOS u T. 11.). BupTtyanusauuu cBOICTBEHHO MHOXECTBO PEUMYIIIECTB:

® HAJIEKHOCTb — BBIXOJ U3 CTPOs (PU3NYECKOTO CepBepa He MOBJICUYET MPOCTOsI CIIyKO U Ipu-

JIO’)KEHUI Ha BpEMS €ro peMoHTa (WM MOArOTOBKM HOBOI'O CEpBEpa C YCTAHOBKOW Ha HETO

OC u Bcex HEOOXOAMMBIX MPUIOKEHUH), MOCKOIBbKY 00pa3bl BUPTYaJIbHBIX MAlllUH MOTYT
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OBITh B CUMTAaHHBIE MUHYTHI 3alyIIEHbl HA JPYruX XocTax (IMPH COOTBETCTBYIOMICH
HACTpOIiKe BUPTyaJIbHbIE MAIIMHBI IEPEHOCATCS U 3aIyCKAIOTCS aBTOMATUYECKH);

e >phEeKTUBHOCTh HUCMOIB30BAHUS PECYPCOB — OMNEPATUBHYIO U JUCKOBYIO MaMATh XOCTa
MO’KHO IIE€pepaclpeesiaTh MEKIY BUPTyalbHbBIMU MalllUHAMU, & CAMU BUPTyaJlbHbIE MallIH-
HBI MO>KHO pacIipeiefisaTh 10 XOCTaM sl 0aJaHCUPOBKH 3arpy3KH MOCIETHUX;

® JIETKOCTh HapalllMBaHMs PECYPCOB — IOCJIE MCUEPIIaHUs BO3MOKHOCTH alIapaTHON MoJep-
HU3AIMH (U3NIECKUX CEPBEPOB MOXKHO T00ABUTH HOBBIH CepBep, epeHecs Ha HETO 4acTh
BUPTYaJIbHBIX MAlIMH C OJAHOBPEMEHHBIM BBIJICJICHUEM IOCIEAHUM JONOIHUTENbHBIX pe-
CypCOB;

® TPOCTOTa PE3EPBHOIO KOMHPOBaHUS — 00pa3 BUPTYyaJIbHONW MAIIMHBI XPAHUTCA B E€IUH-
CTBEHHOM (haiiie, KOMUPOBAaHUE KOTOPOTO MPU OCTAHOBIECHHOW BUPTYyalIbHOW MallMHE Ta-
PaHTHPYET MOJHOTY U KOHCUCTEHTHOCTb KOITUH.

Haubonee nonHo peanu3yeT Bce MPEUMYIIECTBA BUPTyalU3alMd apXUTEKTypa CEpBEPHOTo Kia-
CTepa, COCTOSIIETO U3 HECKOJIBKIX CEPBEPOB M OHOTO TMCKOBOTO XPAHWIIUINA, B KOTOPBIX IyOIHUPYIOTCS
KOHTPOJIJIEPHI U KaOeNu, COeTUHSIONINE KOHTPOJUIEPhl XpaHUIMIIA U CEpBEPOB. BHICOKOHAIEKHOE TUCKO-
BOC XPaHWIHIIE, B CBOIO OYEpPE/lb, CTPOUTCS Ha OOBETUHEHHBIX B OTKA30yCTOMYMBBIN TUCKOBBIA MAaCCHB
(RAID) nByXmopTOBBIX (MMEIOIIUX MPOTyOIMpOBaHHBIE KOHTPOIUIEPHI) XKeCTKUX Auckax. [Ipumep peanu-
3aIlMM TaKOW apXUTEKTYphI orrcaH B [1]. 3a momydeHHyI0 TakKuM 00pa3oM BBICOKYIO OTKa30yCTOWYHNBOCTD
MIPUXOJUTCS PACIUIAYUBATHCS OUEHb BBICOKOM CTOMMOCTBIO aIllapaTHbIX CPEJICTB.

N3 cooOpakeHuii 6€30MacHOCTH JOKAJIbHYIO BblunCIuTENbHYIO ceTh (JIBC) npennpusitus ya-
CTO pa3/eiisAloT Ha JIBa MOJHOCTHIO U30JMPOBAHHBIX APYT OT Apyra CETMEHTA:

® CErMEHT C JIOCTYIIOM B MHTEpHET, COJAEpKaIluii BeO-cepBep, cepBep IEKTPOHHOM MOYTHI,

paboune cTaHIIMU MEHEKEPOB IO MPOJakaM, HHXEHEPOB TEXHUUECKON NOJAEPKKHU U T. I1.;

e BHYTpPEHHUU cerMeHT, cozaepkamuii [1O aBTomMaTm3ammm OyxXrajiTepuu, OTHAeNa KaapoB;

BHYTPEHHUH TOKyMeHT0000poT, KoHCTpyKTOopckoe 10, apxus nokymentos JICII.

YToObI OJTHOCTHIO UCKITIOUUTh YTEUKU CEKPETHON MH(POPMAIIUU BCIECICTBUE XaKEPCKUX aTaK U
OIMOOK B HACTPOHKE MEKCETEBBIX SKPAHOB, HA PEXKUMHBIX MPEANPUATUAX U30JIALUS ceTel olecre-
YUBACTCS PATUKAIBHBIM IyTEM: UCKIIOUYCHHEM JIOObIX Kabenei Mexay aBymsi cermeHtamu JIBC
MpEANPUSITHS.

[Ipu 5TOM He BO3HMKAET MPOOIIEM, €CITH BBICOKOHAICKHBIE CEPBEPHI TNOO TPEOYIOTCS TOIBKO B
OJIHOM M3 JIBYX CEIrMEHTOB CETH, MO0 €CIH B Ka)XJIOM CETMEHTE CETH HEOOXOAMMO HaIW4YHhe J0CTa-
TOYHOTO KOJIMYECTBA CEPBEPOB, YTOOBI ONpaBIaTh OOJBIINE PacXo/bl Ha IOCTPOEHHUE cpa3y JIByX He-
3aBUCUMBIX CEPBEPHBIX KJIACTEPOB.

l'opa3no cnokHell oka3bIBaeTCsl CUTyallMsl, KOTJa B OJHOM CETMEHTE CETHU NMPUCYTCTBUE Cep-
BEPHOI0 KjacTepa MOJHOCTHIO OMpaBIaHO, & B IPYTOM CErMEHTE TpeOyeTcs YCTAaHOBHUTH JIUIIL €IH-
HUYHBINA cepBep, 00Ia1al0MNiA, OJJHAKO, BBICOKOW HA/IeKHOCTHIO, 00ECTICYUTh KOTOPYIO MOKET TOJIHKO
BUPTYyaJIM3alUsl Ha JOPOTOCTOSIIEM KIacTepe.

Jlisi ONTUMANIFHOTO Pa3pelieHus] STOW CUTyallud aBTOpaMU OBUIO MPOBEICHO HCCIIEIOBAHUE
BO3MO>XHOCTH BBIHOCA BO BTOPOW CETMEHT CETH €AMHUYHBIX BUPTYaJbHBIX CEPBEPOB, (DU3MUECKH pa3-
MEIIaeMbIX B KJIaCcTEepe IMEPBOr0 CerMEHTa ceTH. Takke HccienoBaHa mpodieMa mepenadyn (haiioB
MEX1y KOMIBIOTEPAMHU, HAXOASIIUMHUCS B U30JMPOBAHHBIX MOJICETIX, BCTAIOIIAs IPU HEOOXOIUMOCTH
obecrieueHnss 0OMEHa JAHHBIMUA MEXAY MH()OPMAITMOHHOW CHCTEMOMN MPEANpHUATHS U UHPOPMALIMOH-
HBIMH CHCTEMaMH KJIMEHTOB MPEINPUATHS, U MPEJIOKEHBI KOMIUIEKCHBIE PEIICHUS STUX MPOOIIEeM.

PA3JEJIEHUE CETEA BUPTYAJIbHBIX MAIIIMH HA IIPUMEPE HYPER-V

Microsoft Hyper-V — 310 cucrema annapaTHOW BUPTyalu3ally, MO3ULMOHUpYEMas Kak Mpo-
MBIIIJIEHHOE pellieHue Uil apauieabHol padoTel Heckoabkux OC Ha 0IHOM XOCT-cepBepe 0e3 mnote-
pu npousBoAuTenbHOCTH. OHA OCHOBaHA Ha T'MIIEPBH30pE — MPOrPAMMHOM O0ECHEUEHUH HUKHETO
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YPOBHSI, HAPSMYIO B3aMMOJICUCTBYIOIIEM C aIIMapaTHBIMU PECYPCaMU U PACIPEICTSIONIETO UX MEXKITY
rocteBeiMu OC, a Takxe obecrieunBaroriem u3osiuio OC apyr oT aApyra .

[Momynapuoctu Hyper-V crnocoOcTByeT ee 0ecriaTHOCTh U BBICOKAash HAJAEKHOCTh — ABTOPHI
stoit ctathu ¢ 2011 roma skcruryaTupyroT B nara-mieHTpe MHdopmanmoHHO-aHATUTHYECKOTO IIEHTpa
OI'VII I'ocHUU I'A otka3oycToiuuBelii kiactep Ha ocHoBe Hyper-V [1] ¢ rocreBbIMu MaliMHaMy Ha
Windows Server 2018; Windows 7, 8 ,10; Ubuntu Server u Debian Linux, u 3a BoceMb JI€T HE CTaJIKH-
BAJIMCh C KAKUMH-THOO MPOoOIeMaMH.

Cuctema Hyper-V moxeT ObITh pa3BepHYyTa Ha XOCT-CEpPBEPE B ABYX BapUAHTAX:

1) kak oTAenpHas cEcTeMa C MHTePPEHCOM KOMAHAHON CTPOKH, MO3BOJISIFOIIMM IMPOU3BECTH
NepBOHAYaANIbHYI0 HAacTpolKy. s mocneayromero KOHGUIypupoBaHuss U aAMUHUCTPUPOBAHUS Tpe-
Oyercst croponnuit kommnbiotep ¢ OC Windows u rpaduueckoit 000109KO0¥H;

2) xak poinb Windows Server 2008 (u 6onee crapmmx Bepcuii) i Windows 8 (u Gonee
CTapIIMX BepcHii, cemercTB Pro u Enterprise).

B crathe omucaHbl HAaCTPOWKHM M MPHUBEICHBI CHUMKU 3KpaHa Hyper-V, uHTerpupoBaHHoil B
Windows Server 2008 u Windows 10. B atux Bepcusx Hyper-V noanepxuBaeT Tpu BapHaHTa IOJ-
KJIFOYEHUS BUPTYaJIbHON MalllMHbI K CETH [2]:

1) BuemHss ceth (External network);

2) BHyTpeHHss ceTh (Internal network);

3) uactHas ceTh (Private network).

W3 mepeunclieHHBIX BapUaHTOB I PEHICHUS IOCTABICHHOM 3aJjayd MHTEPECEH TOJIBKO
NEepBbIN (8HewHAs cemb), TIOCKOJIbBKY GHYMpeHHAA cemb NpeAHa3HaueHa JUIsl COCIUHEHUS BUPTY-
aJbHBIX MAIIUH C XOCTOM M HE MpEeayCMaTpPUBAET MOJIKIIOUEHUS ¢ GU3NUECKUMH CETSIMU, a yacm-
Has cemb TOIIBKO CBSI3BIBACT MEXKIY COO0W BUPTYyalbHbIC MAIIUHBI, U30JIUPYS UX OT XocTa U Pu3u-
YECKHUX CETEH.

[Ipu BbIOOpE BapuaHTa @HewiHsAs cemb K GU3NIECKOMY CETEBOMY JallTepy XOCTa MOJKII0Ya-
eTcs ApaiiBep, Ha3bIBAEMbIH BUPTYaJIbHBIM KOMMYTAaTOPOM [2], @ B BUPTyaJbHbIE MAIlIMHbBI U B YIPaB-
JISIOIYI0 OTNEPALMOHHYIO CHCTEMY XOCTa YCTaHABIIMBAIOTCS BUPTYallbHbIE CETEBBIE aJaNTephl, MOJ-
KJIF0YaeMbIe K 3TOMY BUPTyaJIlbHOMY KoMMyTaTopy. C moMoristo cranaapTHeix uatepdeiicos OC Bup-
TyaJIbHBIM CETEBBIM aJialiTépaM XOCTa W TOCTEBBIX MAIMH MOXHO TMPUCBOUTH WHAWBHIYATbHBIE
[P-anpeca, macku mojceTelt U agpeca MUTIO30B TaK, YTO ATH aJaNTepbl CMOTYT paboTaTh B pa3IMUHbIX
noacerax. [Ipu 3ToM onuH MOPT (PU3UYECKOTO CETEBOTO aJanTepa X0cTa MOXKET MO OJHOMY Kabesto
nepenaBath TCP/IP-makeThl IOrMYeCKU N30TMPOBAHHBIX TIOJICETEH.

C Beixogom Windows Server 2012 B Hyper-V 0Obina no6aBieHa mofep:kKka TEXHOJOTHH
BupTyanusanuu ceteir Hyper-V Network Virtualization (HNV) [3], obecrieunBaronieid WHKATCYIs-
[[UU CETEBBIX MAKETOB BUPTYAIbHBIX MAIIMH B CETEBbIE MakeThl xocTa. [lomooHo TexHomorun VPN
(aurn. Virtual Private Network — BupTyanbHas 4acTHas ceTb), HNV moruuecku oTaenser moaceTu
BUPTYaJIbHBIX MAIIMH OT MOJCETeH XOCT-CepBEPOB. JTO MO3BOJISIET HE TOJBKO OOBEIUHATH B 00-
HIYI0 CeTh BUPTYyalbHble MAIIMHBI, (U3UYECKH pa3MellaeMble B pa3HbIX JaTa-LEHTpPax, HO U CO-
BEpIIaTh JUHAMHYECKYI0O MUTPALUIO pabOTaOIIe BUPTYaIbHOW MAIIMHBI U3 OJHOTO JaTa-IeHTpa
B APYTOM.

B Windows Server 2012 R2 texHosiorusi BUpTyaiu3aluu ceTeil Oblja pacuimpeHa BO3MOKHO-
CTBIO TIepeaaun mupokoBemarensHoro (broadcast) u rpymmoBoro (multicast) Tpaduka [4], m03BOIHB-
el MCroib30BaTh B BUPTyaslbHBIX ceTsx cepBepel DHCP (anrn. Dynamic Host Configuration
Protocol — nmpoTokosl TMHAMUYECKON HAaCTPONKHU y37a), B pe3yJbTaTe€ Yero BUPTyallbHasi CETh CBOEH
(GYHKIIMOHATFHOCTHIO MEepecTaa yeTynarh (PU3n4ecKon CeTH.

' Hyper-V — Buxunemus [Dnextponssii pecypc]. URL: https:/ru.wikipedia.org/wiki/Hyper-V (mata oGpamennus:
03.03.2019).

102



Tom 22, Ne 06, 2019 Hayunblii Becthuk MI'TY T'A
Vol. 22, No. 06, 2019 Civil Aviation High Technologies

OpnHako YeM CJIOXHEe CTAHOBUTCS TEXHOJIOTHS, TeM OOJbIIE MOTCHIIMATBHBIX YSI3BUMOCTEH
MOYKHO CO37aTh HEKOPPEKTHOM HACTPOMKOM CETH, €CIIM HE 3HaTh B COBEPIICHCTBE TOHKOCTH HACTPOM-
KU BCET0 00OpyIOBaHUS, 3aJCHCTBOBAHHOTO NPU BUPTyalu3aluu ceTH. K ToMy ke psa MHCTpyMeH-
TOB, HalmpHWMEp CBOOOJIHO paclpOCTpaHsIeMbId Kopropamuei Microsoft mporpaMMHBIN aHAIHM3ATOP
cet Microsoft Message Analyzer’, IO3BOMISIET B Cllydae MOTyHYEHHs TIOTCHIHATLHEIMHI B3IOMIIMKAMH
JIOCTYTIA K Y31y (PU3UYECKOM CETH MOJYUUTh TAK)Ke TOCTYT K TpauKy BUPTyadbHOM ceTH [4].

3agava HaJle)KHOW M3OJSLUM MOACETEH BUPTYaJIbHOM MAIIMHBI M XOCTa 3HAYUTEIBHO YIIPO-
1aeTcsl, €CIM OJUH U3 PU3NYECKHX CETEBBIX aJaNTepOB XOCTa HANPSIMYIO IPUBSA3AaTh K BUPTYaIbHOU
MaluHe, 3a/1aB TpeOyeMyo KOH(PUTYpAIUI0 CETEBBIX MPOTOKOJIOB U COCIUHUB pa3beM ajamnTepa
kabenem ¢ kommyTtatopoM Tpebyemoi JIBC. Ilpn Takom MOAKIIOUECHHH HE MOTpeOyeTcs mepeHa-
CTpamBaTh KOMMYTaTOPhI U MapIIpyTHU3aTOp, AOOABISAS B HUX MOJACPIKKY JAOMOTHUTEIBHBIX TEXHO-
noruit Tuma VPN u VLAN (anrn. Virtual Local Area Network — BupTyanbHas JOKaJlbHAs KOMITbIO-
TepHasi CeTh, MPEACTABIAIONMAs COO0H IPyIMITy XOCTOB, B3aUMOJICHCTBYIONIUX TaK, KaK €CJIi Obl OHH
ObLIM MOJKIIOYEHBI K HMIMPOKOBEIIATEIbHOMY JOMEHY, HE3aBUCUMO OT MX (PU3MYECKOTr0 MECTOHA-
XOKICHHUS).

Kak mpaBuiio, nake cepepbl HauajabHOTO YPOBHS MOCTABIIAIOTCS C IBYMS aJanTepaMu, HO ec-
T BCE aJanTepbl cepBepa yxKe 3aJeHCTBOBAHBI B CUCTEME, TO JOMOJHUTEIbHBIM HECIOXKHO yCTaHO-
BUTh Kak muiaty pacuupenus. Hyper-V noanepxxuBaer 10 12 ceTeBbIX aanTepoB Ha KaxIylO0 BUPTY-
IBHYI0 MAIIMHY [5], MO3TOMY CO CTOPOHBI MPOTPAMMHOT0 00€CIIeYeHHS OTPAHUYCHUN HA KOJIMYECTBO
a/1arTepoB OBITH HE JIOJKHO.

Ha puc. 1 u3o0paxeHna cxema ceTd NPEANPHUATHS, B KOTOPOW BUPTYaIbHbIN cepBep, UMEIOINN
[P-agpec w3 nuama3oHa aapecoB BHEIIHEW (MMEIOIICH JAOCTYN B MHTEPHET 4Yepe3 MapIIpyTH3aTop)
noaceru JIBC-1, ¢pusudecku pa3MelieH Ha XOCT-CEpBEpPE BHYTPEHHEN (M30JIMPOBAHHON OT HHTEPHETA)
noxcetu JIBC-2.

nBc-1 1 NBC-2
(BHEWHsIS) | (BHYTPEHHSS) XocTt Hyper-V
| BupTyanbHbii
INTY;
| {mec1H cepsep
i Certesble
| apanTepsl
| xocTa
MapLupyTtusatop ! nBC-2 Mmnepsusop
JIBC-1 :
Kommytatop [ —— : K — | KommyTtaTop
I Apyrum
NBC-1 —}:KOManOTepaM S— NBC-2

Puc. 1. Tomonorus cet ¢ BUPTyaIbHBIM cepBepoM Hyper-V
Fig. 1. Hyper-V virtual server network topology

B coBpemeHHBIX Bepcusix Hyper-V BupTyalbHBIE MAITMHBI MOAKIIOYAOTCS K CETH Yepe3 Gup-
MyanbHble KOMMYmMamopwl, KOTOPbIE, B CBOIO OYEpe/ib, CBS3BIBAIOTCS TUIIEPBU30POM C (PU3NUECKUMU
CeTeBBIMH anantepamu. M300pakeHHYI0 Ha pHUC. | apXHTEKTYpy MOXKHO pealM30BaTh C OMOIIBIO
Hyper-V, BbIOpaB pexuM 6HewtHsAs cems U CO3/1aB BUPTYAIbHBIH KOMMYTATOP COTJIACHO MHCTPYKLIUU
[6] ¢ moMomibio HHTEpdElica qucneTyepa BUPTyaTbHBIX KOMMYTaTOPOB (puc. 2).

? Microsoft Message Analizer Operating Guide [Dnextponssiii pecypc]. URL: https://docs.microsoft.com/en-us/message-
analyzer/microsoft-message-analyzer-operating-guide (nara odpamenus: 03.03.2019).
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=3 JNwcneT4ep BAPTYaALHE KoMMYyTaTopoe anA HYPERW — xX

2 BUpPTYanEHEIE KOMMYTITOR:
% Coanam BMpTyamsHES CETES0R Kou...
# oYy Buewwsi woMmmyTaTop BMpTYAN...
KoHntponnep Broadcom MetXtr... EHEWHMA KOMMYTATOD EXPTYANEHOM MALWHE
% nofansHwie NapaMeTpel CeTH

[3 -
v u [BOACTES EMDTYRNEHOND KOMMYTITODS
Visan:

MpAse4aHu

Tien nogEmcseHUR
Kak Ex1 ¥OTWTE NOZKAKIHMTE ITOT BHPTYRNEHLIA EOMMYTaTOp?

(®) Beeewwna ceti:

Kontponsep Broadcom Metktreme 5o Gigabit b5
[ Pazpewmre ynpaenmowed onepauMoHHON CHCTEMS NPEROCTAENATE i
| AOCTYN K 3TOMY CETESOMY 34anTEDY
() BHYTPEHHAR CETE:

() YacTHan ceTu:

W BVETYAISHOW NiC
[ Paapelunms WEEHTHHMKELNKD BUPTYANEHOW NOEANLHON CETW ANR YNPAEARAIWER
ONEALMOHHON CACTEME

Puc. 2. [lucrieTuep BUpTyanbHBIX KOMMyTaTopoB Hyper-V
Fig. 2. Hyper-V virtual switch manager

VYcnoBueM i1t 30U TOJCETH BUPTYAIbHOM MaIllMHBI OT MOJCETH XOCTa SBISAETCS CHITHE
¢mara «Pazpemmts ynpasisitonieir OC mpeocTaBlIsATh TOCTYT K STOMY CETEBOMY amantepy» (puc. 2).

B nepsoix Bepcusix Hyper-V (Windows Server 2008) HacTpoiika ceTu Oblia OpraHM30BaHa
nHaue. MeHeKep BUPTYaIbHBIX CETeH MO3BOJISLI cO31aTh BUpTyanbHyo ceTh (Virtual Network) u
Ha3HAYUTh €€ BHIOPAaHHOMY CETEBOMY aaanTepy (pHc. 3) MOCpPeNCTBOM MPUBSA3KH K HEMY MPOTOKOJIA
Microsoft Virtual Network Switch Protocol (puc. 4). [TomTHOCTBIO OTBSI3aTh CETEBOM agamnTep OT XOCTa
MOYXHO TIOCPE/ICTBOM CHATHS BCEX TaJIoUeK HAIPOTHB CETEBHIX MPOTOKOJIOB M CIYX0 B MHTep(eiice
CBOMCTB ceTeBOro ajamnrepa (puc. 4).

Yirtual Network Manager [_ 2] %]
#_Virtual Networks o Wirtual Network Properties
VA New virtual network
W iac Name: [iac
Broadcom BCMSZ09C NetXtreme IT.., (ot d
i~ Connection type
‘What do you want to connect this network to?
* External:
|Broadcom BCMS709C Netxtreme 1T Gige (NDIS YBD Client) #33 =]

" Internal only
" Private virtual machine network

™ Enable virtual LAN identification For parent partition
[ YLAN ID

The YLAN ide

netwiork

ecifies the virtual LAM that the pare;
through this networ

wvirtual machine

=

Puc. 3. Menemxkep BupTyansHbix ceteit Windows Server 2008
Fig. 3. Virtual network manager of Windows Server 2008
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‘: LANL (Hast) B LaNz (¥Ms) Propetties
- ’ Mebwork 13 : i
@i Broadcom BCMS709C Nek, .. Networking I Shanngl

L LANZ (¥Ms)
Enabled
@ Broadcom BCMS709C Met. ..

Thiz connection uzes the follawing items:

[[1 5% Cliert for Microsoft Networks
[ =005 Packet 5 cheduler
O BFile and Privter Sharing far Micrasaft Metwark s

Connect uzing:

I,;:“ Broadcom BCMA70AC Net<treme || GigE [MDIS %BD Clier

i |nternet Protocol Yersion 4 [TCPAAPw4)
=4 Link-Layer Topology Discovery Mapper |/0 Driver
i Link-Layer Topology Discovery Responder

d
O
d
O

Install... Uninstall Froperties

— Description
Provides network connectivity for vitual machines.

Ok | Cancel |

Puc. 4. [IpuBsizka IpoTOKOJIOB U CITyK0 K cereBoMy anantepy B Windows Server 2008
Fig. 4. Binding of protocols and services to a network adapter in Windows Server 2008

MEPEJJAYA ®ANJIOB MEXKJIY XOCTOM U BUPTYAJIbLHON MAIIIMHON
BE3 HCIIOJIB3OBAHUSA CETU

Ha mpennpustusx, ”MEIOMUX pa3eieHHe CEeTH Ha JBa M30JIMPOBAHHBIX CETMEHTA, MOXKET
BO3HUKHYTh HEOOXOJAMMOCTH Mepeladynd JAaHHBIX MEXIY BHEUIHUM MUPOM H CEPBEPOM, PacCIoio-
J)KEHHBIM BO BHYTPEHHEMN, U30JIMPOBAHHON OT MHTEPHETA CETHU. TakoM ciiydall BO3MOKEH, €CIIM HH-
dbopmanmoHHas cucTeMa MPEeANpHUsITHS, pa3BEepHyTas Ha cepBepe BHYTPEHHEW CETH, HE MOXKET
(GyHKITMOHUPOBATh 0€3 JaHHBIX, PETYJISIPHO TPEAOCTABISAEMBIX HHPOPMAIMOHHBIMUA CHCTEMaMU
KIIMEHTOB MPEATPUITHUSA.

C moMomipi0 KpUNTOTPAPUUYECKUX CPEICTB MOXKHO OOECIEUUTh JOCTATOYHYIO HAJEKHOCTh
uACHTU(DUKAIIMY OTOPABUTENS U MOTyYaTels, a TAkKe 3alUTUTh IepeiaBacMble JaHHbIE OT IepexBaTa
U MOAMEHBI. B yacTHOCTH, aBTOpamMu CTaThH ObLIa pa3paboTaHa cCTeMa aBTOMATU3UPOBAHHOM Iepe-
JlauM JAaHHBIX M0 3alIMIIEHHOMY KaHaJly MEXAy HECKOJbKUMU MH(POPMAIMOHHBIMH cucteMamu [7].
OpnHako B paccMaTpUBaeMOl apXHUTEKType CETH MPENNpHsTHS MpoOieMaThyHa mepefada AaHHBIX
Mexay BHenrHei u BHyTpeHHel JIBC npu ycnoBun cobmonenus tpedoanus nzomsiiuu JIBC Ha cere-
BOM ypPOBHE.

IIponyck ceteBbix nmakeToB Mexay JIBC upeBaT TeM, 4TO MOTEHIIMATBHBIE B3JIOMIIMKH MOTYT
CT€HEPHUPOBATH TAKHE MAKEThI, KOTOPHIE MOTYT:

® [IOMOYb 3JIOYMBINIJIEHHUKAM OIPECIUTh TOMOJIOTHIO BHYTPEHHEHN CETH;

® HCIIOJIK30BATh ySA3BUMOCTH THITA MEpenoHeHHs Oydepa;

® HecTH B ce0e KOMaH/Ibl, UHTEPIIPETHUPYEMbIE U HUCTIONHSIEMbIE CETEBBIMU YCTPOUCTBAMU;

® HecTH B ceOe HECAHKIIMOHUPOBAHHO HU3BJIEKaeMble U3 BHYTPEHHEHN CeTH JaHHbIE.

[Tockonbky paccmaTpuBaeMble HH(GOPMAIIMOHHBIE CUCTEMBI IOJDKHBI OOMEHUBATHCS UCKITIOUYH-
TenpHO (haiiyiaMu (2 He KOMaHAaMH), TO PEIINTh 3a/1auy MX 0€30MMacHON Mepeayr MEXIy CeTMEHTaMU
CETU MOXHO, OTKAa3aBIIHUCh OT CETEBbIX MAKETOB B KaUECTBE HOCHUTENICH JTAaHHBIX U TEpeaaBasi HEMo-
CpEeICTBEHHO (paiiipl yepe3 BHYTPEHHIOIO IIUHY CUCTEMbI BUPTYaU3alllu.
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Bo3MOXHOCTB ABYXCTOpOHHEH Hepeayn (paidioB MeX Ty BUPTYAIbHBIMUA MAIlIMHAMH U XOCTOM
peanu3oBaHa A CHCTEM BHUPTYyaaW3allMM, OPHEHTUPOBAHHBIX Ha pabodue CTAaHUUM (HACTOJIbHBIE
KOMITBIOTEPHI, HOYTOYKH). B IPOMBIIIJIEHHBIX CHCTEMaxX BUPTyalM3allil TaKUe PELICHHUs HE BOCTpe-
OOBaHbI, MOCKOJBKY TOCTEBBIM BUPTYAJIbHBIM MaIlIMHAM HET HEOOXOIUMOCTH OOMEHHMBAThLCS (aitmaMmu
C XOCTOM, U TaKOW 0OMEH HapylIiI Obl KOHLUEMIMIO pa3rpaHUUEHuUs JOCTyIa K (aiiiaM ¢ KOHTpOoJIeM
YUYETHBIX 3aluceil Mosib30BaTeNell U CIUCKOB JIOCTyna mpas (hailioB, 0COOEHHO €Cld BUPTYasbHAs
MallliHa M XOCT paboTaioT Ha pasHbix miaTgopmax (Windows, Linux). [To3ToMy B IpOMBIIIJICHHBIX
peLIeHNSIX BUPTyalIu3aluu nepenada GailioB 6asupyercs Ha BCTPOCHHBIX B ONEPALIMOHHBIE CUCTEMBI
CETEBbIX MPOTOKOJIAX MPUKJIIAJHOTO YPOBHS JUI yAAJICHHOTO AOCTyIA K (aiimam:

e CIFS (Common Internet File System);

e SMB (Server Message Block);

e NFS (Network File System).

CrpaBeyIMBOCTH pajiy, cielyeT OTMeTHTh, uTo Hyper-V criocoOHa nepenaBaTh (aiiibl ¢ xocta
BHYTPh BHPTYaJIbHOH MAaIIMHBI, UCTONB3Ys CepBHUCHI WMHTerpauuu Linux (anra. Linux Integration
Services, LIS) [8], HO HEBO3MOXKHOCTh nepenaun (ailyioB U3 BUPTyaJIbHOW MallMHBlI HA XOCT HE I03-
BOJISIET PELLUTH MOCTABJICHHYIO 3a/1ady.

[lepenaua u oOpaboTKa JAaHHBIX, ONUCAHHASA B [7], BBINOIHIETCS aBTOMaTU3UPOBAHHO, 0€3
y4acTHsI OTIEPAaTOPOB, TapaHTUPYS, UTO OOMEHHbIE (ailyibl HUKOT/1a He OyIyT NepelaHbl Ha BBIOJ-
HEHUE KOMaHJIHOMY uHTepnperatopy. ComepkumMoe MOJyuYeHHbIX OOMEHHBIX (aiioB Oyner pac-
CMaTpUBAThCA 00pabaTHIBAIONIMMHU MPOTPAMMaMHU UCKIIOUYUTEIHHO KaK CTPYKTYPHPOBAHHBIC JTaH-
Hble, U3BJIeKaeMble U3 (haiisa 1o 3apaHee npeaonpeeseHHbIM mabnoHam. Jlaxke eciu B OOMEHHBIH
¢aiin momaner Texo BUpyca, TO OHO HE OyJeT U3BIEYEHO, TAK KaK He Oy/JeT COOTBETCTBOBATH IIa0-
aony. IIpu Takux yclOBHSIX OTCYTCTBME KOHTpPOJS MpaB JgocTyna ans (aiioB, mepeaaBaeMbIX
MEXIy BUPTYaJbHBIMH MAllMHAMH U XOCTOM, HE SIBJISETCS KPUTUYHBIM I 0€30TacHOCTH HH(OP-
MallMOHHOW CHCTEMBI.

Takum 00pa3oM, 0OMeH ITaHHBIMH C APYTUMH MH(QOPMAIMOHHBIMUA CHCTEMAMH MOXHO pealu-
30BaTh, €CJIM BBIHECTH B OTJENIbHYIO BUPTYaJIbHYIO MAalllMHYy CE€pBEp, MPUHUMAIOIIMN U Mepelatomui
JaHHBIE Yepe3 MHTEPHET IO KPUINITO3AIIUIIEHHBIM KaHajaM, U COEIUHUTH €r0 ¢ CEPBEPOM HH(OpMa-
IIMOHHOMU cHcTeMbl Ha (paiilIoBOM ypOBHE C IIOMOLIbIO IIUHBI CUCTEMBbI BUPTYAJTU3ALHH.

[TockonbKy Takoii cepep OyneT HajelleH BeCbMa OrpaHUYeHHBIM HaOOpoM (YyHKIIHIA, OH MO-
JKeT OBITh peain30BaH Ha KOMIAKTHOU cOopke Linux 6e3 rpaduueckoil 000J0YKH, YTO JIETAET CepBEP
HeTpeOOoBaTENbHBIM K PECypcaM, MO3BOJISI 3allyCKaTh €ro B JIOOBIX CHCTEMax BUPTyalIU3alUH, MOA-
JIepKUBAIOIIUX Nepeady GaiyioB MexXay XOCTOM U BUPTYaJbHBIMU MAllMHAMU, B TOM YHCJIE B CUCTE-
Max, OCHOBaHHBIX Ha amyJsTopax. [1O BupTyanusanuu, oTHOCAIIEECS K KIIacCy SMYJISITOPOB, paboTaeT
nosepx cyiectyroneit OC KoMIbIOTEpa-XxocTa U MPEJOCTaBIAET PECYPChl KOMIIBIOTEPA B MOJIb30BaA-
HHUE TOCTEBBIM BUPTYaJbHBIM MammHaM. HecMOTpst Ha TO 94TO CKOPOCTh paboThl rocTeBbhIXx OC MOXeT
HE3HAUUTENIbHO CHIDXKAThCS 10 CPAaBHEHMIO C BUPTyaln3alueil Ha 6a3e rumepBU30pa, SMYJISALUS M03-
BOJIsIeT OoJyiee TMOKO HACTpaWBaTh Pa3iIMUHBIE METOMBI MPEIOCTABICHUS PECYpCOB XOCTa TOCTEBBIM
OC, B ToM umcine co3aats obyto ais pazHbeix OC ¢daitnoByro nanky.

K cucremam BupTyanu3anuu, moAIepKUBAOIIAM 00MeH QaiiiaMu uepe3 OOIIyro MarnkKy, OTHO-
csitest VMware Workstation [9] i Oracle VM VirtualBox”. [TepBas siBnsieTCs TIATHOM (JIMIIEH3US CTO-
ut nopsinka $300), a Bropast — GecruiaTHas B BepCHH, GYHKIIMOHATIBHOCTH KOTOPOH XBaTaeT JUIs pelie-
HUS [TOCTABJICHHOM 3a7jauy, MOTOMY HIKE Oy/leT pacCMOTPEHO MCIIOJb30BaHUE BUPTYaJIbHOM MallM-
Hbl VirtualBox mist opranuzanum ¢aidoBoro muIo3a MEXIy XOCTOM M TOCTEBOM MAamIuHON C OJIHO-
BPEMEHHOU U30JIALMEN CETEH, K KOTOPBIM 3TH MAIIMHbI MOJKIOYCHBI.

3 VirtualBox — Bukunenus. [dnextpornsii pecypc]. URL: https:/ru.wikipedia.org/wiki/VirtualBox (nata o6pamenus:
03.03.2019).
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N30JISIIUA CETEA U IEPEJTAYA ®AHJIOB HA TIPUMEPE VIRTUALBOX

OtmuuutensHoi criocobHocThio [1O VirtualBox siBisiercss ero monHas KpoccriaTgopMeH-
HOCTb — B POJIK rOCcTe€BOM M X0cTOBOM OC MOTyT BBICTYIIATh IPAKTUYECKH Bce pacnpocTpaneHHbie OC
B 100011 koMOuHarmu. VirtualBox nmeer pa3Buthie cpeacTBa KOH(GUTYpHpOBaHUs (HACTpauBaTh BUP-
TyaJlbHbl€ MAlllMHBl U YIPABJIATh MU MOKHO Kak uepe3 rpaduyeckyro o00JIOUKY, TaK U yTHIUTaAMHU
KOMaHJHON CTPOKH) M NPENOCTABIISIET MATh BAPUAHTOB COINPSIKEHMsSI MOACETEW FOCTEBOM U XOCTOBOM
OC [10], a Takxe obmryto manky (anri. Shared Folder) nis coBMeCTHOTO JOCTYyIIA K (haitiam.

Ha puc. 5 u3o0paxeHa cxema CeTH MPENNpUATHS ¢ UCMoib3oBaHueM VirtualBox ans pasme-
IICHUSI BUPTYaJIbHOTO cepBepa, oOMeHHBaromerocs (aiylaMu dyepe3 MHTEPHET ¢ APYruMu HHpopma-
IIMOHHBIMU CHUCTEMaMH I10 JITOPUTMY [7], a Takke oOMeHuBaroerocs (aiiaMmu yepes3 o0IIyIo Hanky
¢ cepBepoM MH(DOPMAIMOHHOM CHUCTEMBI MPEANPUATHS, HAXOASAIIKUMCS BO BHYTPEHHEM H30JIMPOBaH-
HOM CETMEHTE CETH.

W3 natu BapuanToB HacTpoek cetu [10] m3omsamnuio nmoacereld rocteBoi U xoctoBoit OC obec-
neunBaeT pexxuM Cemesoti mocm (Bridged Networking). B cnyuae ucnons3oBanus Windows B kade-
ctBe OC xocra, VirtualBox co3maer B cucteme BUPTyalbHBIA CETEBOM aanTep U CBSI3bIBAET €ro C hu-
3MYECKHM aJanTepoM NpuBs3kol npaiiBepa VirtualBox NDIS6 Bridged Networking Driver K BUPTY-
anbHOMY U (pU3HUYECKOMY anarnrtepam (puc. 6).

B ciyuyae eciu KOMOBIOTEP MMEET €AMHCTBEHHBIA CETEBOM ajamnTep, TO €My IIPUCBAUBAETCS
cpa3y nBa MAC-anpeca (ot auri. Media Access Control — yHuKalbHBIN UIEHTH(DHUKATOP, MPUCBaNBa-
eMBbIi KaX/I0i enuHUIe akTUBHOTO oOopynoBaHus B cerax Ethernet), Onaromaps uemy Qusnueckuit
ajianrep MpeiCTaBIsSeTCs B CETU Kak J[Ba HE3aBUCUMBIX YCTPOMCTBA, KaXJIOMY U3 KOTOPBIX MOXHO
NpeoCTaBUTh cOOCTBEHHBIN [P-anpec ¢ MHIUBUAYaIbHBIMA MacKaMU IMOJICETH, apecamMH III03a U
anpecamu DNS-cepBepoB.

Eciu Takoii KOMIBIOTEP MOJKIIOYEH K CETH Yepe3 KOMMYTATOp, He (PMIBTPYIOMIUN CEeTeBbIC
naketsl o [P-aapecam, To onHuM (usnueckuM KabereM MOKHO MOJKIIOYUTH XOCT M BUPTYaJIbHYIO
MaIllMHY Cpa3y K IByM CErMEHTaM CEeTH.

BC-1- 3 JBC-2 Xocrt VirtualBox
(BHewWHsif) | (BHYTPEHHsIs)
i VirtualBox
! —— BupTtyansHbin
| gLl cepBep
i CeTeBble / I
}  apanTepel | O6Lwas nanka |
: XOCTa \ I
MapLpyTunsatop i —L= 00 xoora
JIBC-1 :
Kommytatop  ——- ' K poyrum — KommyTaTtop
NBC-1 I } | KOMMbOTEpam '[ ] nBc-2

Puc. 5. Paznenenue ceteit nocpeactsom VirtualBox
Fig. 5. Network separation using VirtualBox
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Puc. 6. IIpuBsizka NpoTOKOJIOB U CIIyK0 K ceTeBbIM anantepam VirtualBox
Fig. 6. Binding of protocols and services to network adapters of VirtualBox

OpHako, KaK ¥ B CIy4ae pacCCMOTPEHHOTO BBIIIE METOJA MOJAKIIOYCHUSI K CETH BUPTYAIbHBIX
mamH Hyper-V, Ham UHTepeceH BapHaHT C HCIOJIb30BaHHEM JBYX CETEBBIX amanTepoB. Kak mokasa-
JIM HaTypHBIE UCIIBITAHHS, IPOBEJICHHBIC aBTOPAaMU CTaThbu, VirtualBox mo3BoJseT MOIHOCTBIO H30JIH-
pOBaTh BUPTYaJbHYIO MALIMHY OT TOJACETH XOCTa, €CIIM B HACTPOMKAX OJHOTO M3 JABYX CETEBBIX a/al-
TEPOB OTKJIIOUUTH MPHBSI3KY K HEMY BCEX IMPOTOKOJIOB U CIYXk0, 3a uckimtouenuem VirtualBox NDIS6
Bridged Networking Driver.

TakuMm oOpa3zoM, VirtualBox mo3BosisieT 00ecrneunuTh Kak W30S0 BUPTYaTLHOTO CEpBEpa HA
CETEBOM YPOBHE, TaK U CBS3bIBAHWE HA YpOBHE (ailJIOBOH CHCTEMBI MOAKIIOYEHHOTO K WHTEPHETY
BUPTYaJIbHOTO CcepBepa cepBrca oOMeHa (aillaMi ¢ OCHOBHBIM CEpBEpOM HH()OPMAITMOHHOW CHCTE-
MBI, PacojI0XeHHOH BO BHYTPEHHEH CETH MPEIIPUITHS.

3AK/IFOYEHUE

BelmieonucanHoe penieHue 3a1a4 pa3MeLIeHNs CBSI3aHHBIX CEPBEPOB B U30JUPOBAHHBIX MOJI-
CCTAX HEC ABJIAACTCA CAMHCTBCHHO BO3MOJHBIM — TOT K€ PE3YJIbTAT MOKHO ITOJYUYUTh U JPYTHMHU CII0-
cobamM, HampuMep C TOMOIIbI0 HCHOJIB30BAHUS TEXHOJIOTUH MapKUpPOBAaHUS CETEBBIX IAKETOB
(VLAN) nnu ux unkancyisiuuu (GRE, VPN). Ho Takue pemienust TpeOyOT HaCTpOHKH BCETO CETEBO-
ro 000pyZI0BaHUS BBICOKOKBATM(PHIIMPOBAHHBIMU CIIELUATUCTAMU TI0 CETSAM.

[Ipemnaraemoe ke B cTaTbe PELICHHUE C HCII0JIb30BaHUEM JONOIHUTEIBHOIO CETEBOrO aanTepa
U Kabens He TpeOyeT OT MOJKII0YAIOLIEro CepBep MHKEHEPAa HABbIKOB M 3HAHUM, BBIXOJAIINX 32 PaM-
KU YK€ UCIOJb3yEMBIX B CETH MPEANPUATUS TEXHOJIOTUMN, IOATOMY HOBBIM cEpBEP MOKET ObITh MOA-
KJIIOYEH K CEeTH IUTAaTHBIM MEPCOHAIOM MPEANPUATHUS, YTO 0CO00 aKTyallbHO Ul PEKUMHBIX MPeapu-
ATHN, B KOTOPBIX NPUBJIEUEHUE CTOPOHHUX CIIELUAINCTOB BEChbMa MPOOIEMaTHUHO.
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ABSTRACT

Secure enterprises have Local Area Networks (LANSs) that store and process sensitive data that should not be accessed from
outside. At the same time, no modern enterprise can successfully function without a LAN which provides the Internet access for the
computers of the sales department, technical support service and E-mail server. In order to ensure information security, these two
network segments are usually physically isolated from each other by means of exception of any cable interconnections. Enterprises
with high demands for server uptime use server virtualization, which requires connecting physical servers to disk storage of virtual
server image files. When highly reliable servers are needed only in one of two independent corporate network segments, the cost of
creating such a server cluster is reasonable and fast paying off. But when a company encounters the need to place a small but highly
reliable server into another network segment, the following problem arises: only server cluster with expensive components can
provide the required reliability, but to solve the tasks assigned to the new server, the cluster computing capacity would be too high,
and deploying of a cluster would be extremely costly and economically unjustified. On the other hand, the required computing
capacity for a new server would be taken from the existing server cluster by creating a new virtual server without any expenses.
However, in such case it is necessary to ensure isolation of the new virtual server from the network segment the physical hosts
servers are connected to. The article examines the methods of configuring the LAN that allow to isolate virtual and physical servers
at the network level. The authors also consider the episode when it is necessary to transfer files between the two computers located
in the LAN segments isolated from each other and gives the appropriate solution.

Key words: local area network, LAN, virtualization, Hyper V, VirtualBox.
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In the early 90s there was a need for the complex development of training, retraining, maintaining and professional development
system designed for the most popular Mi-8 helicopter pilots oriented at modern information technologies. The system covers all the
stages of pilot training, starting with the initial stages of professional activity up to its completion. The technical means compiling
specifications for the whole range training were determined by the results of the pilot in-flight activity analysis. The proposed
optimal range of technical facilities for training consists of technical means with different levels of out-of-cockpit and in-cockpit
environment simulation. The utilization of these means allows to minimize the expenditures on proficiency level support and cost
of pilot training. The set of technical training appliances such as: automated training courses of theoretical disciplines, computer
functional and situational simulators, navigation simulators and flight complex simulator includes the facilities that provide training
of the pilot actions at each stage of the flight. The individual schedule of computer based self-development classes is drawn up for
each student. While compiling the individual schedule logical sequence of all training stages was carefully observed: firstly we
begin with a thorough study of helicopter structure, then goes the study of functional system or equipment normal operation,
functional system or equipment in special situations operation, and finally, the routine technology of crew operation in normal flight
conditions and the crew actions in dangerous and emergency situations. In addition to the direct training of students, the initial stage
of training solved the tasks of practical check and improvement of previously taken decisions.

Key words: educational technologies, computer-based training, automated training courses, functional and situational simulators,
flight simulator.

INTRODUCTION

In the conditions of the Russian Federation with its vast territories and lack of a developed net-
work of highways, helicopter aviation has become one of the most important factors in the further de-
velopment of distant regions of the North and Siberia, which are rich in natural resources. In addition
to transporting work in the undeveloped regions, modern helicopters do a good deal of so-called avia-
tion work: oil and gas pipelining, power poles installing, forests conservation, forest fires suppression
and so on.

One of the steady requirements to the civil helicopter aviation is the insurance of flight safety.
The safety of flights is determined by two main factors: the technical condition of helicopters and the
professional qualification of the flight crew.

Unfortunately the system of flight qualification maintenance of civil helicopter pilots, inherited
by Russia after the collapse of the USSR, is morally and physically outdated and did not meet the re-
quirements of domestic and international regulations. Flight simulators which existed at that time were
based on an outdated element base. There was no systematic approach to the pilot’s entire "profession-
al life" support, beginning with the basic training up to the termination of flight activity or retirement.
Modern training technologies were not used in practice [1, 2].

There was a need for the complex development of training, retraining, maintaining and profes-
sional development system for helicopter pilots based on modern information technologies. The staff
of the ATC (aviation training center) of JSC "SPARK" set a task-to create a similar system for the pi-
lots of the Mi-8 helicopters — the family which is very popular and widespread (about 3000 helicopters
of different modifications of this family are operated in Russia and in foreign countries) [3].
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The system of training, maintenance and professional skills improvement of helicopter pilots
which is being developed is focused on the use of new training tools and technologies (hereinafter the
System), should cover all the stages of pilot professional training activity, beginning with its initial
training to its completion. The overall structure of the System is shown in Figure 1.
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Fig. 1. The structural System of training, maintenance and professional development for helicopter pilots
(in 2010, the full cycle of the refresher courses was cut up to 1 year)

The basic principles laid down in the System being developed are:

e Curriculums for all stages of the System are interconnected, focused on the perspective edu-
cational techniques and exclude duplication.

e The optimal set of training tools is determined for each level of the System. The set takes in-
to account the individual characteristics of the organizational forms of the stages and ensures
the link goal achievement in the shortest time and with minimal economic costs.

e Educational means are based on the present-day educational technologies using the wide
range of computer technology.

The requirements for the formation of technical means of training were determined according
to the pilot in-flight action results analysis. The pilot’s actions, as the operator of flying object, are rep-
resented by the list of "homogeneous" tasks solved by him at different stages of the flight:

1) visual and instrumental detection of the helicopter setting in the air;

2) the impact on the controls for changing (maintaining) the position of the helicopter in space;

3) search of instrument readings and evaluation of the helicopter functional systems;

4) the control of the helicopter functional systems and AEE (aviation and electronic equip-
ment);

5) the solution of navigational problems and setting up navigation equipment;

6) radio communication;

7) the solution and implementation of results of specific tasks during the flight routine.
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In the course of taking solution for each of these tasks, the pilot uses the informational data ob-
tained from the analyses of out-of-cockpit and (or) in-cockpit situation, however, each task requires
different amount of this information.

The proposed optimal range of technical means of training consists of technical facilities with
different scopes of out-of-cockpit and in-cockpit environment simulation.

This allows us to minimize the expenses for preparation and pilot professional skills support.
The less is the scope of out-of-cockpit and in-cockpit environment simulation, the cheaper and more
affordable are the technical means of training and coaching.

Therefore, it is reasonable to point out the stages of the pilot whole qualification training and
maintenance process which are directed at a specific class of technical means:

1. The stage of theoretical disciplines. The technical means used at this stage are not connected
with the simulation of any flight conditions. Separate fragments of the out-of-cockpit and (or) in-
cockpit environment can be used as well as any other illustrations (drawings, diagrams, etc.).

2. The stage of professional training with the simulation of minimal required actual effects im-
pact volume.

3. The stage of professional training with such volume of simulation influences that allows you
to consider the conditions of training to be close to flight conditions.

4. The stage of professional training with simulation of flight conditions in full.

5. The stage of professional training in real flight conditions.

The set of technical training tools includes the tools which train the pilot to act at each stage of
the flight:

— The stage of theoretical training — automated training courses (ATC) of relevant disciplines
make use of means with video and audio information, animation, film fragments and other modern
media.

— Display functional and situational simulators are used for the stage of professional training
which requires the minimal volume of impact simulation. Functional simulators are designed to work
out the actions aimed to control functional systems and AEE (aviation and electronic equipment).

— Situational simulators are aimed for practicing the actions in difficult and emergency situa-
tions. The simulators provide the possibility of practicing individual actions and actions as a member
of the crew.

— The cockpit simulators without visualization and navigation (display or screen), with incom-
plete and simplified visualization of out-of-cockpit space are used at the stage of professional training
with imitation of such an exposure that allows to consider training conditions to be close to the flight
ones.

— The equipment used for the stage of professional training of the real flight simulation is a
combined flight simulator with a fixed platform and a combined flight simulator with a mobile plat-
form.

— The stage of professional training in real conditions takes place in training flights on a real
helicopter.

— The structure and the content of each technical device is determined by the need for it at dif-
ferent stages of the training process aimed at retraining the pilot to operate helicopter and further
maintenance of the pilot’s professional skills. The distribution of the material being studied between
the computer training products is made as a result of the detailed analysis of each topic.

In order to approximate the flight conditions on the simulator to the conditions of a real flight,
aircraft flight simulators are equipped with a mobility system allowing us to simulate overloads which
occur during the normal operating conditions of aircraft. But the simulator mobility system makes the
cost of the simulator several times more expensive and consequently, the cost of the flight hour of the
simulator as well.
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A very important characteristic of the MI-8 helicopters family flying simulators which are
wide-spread and popular in Russia is its price. At the same time, the Mi-8 civil helicopter is not de-
signed for maneuvering flights. Calculations have shown that while accelerating and braking according
to the flight operating manual horizontal overload equals to 0.17...0.26, and the overload for the heli-
copter Mi-8MTYV normalized turn with a maximum roll angle of 45 degrees equals to 1.41.

On the basis of the research work [4] devoted to the influence of overloads upon operating ca-
pacity of the pilot it is possible to draw a conclusion that in-flight overloads effecting on the pilot of
the civil Mi-8MTV helicopter do not give any negative impact on the pilot’s working capacity. This
justifies the choice of flight complex simulator with a fixed cockpit for creating the first stage of the
System.

AUTOMATED TRAINING COURSES FOR THE STUDY OF GENERAL AVIATION
DISCIPLINES AND DISCIPLINES OF A PARTICULAR HELICOPTER

The following requirements provided the basis of general aviation disciplines development
[5,6,7]:

1. To provide the students with opportunity to study general aviation disciplines in two modes:
in the mode of consecutive study with the use of hyperlinks and explanation and in the mode of a di-
rectory with an independent choice of the required material volume.

2. To outline the training material so that the basic provisions of the disciplines included in the
scope of the training material are identified without breaking the sequence of the whole material
presentation.

3. The Structure of the automated training courses in disciplines should provide an opportunity
to edit existing fragments and add new fragments to the program without taking much time and re-
sources.

In the process of designing disciplines for a particular aircraft, the requirements for the volume
and depth of knowledge for each crew member in accordance with the flight operations manual were
taken into account'. The automated training course "Mi-8, Mi-8MTB, Mi-8AMT (M17) helicopters
structure and flight operation" is a redesigned course for computer presentation giving a detailed de-
scription of the helicopter construction, its systems and instruments. The course is illustrated with pho-
tos and three-dimensional computer graphics of general views of helicopters, their units, assemblies
and components, systems structural schemes, cutaways and in-depth details. As an example you can
see two fragments of this course in Figure 2.

An important element of computerized learning system is the programs which help to control
the students’ material acquisition.

In the system of computer-based training intermediate and final controls are carried out by
means of computer testing programs using test tasks [8, 9]. While designing test assignments for gen-
eral aviation disciplines (GAD) and disciplines of a particular helicopter (DPH) the choice was made
in favor of the closed-type tasks on the level of "Knowledge", "Understanding", "Analysis", "Synthe-
sis".

The developed test kits on the disciplines in the mode (graphics + question + supposed an-
swers) were analyzed with the aim to determine the characteristics and to establish compliance of these
characteristics with the indicators adopted in the theory of testometrics.

While assessing the professional knowledge of helicopter pilots, the peculiarities of the pilots’
professional activities were taken into account. The helicopter crew is the last and most important link
in the chain of ensuring flight safety. In all the amount of knowledge that pilot should possess there is
the knowledge that directly affects the flight safety. The pilot must possess this knowledge by all

' The manual on flight operation of the Mi-8MTV helicopter. Moscow, 1994.
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means. With the experts’ aid the test tasks which directly effect the flight safety were selected from the
discipline test set.

Another important moment in the process of helicopter pilot knowledge control is the limited
time for test performance.
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Fig. 2. Automated training courses
"Mi-8, Mi-8MTV, Mi-8AMT (M 17) helicopters structure and flight operation"

COMPUTER FUNCTIONAL AND SITUATIONAL SIMULATORS

Computer functional and situational simulators are designed to teach pilots how to control
functional systems, air navigation and radio electronic equipment in normal flight situations, complex
and emergency situations. Functional simulators are designed for working off the actions aimed at
checking the operation of functional systems, basically, during the pre-flight training period. Each
crew member works off his actions in emergency situations on situational simulators in accordance
with the flight operations manual (FOM).

The information necessary for practicing on simulator is sent to the trainee via the display
which shows the fragments of instrument panel with controls of the system as well as instruments and
displays demonstrating the system operation. The fragments are located on the background of the heli-
copter cabin indicating their place on the dash board. The information presented on the display can be
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static (the position of toggle switchers, knee switchers and other controls), dynamic discrete (ignition
and extinction of the indicator board and warning lights) and dynamically continuous (readings of
pointer instruments and digital indicators (figure 3) [10].
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Fig. 3. Simulator "Engine TV3-117BM starting up"

In addition to visual information the pilot perceives audio information as well. It can be the
sound of units in operation, reports and communication of the crew members, call-signals of radio sta-
tions, orders and air traffic controllers’ information. The necessary sound information is simulated and
issued to the pilot at the right moment either through the headphones or through the computer speaker.

For each test and for each situation two computer products are developed: DEMONSTRA-
TION and TRAINING ones.

DEMONSTRATION is a passive narration (text or audio) about the sequence of actions aimed
at checking the system with the display of controls and controls of the operating system on the frag-
ments of dash boards, with the display of controls when the system is inoperative, with the display of
the steps preventing the system from failure if a problem is detected.

TRAINING is an interactive computer simulator. The trainee interacts with the active zones on
the computer display, changes the location of the functional system controls in the sequence recom-
mended by the flight operations manual (FOM), monitors the readings of the system controls and
draws conclusions about its operability.

Computer simulator is the device developed for training therefore, the principle of giving im-
mediate information to a trainee about the error he has made has been the basic. If the error is not cru-
cial the trainee is offered to amend it (the hint may be given) and continue working on the simulator. If
the error is vital the simulation is stopped and the task is regarded to be undone.

All the trainees’ actions are strictly evaluated. According to the results of the trainee’s perfor-
mance the protocol is formed. The grading scale is designed in a way that any serious error leads to an
unsatisfactory result.
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NAVIGATIONAL SIMULATOR

This is the simulator for practicing navigational tasks using both cabin navigational and ground
based navigational tools. The visualization system for solving navigational problems ensures compli-
ance of three main requirements: it shows the space along the routes that are programmed in the exer-
cises, plausible flight dynamics (horizontal flight speed, turning rate, vertical speed), the real location
of ground radio navigation aids. The simulated cockpit instrumentation corresponds to the real aviation
and radio electronic equipment of the helicopter. Helicopter control simulators are used to change the
mode of flight (figure 4). Naturally, the training of navigation tasks performance on a simulator with a
limited scope of use (navigation simulator) is much cheaper than practicing these tasks on a complex
flight simulator.

Fig. 4. The general view of navigational simulator

A real polygon on which navigational exercises were supposed to be performed was chosen in
order to form the stage. Operating landmarks and operating ground-based radio navigation aids have
been located along the proposed routes. The visual display system allows the trainee-pilot to observe
the flight from the cockpit in any of the eight directions (figure 5).

=00

Fig. 5. View from the cab in the forward direction (left)
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The dashboard is displayed at the bottom of the screen when the direction of observation is
forward. Part of the equipment placed on additional dashboards can be used by the request of the train-
ee. You can minimize the additional equipment panels to maximize your visibility. It is possible to
monitor the flight from any point outside the cockpit, including in the "repeat" mode.

COMPLEX FLIGHT SIMULATOR

The most important link in the helicopter pilot training process is the complex flight simula-
tor [11]. Due to a number of reasons peculiar to the end of the 90s, it was decided to develop complex
flight simulator Mi-8MTYV with a fixed cockpit.

Mathematical models and generators of simulation impacts are implemented in the computer
complex of the simulator. These are: models of helicopter flight dynamics, models of engines and aux-
iliary power plant, models of helicopter systems and equipment, model of flight range, models of cli-
matic, temporal and meteorological flight conditions. To control various devices of flight conditions
simulation, generators of simulation actions which work together with mathematical models in a com-
puter complex are implemented. These are: external environment generators, forming frames for pro-
jectors, generators of vibration effects, in-cab acoustic generators, simulating the sounds of constantly
operating engines, propellers, equipment, etc. and the sounds audible at the moments of one-time
events like touching the ground by the helicopter landing gear during landing, etc., generators of audio
signals and messages, generators of the cabin information field which generate signals for setting the
arrows of needle indicators on dashboards and indicator boards in the desired position for the moment.
The mathematical model of climatic, time and meteorological conditions allows us to simulate winter
and summer, any time of the day as well as rain, snow and other weather conditions. Mathematical
model of simulator comprises all mathematical models simulating the operation of many heterogene-
ous units, assemblies and systems in their relationship. The structure of mathematical model of simula-
tor is shown in Figures 6 and 7.
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Fig. 6. Mathematical model of the simulator scheme (fragment: helicopter movement)
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ORGANIZATION OF THE TRAINING PROCESS

Having received the complex flight simulator MI-SMTV helicopter certificate in 2001 and de-
veloped the software products — a set of automated training courses and a full range of display and
screen computer simulators the specialists of aviation training centre (ATC) Joint stock company
"SPARK" started to implement the method of individual pilot training into practice, using computer
products developed at the ATC. The register of preparation courses focused on the method of individ-
ual training was formed. During the process of curriculum development for each type of preparation
course and at drawing up the programs included into the curriculum the requirements of Guidance
documents issued by the Federal Agency for Air Transport” on the one hand and peculiarities of indi-
vidual training mode with the use of developed computer products on the other hand were taken into
account.

Since the very beginning of the flight simulator operation, the specialists of aviation training
centre (ATC) Joint Stock Company "SPARK" have carried out methodological improvements on the
optimal distribution of flight tasks between the simulator and training flights. As a result the document
regulating the flight tasks solvable at simulator and the tasks solvable in training flights was prepared.
On the base of this document the Regulating State Body issued a new curriculum for flight training’.

Each trainee has an individual schedule if he masters the subjects by using computer products
(automated training courses, functional and situational display simulators, navigational simulators) in-
dependently (figure 8).

% Federal aviation regulations "Preparation and flights performance in the Civil Aviation of the Russian Federation". Mos-
cow, 2009.

3 The training rules for helicopters flight personnel with take-off weight capacity from 7 to 20 tons. Moscow: VAVT,
2011.
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Fig. 8. Schedule of individual training sessions

The logical sequence of the material studied was taken into account during the process of draw-
ing up the schedule: initially goes the study of the structure, then goes the study of the functional sys-
tem or equipment normal operation and the operation of functional system or equipment operation in
special situations, and finally the crew operation in normal flight conditions and work of the crew in
difficult and emergency situations. The schedule is accompanied by a detailed distribution of educa-
tional materials between training days and "lessons". In addition to the study of theoretical material
using passive aviation training course (ATC), the trainee practices the "lessons" using interactive com-
puter simulators.

At the initial stage of preparation, in addition to the direct training of students, the practical
tasks of checking and improving the earlier-taken decisions were solved. The pilots, who were trained
at the initial stage of JSC "SPARK" work, were invited as experts to assess the quality of the flight
simulator with a fixed cabin. The experts are sure that it is basically enough to train on a simulator
with fixed cabin. But 20% of experts considered the training on a simulator with a movable cabin for 1
hour for hovering and for 0.5 hour for horizontal braking, coordinated banked turn with a small roll,
coordinated banked turn with a maximum roll and a turn with a slide to be really important.

RESULTS

Since 2001, Aviation Training Center JSC "SPARK" has accumulated extensive experience in
training helicopter Mi-8 pilots using new computer-based training tools and a flight simulator with a
modern visualization system. During this period, more than 1000 pilots and more than 350 flight me-
chanics from Russia and CIS, as well as more than 250 pilots and more than 40 flight mechanics from
different countries of Europe, Asia and Latin America were retrained from other aircraft to the Mi-
8MTYV helicopter pilots at the "Spark" Aviation Training Center. In addition, the active Mi-8MTV hel-
icopter crews underwent periodic (quarterly/semi-annual) training sessions utilizing the simulator of
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the "Spark" ATC. More than 3000 crews of Russian and foreign airlines have undergone periodic
training during the period of ATC operation.
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NHPOPMAIIMOHHBIE TEXHOJIOI'MA - OCHOBA CUCTEMbI
HOAI'OTOBKH, HEPEINNIOAI'OTOBKU U ITOBbLIHNIEHUSA
KBAJIM®UKAIIUU ITMJIOTOB BEPTOJIETOB

10.A. Bopucos', ILH. Pei6kun’, FO.M. Yyuuounn’

'4O «CIIAPK», 2. Canxm-Ilemep6ype, Poccus

? Mockosckuii 20CY0apCmeeHHblll MeXHUYECKULL YHUBEPCUMem padcOAHCKOU asuayul,
2. Mocxksa, Poccus

B nagare 90-x romoB BO3HHKIIA HEOOXOMMOCTh KOMIUIEKCHOH Pa3pabOTKH CHCTEMBI TIOTOTOBKH, ITePEyIHBAHI, TIOICP KAHUS
W TIOBBIMICHUS TPo(ecCHOHANBHON KBaTM(HKAIMN TIOTOB HamboJee pacHpoCTpaHEHHBIX BEpTONETOB cemelictBa M-8,
OPHEHTHPOBAHHOM Ha COBpPEMEHHbIE MH(OPMAIMOHHBIE TeXHOJIOrHy. CHcTeMa paccuMTaHa Ha OXBaT BCEX STAIOB IOJTOTOBKH
NWIOTa, ¢ Hayana NpOQeCCHOHATBHON JAeATeNbHOCTH (IIepBOHAYaibHas MOIATOTOBKA) OO0 e 3aBeplueHMs. TpeboBaHus K
(hopMUPOBAHUIO BCETO psifia TEXHUYECKUX CPEACTB OOYUEHMS ONPEIEISUINCH 0 Pe3yJIbTaTaM aHallk3a JEsSTeIbHOCTU MUIoTa B
nonere. [Ipemyiaraemplii ONTUMAIBHBIA PsiJi TEXHUYECKUX CPEACTB OOYYEHHS COCTOMT M3 TEXHHUYECKHX CPEICTB C Pa3HBIMH
00bEeMaMH IMUTALIMKA BHEKAOMHHOI 1 BHYTPUKaOWHHOM 00CTaHOBKHU. DTO MO3BOJISIET MUHUMU3HPOBATh 3aTPaThl Ha MOATOTOBKY
MOAJIepXKaHUE TPOPECCUOHATBPHON KBATM(HUKAIIMK TMWIOTOB. B KOMIUIEKT TEXHHYECKUX CPEACTB OOYUCHHUS BKIIFOYAIOTCS
CIIETyIOIINE CPEACTBa, oOecreurnBaroIe 00yyeHre MIoTa JISHCTBUSIM Ha KaXKIOM 3Tale: aBTOMaTH3HPOBaHHBIE 00yJaromye
KypChl TEOPETHYECKUX JUCLMIUINH, KOMIIBIOTEpHBIC (DYHKIMOHAIBHBIE W CHTYAl[MOHHBIE TpPEHAXXEpPBl, HABUTAIOHHBIC
TpeHaXepbl M JIETHbI KOMIUIGKCHBI TpeHaxkep. [l CaMOCTOSATENBHOIO OCBOEHMS MUCLMIUIMH C  HCIOJB30BaHUEM
KOMITBIOTEPHBIX IPOAYKTOB COCTAaBJISACTCSl MHANBHTYaIbHBIN IUIAH-TpadMK 3aHATHH U KaXaoro ciaymaresst. [Ipu cocrapneHnu
IUTaH-TpaduKa yIUTHIBAJIACH ECTECTBEHHAS TIOCIIEOBATENIFHOCTD U3yYEHHS MaTeprasa; BHadaIe N3ydeHHe KOHCTPYKLHH, Jajee
HOpMaJlbHasl 3KCIUTyaTalysl (PyHKIMOHAJIBHOW CHCTEMBl WIM OOOpYIOBaHWS M SKCIUIyaTalldsi B OCOOBIX CHTYyalusx
(YHKIMOHAJIBHOM CHUCTEMBI WM 000PYIOBAHMS, W, HAKOHELI, TEXHOJOTHSI pabOThI SKUMAXKa B HOPMAJIbHBIX YCIIOBMSIX IIOJIETa U
TEXHOJIOTUsL pabOTHI SKUIAXKA B CIIOXKHBIX U aBapHIHBIX cUTyarusix. Ha HauanbHOM 3Tarie 00y4eHHs TOMUMO HETIOCPEACTBEHHOTO
00yueHHs CIyIIaTeNel Peratich 3a1a4i IIPOBEPKH Ha MPAKTHKE 1 COBEPILIEHCTBOBAHMS PUHATHIX pPaHEe PELICHUH.

KnioueBble cioBa: o0pa3oBaTeNbHbIE TEXHOJIOTMH, KOMIIBIOTEpHOE OOYyYeHHE, aBTOMATH3MPOBAHHBIE OOYYarolIMe KypChl,
(DYHKLIMOHAIBHBIE ¥ CUTYaIIMOHHBIE TPEHAXKEPBI, JIETHBIE TPEHAKEPBL.
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