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CUJIOPEHKO A.B., COJIONYXO H.A.

OI'MBAHUE MPENATCTBUIA ITPU NEPEMEIIEHAA MOBAJIBHOI'O POBOTA

Daxyrvmem paouopusuku U KOMRbIOMEPHbIX MEXHON02UL
benopycckozo cocyoapcmeennozo ynusepcumema
2. Munck, Pecnyonuxa Benapyce

Pacemompenvt 60npocul MOOenUposanus npu HAGU2AYUU ¢ 02UOAHUEM NPENsIMCMEUll MOOUTbHO20 poboma
C UCNONb308AHUEM MEMO0008 MAuuHH020 00yuenus: (Q-ooyuenus, aneopumma SARSA, enyboxoeo Q-obyuenus u
0601iH020 2nybokoco Q-o0yuenus. Paspabomannoe npocpammnoe obecneuenue gxaouaem cpeocmea Mobile Ro-
botics Simulation Toolbox, Reinforcement Learning Toolbox u nakem suszyanusayuu Gazebo 0nsi mooeruposanuis
cpeovl. Pezynomamol 6biuucaumenbHo20 IKCREPUMEHRMA NOKA3bIBAION, YUMo OJisi MOOEUPyemotl cpedvl pazmepom 17
Ha 17 knemok u npensmemeus O1unol 6 12 kiemok oOyuenue npu ucnonvzosanuu anreopumma SARSA npoucxooum
¢ yuen npou3so0UmMenIbHOCbIO, YeM OJisk OCIMANbHBIX.

Ipeonooicen ancopumm o2ubanusi RPEensiMCMEUll ¢ UCKIIOUEHUEM MemMo008 MAUUHHO20 00VYeHus, U
NOKA3AHO, 4MO CKOPOCHb 02UOAHUSL NPENnsimCcmeuti pooomom ¢ UCNOAb308AHUSL OAHHO20 ANCOPUMMA 6blule, YeM
cKopocmy 00yyenusi npu npumenenuy 21ybokoeo Q-obyuenus u 080UH020 21yOoK020 Q-00yueHus, HO Huice, Yem C
ucnoavzoganuem aneopummos SARSA u Q-obyuenus. /[ist npeonodsiceHH020 aneopumma nposeoeH 8blHUCIUMEbHbIL
9KCNEPUMEHM C UCNONB30BAHUEM CPEObl MOOeaUuposanus dsudicenus poooma. B naxeme suzyanruzayuu Gazebo 11

NOKA3aHO, YMO NPensimcmeust Kyouueckou gopmul o2ubaiomcs dvicmpee, 4em YuruHOPpUIeCcKol.
Knrwouegvie cnosa: pobom, mawunnoe odyuenue, Q-obyuenue, nepemenjenue, npensimcmeus.

BBenenne

WuTerpanust MOOWIBHBIX POOOTOB B BOEHHYIO,
HPOU3BOACTBEHHYI0, KOCMHYECKYIO C(epbl AesSTeIbHO-
CTH 4YeJIOBEKAa CTAJKMBACTCS C ONHOM M3 aKTyaJbHBIX
pobJeM — ympaBlieHHe IBIKEHHEM MOOHIBHOTO pobo-
Ta B HEKOTOPOH cpezie IPU U3BECTHOM MECTOIOI0KECHUH
poboTa, PacIon0KEeHUH 1IEIEBBIX TOYEK, B KOTOPbIE I0JI-
JKeH rnepemecTutbest poooT [1]. Tlpu aToM cyliuecTBeH-
HBIM SIBJISIETCS OOecredeHue Oe30MacHOro JIBHIKEHHS
poboTa 6e3 CTOTKHOBEHHUS CO BCTPEUAIOUIMMHUCS HA €T0
IYTH PEISTCTBUSIMH.

[Ipn pemeHnn NOROOHBIX 3ajay, Kak HpaBHU-
70, MCHOJIB3YIOTCS aITOPUTMbI MALIMHHOTO OOYYeHHS,
BKJIIOYAIOIHE aJITOPUTMBI OOYUYEHUS € MTOJKPEIIICHHEM,
HEeHpPOCEeTEBbIE ANTOPUTMBI, AITOPUTMBI ITyOOKOro 00-
yaenus [2-4]. Vcnonp3oBaHne yYKa3aHHBIX alTOPUTMOB
OCHOBAaHO Ha NMpPUHLUINAX MojenupoBaHus. Kpurepuem
ONITHMH3AIMU B KOKIOW M3 yKa3aHHBIX MOJENCH SBIIS-
eTCsl ONpeIeIeHHEe KOJIMYeCTBa AU30I0B ISl 00ydYeHHs
ITOPUTMA.

B paborte [4] mpoBeaeHBI UCCICIOBAHUS U TIPO-
AQHAJIM3MPOBaHA PEAIN3alMsl AITOPUTMOB AJITOPHUTMOB
MAaIIMHHOTO O0YYeHHs C MOAKPEIJICHUEM IMpPU HCIIOIb-
30BaHMU CUMYJISIIIMU JIBHKEHUS poOoTa B makete Matlab
W ONpeJielIeHbl 3HAaYeHHsI BOSHATPAXKICHHUSI.

B manHO# paboTe MPOBOAUTCS CpPAaBHHUTEIBHBIMN
aHAJIN3 aJITOPUTMOB MALIMHHOTO OO0y4YeHHs mIst 0e30-
HAaCHOTO JIBIKEHHS MOOMIBHOTO po0O0Ta, IEMOHCTPALHS
BO3MOXKHOCTEIl CO3aHHOTO IPOrPaMMHOI0 obecrede-
HHUS W TPOBEJICHHE BBIYHUCIUTEIBLHOIO JIKCIEPHMEHTA
NP HaBUTaluK podoTa ¢ HCHOJIb30BAaHUEM MTAKETa BH3Y-
anmuzaun Gazebo 11.

Hponeneﬂne BBIYUCIUTECJIBHOIO IKCIIEPUMEHTA

[IporpaMMHO peann3oBaHHBIE aITOPUTMBI 00Y-
YeHHs, IPIMEHEHHBIE K Pa3pa0OTaHHONH HAMH MOJIEIH
YIPaBICHUS CUCTEMbI MOOMIIBHBIX POOOTOB, TIO3BOIHIN
IIPOBECTH BBIYMCIUTEIBHbBIM IKCIIEPUMEHT C MCIONB30-
BaHHEM pa3pabOTaHHON KOMITBIOTEPHOW IPOTPaMMEI.
Jlnst peanuzanuy anropuTMa oO0ydeHHs HCIOJIb30BaJICA
naket it Matlab Reinforcement Learning Toolbox [5].
B mozenu, onuckiBaromieil qBKeHne podoTa, mpume-
Hsicst maker Mobile Robotics Simulation Toolbox [6]
Ha OIEPALMOHHOW cucTeMe Linux NpU UCIOJIb30BAHUU
makera Bu3yanusauuu cpensl Gazebo 11. B3ammoneii-
CTBHE areHTOB o0OecrieunBaeTcs uepes naket i Matlab
ROS Toolbox [7]. B ocHOBe MPOCTPaHCTBA, B KOTOPOM
00y4aJICst IBUTaThCs POOOT JISKUT CUMYJIALOHHOE IIPO-
ctpancTBO B Gazebo 11 (pucynoxk 1).

_-Hauano

Pucynok 1. CumyasiinoHHOE IPOCTPAHCTBO
B makete Busyanmzauuu Gazebo 11

CHUCTEMHBINA AHAJIN3 U TIPUKJIAJTHASI THOOPMATHKA
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[Ipy npoBeNeHUH BBIYMCIUTENBEHOTO JKCIEpH-
MEHTa B Ka4eCTBE CPEIbl HCIIOIb30BATIACh IOBEPXHOCTD
17 ma 17 KIETOK ¢ mpemsITCTBHEM B 12 KIeTOK (pHCy-
HOK 2). JIJIT TOCTYOKEHUs 3aIUThI OT ONIMOOYHOTO Tie-
pecedeHns TPEensATCTBUN KIeTKH cTeHbl 3 Gazebo B
cumyisinnu Matlab OpLTH OKPYKEHBI JOTIOTHUTEIBHBIM
CIIOEM CTEHBI CBEpXy, CHU3Y U cnpasa. B mpouecce skc-

NEepUMEHTa IPU HepeMElIeHHH pPOO0Ta JOCTHKEHHUE
3HAYCHUsI BOZHATPAXKICHUS B YHCICHHOM BBIPAKEHHH,
pasHoe 500, onmpenensanock Kak meieBoe. B mobom mpy-
TOM MECTOTOJOKEHUH 0TMEYaIoch Kak “-17. ObydeHue
IpeKpalaeTcsi, Korma CyMMapHoe cpenHee (cpenHee
3Ha4YeHwne 3a nocaenuaue 30 sMu3010B 00y9IeHNs) 3HAUE-
HHUE BO3HATrpakJIeHUs gocTuraet “450”.
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Pucynok 2. Bun cumynsinun ABmKeHUs podoTta B makete Matlab nipu 00ydeHHN ¢ TOMOIIBIO aITOPUTMOB J-00y4eHus (),
SARSA (6), rmyboxoro Q-o0y4deHus (8) 1 ABOHHOTO TITyOOKOro OQ-00y4eHus (2)

HpI/I BBIIIOJTHEHUUW HCCICAOBAHUA MYJIbTHAr€HT-
Hasg CHUCTEMa MPOXOoauiia ONTHUMAaJIbHBIN IIyTh CJI€O0BA-
HUSA TIPpU orn0aHuu TIPETIATCTBUA U UCIIOJIB30BaHUM TS

o0 Episode reward for IMDPEnv with riQAgent

Episode Reward

500

6T L L L L L L L
(]

r
Episode Number

a

00y4eHHsI TPUBEACHHBIX BBIIIE AITOPUTMOB MAIlTHHHOTO
00y4eHus. Pe3ynbTaThl BEIYHCIUTEILHOTO SKCIIEPUMEH-
Ta MPUBEACHBI Ha PUCYHKE 3.

Episode reward for IMDPEnV with ISARSAAgent

Episode Reward

1500 1 . . . I .
0 10 20 £ 0 50 60
Episode Number

o

Pucynok 3. I'paduku 3aBUCUMOCTEN 3HAYEHUH BOSHATPAKACHUH OT KOMTMUYECTBA UTEPALM IPH 0OYUYECHUH C TIOMOIIBIO
anroputmMoB Q-o0yuenust (a), SARSA (6). [ony0ast TMHMS 03HAYaeT MTHOBEHHOE 3HAUCHUE BO3HATPAXKACHMS,
CHUHSISL JIMHUS — yCPeNHEHHOe 32 30 51M30/10B 3HAYCHUE BOHATPAKIIEHHS, JKENITas — HAYAIbHOE 3HaueHne O 32 SIH30]]

B pabore npemiokeH ajaropuT™ orubaHus npe-
NATCTBUH pPOOOTHU3MPOBAHHON CHUCTEM B OTCYTCTBHE
QITOPUTMOB MalIMHHOTO 00y4yeHusi. Mcrosnb3yembiid
QJITOPUTM JIBU)KEHHsI poOOTa ¢ OrMOaHueM NpensTCTBUN
COCTOMT W3 CIIEAYIOIIMX JTanoB. B Hayane ABMKEHHUs
pobora ompeznenseM HPSAMYIO JHHHIO L, PacHoIOKeH-
HYI0 MEXKIY Ha4aJIbHOM U KOHEYHOH Toukamu. [lanee po-
00T MOBOpAYMBACTCSl TAKMUM 00pa3oM, YTOOBI CMOTPETh
Ha KOHEYHYIO TOYKY M HauMHAeT JBUKCHUE IO NPSMOM
K KOHeyHOH Touke. Ecnu B mpouecce JBUKEHUs BCTpe-
4yaeTcs MPENnATCTBUE, OH OTMOAeT ero, IBUTAACh BIOJb
IPENATCTBUS 10 TEX II0P, [I0KA HE CTAHET HAa HAaYaJIbHOM

JIMHUM MEXJy Ha4aJIbHOM M KOHEUHOM ToukaMu. boiee
MoAPOOHO aJITOPUTM ABIKEHHS POOOTa MPeICTaBICH Ha
pucyHke 4.

[Ipu pabore co cuMy/sIHMEH ABMKCHUS POOO-
Ta Hcnonb3oBajcs Buszyanusarop Gazebo 11 m ROS 2
Humble Hawksbill. ]Inst ynipaBieHuss poOOTOM HCIIOJb-
30BaJINCh KOMaH/Ibl KoMaHIHOU o0oouku UNIX bash B
OC Linux Ubuntu 22.04 Jammy Jellyfish. VicxonHblii Ko
npezacrasicH B [8]. 1y paboThl ajqropurMa He0OXOAUMO
3aMyCTUTh CKpUNT bash lines.sh. J{ns 3ananus KOHEUHON
TOYKH JABMKCHHS HEOOXOIUMO 3a/1aTh KOOPAUHATEI X 1 Y
B cTpoukax 332 u 333 ¢aiina lines.sh. B Beranciautens-

1,2023
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HOM SKCIIEPHMEHTE HadallbHbIe KOOPIMHATHI poOoTa B
makere Gazebo 11 cocrasmm: (0;-2), koHeunsie — (0;9).
JmaMeTp OWIMHAPUYECKUX MpensaTcTBuil coctaBmi 0,8
SIIMHULIBI KOOPAMHATHOI ceTKH. Brplcora muimmHIpuye-

Hanpaeute poGota Ha
KOHEYHYR0 TOURY (4ent)

]._

Japate npAMYIa L ot
TEkyLeR NoakLa A0
KOHEBHHOR TOKM

3anath d - PACCTOAHME A0

MRENATCTENA
HeT aa

Crate Goxom

¢ NPENATCTEMID

o |

CKHX TpeTsTCTBUH cocTaBmia 0,5 eMuHUIBI KOOpIUHAT-
HOM ceTkd. Pazmep KyOMUeCKHUX MPENSITCTBUI COCTABIII
0,8x0,8x0,8 eaMHUIIBI KOOPIUHATHON ceTKu. Pa3zmere-
HUE IPENATCTBUN MIPEICTABICHO Ha PUCYHKE 5.

[BvweHue snepan

Pucynox 4. Anroputm gBrkeHus pobora

Havano Ha4ano

a o

Havano

Hayano

Pucynok 5. CUMy/ISIIHOHHOE TIPOCTPAHCTBO B makeTe Busyanusauuu Gazebo 11 npu 2 (a), 1 (6), 2 (), 1 (2) uunuHIPUUSCKUX U
KyOHUUYECKHUX MPEIsTCTBUN

V3MeHeHHe BpeMEHHU JABMKEHMS INpU NpPHUMEHe-
HHUU KyOMYeCKHX ¥ LIJIMHAPUYECKUX HPENATCTBUAX T10-
Ka3aHO Ha PUCYHKE 6.

Pasuuna Bpemenu npu 1 npenarcTBUM cocTaBuiIa
0,08 MuHyTHI, IpH 2 TpensaTcTBUAX — 4,15 MUHYTHI, IpH

3 npenatcTBUsX — 3,87 MUHYTHI, TP 4 MPENATCTBUAX —
3,24 muHYTHI, IpH 5 TpensaTcTBusAX — 4,97 munyThL. T.e.
IIPY UCTIONB30BAaHUN HPEII0KEHHOTO HAMH alrOpUTMa
MIPEISITCTBHSL B BUJIE KyOOB ormbarorcst ObIcTpee, yeM
MIPEISITCTBHS B BUJIE LIMIIMHIPOB.

CUCTEMHbIIA AHAJIU3 U IIPUKJIAJTHASI UHOOPMATHKA
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Pucynok 6. I'paduk 3aBHCHMOCTH BPEMEHH ABMKEHMS poO0Ta 70 e OT KONNYECTBA MPETATCTBUH

Ha orubanue npensrcTBuii npu UCIOIb30BAHUN
JTAHHOT'O aJITOPUTMA T10 ITyTH K LEJH B CUMYJISILIUOHHOM
npoctpanctBe Gazebo 11, npencTaBIeHHOM Ha PUCYH-
ke 1, y podora yxommno 21,21+3,97 munytsl. [lanHoe
BpeMs MEHbIIIE, YeM BpeMsi, HeO0OX0IMMOe Ha 00y4eHHe
B aHAJIOTMYHOM IIPOCTpPAaHCTBE B mnakere Matlab nipn
UCIIOJIb30BaHUH AJITOPUTMOB TIIyOOKOro (J-o0ydeHus u
JIBOMHOTO Ti1yO0KOTr0o (J-00y4eHusi, HO O0JIbIle, YeM Bpe-
Msi, HEOOXOJIMO€ Ha 00Y4YEHHE C TOMOLIBIO aJITOPUTMOB
SARSA n Q-00yueHus (pUCYHOK 2).

3akjoueHue

B mporecce BbINoIHEHNS HCCIIEA0BaHN IpoaHa-
JM3UPOBaHa padoTa ajJropuTMOB MAIIMHHOTO O0YYEHHUs
C MOJKperyIeHneM Jutst 0€301acHOr0 JBIKEHUS MPH TIe-
pemMeleHnn MoOHIIbHOTO podoTta: SARSA, O-o0yueHue,
rirybokoe (J-o0ydeHue M JIBOWHOE riybokoe (Q-o0yue-
Hue. PazpaboTano mporpamMmHoe oOecriedeHue, MpoBe-
JICH BBIYMCIUTENBHBIA YKCIICPHUMEHT M0 OOYYCHHUIO PO-
OOTHU3MPOBAHHOM CHCTEMBI.

PesynpraThl aHanmMsa mokasanu, 4YTO ObICTpee
BCEro oOydaeTcst poOOT MpPU HCIIOJIB30BAHUU AJITOPUT-
Ma SARSA, a MeJUIEHHEe BCEro — allrTOpUTMa TIyOOKO-
ro (Q-o0yuenus. IlomydeHHBIE pe3ynbTaThl KOppENH-
PYIOT ¢ pe3ynbTaTaMH, MpeACTaBICHHBIMU B [4], ¢ Toii
JIMING pasHUIlCH, 4To B pabore [4] MeUICHHEE BCEro
o0ydasics aJropuTM ABOHHOTrO rirybokoro Q-o0y4eHwus,

a B JaHHOHU paboTe — aliroput™m riyookoro (Q-oOyde-
uust. CrielyeT OTMETUTh, YTO JJMHA TPACKTOPUH JIBH-
JKEHHSI poOoTa I MBOMHHOrO riryookoro (J-o0ydeHHUs
oKaszanach HamOoublield W cocTaBuia 21 mmar, a st
riryookoro Q-o0y4eHus: — HAUMEHBIIIEH, U COCTaBWIIA
10 maros.

B nanHO#H paboTe B MPEMIOKEHHOM HaMH ajro-
puTME OrubOaHMsI MPEMATCTBHU OTCYTCTBYET AlTOPHTM
ManMHHOr0 o0yueHus. [Ipu HCIONB30BaHUH JAHHOTO
aNTOPUTMa TPOBEACH BBIYUCIUTEIBHBIA IKCICPUMEHT
M0 OTHOAHUIO NUITHHAPUICCKUX M KYOUUECKUX MPEIST-
CTBHii. BBISBIICHO, YTO C MCMOJNIB30BAHUEM JTAHHOTO aj-
roputTMa KyOH4YecKHe MpersTCTBUS OTHOAr0TCst ObIcTpee
urHAprudeckuX. OLEHEHO BpeMsl IBHKCHHS 10 LEeTH
¢ orubaHueM MPEMSITCTBUI B TPOCTPAHCTBE BU3yan3a-
uun Gazebo 11 (pucyHok 1), aHalOrMYHOE MPOCTpPaH-
cTBy oOyuenust B Matlab (pucyHok 2). /lanHoe Bpems
3HAYUTENBHO MEHBINE, YeM BpEMs, HEOOXOTMMoOe Ha
o0y4YeHHEe ¢ MOMOIIBI0 aITOPUTMOB TiIyOooKoro (J-o0y-
YCHHUS U JBOHHOTO Ty0okoro O-o0yueHwsl, HO OOJIbIIIE,
4eM BpeMsi, He0OOXO0MMOe Ha 00yUEHHE C TIOMOIIBIO all-
roputMoB SARSA n Q-00yueHusl.

PestoMupysi, MOXKHO CKa3aTh, YTO BEpU(UKAIIUSI
HAIIIETO AITOPUTMA TTO3BOJIUIIA BBISIBUTh MPEHMYIIIECTBO
HAIIETO AITOPUTMA HaJ arOPUTMOM MAIIMHHOTO 00Y-
YeHHs C MOAKPEIUICHHEM B KOHTEKCTE Ooyiee BBICOKOM
CKOPOCTH JIOCTHKEHHUS MPEISITCTBHUSI IO CPABHEHHUIO CO
CKOPOCTBIO O0y4EHHSI.
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SIDORENKO A.V., SALADUKHA N.A.

BENDING OBSTACLES WHEN MOVING A MOBILE ROBOT

Belarusian State University
Minsk, Republic of Belarus

The issues of modeling when navigating around obstacles of a mobile robot using machine learning methods
are considered.: Q-learning, SARSA algorithm, deep Q-learning and double deep Q-learning. The developed software
includes the Mobile Robotics Simulation Toolbox, Reinforcement Learning Toolbox, and the Gazebo visualization
package for environment simulation. The results of the computational experiment show that for a simulated
environment with a size of 17 by 17 cells and an obstacle 12 cells long, training using the SARSA algorithm occurs
with better performance than for the others.

An algorithm for avoiding obstacles without the use of machine learning is proposed, and it was shown that
the speed of avoiding obstacles using this algorithm is higher than the learning speed using deep Q-learning and
double deep Q-learning, but lower than using the SARSA and Q-learning algorithms. . For the proposed algorithm,
a numerical experiment was carried out using the robot movement simulation environment in Gazebo 11 and it was
shown that cubic obstacles are being avoided faster than cylindrical ones.

Keywords: robot, machine learning, O-learning, movement, obstacles.
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JIOBATBIH A.A., [IDHXAO I'Y

MATEMATHYECKOE MOJAEJINPOBAHUE ABUXEHUSA JIETATEJIbBHBIX
AIIITAPATOB MYJIbTUPOTOPHOI'O THUIIA

benopyccruii nayuonanvuwiii mexuuyeckuii yHugepcumem
2. Munck, Pecnyonuxa benapyce

Paccmampusaemes  3a0aua  onpedenenusi 0cobennocmell U NOCMAHOGKU 300a4u  MAMEMAMULEcKo20
MoOdenuposanusi iemamenvHulx annapamos (JIA) mynemupomoprnoco muna. Paccmampuseaiomest omaudusi ux
Mamemamuyeckux mooenel om Kiaccudeckux mamemamuyeckux mooeneu JIA camonemnozo u 00OHOBUHMOBO20O
sepmonemuozo muna. [Ipoeooumcs ananus u 060cHo8anue Oeucmsayiouux Ha Mynemupomopuwiil JIA cun u momenmos,
€ yuemom 0cobeHHocmell paccmMompenusi COOmeemcmsylouux CUCmeMm KoOpOUHam, HeoOX00UMbIX OJisl UCCLE008AHUSL
npocmpancmeenio2o osudicenust JIA. Chopmynuposana 3adaua ynpasienus mpaekmopHvim osudicenuem JIA c¢
VuemoMm epaujenus e20 KOHCMPYKYuU 60Kpye yenmpa macc. Ha ocnose paccmompenus KOHCMPYKMUGHOU CXeMbl
00H020 U3 Haubolee pacnpoOCMpaHeHHbIX Yemvlpexsunmosoeo JIA (keadpoxonmepa) 060CHOBAHA cXxema CO30AHUs
VAPAsAAIOWUL CUL U MOMEHmMO8, Oeucmeyiowux Ha JIA, noo Oeticmeuem KOMOPbIX UIMEHAEMC MPAeKmopus
osuocenuss JIA 6 npocmpancmee. Ilpugedenvl OcHOBHble MamemMamuyeckue 3d6UCUMOCTU, XAPAKMepuzyouue
Kunemamuxy osusicenust JIA mynomupomopnoeo muna. Ha ocnoge npogedennozo anaiusza 060CHO8aHa u npueedend
0600wWennas cmpykmyphas cxema npoyecca ynpaeienus maxum JIA. J[nisn nposepku pabomocnocobrocmu u
A0EK8AMHOCIIU MAMEMAMUYECKOLU MOOETU NPOBEOEHO UCCIe08AHUE NEPEMEUeHUsl KEBAOPOKONMEPA 8 6EPMUKANLHOL
HIOCKOCIU MENCAY 3A0AHHBLMU MOYKAMU NPOCMPAHCIEA 8 COOMBEMCMEUU C 3AKOHOM (YOPCUPOBAHHO20 YAPABTIEHUS,
obecneyusarowum nepemewenue JIA 6 npocmpancmee ¢ makcumanbHelM Ovicmpoleticmeuem. I[Iposedennoe
KOMNbIOMEPHOE MOOEIUPOBAHUE NOJYUEHHBIX AHATUMUYECKU MAMeMAmUYeckux 3a6UCUMOCMeEN NOKA3aL0, Hmo
OaHHBI NOOXO0 NPUMEHUM OJisi NOCIPOCHUS MAMEMAMUYecKux mooeneil osudicerust JIA mynomupomoprnoeo muna

PA3NUYHOU KOHCIMPYKIMUSHOU KOMNOHOBKUL.

Knroueenle cnosa: 6ecnuiommbiii 1emameinbHblil annapam, KeadeKonmep, mamemamudeckas MO@eflb, B8UHM,

ynpasiAawouias cuia.

BBenenue

JlerarenbHble anmapatsl (JIA) oTHOCATCS K CITOXK-
HBIM TEXHMYECKUM YCTPOWCTBaM, MPOU3BOJICTBO, IKC-
IUTyaTalysi ¥ UCCIIe0OBaHWEe KOTOPBIX TpedyeT cosla-
HUSI MaTeMaTUYECKUX MoJelneil, MO3BOJSIOMUX pelaTh
3aJa4M aHaJIM3a U CHHTE3a UX MOJCHCTEM U JIEMEHTOB
0e3 MPOBEICHUS HATYPHBIX HCIBITAHHUIA, KOTOPBIC TPE-
OYIOT TMPHUBJICYCHUS 3HAYUTEIBHBIX MAaTCPHATHHBIX
CPEe/CTB, a MHOT/IA U PUCKa JuId JMoAed. 3HaueHue Ma-
TeMaTU4YecKoro MojenupoBanus JIA cyiiecTBeHHO BO3-
pOCIIO B CBSI3M C IIMPOKUM PACIpOCTPaHEHHEM Oecru-
JIOTHBIX JieTaTeNbHbIX ammnapatoB (BJIA), y koTopsix Ha
0OpTY OTCYTCTBYET UeJIOBEK-0IepaTop (MUIIOT), 4TO JaeT
BO3MOHOCTh IIUPOKOTO MPUMEHEHUS IOCTHKEHUN Ha-
VKU ¥ TSXHUKU B KOHCTPYKITUH U CUCTEMaX YIPaBICHHUSI
BJIA [1, 2].

Bonpocsl  MaTeMaTH4eckoro MOJEIHPOBAHUS
JBIKeHus JIA ToCTaTOYHO M3Y4YEeHBI U UCCIIEAOBAHBI 3a
JIECSITUIIETUS CYILIECTBOBAHUS JaHHBIX 337a4. B ocHOBe
MOCTPOCHMSI MaTeMaTU4ecKux Mojeneit nonéra JIA ne-
JKaT 3aKOHBI KUHEMATUKU M JIMHAMUKH JBWKCHHS TBEP-
Joro Tena armocdepe. OaHaKO, MHTEHCHBHOE Pa3BUTHE
COBPEMEHHBIX TEXHOJOTMH IMO3BOJISET KOHCTPYKTOPAM
U MHXEeHepaM co3faBaTh JIA, KOTOpble COEAMHSIOT B
cebe Takue cBoiictBa JIA, KOTOpbIE paHee CUHUTAIHCH
MPUHIUIINATBHO TIPOTUBOPCYUBBIMH U HECOBMECTH-
MBIMH MEXKJY CO00H. DTO Kacaercsl B MEPBYIO OUYCpPeb
JIOCTIDKEHUI B 00JIACTH CO3JaHus aBUTaTeneii mis JIA,

MOCTPOEHHBIX Ha HOBBIX (PM3UUIECKUX NMPHUHIINIIAX, @ TaK-
K€ — aBTOMAaTHYECKNX CHCTEM YIPaBICHHUS a3pOANHAMU-
YECKHMH CHIIAMH, CO31aBAEMbIMHU PA3INIHBIMU YaCTIMH
KOHCTPYKIUH JIA, KOMOWHHUpPOBaHHEM pa3IHIHBIX 1O
IIPUPOJIE CUJI U MOMEHTOB, IeUCTBYIONINX Ha JIA.

Yupas/ieHue TpaeKTOPHbIM JABHKeHHeM JIA

B TpexMepHOM mNpoCTpaHCTBE TPH MOJEIUPO-
BaHWUU JABMKeHUs JIA HEoOXOAMMO paccMarpuBarh He-
CKOJIbKO CHCTEM KOOPJIMHAT, KOTOPbIE BBOJSTCS JUIS
TOTO, YTOOBI PEHINTD CIICAYIONIHE 3a/1a4H:

— 3a)MKCUPOBATH HEKOTOPOE HAYAJIO OTCUETA, 10
OTHOIICHUIO K KOTOPOMY OIPEACISIOTCS JIMHEHHbBIE U
YIJIOBBIE KOOpIUHATHI JIA;

— IpeICTaBUTh HAauOoJIee YAauyHBIM 00pa3oM Cco-
CTaBJISIOLINE KaKOH-TM00 BHEIIHEH CHIIbI, MOMEHTA WIIN
AJIEMEHTA JABHKCHHUS;

— ONPENENUTh TOJIOKEHNUE HEKOTOPBIX (PUKCHPO-
BaHHBIX HAlPaBJICHUH, CBS3aHHBIX C JIBHXKYIIHMCS Te-
oM (JTA).

B kadecTBe cHCTEMBI KOOpIMHAT, B KOTOpPOU
ompeenseTcs nojoxeHue 1eHTpa mace JIA u opuenra-
I[USl €r0 OCeH, MPUHMUMAeTCs CTapTOBas CUCTEMa KOOp-
JIUHAT (OXngZg), Haydanao KOTOPOH HaXOIUTCS B TOUKE
crapra JIA, BepTHKa/IbHAs OCh Y HANpaBjieHa HOPMaIlb-
HO K TIOBEPXHOCTH 3eMJIH, OCh Z, COCTaBIIACT C OCAMH
Xg U Yg IpaByro cucreMy koopauHar. Hampasnenue
ocu X 3a71aeTCs ¥ OCTACTCS HEM3MEHHBIM. JTa CHCTEMA
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KOOPJMHAT JKECTKO CBs3aHA ¢ 3eMJiell M BBOAWTCA JUIS
OTIPEAEIICHUS JIEMEHTOB ABMKEHNS JIA OTHOCHTENBHO
3emItm.

C xonctpykmmeir JIA opueHTHpOBaHa CBS3aH-
Has (cTpowtenbHas) cuctema koopamuat (OX Y Z),
MOJIO’KEHHE KOTOPOH OTHOCHTENBHO CTapPTOBOM OIpese-
JsieTcsl yIraaMu Kypea \, TaHraxa v, kpeHa y. Hampas-
JieHHe ocH X NPUBS3aHO, KaK MPABUIIO, K [POJOIbHON
ocn cummetpun JIA. Ocu Y, n Z, COCTaBIAIOT C OChIO
X IIPAMOYTOJIbHYIO MPABYIO CHUCTEMY KOOpjMHAT. Jlist
MOJICTIMPOBAHNS JBM)KEHHS JIETATEIbHBIX alIapaToB
OTpeZieTIeHHON ()OPMBI M Ha3HAYEHHSI MOTYT BBOAUTHCS
B PacCMOTPEHHE AOTOJIHHUTENBHO NPYTHE CHCTEMBI KO-
opamHAT [3], cpenn KOTOPHIX Hanboee pacpoCTpaHeH-
HBIE CIIEAYIOIIHE:

— ckopocTHast  (aspoamnammdeckasn) (OX Y Z),
y KOTOpPO# och X coBmagaer ¢ BEKTOpoM ckopocTu JIA;

—tpaektopras (OX Y Z ), y KOTOpoH mpomoib-
Has och X HampaJeHa 1o BEKTOPY cKopocTh JIA oTHO-
CHUTEIBHO 3EMIIN;

— otHocuTenbHas (my4esas) (OX !YuZu), y KOTo-
poii IpoJI0/IbHAs OCh X HAIpaBjICHA HA 3aJaHHYIO MO
BIDKHYIO TOUKY TIPOCTPAHCTBA (IIEJTb).

[lepexon OT 0AHOM CUCTEMBI KOOPIMHAT K IPYTOi
OCYIIECTBIISICTCS C MTOMOIIBIO MaTPHIl IPEOOPa3OBaHUs
(MaTpuIl HaMPaBISIOMNUX KOCHHYCOB). DIIEMEHTHI 3THUX
MAaTpHI[ MOTYT OTPEIEIATHCS PA3IMIHBIME CIIOCOOAMH,
CpeIy KOTOPBIX OCHOBHBIMH SBISIOTCS [4]:

— TPUTOHOMETPHUYECKUI Ha OCHOBE YTJIOB Difnepa
(Bitnepa-Kpsuiosa);

— pemeHne MaTpuU4HOTO ar(depeHIHaTFHOTO
ypaBHenust [lyaccona;

— KBaTEpHUOHHBIM METO/, OCHOBAHHBIM Ha pele-
HUN TudepeHInaTbHbIX YPaBHEHUH I mapaMeTpoB
Ponpura-I"amunbrona.

Kaxaplii U3 3TUX METOAOB BBIUMCIIECHUS HAIIPAB-
JSIFOIMX KOCHHYCOB 00JIafaeT CBOUMH JOCTOMHCTBAMHU
Y HEJI0CTaTKAMHU.

CocraBiieHne MaTeMaTHUECKOH MOJAENH IOJIeTa
JIA MOxHO pa30WUTH Ha HECKOJBKO ATarmoB. Ha mepBoM
JTane paccmarpuaercs aBukeHue JIA kak marepuaiib-
HOM TOUYKH, HA KOTOPYIO JEHUCTBYIOT B IPOCTPAHCTBE TPU
CWJIBI: G — BEKTOp CHIIbI TPABUTAIMK, R — BEKTOP a3po-
JIMHAMUYECKOM CUJIBI, P — BEKTOD CHJIBI TATH JIBUTATEJIs.
Ha nocnenyromux 3tamnax paccMaTpuBaeTCsi MOAEIHPO-
BaHME MOCTYNATEILHOTO M BPAILIATEILHOTO JIBIXKEHMS
JIA cnmoXHO# a3poJTHAMUYECKOH GOPMEI ¢ T00aBICHH-
€M MaTeMaTH4YeCKHX MoJeaeH »aeMeHToB JIA, BKItodas
MaTEeMaTHYECKYI0 MOJIENIb CUCTEMBI YIIPABICHHS.

['paBUTAlMOHHAS CHJIa G TIPEJACTABISIET COBOI
MOTEHIMA CUIbI TATOTeHUs 3emun. E€ BennunHa 3aBU-
CHT OT BBICOTHI moJyieTa JIA W reorpadmueckoro moio-
xerns JIA, Tak kak B o0mem ciaydae ¢popma 3emian He-
CKOJIBKO oTimgaercs ot mapa (cdepsr). [Ipu monere JIA
Ha OOJIbIIINE PACCTOSTHUS CIIEAYET YUUTHIBATH KPUBU3HY
3emin 1 e€ BpaleHue.

Bsammoneiicteue moBepxaoctu JIA ¢ Haberaro-
MM IIOTOKOM BO3yXa BBI3BIBACT a3POIMHAMHUCCKHE
CHITBI (IOABEMHYI0, OOKOBYIO, COIIPOTHBIICHUS ), PaBHO-
JIeHCTBYIOMAs KOTOPBIX R TIPHIIOKEHA B Touke JIA, KOTO-
pasi Ha3pIBaeTCs IICHTPOM AaBieHus [3], B 001ieM cirydae
HE COBIA/IAIOIINM C IIEHTpOM Macc JIA.

PaBHozelicTByIOIIasl CUJI, CO3aBA€MBIX JIBUIa-
tesimu JIA (peakTHBHBIMU WIIM BUHTOBBIMH) TIPE/ICTaB-
JsieT coboit BeKTOp TATH P, 0 KOTOPOM CITEyeT CKa3aTh
OT/IEJIBHO.

YmpaBieHne TpaeKTOpHBIM ABmKeHneM JIA mpo-
W3BOJMTCS 32 CUET W3MEHEHMS 10 BEIMYMHE W 110 Ha-
npaenennio cun R u P. Ecim He paccMaTpuBarh Takue
cnennpugeckre JIA omHOPa30BOTO MPHUMEHEHHS, Kak
paKeThl, CHapAbl U HEKOTOPbIE IPYyTHE, TO MOAABIISIO-
mee 0oapmHUHCTBO JIA, B TOM umcie U OeCHUIOTHBIX
(BJIA), MOXXHO pa3ieiHTh B 3aBUCHMOCTH OT KOHCTPYK-
MU U OCOOCHHOCTEH CO3MaHMs YIPABIIIONMIEH CHITBI Ha
TPH TPYIIIBL.

K nepsoii rpynne cinenyer orHectu JIA camo-
JIETHONH KOHCTPYKTHBHON CXEMBI, Y KOTOPBIX OCHOBHAs
COCTABJISIFOIIAst BEKTOPA YIIPABIISIONIEH CHIIBI CO3/1AeTCs
ITyTeM B3aMMOICHCTBHS HAOETAIOIIETO MOTOKA BO3/yXa C
HeCyIIel a3poanHaMIYecKoii moBepxHocThio JIA. Takas
KOHCTPYKTHBHAsI CXe€Ma SBJIAETCS LMIMPOKO PaclpocTpa-
HEHHOM M M3yYEHHOH, TaK KaK UCTOPUYECKU IIPEICTaB-
JII€TCSL OCHOBHOM 117151 uinotupyembix JIA. YipaBnenue
JIA manHOW KOHCTPYKIIUH OCYIIECTBIICTCS ITyTEM H3Me-
HeHHus BekTopa R. V3MeHeHMe BekTOpa P 371€Ch OTCYT-
CTBYET WJIM UTPAET BCIIOMOTATEIBHYIO POIb [5].

Bo Bropyto rpynmy JIA (BJIA) MoXHO OTHECTH
JIA omHOBHHTOBOIl BepToJeTHOHW cxeMbl. Takme JIA
OCHAIIECHBl HECYIINM M XBOCTOBBIM PYJIEBBIM BHHTa-
Mu. B otmmume ot JIA caMoneTHON cXeMBbl, Y KOTOPO
HEOOXOMMBIM YCIIOBUEM MOSABIEHUS CUIIBI R SIBJISAET-
cs moctymarensHoe nBrmkeHue JIA, y JIA Bepromer-
HOH CXEMbl BpaLIAIOIIMIICA HECYIIMM BUHT CO34acT
MOJBEMHYIO CHIIy HE TOJBKO HPH IOCTYIATEIbHOM
nBIOKeHHH JIA 3a cueT R, HO | IIPY HETIOJBUKHOM I10-
JIOKEHHUH B BO3JyXE B PEXKHME BUCCHHUS 3a CUET CHUIIBI
P, KOTOpasi ypaBHOBCIIMBACT HJIH MPEBBIIIACT TPABHU-
TaIlMOHHYIO cHIy G[6].

B oTnenpHyI0 NEpCHeKTHBHYIO HHTEHCUBHO pas-
BuBatomtytocs rpynmy JIA cremyer otHectn JIA (BJIA)
MyJapTHpOTOpHOro Tuna. danusil tun JIA umeer He-
CKOJIBKO JIBHTATeNeH (Kak MPaBHIIO — BUHTOBBIX), YIIPAB-
JICHHEe KOTOPBIMHU MTO3BOJISIET U3MEHSTH BEKTOp PIIO Be-
JIMYMHE U HAIpPaBIeHUIo. YIIpaBjieHue BEKTOPOM R3/1ECh,
Kak IIpaBUJIO, HE UCIIONb3YEeTCs, a BIMSIHNE BEKTOpa R
CKa3bIBA€TCs HA ABWXKEHUH JIA TONBKO B BUAE CHIIBI a3-
POANHAMUYECKOTO COMPOTHBIICHUSI.

MoryT cymecTBoBaTh U APYrne KOMOMHUPOBAH-
Hble cxeMbl JIA, HanmpuMep — KOHBEPTOIUIAHBI, ¥ KOTO-
PBIX Ha pa3HbIX PEKMMax MOJIETa ITOCIIE0BATEIBHO MIpe-
00J1a1a10T B KA4€CTBE YNPABIAIOIIEH CUIIBI BEKTOP P
Wi R.
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MopnenupoBanue gBu:keHusi JIA
MYJIBTHPOTOPHOI'O THIIA

[Ipu cocraBieHUN MaTEeMaTUYCCKON MOJICITH JIBU-
keHus JIA HEoOXOMMMO YUYUTHIBATH €r0 a’pPOJHMHAMHU-
YECKYI0 M KOHCTPYKTUBHYIO KOMIIOHOBKY. PaccMoTpum
HanOoJiee pacipoOCTPAHEHHYI0 YETHIPEXBUHTOBYIO CXe-
My JIA myneTHpOTOpHOTO THMA (KBampokomnTep) [7, 8],
cxema KOTOpOTO TpeJICTaBIeHa Ha puc. 1.

@3

Pucynoxk 1. KoncTpyKkTHBHAas cxeMa KBaJpOKONTepa

ITycTs kBazipoKONTEp UMEET YEThIPE BUHTA, pac-
MOJIOKEHHBIE CUMMETPUYHO OTHOCUTENBHO [IEHTPa Macc
koHcTpyKuuu JIA. Ocu cBSI3aHHOM (CTPOUTENBHOM) CH-
CTEMbI KOOpAWHAT, UCXOAsA W3 MpPUHIUIIA HArJIAAHOCTH,
n300pa3uM B BHJE, NPEICTABICHHOM Ha PUCYHKE, TPH-
Bs3aB K ocsam cummetpun JIA. Ocp Y| Hampasiena nep-
NEHIUKYJIApHO ocsm X| u Z BBepx. Ha puc. 1 M, m,...
m4 — MacChbl COOTBETCTBYIOIIUX KOHCTPYKTUBHBIX YaCTCU
JIA, ®,... ®,— yTJIOBBIC CKOPOCTH BpalICHUs BUHTOB JIA.

VYrnoBoe mnonoxkenue JIA OTHOCHUTENBLHO HHEp-
[IHATBHON (CTapTOBOIl) CHCTEMBI KOOPJMHAT 3a1acTcs
COOTBETCTBEHHO yIJIaMH Kypca \, TaHTaxa 3 U KpeHa .
Matpuna nepexozia OT CBSI3aHHOM K CTAPTOBOW CUCTEME
KOOpAMHAT (MaTpHIa HANpaBIAIOIIMX KOCHHYCOB) R
BBIYUCIIACTCA OJHUM W3 NMMPUBCACHHBIX BBIIIC CHOCO6OB.
IToctynartensHoe nBMKEHHE LieHTpa Macc JIA onuchiBa-
€TCsd BEKTOPHBIMH YPAaBHCHUSIMHU B CTapTOBOﬁ CUCTCMC
KOOp/AMHAT:

S@t)=V(t), S(t,)=S5,; (1)

V) =a(t), V(t,)=V,, @)

e S(¢) = [x(?), y(¢), z(£)]” — BexTOp mMyTH (Tpaek-
Topus) JIA, V(1) = [v (1), v (D), v(t)]" — BekTOp CKOpOCTH
JA, a(t) =[a (0), ay(t), a(t)]" — BeKTOp yCKOpEHHs LIEHTPa
Mmacc JIA. Bekrop a(f) onpenensieTcst uepe3 u3MepeHHbIe
yckopenus JIA B CBA3aHHOW cHCTeMe KOOpiauHar a ()
(mokazanus akcenepomeTpos) a(f) = R 'a (1).

VYpasnstomas npuwxeHrueM JIA paBHOIEHCTBYIO-
mas cuia P, IpUIOKeHHas B LEHTPE MAcC, U U3MEHSIO-
111ast TPAaCKTOPHIO TI0JIETA, CO3/1aCTCsI BPAILlEHUEM BUHTOB
JIA mynstuporopHoro tuma. Ha puc. 2 mpencraBineHa
cxeMa coslaHus ympasisitonied cuibl JIA B BepTHUKAIb-
HOH IIJIOCKOCTH.

............... P

B(o,)

B(e)

Pucynok 2. Cxema co3faHust ynpasisoIeH CHIIbI

Ha puc. 2 oGo3HaueHo: B(o)n B(®;) —
CHJIBI TATH, CO3/1aBACMbIC COOTBCTCTBYIOIMMU BUHTaAMU,
MMEIOIMMH CKOPOCTH BpallleHus o, u o, (puc. 1), P,
U p — IPOCKLMH CHIIbI P Ha ocH MHepLMAaJbHOI (cTap-
TOBOHM) cucTeMbl KkoopauHat. Ilox nelictBueM cui
P_=P-Sin3 u P, = P-Cos$ JIA nepemeniaercs ropuson-
TaJIbHO U BEPTHKAJIBHO. le/l 3TOM B COCTOsSHHH, KOrjga
JIA He mepemeraercss B BEPTUKAJIHHOM HalpaBJICHUH
(cocTossHMM BHCEHHS) cCUIila P, paBHa 1o BeIMuMHE Tpa-
BUTalMOHHOHK cuie G. CrenoBaTellbHO, B 9TOM CIy4yae
P = mg, tne m — macca JIA, g — rpaBUTAlMOHHOE yCKO-
peHue Ha BbicoTe nosieTa JIA.

B cocrosnumn HEIIOABHUXHOI'O BUCCHUS:

P =Y R=kY 0, mg.
i=1 i=1

n — Koau4yecTtBo BUHTOB JIA, k — xoapdunment
MIPOTIOPIIMOHAIBHOCTH, KOTOPBIH MOXET OBITh Ompesie-
JIeH sKcrepuMenTanbHo. st JIA ¢ 4eTslpbMsi BUHTAMH
(kBagpoKoIITEpPa) B COOTBETCTBUM C hopmyioii (3)

3)

mg

= e )

IJIe ®, — HOMHHAJIbHAsS CKOPOCTh BPAIICHHS BUH-
ToB JIA, Ipu KOTOpPOi 0becreunBaeTcsi pexkuM BUCCHHUS.

[Tosopot JIA Ha yron v (puc. 2) oCymIecTBIIeT-
Cs 3a CUET PasHOCTH cul P, u P, (CKopocTel o, 1 ©,),
YTO CO34a€T MOMEHT BpAILEHHMS, 3aBUCSIIUNA TaKkKe OT
paccTOsIHUSI MEX/Iy BUHTaMH. BpamarenbHoe JBIKEHUE
JIA BOKpYT COOTBETCTBYIOIICH OCH CBSI3aHHOI CHCTe-
MBI KOOPJIMHAT OMHCBHIBACTCSl yPABHEHUEM JJIsI YIJIOBO-
ro yckopeHus. s Kaxxaon U3 Tpex i-X oceil BpaleHus
CTIPaBEAINBO N3BECTHOE yPABHEHNE MEXaHUKH!

(5)

B dopmyrne (5) € — ymioBoe yckopenue, M, —
MOMEHT CHJIbI, J, — MOMEHT uHepuuu JIA OTHOCHTEND-
HO COOTBeTCTByIOIIeH ocu. Jlyist Ten CioHOW (OpPMBI
MOMEHTbl MHEPLUH OTHOCUTEJIBHO COOTBETCTBYIOIIMX
oceil MOTyT OBITh OIpPEICIICHBl IKCIEPHMEHTAIBHO,
a JUId OJHOPOIHBIX TEJI MPOCTON (HOPMBI HM3BECTHBL.

CUCTEMHbII AHAJIU3 U IIPUKJIATHASI HHOOPMATUKA
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Harpumep, utst mapa paguycom r u maccoi mJ = 0.4mir?,
TOHKasi TpyOa HJIM KOJbBLO PagdycoM r mmeer J = mi?,
U Tak najiee. B HekoTopeix ciydasx ¢opma JIA moxer
CUUTATBCSl COCTOSALICH M3 MPOCTBIX AJIEMEHTOB, YTO 00-
JIer4yaer 3ajady MaTeMaTHYeCKOro MOJEIUpPOBAHUS Bpa-
LIATEeNILHOTO ABMKeHus JIA.

st nepememiennst JIA no 3aganHoit (Tpedyemoit)
TPACKTOPUU  § () HEOOXOAUMO CHHTE3UPOBATH 3aKOH

ynpasienus JIA B BIe BEKTOPHOTO YCKOPEHUS IIEHTpa
macc JIA dp(©) [9]. Vi3MeHEeHHEM BEIMYUH CKOPOCTEH
BpallleHHs] BUHTOB JIA NOCTHraeTcs COOTBETCTBYIOLIEE
3HA4EHUs BEKTOPA TArH P(f) , popMuUpyromero gakTude-
O6o061ueHHas
CTPYKTypHasi cxema Ipolecca yrpaBieHHsI TPaeKTOpHen
newkeHwst JIA mpezncrasieHa Ha puc. 3.

CKYIO TPAaeKTOpHIO ABMKeHus JIA S, ().

S, a, () P(1) S,(1)
[Monetroe 3aron AgTtonmnor Junamika
3anaHne VIIpaEneHMA |———>  (IpHBOABI memxenns JIA —>
(omeparop) EHHTOB)

1

Pucynok 3. OGo0mieHHas CTpyKTypHast cXema IpoLecca yrpaBieHus

B kavecTBe mpumepa paccCMOTPHM IepeMelIeHe
kBaznpokonrepa (BJIA) maccoit 0.7 Kr B BepTHKaJIbHOU
IJIOCKOCTH Ha MOCTOSIHHOW BbicoTe (g =9.81 kr-m/c?)
Ha paccrossHue 200 M IpH HOMHUHAIBHOM CKOPOCTH
BpAIICHUSI BHHTOB (® = 340 papg/c. [JIunamudeckue
XapaKTepUCTUKU  BpalaTeslbHOro JaBumxkeHus BJIA
CUNTaEM COOTBETCTBYIOIIMMH  XapaKTEPHCTHKaM
Ko/eOaTeIbHOTO 3BEHA C  IIOCTOSHHOH  BpEeMEHH
T =03 wn xodpduimentom 3atyxammsa (=0.7.
AdpOoMHAMHYECKHAM COITPOTHBIICHHEM JUTS HATJISTHOCTH
IIpeHEOpEeKeM, CUUTas CUITY E

3akoH QopcupoBaHHOro ympasieHust bJIA
chopMupyeM Ha OCHOBE METOJa IPEUIOKEHHOTO B
pabore [10]. B Bepaxkenusix (1)-(2) S(¢) — paccrosiaue,
npoiinenHoe bBJIA, V(f) — ckxopocts BJIA, a(f) —
ympasisitoniee yckopeHue. HeoOXomuMmo omnpenenuTsb
yTpaBJsifoiee yCKOpeHHe a(f) IpH yCIOBHH, UTO 3aaHbl
MaKCHMaJIbHO JIOIyCTHMBIE 3HAYEHHs CKOPOCTH V|
yekopenust @ BJIA. B coorBetcTBum ¢ [10] Beipaxenue

IUTS yCKOPEHUs a(f) MeeT BUI:
a(t) = a,,.sign(t—1), (6)
1€ T — MOMEHT IIEPEKIIOUYEHHs peleiHOro
YIpaBJICHUS, { — TEKYIIEee BPeMs.

0.2
0.1 : ;
V1 0 - ||' l".
vy —01f :
—0.2f
0.3 r
0 10 20 30 40
15
10 \
o/ \

Ln

N

20 30 40 1

Ecimu cumrars, yro Bpems mnonéra BJIA Ha
COOTBETCTBYIONIMX y4acTKax TpaekTopuu S, S,, S, Oyner
cootBeTCTBEHHO T, T, T,, TO MOMEHTBI MEPEKITIOUEHHUS]
PENEHHOrO YIpPaBIEHUs TPUHUMAKOT 3HaueHus T =T,
1,=T+T,, 1,=T+T+T,. B cooTBeTCTBUM C 3aKOHAMU
KUHEMATHKU PABHOIIEPEMEHHOIO JBIXEHUs npu S =0
uly, =0

2 2
_ a1y arT;

>

v @)

max

y

max

S| S L, S = T -

[ a, — MakCUMAallbHOE 3HAYCHUE YCKOPEHHs
BJIA, a, — makcumanbHOe 3HaueHHe TopMokeHus BIIA.
CrnenoBarenbHo, ¢ yd4eToM TOro, 4ro §=S8+S,+S, u
vV .=a.t! na ocHoBanuu Qopmyn (7) moaydaroTcs

3HAYCHUS BPEMEHHBIX WMHTEPBAJIOB YCKOPEHHOTO W
3aMeqJIeHHOTO ABMKeHus JIA:

v 28a,a, -V: (a, +a v
71: max, = yoT (y T), 3= max (8)
a, 2VmaxayaT ar
Ha pucynke4 mnpeacraBieHbl  pe3yJibTaThl

MaTeMaTH4YeCKOro MOJeTUupoBaHusi ABMWXKeHUs bBJIA,
noJry4eHHbIe B cpene Mathcad.

345 l
40 A
w1
335
330 ¢
10 20 30 40
300
200
S o0 ////

0 10 20 30 40

Pucynok 4. Pe3ynsrarel MOAEIUPOBaHUS
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Ha pwuc. 4 o6o3naueno: v () u v q)(t) — TpeOyeMBbIit
1 (pakTHIecKui (M300paskeHO MMyHKTUPOM) YTOJl TAHTaXa
BJIA, @, — yrmoBast cKOpOCTh BpalleHUs BHHTA 1 mocne
pasBopora BJIA Ha yron V, B COOTBETCTBUH C PHC. 2.
v(f) — rpaduk U3MEHEHHs CKOpPOCTH aBmkeHHs BJIA,
S(#) — rpaduk H3MEHEHUS IPOHACHHOTO MyTH.

Heo0x0a1Mo OTMETHTB, YTO JaHHbBIE PE3YJIbTATHI
MoJlenupoBaHus  (puc. 4) HOCIT WILTIOCTPATHBHBIN
XapakTep, II0Ka3blBas KauyeCTBEHHOE  M3MEHEHHE
napamMeTpoB JIBWKeHHs 1eHTpa Macc bBJIA  0e3
yueTa CWJIBI adPOJMHAMHYECKOTO  CONPOTHBIICHUS,
XapaKTCPUCTUK CUCTEMBI YITPABJICHUSA U IPYTHUX BAKHBIX
(hakTOpOB, OKA3BIBAIOIINX BIMSHHEC Ha (POPMUPOBAHHE
Tpaekropuu moneta JIA (BJIA).

3akiaoueHne

MartemaTuueckast Mojienb JIA MyJIbTUPOTOPHOTO
TUIIA B OCHOBE CBOCHU MPEJCTABIICT COOOW Kak U UIs
JIA' npyrux KOHCTPYKTHUBHBIX CXEM COBOKYIHOCTH
KMHEMAaTUYeCKUX U JUHAMHYECKUX  YpaBHEHUIl

TBYKEHUS TBEPIIOTO Tena. OCOOEHHOCTRIO
MyJIbTHPOTOPHBIX ~ JIA  sBiseTcs  CyIIECTBEHHOE
npeobnamaHue CuiIbl TSATH Auratenei JIA B co3maHun
YIPaBIJIAIOIIEH CUJIbI, U3MEHSIOLEH BEKTOP CKOpPOCTHU
JIA, 110 CpaBHEHHIO C BIMSIHUEM a3POANHAMUIECKUX CHIL,
KOTOpBIE 3/IeChb HE MMEIOT CYIIECTBEHHOTO 3HAYCHHUSL.
CrenoBatensHO, 111 MATEMaTHIECKOT0 MOICTHPOBAHUS
JIA HeoO0XoaMMO MMETH aJeKBaTHBIE MAaTEMaTHYECKHE
moznenn pasurareneii JIA. BiausHue ke Ha IBIKEHHE
JIA mHaGeraromero MOTOKa BO3AyXa, Kak IIPaBHIIO,
CBOAMTCS K ydeTy B mozenu JIA aspoanHaMHU4eckoro
CONPOTHUBJIICHHSI, KOTOPOE 3aBHCUT OT KOHKPETHOH
KOHCTPYKTHBHOW KOMITOHOBKH JIA. BC€ BhImIe cka3zanHOE
OTHOCHTCSI B TIEpBYIO odepenb K OecmmioTHeM JIA
(BJIA), Tak Kak B OTJIMYHE OT MWIOTHPYEeMBIX JIA,
UMEIOIINX OTPaHWYEHHUs B IPHUMEHEHUH, CBS3aHHBIC
¢ (U3MYECKUMH BO3MOXKHOCTAMH TmioTa, B bBJIA
TAaKUX OTrPAHMYEHMH HET, a JOCTI)KEHHS B 00J1acTH
MHTEIJIEKTYaIbHBIX TEXHOJOTHH MO3BOJSIOT MMETh HA
60pty BJIA aBTONMMIIOTHI, peanu3yroNue 3HAYUTEIBHYIO
4acTh (PYHKIUH YeT0BeKa — MUIIOTA.
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LOBATY A.A., GU PENGHAO

MATHEMATICAL MODELING OF MOVEMENT OF MULTI-ROTOR TYPE
AIRCRAFT

Belarusian National Technical University
Minsk, Republic of Belarus

The problem of determining the features and setting the problem of mathematical modeling of multirotor aircraft
(LA) is considered. Differences of their mathematical models from the classical mathematical models of aircraft and
single-rotor helicopter type aircraft are considered. The analysis and substantiation of the forces and moments
acting on a multirotor aircraft are carried out, taking into account the peculiarities of considering the corresponding
coordinate systems necessary for studying the spatial motion of the aircraft. The problem of controlling the trajectory
motion of an aircraft is formulated taking into account the rotation of its structure around the center of mass.
Based on the consideration of the structural diagram of one of the most common four-rotor aircraft (quadcopter),
a scheme for creating control forces and moments acting on the aircraft, under the influence of which the aircraft’s
trajectory in space changes, is substantiated. The main mathematical dependences characterizing the kinematics of
the motion of a multi-rotor aircraft are given. On the basis of the analysis carried out, a generalized block diagram
of the control process for such an aircraft is substantiated and presented. To test the performance and adequacy of
the mathematical model, a study was made of the movement of a quadrocopter in a vertical plane between given
points in space in accordance with the law of forced control, which ensures the movement of an aircraft in space
with maximum speed. The computer simulation of the obtained analytically mathematical dependences showed that
this approach is applicable to the construction of mathematical models of the motion of multirotor type aircraft of
various design layouts.

Keywords: unmanned aerial vehicle, quadrocopter, mathematical model, propeller, control force.
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HIEMHUKOB A.A., UBAHHUIIKHUN JI.A., MAJIKHMH B.A.

AHAJIN3 TOTPEITHOCTEM JTATUMKA ABUATOPU30HTA
HA BA3E CUCTEMbI TEXHUYECKOI'O 3PEHUA

YO «Boennas axademus Pecnybnuxu berapycoy
2. Munck, Pecnyonuxa benapyce

Pacemampusaemest 3ad0aua onpedenenust 0cobeHHocmell U NOCMAHOBKU 3a0adU MAMeMAmu4ecko2o MooelB
cmamee pacemampusaiomncst 0COOeHHOCMU NPAKMUYECKOU Pearu3ayuu Oam4uKd asuazopu3onma na baze 6opmosoi
cucmemuvl mexnuuecko2o 3penus. Ilpeonodcen, paspabomannvlii Ha 6a3e U6ECMHBIX NPULONCCHULL, BAPUAHIM
aneopumma pabomsi GUOCOCUCEMbL OPUCHMAYUY BeCNULIOMH020 JemameibHo2o annapama. Tokazanwi npobiemol
ABMOMAMUYECKO20 OOHAPYICEHUs U ONPEOeNeHUsl NOJONCCHUs JTUHUU 20PUSOHMA HA CMEHSIOWUXC YUPDPOBLIX
U30OPAdICEHUSAX, COCMABIAIOWUX BUOCONOMOK 0m 00pmosoll yugposoi kamepwl. Ilposeden ananuz gaxmopos,
GIUSIOWUX HA MOYHOCHb OUEHKU Y2lo8 OPUCHMAYUU HOCUMENs C UCHOJIb308AHUEM NPeONd2aemMoll CUCTEMbL.
Tpueedenvl pezyrbmamol NPAKMU4ECKO20 UCCICO08AHUS, XAPAKMEPUIYIOWUE CIMENelb GIUSHUSL PACCMAMPUBACMBIX
paxmopos na obwyio noepewnocmo. Paspabomana Ouckpemmas CmMoXacmuueckds MAmemMamuieckas Mooeib
cucmemul opueHmayuy HGeCnuioOmMHO20 JeMamenbHo20 annapama Ha 6ase GOpmMool Cucmemvl MexXHUYecKo2o
spenus. Tlokazana 603MoNHCHOCIb 00ECREUeHUS NPUEMACMO20 YPOGHI MOUYHOCIU 8UO0COCUCTIEeMbL OPUCHIMAYUY 3d
cuem onpedeneHHblX MeXHUUecKux u aneopummuieckux peuteHuti. Coenamn 6ul600 0 YenecooOPasHOCmu NPUMEHEHUS.
MO CUCmeMbl 8 AGMOHOMHBIX MYJIbMUCEHCOPHBIX HABULAYUOHHBIX KOMNJLEKCAX OeCNULOMHbIX JemamenlbHblX

annapamoe.

Knrwueesvte cnosa: oamuux asuazopuzonma, cucmema mexHu4ecKoco 3PEeHUsl, NocpeuHocms U3MepeHus
yeanoe opuernmayuu, OMCermHCl}Z CMOXACMUYeCcKass Mamemamuieckas MoOeb.

BBenenune

B Hacrositiee Bpemst bopToBasi nudpoasi kamepa
(BLIK) siBisieTcst 00s3aTeNbHBIM DJIEMEHTOM 000pYIO0-
BaHUs JIFOOOTO, JTaKe CaMOTo JICIIEBOTr0, OECIHIOTHOTO
neratensHoro anmapara (bJIA). Bo maorux BJIA Goinee
BBICOKOTO IIEHOBOT'O CETMEHTA, B COCTaB OOPTOBOTO 000-
pynoBanusi BxoauT He mpocTo BIIK, a cucrema TexHm-
yeckoro 3penus (CT3), Bkmouatomas BIK (B obmem
cinydae cuctemy u3 Heckonbkux BIIK, pabGoraromux B
OJMHAKOBBIX WJIM PA3MUYHBIX AMWANa30HaX JUIMH BOJH),
BBIUMCIIUTENF W IMPOrpaMMHO-aJITOpUTMHUYECKOe o0e-
crieueHre 00paboTKu BUA0BOM mH(popMaruu. 1o cBoei
cytu BIIK sBrisercs maT9ukoM reo(u3UdecKoro ImoJist
(ontrgeckoro uiy TeraoBoro). CoOTBETCTBEHHO, C yue-
TOM COBPEMEHHOTO pa3BuTHs TexHojorui, CT3 Moxer
paccMaTpuBaThCS KaK MEPCIeKTUBHAs aBTOHOMHAs CH-
CTeMa aBTOMATHYECKOW HABHUTAIMH IO TeO()U3NIECKUM
nosisiM [1]. Tak, Mpu HATMYUU CHIEIUATBHOTO aJTOPUT-
MHYECKOTO 00eCTIeUeHNsI U JOCTaTOYHBIX BEIYUCIUTEIb-
HbIX pecypcoB, CT3 ¢ BIIK onTmueckoro amamnazoHa
MOYKET PEaIn30BbIBAThH T€ ke (PyHKINH, YTO U OecruiaT-
(dbopMeHHasT WHepLUAbHAs HABUTALMOHHAS CHCTeMa
(BUHC) (sBnsromascss OCHOBOW OOJBIIMHCTBA COBpE-
MEHHBIX CHCTEM U KOMILJICKCOB BO3IYIIHON HAaBUTALINH):
CUHCIIEHHE YTJIOB OPHEHTAIMH, CKOPOCTHBIX Mapame-
TpoB, KoopauHat BJIA (¢ ncmoib30BaHUEM aNTOPUTMOB
BBIYHCIIEHUST ONTHYecKoro motoka) [2]. Ilpuuem, mms
MHOTHX Masiopa3MmepHbix Taktudeckux (MT) BJIA xa-
paktepHo xecTkoe 3akperuienne BIK B xopmyce HocH-
TeJIs, YTO 00YCIIaBIMBACT COOTBETCTBHUE €0 TUHAMUKH 1
SBOIIOIUH JaT4rKa M300paKeHUH (CBETOYYBCTBUTEIB-

Hoit Matpunpsl (CUM) BLIK), koTOpble MOXHO OmHCaTh
METOJlaMU TpPOEKTUBHON TreomeTpuu [3]. M3BecTHBIM
HEI0CTaTKOM METO/OB CUMCICHUS MUIOTaKHO-HABHTA-
MUOHHBIX napametpos nonera (ITHIII) sensercs unTe-
rpajbHOC HAKOIUICHHE OMMOOK C TCUCHHEM BPEMCHH,
9T0 00YCJIOBJICHO HAJIIMYKMEM IOTPEIIHOCTEH y JIF000ro
JTaTYUKA, CYIIECTBYIONINX Ha Ka)IOM IIare N3MepeHus.
ITosTomy, pa3pabOTYMKH CTApaAIOTCS JOMOTHHUTEIHEHO
MPUMEHSTh ajllbTepHaTuBHbIE MeTonbl oueHku [THIIII,
OINUpAroIMecs Ha HEU3MEHHYIO 110 BPEMEHHU (MeJUIeH-
HO MEHSIOUIYIOCA 10 HM3BECTHOMY 3aKOHY) BHEIIIHIOIO
nHpopMannio 00 OKpYKAIOMIeM MPOCTPAHCTBE U €ro
cBoiicTBax. B 3TOM citydae ymaercs pemuTh mpodiemy ¢
HEOrPaHUYCHHBIM POCTOM OmuOoK oriennBanust [THIIIT
(TmyTeM TepHOAMYECKONH KOPPEKIUH TOCIEAHNUX), HO
BCTaeT mpoOjeMa yMEHBIIEHHsS, XOTh W CTAOMIBHBIX,
HO CYIICCTBCHHBIX, CHUCTEMATHUCCKUX H CIyJailHBIX
MOTPENIHOCTEl COOTBETCTBYIOIIMX JaTYUKOB (MarHu-
TOMETPUYECKHX W THMPOMETPUYECKUX CHCTEM OpHEH-
Taryu [4], MAarHUTOMETPUYIECKUX CHCTEM TTI00ATBHOTO
MO3UIIMOHUPOBAHU [5] W acTpOHABUTAIIMOHHBIX CHC-
tem [6]). Tak, ¢ yuerom crnenuduku padorsr CT3, u3-
MEpeHHe YIJIOB OpHeHTauuu (KpeHa u TaHraxa) BJIA
MO’KHO TIPOHM3BOJIUTH OMHPAsiCh Ha HH(OPMAIHIO O TI0-
noxernu muaUA ropusonTa (JII) [7]. Ilpu aToM mporiece
pacrio3HaBaHuUs JIMHUM, pasaessionield odsactn Heba U
3eMHOH ITOBEpXHOCTH Ha uppoBom nzodpaxenun (L{N),
SBIISICTCA KITFOUEBBIM BO Beeit cucteMe [8]. OH conpshkeH
CO MHOTHUMH TPYIHOCTSMH, TIPEOJ0IETH KOTOPBIE MOJI-
HOCTBIO HeBO3MOXKHO. OjiHaKo rmobleHne d(dexTrs-
HOCTH alroputMOoB 00padoTku [V mo3BOJISIET CHU3UTH

CUCTEMHbBIIA AHAJIU3 U IIPUKJIAJTHASI UHOOPMATUKA
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TIOTPENTHOCTH H3MEPEHHsS YTJIOB OpueHTanmnu (A,)) u
3ama3/bIBaHNe HABUTAMOHHBIX PEIICHUH (TIOBBICUTH
9acTOTy BBIIAYM WHPOPMAIMH 71,,) IO TPHEMIIEMOTO
ypoBrsa (A, <1,5°, n,,>60Tn) [8]. YunTeBas nepe-
YHCIEHHBIE 0COOEHHOCTH (PyHKIIMOHUPOBAHUS CHCTEMBI
opuenrtanuu BJIA Ha 6aze CT3 (COCT3), B mporecce
TEOPETHUYECKHUX MCCIIEIOBAHNHN €€ [eNIeco00pa3Ho Ipe-
CTaBJIATh B BUJIE JUCKPETHON CTOXaCTHMUYECKON M3Mepu-
TenpHOU cucTeMbl [9]. CremyeT TakKe y4IUTHIBATh, 9TO
peanmzarus noteniana COCT3 mo TOYHOCTH BO3MOXK-
Ha B CIy4ae KOMIUIEKCHPOBAHUS C IPYTMMH OOPTOBBIMHU
aBTOHOMHBIME HaTankamu [THU, paborarouivu Ha py-
TUX (PU3NIECKUX MPUHINNAX U TAKKe MPENCTABISAIONIN-
MU CO00H INCKPETHBIE CTOXaCTHUECKUE N3MEPUTEIbHBIC
cucteMsl [10]. CooTBeTCTBEHHO, TIPH aHAJIN3E paccMa-
TpuBaemoro aaruuka [THU mist neneil mocnenyromero
CHHTE3a aBTOHOMHOT'O MYJBTHCEHCOPHOTO HABUTAIOH-
Horo kommutekca (MCHK) BJIA, neecoo6pa3Ho HCIToNb-
30BaTh AUCKPETHYIO CTOXACTHUYECKYI0 MaTeMaTHIECKyTO
moznens (JJCMM) COCT3. OcHOBHBIMH (aKTOpamH,
BimsronMu Ha TogHOCTE COCT3 ABISAIOTCS: MOTperl-
Hoctn BIIK kak cpemctBa m3MepeHHs (NOTPEIIHOCTD
KBaHTOBaHU, 3aBHCAMIas OT pasmepa mmkcens CUM
n (oxycHoro paccrosaus [11]), Hamuume mperpaa Ha
MECTHOCTH (BBICOTHBIE OOBEKTBI €CTECTBEHHOTO HITH HC-
KyCCTBEHHOTO TIPOMCXOXKACHNUSA) U B HeOe (00maxa, TbIM
U Jp.), 9acTH4IHO 3aropaxuBaronux JII' (uro obycnas-
JUBAET TOTPEIHOCTh armmpokcumanuu JII), 3acBeTka u
samymiienne LU, oGycrnoBneHnbie hakTopaMu OKpyKa-
I0MIeH cpenibl (CONMHeUHass aKTUBHOCTD, ITOTOHBIE YCIIO-
Busi). Kpome 3Toro, ocoGeHHOCTH (DYHKIMOHUPOBAHHS
COCT3 moryT o0ycraBnuBaTh OTPaHUICHUS HA MaKCH-
MaJbHbIE YIVIbl OpUEHTALUU U BbicoTy nosieta MTBIIA.

ITocTanoBka 3agaun

OnpenenuTs MakCUMaJIbHBIM AMAma3oH H3Mepe-
Huil yrnoB opuenrtanuu BJIA ¢ yuerom ocobeHHOCTeH
¢ynkumonupoBanuss COCT3. IlpoBectn aHanu3 BIH-
SIHUSI OCHOBHBIX (DaKTOPOB Ha TOYHOCTH HM3MEPEHUI
yriioB opuenTtaimu BJIA ¢ nomompio COCT3. Pazpabo-
tath JICMM COCT3. O1ieHuTh BO3MOKHOCTh IPUMEHE-
Huss COCT3 8 MCHK MTBJIA.

HauanbHble ycloBus IS peIIeHus 3a1a4M: B Ka-
yectBe HocuTens BeIOpan MTBJIA Tumna kBampokomnrep;
COCT3 cocTOUT M3 BBIYHCIHUTENS (C yCTAaHOBICHHBIM
MPOTrPaMMHO-JITOPUTMUYECKHM o0ecrieueHneM o0pa-
6oTku BunoBoi nudopmanun) u BLIK ontuyeckoro mu-
arna30Ha, YCTaHOBJICHHOI! MO KypCy M KECTKO CBSA3aHHOM
¢ xoprycom BJIA.

Pemenue 3agaun

Ha [, momy4yennsix ¢ momornibio BIK, o6mactp
Heba SBISETCS OTHOCHUTEIHHO OJHOPOTHON W CBETIOH,
a o0JacTp 3eMIIH, MPEICTaBIsAET COOOW CMECh IIBETOB,
(hopM H T.II., B CpeTHEM UMEIOIITYTO OOJIee TeMHBIH OTTe-
HOK. C MaTeMaTHYeCKOH TOUYKH 3peHus, 001acTh Heba Ha

U nmeeT MEHBITYIO AUCTIEPCHUIO IIBETa (MEHBIIYIO THC-
MIEPCUI0 OTTEHKOB ceporo moxyToHoBoro L) u Goms-
1Iee 3HaUCHHE CPEIHEH APKOCTH TOYEK IO CPABHEHHIO
¢ 007acThI0 3eMHOM TOBEpPXHOCTH. | 'paHuIa mepexona
MEXKTy STHMHU O0JIACTSIMH U ecTh uckomast JII.

[Ipemmaraercss ClIEAYIOUMA alTOPUTM PabOTHI
COCT3:

1. Honyuenne LIU u3 Bugeonoroka ot bLIK.

2. IlepeBox II11 w3 mBETOBOTO TPOCTPAHCTBA
RGB (tpexkaHambHas I[BETOBas MOJENb red, green,
blue — KpacHBIH, 3eNI€HBIN, CHHAN) B TIOJIyTOHOBOE (BBI-
MTOJTHEHHOE B TPajialiiisx ceporo 1Bera) [12]. Dtot stam
npeaBaputensHol 00pabotku U, mpemgnasHadueH s
YIPOIIEHHS BEIYMCICHUH 3a CUET HCKIIFOUCHHNS U3 aHAIIN-
3a HH(GOpPMANNH O [[BETOBBIX XapPAKTEPUCTHUKAX HIIEMEH-
ToB LIU (1BeTOBO#! TOH, HACKIIIEHHOCTH — MHOTOIIapaMe-
TpHUYECKasi CHCTEMA) U MEPEXo/ia K aHaIHu3y SIPKOCTHOU
nHpopManuu (0JHOIapaMeTpUIecKast CHCTEMA).

3. IlocnenoBaTeIbHOE TMPUMEHEHHE IIEHTPHPO-
BaHHOW rayccoBoil ¢yHKuuu (pasmeitue mo l'ayccy) u
MeananHoro ¢misTpa [13]. DTOT STam mpenBapuUTENh-
HOM 0Opabotkm LM mpemHazHaveH M YIyqIICHHS
cTpykTypsl LIM 3a cueT mopaBieHus BHICOKOYACTOTHBIX
KOMITOHEHTOB IIPU COXPAaHEHUH 0€3 MCKaXEHUH Pe3Knx
rpaHuIl 00BEKTOB (PUCYHOK 1, a).

4. [Ipumenenne ¢uisrpa Jlammaca s Beigerne-
Hus rpanun [14]. B mpomecce 3toro stama o6paboTku
I noguepkuBaroTcs pa3pbiBbl ypoBHEH sipkoctu Ha LI
1 TIOJABJISIIOTCST OOJIACTH C OTHOCUTEBHO IUIaBHBIM H3-
MeHeHneM siprocTh. [loce ncnons3oBanus Gpuiastpa Jla-
mwraca Ha [{W ocraroTcs nBe mI00aTBHBIX OTHOPOIHBIX,
HO OTJIMYAIOIIIXCS TI0 APKOCTH obnacTh (obmacts Heba u
00J1aCTh 3eMJIH), IMEIOIIHE OOIIYIO TPAHHILY.

5. Beraucnenne mopora mo meroxy OTcy u mpe-
oOpazoBanne nomyToHoBOrO 11V B 6GuHapHOE (YepHO-Oe-
noe) (pucyHok 1, 6) [14].

6. ITonck Touex LU, nexxamux Ha mepexoae Mex-
oy depHoit u Oemoit obmactamu LU [14]. B mpormecce
sToro 3tamna obpadorku LIW dpopmupyeTcst Habop TOUEK,
COCTABISIFOLIMX JIMHUIO TIepexoa (B €CTECTBEHHBIX yC-
JIOBHUAX OOBIYHO JJOMaHYIO KaK Ha pUCyHKe 1, 0).

7. CrmaxxuBanre Habopa MOTyYeHHBIX TOUYeK (co-
ctaBnstomux uckomyto JII') mpsiMoit nuHHMEH ¢ momo-
IIpI0 METOIa HamMeHbInX kBagpatoB (MHK) [15].

8. Ompenenenne yria KpeHa y (B rpamgycax) 1o
¢dopmyme [8]:

180 I -1
=_""arctg(1—2 1
Y== arctg( <) (1)

rae /[, [,, X — reomMeTpuuecKkue napameTphl oona-
creit [IM B nukcensix (pucyHOK 2).

[Iar 8. Onpenenenue ynia Tanraxa & (B rpamy-
cax) ¢ yueToM BepTukaisHoro cMerenus JII' B mose 3pe-

uust BIK no ¢popmyie [8]:

180 b R
= — — - 2
9 - (2arctg( v tgw) —arccos( o h))’ (2)
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rae b — BeprukampHoe cmemenune JII' ma [
(pucynoxk 3), ® — none 3penust BLIK, cooTBeTcTByIOMIICE
cropone Y (B mukcensx) CUM BLK (pucynok 3), R —
paauyc TIOBEPXHOCTH 3EMIIH, AamlpOKCHMHPOBAHHOM
cepoif; 4 — nctuHHAsA BeIcoTa Tojeta bJIA.

PazpaboTumku cTpeMsaTcsi 00eCIIeYnTh BBICOKOE
3HaYeHHE MakcuMabHOU BeIcoTRI TosteTa BJIA. C npyroi

ctoponsl, s COCT3 KpUTHYECKH Ba)KHBIM SBISETCS
"Haimune Buaumoctu JII. B kauecTBe OCHOBHOIO
MIPETIATCTBHS IIPU STOM BBICTYIIAeT O0JIAYHOCTD. B cBs3M
C TEeM, YTO HW)KHEE OCHOBaHHME OO0JAaKOB OOBIYHO HE
omryckaercs Hike 600 M [16], B kKagecTBe «ITOTONKAY IS
BJIA, ocrnamennoro COCT3, menecoobpa3Ho TpPUHSTH
9TO 3HAYCHHUE.

o

Pucynok 1. I[Ipeo6pa3zoBanue noxyronosoro LI B GuHapHOE

I

X

Pucynox 2. ITapametpsr obnacreit LIV, HeoOXoauMble [ist ONpeiesieHus yriia KpeHa

Matpsa BITK

Pucynox 3. ITapametpsl obnacreit LIU, HeoObxoaumble U1 oNpeaeIeHus yIila TaHraxa

CUCTEMHBII AHAJIM3 U ITIPUKJIATHAS HHOOPMATHKA
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Orpanamuerus 1o yray kpeHa (mpu 3 =0°)
CBs3aHbl C BBIXOJOM anmpokcuMmupoBanHod JII' 3a
BEPXHIO (HIKHIOW) «pamky» W ([, =0, [, =Y wum
ll =Y l2 =0). Torna, ¢ y4eToM IPUHATOTO 0TTycKa B 5 %
(pasmepa «OydepHOIl 30HBI»), MpeaenbHOE 3HAUCHHE
MU3MepsIeMOro yria kpeHa Juisi KoHkpeTHoi BIIK moxHOo
paccunTath CIEeAYIOMNM 00pa3oM:

Yoon = %arctg(i 0’;),). 3)

Mo yriry TaHra)xa TaxkyKe UMEIOTCSl OrpaHHYCHHS,
CBSI3aHHBIE ~ C  HEBO3MOKHOCTBIO  OOeCIeYeHUs
npucytctBust JII' B kKagpe IpH MajbIX BEICOTAX MOJIETa U
mastom niose 3perus BIK (c yaeTom «OydepHoii 30HBI»):
180( 6371 4)

Son = 371+ h

don

2arctg(0,45tgw) —arccos(

IIpu npoBeaeHnM Hccae10BaHuM UCTI0Ib30BANTAC
uudposas kamepa Defender C-2525HD (tabnmma 1).

Tabnuya 1

Xapaxkrepuctuku 1HpoBoit kamepsl Defender C-2525HD B pexxumMe BHIEO

Hena,USD Db dexTuBHOE POKYyCHOE Pazpemenne Bumeo, mukcenei [Mone 3penus, rpam.
paccTosHre 0OBEKTHBA, MM
20 4,8-8,0 640x480 57,8-36,7
Junst  BeiOpannoit BIIK Obutn  paccuutansl  o0paborku Il (¢ umenbto obecrieueHus padOTHI

npelesibHbIe 3HAYCHUS! U3MEPAEMBIX [1apaMeTpoB: Y,

COCTS3 B pexxuMe peaabHOr0 BPEMEHH) IIeJIeco00pas-

~£35°(npu § = 0°) (pucynok 4,a), 8, ==+50°(npu HO obecreynTh XY =min Npu yCIOBUM COXPAHEHHUS
y=0° h=40mM) (pucyHok 4,0). Pacmmpenue mnpuemiieMOro  ypOBHS  TOYHOCTH  HM3MEPCHUH
JMarna3oHa U3MEpAEMbIX YIJIOB OpueHTauuu Hocutens (Ay =A8 = 1,5°[8]).
COCT3 B0o3MOXHO 3a cueT obecriedeHus Y = max. Anroputm  COCT3  mpenmonaraer — aBToO-
C npyroii  CTOpOHBI, JJii yBEIWYEHUSI CKOpOCTH Martudeckoe crinaxuanue JII' mo MHK:
* *
ny * ny *
y=— Xtmy,——m,
D, D,
n n n n 2 (5)
* * *
zxi Zyi Z(xl_mx)(yz_m ) Z(xz )
k i=1 X % i=1 * i=1 k i=1
mle ’myzl 5 nyzl ; szl
n n n n

e x, y — koopauHatel Touku LU, nexaieit Ha TUHUU
nepexoza Mex Iy 0esoi u uepHoit oonactsamu; i=123, ...,
71— KOJIMYECTBO aHAIN3UpyeMbIX Touek [[1; K* ., — Koppe-

Kren = -34.44 grad

50

100 4

150 1

100
Tang = -0.19 grad

0 50 150

a

JISSIUOHHBIA MOMEHT; m*x, m*y — MaTeMaTu4eCcKue 0yKua-
HUSI KOOPJIMHAT aHAIM3UPYEMbIX TOYEK; D*x — JTUCTIEPCHSI
3HAYEHUH KOOPJMHAT aHATM3UPYEMbIX Todek 1o ocu X L.

I(ren = 0 34 grad

100
Tang = -35.29 grad

150 200

0

Pucynox 4. Pesynsrar padorst COCT3 npu npeaenbHbIX 3HAYCHUAX YIJIOB OPHEHTALUN
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Jos OLICHKH BIIMSHUA MOTPEIIHOCTH  TPH  yBEAWYEHHH AY pacTeT MOTPEHIHOCTh OIEHKH
ANTOPUTMUAYECKOI ATIPOKCUMAITHH Jr Ha kpena Ay. Tax, mpm  AY =2nkc—Ay=0,6°
TOYHOCTh  ONPENCICHUS BEPTHKAIU (Agxy) o (muuus 3), npu AY = Snkc — Ay = 2° (quHus 2),
BEIOpaHBI cleAylomue HavanpHble ycnoBus: y=0° AY =10nkc—Ay =7° (muus 1). VYBenudeHue
X=[600..2880]nkc, AY . = [2..10]nkc (AY . — 3aman- X (mpm AY =const) TONOXHUTENBHO BIUAET Ha
Hoe 3HaueHnme CKO BepTHKaTpbHOTO CIYyYalHOTO TOYHOCTH ONpENeIeHUS BEepTHKANH. Tak, MpHu

pa3bpoca Touek, coctapmsatommx JII' Ha I[1). Pe3yms-
TaThl MOJAETHPOBAHUA (PHCYHOK 5) ITOKA3bIBAIOT, HYTO

IIEC

2

=]

200 300 400 500

a

I
0
-1

-2

600 e 1200

X=0600nkc Ay =2° (muuams 5), mpu X = 2880nkc — Ay =0,5°
(anus 4).

‘-!45
i

4
|

1300 1400

0

1500 1600 1700 mec

Pucynox 5. Pesynbrarsl anroputmuueckoro criaxusanus JII' na LU

PesynbraThl aHanmM3a IIOKa3bIBAIOT  IPHHIM-
NHATBHYI0  BO3MOXXHOCTh — crabuimsauum  Ag — B
npezenax +4° 3a cuer odecneyenuss X = max. C yyerom
IpeAbIIyIHX BbIBOJOB (¥ = max, XY = min), o4eBUAHON
CTaHOBUTCS  HEOOXOAMMOCTb TOMCKa  BapUaHTOB,
obecrieunBaroNIMX ONTUMAIBHOE COOTHOIEeHnEe X 1 Y.

Jlist ouleHKHM BiMSTHUSL (PAKTOPOB OKpYIKarolen
cpeabl Ha TOYHOCTh aBTOMATHYECKOT'O OIpEIeNICHHs
JIMHKMH TOpU30HTa (Ag . ) ObLIM BBIOPAHBI CIIETYIOIIKE
HavaibHbIe yeinoBus: Y =0°,3=0°, =40 m, X = 640nkc,
Y = 480nkc. B npouecce ucciie1oBaHui MPOU3BOAMINCH
npeoOpazoBanust  [[U: spkocte wucxomHoro 1A
npuHuManach paBHoW 50 % M M3MeEHsIAach ¢ ILIAaroM
10 % B nuamazone [10 %...90 %] ; n3MeHsu1ach CTENEHb
samrymiiennst L{U myrem aBTOMaTHYECKOTO yBEIWYEHHUS
JIOKJIBHOHM JIUCHEPCHU LIyMa JUTsl KKIO0Tr0 MHUKCeNs Ha
20 exmHuL (Ipouecc NOOABICHUSI UMITYJIbCHOTO HIyMa
Kk LI cocrouT B 3aMeHE MCXOIHBIX 3HAYCHUH SPKOCTH
MUKCesel Ha HOBBIC CllyyaliHble 3HAUeHHs (B Ipeesiax
3aganHoro CKO) [14]; 3HaueHue 3aJaHHOTO yIila KpeHa
Y,., A3MEHANOCH B nuanaszoue [-35°...35°] ¢ marom 5°;
3HaYeHUE 3a[aHHOTO yrja TaHraxa 3, H3MEHAIOCh B
nuanazone [-35°...35°] ¢ marom 3°. Pa3HocTh Mexay
3aJJaHHBIMH M pacyeTHbIMH (BbruncieHHbIMH COCT3)
3HAYEHUAMHU YIJIOB OpueHTamuu (Ay = vy .
A = Ssao -

Y[Jam >
9 ) paccMaTpruBajIaCh KakK IMOTPEIIHOCTD,

pacu

Zi=J (g + Mgy &7 + Agf e + 0gfel ). =

rae j — mapaMeTp, yYUTHIBAIOIIUN OrpaHUYEHUS
no yriam opuentaiuu BJIA, z — pesynbrar usmepenust
opuenTtanuu bJIA ¢ nomommsio COCT3 Ha k-M 1mare; g, —

HCTHHHOE yriosoe nonoxkenne bJIA;g?Y, ghoice, gf — ury-

MBI U3MepeHuil, O0OyCIOBJIEHHBIE MOIPEIIHOCTHIO

BO3HMKAIOIIasi  W3-3a  OIIMOOK  aBTOMAaTHYECKOTro
ompenenenust JII' va [{U (tabnuna 2). Anann3 tabnuist
2 nmokasbIBaeT, uTo: u3MeHeHue spkoctu LU B 3a1aHHBIX
Ipejesiax He BbI3bIBAET CYIIECTBEHHOIO W3MEHEHHUs
MOTPELIHOCTH OIpe/eneHus yriioB opueHtanuu BJIA;
3aJlaHHOE yBEJIMUYEHUE cTerneHu 3amymieHust LU
MNPUBOAUT K CYIIECTBEHHOMY POCTY IOTPELUIHOCTH
ompeaeieHuss yriioB opueHtanuu (B 1,5 pasza).
PesynbraThl aHanm3a IOKa3bIBAIOT MPUHIWIHAIBHYIO
BO3MOKHOCTh CTabuimsauun Ag . B npejenax +0,3°
32 CcuUeT MpHUMEHEHHsS OJ(P(PEKTUBHBIX aJTOPUTMOB
npeABapuTenbHO  oOpaborkn LI (manpumep,
COBMECTHOE NPUMEHEHHWE MeJuaHHoro ¢QuisTpa u
pasmebItus o ['ayccy).

OreHKy NOrpeIIHOCTEH ONpeIeNIeHHsI BepTHKAIIH,
0OYCIJIOBJICHHBIX HMHCTPYMEHTAJIBHBIMU TTOTPEIIHOCTS-
MH (TIOrpEIIHOCTh KBAaHTOBaHMS) OOPTOBOH ONTHKO-
JNEKTPOHHONH ~ U3MEPUTENIBHOH ~ CHUCTEMBI (qu )
MOJKHO IPOBECTH, OCHOBBIBAsICb HAa pe3yJbTaTax,
MOJYYEHHbIX B Mpenbyiynieid pabore aTopoB [17].
Pe3ynbraThl aHanm3a IOKa3bIBAIOT MPUHIWIHAIBHYIO
BO3MOKHOCTh CTa0MIU3AIHH qu B npenenax +0,05°
3a cueT npumenenuss CUM BLIK ¢ MeHbIINM pazmepoM
MUKCeen.

Takum o6pazom, JICMM COCT3 B obuiem
cllydae MOXKET OBITh OIIMCaHa CJIETYIOIINM 00pa3oM:

L npuy <¥son (Sg ‘gdon)

6
error, mpu Y > Yoon (9> Son) ©
QITOPUTMHUYECKON anmpoxkcumanuy JII, HeraTMBHBIM
BIMSHUEM  (DAKTOPOB  OKpYy’Karolled  cpensl |
nHCTpyMeHTanbHbIMU  norpemHocTsiMu COCT3. Bce
MIEPEUUCIICHHBIE [IYyMBl  SBISIFOTCS  HE3aBHCHMBIMH
JMCKPETHBIMH TayCCOBCKMMH OCIBIMH IIyMaMH C
HYJIEBBIM CPETHUM M €AMHIYHOH IHcnepcueit.
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Tabruya 2
Bnusuaue sproctu u crenenu 3amymiaenus LI na Tounocts COCT3
Awmnnuryna myma 0 en.
Spkocts, % 10 20 30 40 50 60 70 80 90
V..o, TP -20 -15 -10 -5 0 5 10 15 20
Y e TPAIL -19,61 | -14,70 -9,75 -4,63 0,23 5,27 10,22 15,14 20,09
Ay,rpan 0,39 0,3 0,25 0,37 0,23 0,27 0,22 0,14 0,09
9, .Tpan -15 -12 -9 -3 0 3 9 12 15
S ..oTpan -15,34 | -11,75 -8,57 -2,32 -0,83 3,50 9,85 12,78 15,83
AY,rpan -0,34 0,25 0,43 0,68 -0,83 0,5 0,85 0,78 0,13
Awmrmumatyna myma 20 e
Spkoctb, % 10 20 30 40 50 60 70 80 90
Y, - TP2I -20 -15 -10 -5 0 5 10 15 20
Y e TPAA -19,54 | -14,62 -9,68 -4,57 0,59 5,19 10,29 15,37 20,12
Ay,rpan 0,46 0,38 0,32 0,43 0,59 0,19 0,29 0,37 0,12
9, ,.Tpan -15 -12 -9 -3 0 3 9 12 15
9 ...Tpan -15,83 | -11,54 -9,51 -2,18 -1,05 3,86 8,31 12,78 16,25
AY,rpan -0,83 0,46 -0,51 0,82 -1,05 0,86 -0,69 0,78 1,25

Pe3ynbTaThl MOAEIMPOBAHUS C UCHONB30BaHUEeM pa3paborana JICMM COCT3, otnuyaromiascs y4eTom
paspaborannoii JICMM  mNoKa3bpIBarOT BO3MOXHOCTh — OrpaHMYEHHH HA MAaKCHMANIbHBIE YIJIEI OPHEHTALMH
obecrieyeHust  CTaOMIM3ALMK  OOWICH MOrPEMIHOCTH  pocurenst H Y4EeTOM BJIMSIHUAS OCHOBHBIX (DaKTOPOB

o
COCT3 B mpenenax +0,75° (uro YAOBICTBOPACT  ya poyHOCTE HM3MEpeHHsI yIIoOB opueHTtauun BJIA,
NPUEMJIEMOMY  YPOBHIO  TOYHOCTH  H3MEPEHMii

yrnoB opueHtaun bBJIA). HawmGonpimii Bkiax B
obmryro morpemHocte COCT3 BHOCAT MOTpenIHOCTH
anroput™Mudeckoi ammpoxcumanuu JII (53 % ot odmieit
MIOTPETTHOCTH).

YTO II03BOJISIET BBIIBUTH J((EKTUBHBIC HAINPABICHHS
cosepmercTBoBanus COCT3.

O6mas mnorpemHocts COCT3  cpaBHHUMaA C
norpemrHocteio BUHC, urto pemaer uenecoobpa3HbiM
COBMECTHOE HCIIOJIb30BAHHE PACCMATPHBAEMBIX CHCTEM

3akaroyenne (paboTaronyx Ha pa3IMuHBIX (PU3MYECKUX TPHHIUIAX)
Takum o6pazom, B mporecce ucciaenosanuii B aBToHOMHBIX MCHK BJIA.
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ANALYSIS OF ERRORS OF THE ARTIFICIAL HORIZON SENSOR
BASED ON VISION SYSTEM

Military academy of the Republic of Belarus
Minsk, Republic of Belarus

The article discusses the features of the practical implementation of the artificial horizon sensor based on
the onboard vision system. Proposed, developed on the basis of well-known applications, a variant of the algorithm
for the operation of an unmanned aerial vehicle orientation video system. The problems of automatic detection
and determination of the position of the horizon line on changing digital images that make up the video stream
from the onboard digital camera are shown. The analysis of the factors influencing the accuracy of estimation of
carrier orientation angles using the proposed system is carried out. The results of a practical study are presented,
characterizing the degree of influence of the considered factors on the total error. A discrete stochastic mathematical
model of an unmanned aerial vehicle orientation system based on an onboard vision system has been developed. The
possibility of providing an acceptable level of accuracy of the orientation video system due to certain technical and
algorithmic solutions is shown. The conclusion is made about the expediency of using this system in autonomous
multisensor navigation systems for unmanned aerial vehicles.

Keywords: artificial horizon sensor, vision system, orientation angle measurement error, discrete stochastic
mathematical model.
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HEWPOCETEBOM KJIACCU®UKATOP JIJIsI OITPEJAEJIEHUA JUABETUYECKOM
PETUHOIIATUH 110 U3OBPA’KEHUAM CETYATKHA

YO «benopycckuii cocyoapcmeennulii ynugepcumem un@opmamuxy u paouod1eKmpoHuKU»
2. Munck, Pecnyonuka benapyce

C pacnpocmpanenuem caxaprozo ouabema Oouabemuueckas pemuronamus ([P) cmanosumcs ocHosHOU
npobnemoui 30pagooxpanenus (0c0OeHHO 8 pa3BUBAIOWUXC CMPAHAX). [lo20CpOoUtble OCTOMHCHEH U, BOZHUKAIOUUE
6 pesynomame J{P, oxasvieaiom snauumenvHoe 61uAHUe HA NAYUEHMos. Pannss ouasnocmuxa unocredyowee nevenue
MO2YM YMEeHbUUMb HAHOCUMDBITL 300p06bI0 6ped. [Ipedckazamenvras ananumuka moxcem Obimb OCHO8A HA AHANU3e
U306padcenull cemyamxy 21a3a 4eno8eKd ¢ NOMOWbI0 C6epMOUHbIX HeUpOHHbIX cemel. B pabome ucciedosanus
cocpedomouensvl Ha paspadbomke d¢h@exmusnoco memooa onpeodeneHusi /[P Ha ocHoge ceepmouHoll HEUpOHHOU
cemu EfficientNet, mexnonoeuu camoobyuenus u onepayuil ayemenmayuu OauHbix. B pesyivmame sxcnepumenmos
paspaboman Heupocemegou K1aAcCUUKamop HA OCHO8e CBepMOUHbIX Helpocemell, OaHbl pPeKOMeHOAyUU
0713 nposedenus ayeMenmayuy OanHblX. IKCNepUMenmol 6bINOJIHEHbl HA NYOIUYHOM HAOOpe OaHHBIX U NOKA3ALU,
YMo 803MONHCHO OOCIUYDL OOIU NPASUTLHO Kaaccuuyuposannvlx 06vexkmos pasnoii 97,14 % na mecmogom nabope

U3 nYOIUUHO20 HAOOPA OAHHBIX.

Knroueswie cnosa: uzodpasxicenue, ouabemuyeckas pemuHonamus, 06pabomxa uzo0padxicenull, cepmoyHvle

HeﬁpOHHble cemu.

BBenenue

3ajgava omnpeneneHus] U KiIacCU(UKauu CTaaui
JIMa0eTHYEeCKOH PETHHOIIATHH, KOTOpast IPOSIBIISICTCS KaK
MOpaYXEHUE CETYATKH 1J1a3a, B HACTOSIIIEE BPEMSI SIBIISICT-
csl BechMa aKkTyanbHoH [ 1, 2]. /Ilnabetryeckasi peTHHOIA-
THSL SIBJISICTCS. OCHOBHOM IPUYUHOM CIIETIOTHI, 0COOCHHO
cpenu Jrofel TPYZOCHOCOOHOTO BO3pacTa. YUHUTHIBas
B)XKHOCTh PaHHEH IMarHOCTHKH, BCE MAIUEHTHI C caxap-
HBIM JTMa0ETOM JIOJDKHBI €KErOHO MPOXOJUTh O(PTalb-
MoJiorndyeckoe oocnenosanue [3, 4].

I'mybokoe obyuenue (Deep Learning, DL), xak
pasnen MmammHHOTO 0oOyueHus (Machine Learning,
ML), 3a mocneHue AECATh JIET 0Ka3aja0 3HAaYMTEIbHOE
BIIMSHUE Ha Pa3jIM4YHbIe 00JIACTH HAyKH. JTO YCKOPHJIIO
IIPOrPEecC B paclo3HaBaHUU N300paKEHUH U peUH, Tpe-
nokeHb! AGQEeKTHBHBIE MOJIEIHN TeHEPATHBHBIX HEHPOH-
HBIX CETel M HOBBIC S3BIKOBBIC Mojesu. Jlo mmpokoro
pacrpocTpaHeHHs TyOOKoro oOyueHus 3aa4a aHaIu3a
U pacrio3HaBaHus N300pakeHHs BKIIIOYasa B Ce0s STarlbl
IIpe/IBapuTEIbHON 00pabOTKM W300paskeHUH, BBIYMC-
neHnst N"HOOPMATHBHBIX MTPU3HAKOB M MPHUHSATHS pelie-
Hui. B Hacrosmiee BpeMmsi IepeJOBBIMH TEXHOJIOTHUSIMH
pacrio3HaBaHUsl OOBEKTOB Ha M300paKEHUSIX SIBIISIOTCS
WCIIONIb30BAaHUE KOMITBIOTEPHOTO 3PEHHMSI, a TAKXKe IIy-
6okoe oOyuenue. [IpumeneHne rIyOOKMX HEHPOHHBIX
cerel st MAeHTH()UKANY 00BEKTOB, KJIACCU(PHUKALIN U
CerMeHTalnu N300pakeHUH TOKa3bIBaeT OOJBIIYIO A(h-
(PEeKTHBHOCTH 110 CPAaBHEHHIO C MCIOJIb30BAHHEM HHBIX
KJIACCHUECKHUX aJIropuTMoB. [myGokoe oOyueHHe — 3TO
Toipa3/iesl MallnHHOTO 00y4YeHNs, BKIIOYAIOIHUN B ce0s
Ha0Op METOIOB, KOTOPBIE MTO3BOJISIIOT MOJICITUPOBATH BbI-
COKOYPOBHEBBIC a0CTpaKIMH JJaHHBIX. MoJemnu, TocTpo-
CHHBIC Ha OCHOBE CIIO)KHBIX HEHPOCETBBIX apXUTEKTYD,
JOCTHTAIOT BBICOKOI TOYHOCTH, IPEBBIIAIOIICH BO3MOXK-

HocTH yenoBeka. C nosiBiieHueM d(PQEKTUBHBIX apXUTEK-
TYp HEHPOHHBIX CETE ITall BBIYUCIICHHS TPU3HAKOB, KaK
W TIPUHSATHE PEIICHUH, BBIMOIHSIIOTCS Ha CTOPOHE HEil-
ponHoit cetu. [IpeasapurenbHas obpaboTka n3o0Opaxe-
HUH Yalre BCero CBOAUTCS K OTeparusM H3MEHEHUS pas-
Mepa U300paXKeHUs M JIOKAJH3aluy 00acTH MHTEpeca.
OpHaKo ¢ pOCTOM TOUYHOCTH PACIO3HABAHHS OUYEBHU/ICH
POCT CIOKHOCTH apXUTEKTYP, HEOOXOMMa «TOHKAsD» Ha-
CTpOiiKa TuneprnapaMeTpoB HeHPOHHBIX ceTel. CBepToU-
Hele Heifponnsle cetu (Convolution Neural Networks,
CNN) SBIAI0TCS BEAYILICH apXUTEKTYpOH MpH pPelIeHUN
3a/1a4 KOMITBIOTEPHOTO 3PEHUSI.

Cucrtembl TITyOOKOTO OOY4EHHUS! UTPAIOT BaKHYIO
pONb B 3IPaBOOXpaHEHWH. AHAIN3 W300paXKeHHU CeT-
YaTK{ IJ1a3a 4eJI0BeKa Ha OCHOBE METOIOB MAIIMHHOTO
00YYCHHUS B LIEJIOM, U TITyOOKOTO 00yUYCHHSI B YaCTHOCTH
MO3BOJISIET aBTOMATHU3UPOBATH MPOIECC TUATHOCTHKH H
MIOMOTaeT B TIOCTAHOBKE JMAarHO3a B TEX CIydasx, Korjaa
JIOCTYI K IPYTMM BapUaHTaM HCCIIEI0BaHMI U METUIIMH-
CKOM oMoty orpanuded [5-10].

[enb mpoBeIeHHBIX UCCIIENOBAHUI — pa3paboTKa
MO/IeJI CBEPTOUHON HEMPOHHOM CeTH JJIsl OmpeiesIeHus
JIP Ha OCHOBE M300paKCHHIA CETUATKH I1a3a.

ApXHMTEKTYpPa CBepPTOYHOIl HEI{POHHOM ceTH
EfficientNet

B 2019 r. xomnanus Google npencraBmia ap-
xurektypy EfficientNet, kotopass B Hactosimiee Bpems
SIBIISIETCA OJJHOM M3 CaMBIX COBPEMEHHBIX CBEPTOUHBIX
HellponHblx cered [11]. CymectByer 8 peanuzanuii
EfficientNet, cauras ot B0 1o B7 o mepe pocra ciox-
HOCTU CETE€BOM apXUTEKTyphl. J[aHHBIE apXUTEKTYpHI
MIPEBOCXOAAT TOYHOCTH CTAHAAPTHBIX CNN U MOBBIIIAIOT
3¢ pekTUBHOCTD HeHpoHHOH ceTH 10 10 pas, pucyHOK 1.
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EfficientNet-B7
8 AmoebaNet-C
AmoebaNet-A _ = ===—"" -
’ - - . >
»~ MNASNet-A L+t SENet
'3‘2‘32 - et
oy e
@ ” L.+*7 ResNeXi-101
= DA
ﬁ - ,-:’- _.-=*" Inception-ResNet-v2
T - .
S #”  Xception
o - []
% ’ ] & eResNet-152 Topl Acc. #Params
: : ResNer-132 (He etal, 2016) | 71.8% B0M
8 BIJJ Densehet-201 EfficientNet-B1 79.1%  7.8M
@ _ [ ResNeXi-101 (Meetal, 2017)| 80.9% LY
E TG 1 . EfficientNet-B3 81.6% 12M
j -  ResNet-50 SENct (Hu ct al, 2015) 7% 146M
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. TNot plotted
ResNet-34 , . : : . ,
0 20 40 Gl 80 100 120 140 160 1&0)

Pucynok 1. Yucno mapamerpos (MusmtroHsl) [11]

Taxoke B mocieHue HECKOJIBKO JICT TOSBHIINCH
3¢ eKTUBHBIC pElICHHs ISl aHaIM3a H300paKEHUH
CeTYaTKM IJla3a C MCHOJIb30BaHUE JAaHHOW apXHTEK-
Typsl [12-15]. Pe3ynbrarel yka3aHHBIX pPabOT CBHUjE-
TEJICTBYIOT O II€JIECOO00PAa3HOCTH HCCIICIOBAHMS ap-
XUTEKTYpBI EfficientNet ¢ 1ienblo CO3JjaHUsI OMHAPHOTO
kiaccudukaTopa Juist onpeaenenus JP.

Apxwurextypa EfficientNet ocHoBaHa Ha 6a30BO
cern EfficientNet-B0, xoropas ObLia ImojydeHa C I0-
MOIIIBI0 aBTOMATHYECKOTO TOMCKA apXHUTEKTyp (neural
architecture search) Ha OCHOBE ONITUMH3AIMN TOYHOCTH
n sddexruBHOoCcTH. BazoBas ceTb COCTOUT M3 HECKOJIb-
KHX OJIOKOB CBEPTKH C HHBEPTUPOBAHHBIMU Oy THUIOYHBI-
MU ropasliikamu (inverted bottleneck residual blocks),

KOTOPBIE COJIEPIKAT JIMHEHHBIC OYTHUIOYHBIE TOPJIBIIIKH
(linear bottleneck), pacumpsitomiue CBepTKH (expansion
convolution), Try0okue cBepTkH (depthwise convolution)
Y TIPOCKIIMOHHEIC CBEPTKH (projection convolution).

Yarie Bcero pa3pabOTKa HOBBIX MOJIEIICH 3aKITiO-
YaeTcss B MPOU3BOJBHOM YBEIWYECHHH TJIyOUHBI WM
[IMPUHBI CBEPTOYHOU HEHPOCETH, a TAKIKE HCIOJIB30-
BaHMU OOJIBIIETO PA3peIIeHHs BXOAHOTO H300paKeHHs
JUIsl OOYYEHUsI ¥ OIICHKU. B OT/inYMe OT TpaJUIIMOHHBIX
[0JIXOJIOB, KOTOPBIE MPOM3BOJILHO MACIITAOHPYIOT Ia-
paMeTphbI CETH, TAKKE KaK IIUPUHA, TTyOUHA U BXOJISIIEE
paspeuicnue, EfficientNet paBHOMEPHO MacIITaOUPyET
KaXJ10€ U3MepeHre ¢ (PUKCHUPOBAHHBIM HAOOPOM KO-
(UIHEeHTOB MacIITAOUPOBAHUSI, PUCYHOK 2.

| ~-wider
= | - T
#channel ! == =
- kmm oy E wider . 0 i z '
% 'f‘ deeper E
| deeper
i X [
ﬁ- -layer i ﬁ [l
é | é B + higher | +higher
] 1 resolution HxW ; ».resolution " resolution

(b) width
scaling

(a) baseline (c) depth

scaling

(d) resolution
scaling

(e) compound
scaling

Pucynoxk 2. CpaBHeHHE pa3IUYHBIX METOJJOB MACIITAONPOBAHUS

Ipumeuanue. B ornnune oT OOBIYHBIX MeTONOB MaciuTabupoBanus (b)-(d), KOTOpble MPOM3BOIBHO MacIITAOUPYIOT OIHO
U3MEpeHHe CeTH, KOMOMHUPOBAHHBIH METO/] MaclTabMpoBaHus (a) paBHOMEPHO MacITadbupyer Bce u3Mepenust [11]
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Jns MOJTy4eHUs boxee MOII[HBIX
BApHUAHTOB APXHUTEKTYPhI EfficientNet-B1-B7,
aBTOPHl IPEUIOKHMIN  METOJl MacHmTaOupOBaHUs
¢ KO03p(UIHEHTOM COCTABICHHUSA. OTOT METOJX
OTpezeNnseT ONTHMAJIbHOE COOTHOUICHHE MEXKIY
paspenieHueM, MUPUHON U TIIyOMHOH HelipoceTn mpH
3a/1aHHOM OTPAaHMYEHWN Ha KOJWYECTBO OIEpaIui

¢ TuaBaromieit Toukoir B cexkyHAy (FLOPS). Takum
00pa3oM, MOXKHO TTOJTYYUThH 00Jiee KPYITHBIC H TOYHBIC
Mozenu 0e3 MPOM3BOJILHOTO M3MEHEHHS OT/EIbHBIX
pasmeprocteii. brounas apxwurtexrtypa EfficientNet
mpeacTaBicHAa HA PUCYHKE 3.

biioku, B cBOIO oyepenp COCTOAT U3 MOAYJEH,
PHUCYHOK 4 .

- -l

Stem

Final Layers

Pucynok 3. brnounas apxurekrypa EfficientNet

N
m ‘ lm"l
J

Module 1

Module 3

Module 2

Module 4

Module 5

Pucynok 4. Monynu apxutextypsl EfficientNet

TexHoJioruu npeodyyeHust U CaMOOGyYeHHUsI

[IpenoOydyeHne — OdYCHB pPACHPOCTPAHCHHAS
NpaKTHKa B  Pa3iU4YHbIX O0OJACTSIX, TaKWX Kak
KOMIIbIOTEpHOE 3peHue, NLP U reHepauus peuu.
Korma peus maer o KOMITBIOTEPHOM 3PCHUU, MOJICIb,
MpeBapUTEIIFHO 00yUCHHAS HA OJTHOM HaOOpe TaHHBIX,
yIIydIIaeT KauecTBo npyroi moxaenu. [IpenodydyeHue Ha
Habope [mageNet [16] ¢ yuuTenem SIBISCTCS ITUPOKO
UCTIOJB3YEMBIM METOJOM WHHIIMAIU3AIUH JIJTsI MOCIICH
OoOHapyKEHUs U CerMeHTanuu 00beKTOB. TpaHchepHoe
oOyuenue (Transfer learning) wm TOYHasT HacTpoOWKa
(Fine-tuning) — nBa pPacnpOCTPaHCHHBIX METOMA YIS
peanuzanuu 31oit meroponoruu [17-19].

CamooOyuenue  (semi-supervised — learning
approach) TBITaeTCS  yIy4YIIUTh  APPEKTHBHOCTH
MOJICJIA 3a CYET BKJIFOUCHUS MPOTHO30B ISl MOJCIH
HA  HEPa3MEUYCHHBIX  JAaHHBIX Ui [OJyYeHHs
JIOTIONTHUTEIBHON  WH(POpPMAILMK, KOTOpas  MOXKET
OBITH WCIIOJIb30BaHa BO BpeMs oOydeHws. [Ipumep

peanu3anuy JaHHOM TEXHOJIOTHU — 3TO MCIOJIb30BAHUE
ImageNet [16] mna ynydmeHHs MOJETH OOHAPYKEHHUS
o6sexToB COCO [20]. Crawama wmopmens oOydaercs
Ha Habope mamHbIX COCO. 3aTeM OHa HCIONB3yeTCs
JUIA  CO3JaHUS TICEBNO-METOK Uit [ImageNet (MBI
orOpacbiBaeM HCXOJHbIe MeTKH [mageNet). 3atem
TICEB/I0-pa3MeUCHHbBIC TaHHbIe [mageNet v pa3MeUeHHbIC
narabie COCO 0O0beTUHSIFOTCS i OOYYCHHUS HOBOW
Mozenu [21, 22].

Peanuzanus TEXHOJIOTUHN caMo00yueHHUs
Ha ocHOoBe anroputma Noisy Student moka3zaio
yJIydIlIeHHe Ka4ecTBa KiIacCu(BUKaLy N300pakeHUi U3
ImageNet [23]. B 3TOM moaxo[e MOXXHO BBIICIHUTH U3
TpH 3Tarna:

* MOJEIb-yuuTeNlb 00ydJaeTcss Ha Pa3MEdeHHbIX
JAHHBIX, HarIpuMep, Ha Habope manabpx COCO;

° 3aTeM MOJEIb-yUUTEeNIb HCIOIb3yeTCs UL
CO3JIaHMs TICEBJJIOMETOK JUI HEPAa3MEUCHHBIX JIAHHBIX,
Hanpumep [mageNet;
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* MOJeNb-y4eHHK O0O0yd4aeTcss ONTHMH3MPOBaTh JUIL OCTPOSHMS Moaenu kiaccudukatopa [P Ha
HOTEepPU Ha YEIOBEYECKOH pa3MeTKe ¥ IICEBJO-METKaX OCHOBE NPeJo0yYeHHs B COOTBETCTBHH C allOPUTMOM
OJJHOBPEMEHHO. Noisy Student. B TpHUBEICHHOM HWXKE pPHCYHKE

OOyuenne Ha ocHOBe Noisy Student TIpUBOOUT  WCIIONB30BaHA OJHA U Ta )K€ aPXUTEKTypa I YIUTEIS
K 3HAYUTENBHBIM YIYYLICHHSM BO BCEX pa3Mepax M Y4eHHKa M He IPOBOJHUTCS UTEPATHBHOE OOydYCHHE,
Moneneit EfficientNet. DTo SBISeTCS OCHOBaHHE PHCYHOK 5.

Noisy Student Training (EfficientNet-BT)
&6
B5 EfficientNet-B7
—— e
84 1 AmoehaNet-C
AmoebaNet-A =m0
& o FirsNa A oo SENet
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74 ASNet-A EfficicntNet-B7 B5.0%
ResNet-34 Noisy Student Training (B7) B6.4%
Net-
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MNumber of Parameters (Millions)
Pucynok 5. Uncno mapameTpoB (MILTHOHBI) [23]
Jnst peanuzanuu kiaccudukaropa JP  naHHOW MoOJenu — 3TO KOMIPOMHUCC MEXIY TOYHOCTb

UCTIONB30Banack Monuenb EfficientNet NoisyStudent B4, Monenu W 4ucioM mnapameTpoB [23, 24]. ApXUTeKTypa
peo0yUYCHHAS [0 TEXHOJIOTUU camMooOyueHus. Beioop  monenu EfficientNet B4 nipencTaBiicHa Ha pUCYHKE O.
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Pucynoxk 6. Uncno napameTpoB (MIITHOHBT) [23]
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Ha0op uzodpaxennii

B paborte wucmonp30Baics OTKPBITBIA HAOOD
JTAaHHBIX, B3ATHIH ¢ Tu1aThopmbl Kaggle, pecTaBICHHBIH
B BHUJC KOJUICKIIMM H300paKCHUI pa3HBIX Pa3MEepOB
¢ ¢opmarom «.jpg» [25]. H3ob0paxenuss B HaboOpe
pa3feneHbl Ha TSATh  KJIACCOB, COOTBETCTBYIOIIMX
cragusim JIP. CHUMKU TIpHHAJUIekKAT Pa3HBIM JTIOISIM
W3 Pa3NUYHBIX CONMAIBHBIX TPYII: JKEHIIWHAM,
MyX4ynHaMm, gAerTsM. CTpoeHHe Tja3a OTIHYaeTCs
OT CHHUMKa K CHHMKY, W300paXCHUS TIOTYYCHBI
B PA3IMUYHBIX YCIOBHUSIX, MOITOMY ITOCTPOUTH IPOCTOM
JICTCPMUHUAPOBAHHBIN anroput™M s 3(QeKTuBHOTO

oi

1000

1500

00

1000

1500 2000

pewenust 3azaun perexkuumu JP He mnpencrasisercs
BO3MOKHBIM.

Hab6op maHHBIX comepxuT 3 662 H300pakeHuit
ceTyaTKu riaza uesoBeka. OH ObLI mepepacripeaesieH
u chopmupoBaHo 2 kiacca nzoOpaxenuii: 0 kmacc —
«HopMmay (orcyrctBue /[IP), 1 kmacc — «maromorus»
(wamuue [IP), KOTOpBIN BKJIFOYACT B CeOST M300paKCHHUS
¢ pasmuuHbiMu ctaausmu  JIP. Ilpu mnposeneHun
OKCIIEPUMEHTOB  JUIi  KOHTPOJs ~ OOy4deHus W
3¢ (GEKTUBHOTO TECTHPOBAHU HaOOp OBLT pa3ieiicH Ha
TpH YacTu: o0ydaromas Beioopka (2 196 nzobpakeHunit),
BaJIMIAIIIOHHAs BEIOOPKa (733 M300paXKeHNsT) ¥ TECTOBAS
BeIOOpKa (733 m300paxkerns). [Ipumepsr n300paskeHmiA
MIPEACTaBICHBI HA PUCYHKE 7.

2500 3000 3500

Pucynok 7. ITpumeps! n3o0paskeHuit ceruarku riasa [25]

3KCHepI/IMeHTaJILHBIe HCCJIeJ0BaHUA

Wcxonst M3 BBINIECKa3aHHOTO B OCHOBY MOJEIH
krmaccuukaropa  W300paKeHWH  CETYaTKH  IJas3a
YejoBeka OblUla IIOJIOKEHAa apXHUTEKTypa CBEPTOYHOM
HelipoHHOU cetn EfficientNet B4, mpenoOydeHHas o
TEXHOJIOTUH CaMOOOyUYEHHsI Ha OCHOBE alropuT™a Noisy
Student.

OpwuruHaabHast ApXUTEKTypa MO
IpelyCMaTpPHBaET, YTO Ha BXOJ] BBIXOJHOTO JIMHEWHOTO
ciosi moaeTcst BekTop u3 1 792 mpu3HAKoB, a BBIXOJ
comepxut 1000 >1€MEHTOB, YTO COOTBETCTBYET UHCITY
KIJIAaCCOB TIpe00ydYeHHONW Ha Habope maHHBIX [mageNet
Mozend. ApXuTeKTypa Obllia MOAU(UITIPOBAHA C YIETOM
penraemMoii 3a1a4u, 100aBJICHBI OIB30BATEIECKHE CIIOH,
a TIOCIIEIHUHN CIIOW COAEepHT 2 Tpu3HaKa (Tabmmma 1).

[Ipu peanu3anuy HCHPOHHOW CETH UCIOIB30BAJICS SI3BIK
nporpammupoBanusi Python n O6ubivoreka riryobokoro
oOyuenust PyTorch [26].

B 1mpomecce MOATOTOBKM — JaHHBIX  JIS
00y4eHUs, BATUAAINHI U TCCTUPOBAHHUSI BBITIOIHSIIACH
ayrMeHTanus AaHHbBIX. [log ayrMeHTanuend MaHHBIX
MMOHUMAETCS YBEIWYCHUE BBHIOOPKHW JaHHBIX JUIS
00yueHUss dYepe3 MOAUQPUKANUIO JTHX MaHHBIX W
CO37aHMe Ha JTOW OCHOBE JIOTIOJIHUTEIbHBIX.
JIyist TOCTHIKEHHUsST XOPOIIUX PEe3yIbTaTOB TIyOOKHe
CeTH JIOJDKHBI 00ydYaThcsi Ha OYCHb OOJBIIOM
oobeme nmaHHbIX. ClleIOBATENbHO, €CIU HCXOJHBIM
oOyuaromuii  HabOp  CONEPKHUT  OTPAHWUCHHOE
KOJIMYECTBO HM300pakeHni, HEOOXOAMMO BBITIOTHUTH
ayrMEHTAIMI0, 4YTOOBl  YIYYIIMTh  PE3yJIbTAThl
Monaenu [27].
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Tabnuya 1
[lepeueHs ciioeB NPeUIOKEHHON apXUTEKTYpPbl HEHPOHHOM ceTn

IlepeyeHnb c/10eB HeliPOHHOM ceTH

Crou EfficientNet B4 Noisy Student

Jlo0GaBieHHbBIE TIOIH30BATEIHCKUE CIION

Linear(in_features=1792, out features=625)

JIMHENHBIN CIION
in_features — KOJIMYECTBO BXOHBIX HEHPOHOB
out features — KOJIMYECTBO BHIXO/HBIX HEHPOHOB

ReLU()

(DYHKIIUS aKTHBAIUH

Dropout(p = 0.3)

CITyJaifHBIM 00pa30M OOHYJISIFOTCSI HEKOTOPBIE
3JIEMEHTHI BXOHOTO TEH30pa C BEPOSTHOCTHIO P,
UCTIONB3YsI BEIOOPKH U3 pactipeaeneHus bepuymm

Liner(in_features = 625, out_features = 256)

JIMHEMHBINA CIIOH
in_features — KOIMYECTBO BXOHBIX HCHPOHOB
out_features — KOJIMYECTBO BBHIXOJAHBIX HEHPOHOB

ReLU()

(hyHKIWS aKTHBAITUI

Linear(in_features = 256, out _features = 2)

JINHEUHBIN BBIXOHOU CJION HEMPOHHOU ceTn
in_features — KoIM4YeCTBO BXOAHBIX HEHPOHOB
out features — KOJIMYECTBO BHIXOAHBIX HEHPOHOB

JIng SKCIepuMEeHTOB C ayrMEHTalMed JaHHBIX
OBUIN OIpE/IeICHBI CIIE/YIOIIHE Ollepaliu:

1) uzmenenue pasmepa uzoopasicenus,
npuBelNeHus: K pasmepy 224%224, 512*512 wnm
1024*1024 nukceuneii;

2) caywainwtii nogopom u300paxxenus: Ha +/-20
rpajycos;

3) nopmanuzayua RGB uzoopasxcenui
C TOMOIIBIO  CTaTHUCTHYECKHX  XapaKTePUCTHK:
cpennue 3HadeHuss mean = [0.485, 0.456, 0.406] u
crangapTHoe otkinonenue std = [0.229, 0.224, 0.225].
JlanHast oreparysi peKOMEH/J0BaHa K MCII0JIb30BAHHIO
B TCX ClIydadX, Korjga npuMCHACTCA npe,uo6yquHa;1
Ha [mageNet monenb [26]. 3HayeHUs pacCUUTAHBI

Juisi u300paxkeHud u3 0a3el ImageNet. JIns xaxmaoro
KaHaJla oIepanusa BbBIIOJIHACTCA B COOTBCTCTBUU
¢ hopmyIoii:

image = image * std + mean,

rjae image — KaHan u3o0pakeHus, std — craHmapTHOE
OTKJIOHEHHWE, mean — Cpe/IHee.

4) obpe3ka (oHa, KOTOPBIM HMHOT/AA 3aHUMAET
3HAQUUTEJbHBIA  MPOLEHT OT  oOmed  IuIoNaau
M300pakeHUsT W SIBISCTCS MPAKTUYECKH YEPHOH W
HerH(OPMATHBHON 00JIaCTHIO.

KomOunammmu omepammii  ayrMEHTAllMM  MPH
MIPOBEJICHUH YKCIIEPUMEHTOB TIPUBEICHBI B TA0IHIIE 2.

Tabauya 2
AyrMeHTanus JaHHBIX P MOCTAHOBKE KCIIEPUMEHTOB

Howmep onepann DxcrepuMeHT 1 DKcnepuMenT 2 OkcniepuMeHT 3 DkcriepuMenT 4

ayrMEHTaLUH

1 +(512*512) +(512%512) +(224%224) +(1024*1024)

2 + + + +

3 + + + +

4 - + + +
CHUCTEMHBINA AHAJIN3 U TIPUKJIAJTHASI TH®OPMATHKA 1, 2023
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B npoiecce o0yueHus HE00X0IUMO Jnst  OLeHKH pe3ysbTaTOB  HCIIOIb30Bajach
MUHAMH3UPOBATh (QYHKIMIO OIMHOKH, B WAeaNe METPUKa JOJU MPaBWIBHBIX OTBETOB (Accuracy) — 310

CBECTH €€ K 3HAYCHHWIO B JIOKaJbHOM MHHHMYME.
Peanuzanust anropuTmMa TIpagueHTHOTO CIyCKa IS
HEUPOHHBIX CETEeH MPOUCXOAUT C MCIOJIb30BAaHUEM
TaKk Ha3bIBAEMBIX ONTHMHU3AaTOpPOB. B  pabote
UCIIONB3yeTCs onTuMusatop Adam [28] — oguH U3
caMbIX 3(G(EKTUBHBIX AITOPUTMOB ONTHMH3AIUU B
00yueHNN HEHPOHHBIX ceTeil. OH codeTaeT B cede uaen
RMSProp u CTOXaCTHYECKOTO TPAIMEHTHOTO CITyCKa
¢ MOMeHTamMH. BmecTto TOoro 4rto0bl amanTupoBaTh
CKOPOCTh 00y4YEHHUs MapaMeTPOB HA OCHOBE CPEIHEro
MepBOTO MOMEHTa (CpeaHero 3Ha4eHHs), Kak B
RMSProp, Adam Taxe NCTIONB3yET CpeIHEE 3HAUCHUE
BTOPBIX MOMEHTOB I'DaJHCHTOB.

JI0JISL TIPABHJIBHO KJIACCH()UIUPOBAHHBIX OOBEKTOB OT
obmrero uncia 00bekToB. B kaduecTBe pyHKINM TOTEPH
(Loss) ncnonp30Bajach KpOCC-IHTPOIHUS (TIEPEKpecTHAS
sHTpomusA) [29].

Krnaccudukaropa obydasack B COOTBETCTBHH CO
CIIEIYIOIMMH [TapaMeTpaMH:

— 9UCIO0 310X 00ydeHus (epochs) — 10;

— ko3 durmment ckopoctu oOydenus (learning
rate) —0,001;

—YHCJIO TAKETOB [AaHHBIX B OJIHOH HTEepaLyn
(batch size for dataset) - 16.

B rtabmume 3 mpuWBEOeHBI  pe3yNIBTATHI
9KCIIEPUMEHTOB, 3HaYCHNST HOpMHUPOBaHEI oT 0 10 1.

Tabnuya 3
Pe3ynbTaThl 9KCIIEPUMEHTOB
OO6yuenmue Banmmnarms TectupoBanune
Loss Accuracy Loss Accuracy Loss Accuracy
OkcnepuMmeHT 1 0.1375 0.9565 0.1434 0.9578 0.1040 0.9605
OKcrepuMenT 2 0.1108 0.9574 0.1542 0.9592 0.0882 0.9670
OxcnepuMenrt 3 0.1581 0.9447 0.1811 0.9270 0.1689 0.9399
OkcnepuMeHT 4 0.1207 0.9592 0.1245 0.9646 0.0918 0.9714
Pe3ynpraThl SKCHEPHMEHTOB IOKA3aJH, YTO 3akil0ueHue

MPeATIOKEHHAs apXWUTEKTypa MOJEIN B COYCTAHUH
C OTpEJICICHHBIMU TEXHUKAMH ayTMEHTAllMH, a TaKXkKe
TEXHOJIOTUSI CaMOOOyUYEHNS, TIO3BOJISIFOT JOCTHYD JIOJIH
MPAaBUIBHO KIACCH(DHUIIUPOBAHHBIX OOBEKTOB PAaBHOM
97,14 % Ha TecToBOM HAaOOpE NAHHBIX M3 ITyOIMYHOTO
Habopa [25]. 3agactyro mmeHHO ornpenenenue [P, urpaer
pELIaoNIyl0 poJib Ui CBOEBPEMEHHOT'O JICUEHHS W
MIPEA0TBPALICHUS TSDKEIIBIX MOCIEACTBHH 3a00I€BaHUs.

JlampHelmme  HWccIeqoBaHUS — IIeNIecCO00pa3HO
MPOJIOJDKUTE B YacTH pacIIMpeHus Habopa IaHHBIX
JUTS TIOCTPOCHUs BapuabelnbHBIX Mojeneid. Kpome Toro,
BR)XHBIM BOIPOCOM SIBJISICTCSA AETEKINS BHU3YaJIbHBIX
npu3HakoB Hammuwms JIP wm paspaborka s 3TOTO
MoJlelieli HEHpPOHHBIX ceTell Ha 0a3e CBEpTOYHBIX
APXUTEKTYp U TpaHC(HOPMEPOB.

B crarbe npeiokeHa apxuTeKTypa Helpocere-
BOro KiaccuukaTopa Juisi pellieHHs 3a/lauu oIpeierie-
Hust JIP mo m3o0paxkeHusM ceryatku. B oCHOBY Moenu
KJ1accupUKaTopa N300paskeHNI CeTUATKH Ii1a3a 4esioBe-
Ka ObUIa MOJIOKEHA apXUTEKTypa CBEPTOYHOW HEHpOH-
Hoii cetu EfficientNet B4, npenoOy4eHHas 0 TEXHOJIO-
THH CaMOOOYYCHUS Ha OCHOBE airoputma Noisy Student.
OTnenbHOC BHUMAHHE VJCICHO JTaIlly ayrMCHTAIMH
JIAHHBIX, 10100py (P PEKTUBHOTO COYETaHMUS ONIEPALIUH.
DKCIIEPUMEHTAIBHBIC HUCCIICAOBAHUS MMOKA3bIBAIOT, UTO
BO3MOKHO JIOCTHYb JOJHM IMPABHIBHO KJIACCH(PHUIIUPO-
BaHHBIX 00BEKTOB paBHOW 97,14 %. ABTOpOM peliie-
Ha IpaKkTHYecKas 3ajaya M OINpEeieseHbl HalpaBJICHHs
JAbHEUIITNX UCCIIEIOBaHUH.
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A NEURAL NETWORK CLASSIFIER FOR DETECTING DIABETIC RETINOPATHY
FROM RETINAL IMAGES

Belarusian State University of Informatics and Radioelectronics
Minsk, Republic of Belarus

With the spread of diabetes mellitus, diabetic retinopathy (DR) is becoming a major public health problem
(especially in developing countries). The long-term complications resulting from DR have a significant impact on
patients. Early diagnosis and subsequent treatment can reduce the damage to health. Predictive analytics can be
based on the analysis of human retinal images using convolutional neural networks. In this paper, the research
focuses on the development of an efficient method for DR detection based on the EfficientNet convolutional neural
network, self-learning technology and data augmentation operations. As a result of the experiments, a neural network
classifier based on convolutional neural networks is developed, recommendations for data augmentation operations
are given. Experiments were performed on the public dataset and showed that it is possible to achieve the proportion
of correctly classified objects equal to 97.14 % on the test set from the public dataset.

Keywords: image, diabetic retinopathy, image processing, convolutional neural networks.
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METHODICS AND TOOLS OF COUGH SOUND PROCESSING
ON BASIC OF NEURAL NET
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The purpose of the article is to analyze the methods and means of processing cough sounds to detect lung
diseases, as well as to describe the developed system for classifying and detecting cough sounds based on a deep
neural network. Four types of machine learning and the use of convolutional neural network (CNN) are considered.
Hypermarkets of CNN are given. Varieties of machine learning based on the CNN are discussed. The analysis of
works on the methodology and means of processing cough sounds based on the CNN with the reduction of the means
used and the accuracy of recognition is carried out. Details of machine learning using the environmental sound clas-
sification 50 (ESC-50) dataset are discussed. To recognize COVID-19 cough, a classifier was analyzed using CNN
as a machine learning model. The proposed CNN system is designed to classify and detect cough sounds based on
ESC-50. After selecting a set of sound classification data, four stages are described.: extraction of features from audio
files, labeling, training, testing. The ESC-50 used for the study was downloaded from the Kaggle website. Python
libraries and modules related to deep learning and data science were used to implement the project: NumPy, Librosa,
Matplotlib, Hickle, Sci-Kit Learn, Keras. The implemented network used a stochastic gradient algorithm. Several
volunteers recorded their voices while coughing using their smartphones and it was assured to record their voices in
a public environment to introduce noise to the sounds, in addition to some audio files that were downloaded online.

The results showed an average accuracy of 85.37 %, precision of 78.8 % and a recall record of 91.9 %.
Keywords: machine learning, neural network, cough sound processing, cough classification system.

Introduction

Machine learning (ML) uses a data set, which is a
table containing rows and columns, information about the
classified object. The columns represent a characteristic
of the object of interest, and each row represents one
object. Predictions and pattern recognition using machine
learning can be performed using several types [1].

1. Supervised: input of functions into the
algorithm in addition to the result, which is called a
class or label. Supervised machine learning is the most
commonly used type. Along with this form, there are
two main processes: the learning process, in which the
algorithm receives big data and allows it to study the
output data or result, and the testing phase, in which the
remaining data is transmitted to the algorithm to obtain
predictions and compare the result.

2. Unsupervised: unlike supervised learning,
unsupervised learning is seen as an advanced way of
machine learning. An unlabeled data set is passed to an
algorithm that will perform its calculations and make
predictions without any control.

3. Semi-supervised: a combination of both
supervised and unsupervised learning, when algorithms
can be assigned a labeled dataset, and training will take
place. After that, according to their training, the algorithm
continues for the remaining unlabeled datasets.

4. Reinforcement: learning from mistakes,
machines can receive a set of instructions and templates
that must act according to what is given in their path until
the algorithm learns the optimal solution.

With neural networks, both supervised and
unsupervised machine learning can be used. Training

of a neural network with a labeled dataset can be
performed by correcting the error and updating the
weights using the back propagation method by moving
backwards from the output layer through the hidden
layers until the difference between the errors becomes
zero. Unsupervised learning does not have a labeled
dataset and depends on the categorization and ordering
of the data.

Machine learning algorithms depend on some
optimal parameters or hyper-parameters to train the
model [2]. Hyper-parameters of NN are defined:

1. Learning rate: a variable that determines the
speed of the learning process and parameter updates.
The lower the learning rate, the slower the learning
process.

2. Momentum: the direction of what will happen
next is known by the momentum, which also helps to
prevent fluctuations.

3. Batch size: each training iteration uses a certain
number of samples, called the batch size.

4. Number of epochs: the number of iterations
in which all input data is transmitted back and
forth over the network during the learning process.
The weights change during each epoch. The number of
epochs should be increased until the model is well fitted.

5. The number of hidden layers: between the
input and output layers determines the complexity of the
network. The optimal number of hidden layers or blocks
can be detected when the error remains constant.

In this article we consider the methodology and
means of cough recognition using machine learning,
neural networks, Python language tools.
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Convolutional neural network

Convolutional Neural Network (CNN) has
shown high performance in classification and detection
in many areas, especially related to pattern recognition,
such as image classification, video tagging and sound
classification, etc. The term convolution was first
mentioned by Lekun et al. [3], since then CNN has
become more popular and attracted serious attention of
researchers and programmers [3, 4]. CNN consists of
input and output layers and three main hidden layers:
convolutional, pulling, fully connected.

1. Convolutional layer: convolution is a
mathematical operation defined as “an integral that
expresses the amount of overlap of one function g
when it is shifted by another function f” [3], used in a
convolutional layer for unification.

2. Pulling layer: dimension reduction is performed
inside this layer, this is also called downsampling. There
are two types of this layer: maximum and average union.

3. Fully connected layer: before reaching the
output layer, each neuron in the output layer connects to
each node in this layer.

Sound processing

Encoding of audio signals can be represented
in two main types: analog, and digital. Second is more
widely used, in which the sound wave is sampled at a
certain speed, includes MP3 and WAV types [5]. Audio
objects are extracted according to audio data standards.
They include the abstraction level (high, mid, low), the
time domain (instantaneous, segment level, global), the
signal domain (time domain, frequency, time-frequency).
The article [6] discusses two types of sound functions in
ML:

1. Traditional ML: The input data for the ML
model are functions, including both time and frequency
domains. An example of the most widely used functions
is the Zero crossing rate (ZCR).

2. Deep learning: The approach is based on CNN
and RNN methods for extracting signal features, using
feature extraction methods known as spectrograms,
Mel- spectrograms, Mel-frequency cepstrum coefficients
(MFCCQ), perception linear prediction (PLP) and linear
prediction coding (LPC).

a. PLP: Feroze et al. proposed a CNN classifier
for detecting sound events in a polyphonic environment,
where the PLP feature extraction method was used
for transmission to the network [7]. The authors in [8]
presented a comparative cough detection system. They
encoded audio signals to visualize them as images and
transmit them to CNN using 5 different PLP techniques.
The RASTA-PLP spectral method showed best
performance among others with an average accuracy of
0.99.

b.LPC: is considered a function of the time
domain. Chowdhury et al. [9] proposed an approach to

speaker recognition using MFCC and LPC functions,
which are considered to be frequently used functions.
These functions are combined with the use of 1D triplet
CNN to improve speaker recognition performance.

c. MFCC: since audio signals are considered
non-stationary, so that the values change rapidly over
time, most feature extraction methods depend on short-
term processing. MFCC are based on the perception of
human hearing, since the perception of hearing takes into
account the magnitude of the frequency components.
Compared to perception of frequencies and magnitudes
by human hearing, MFCC uses a nonlinear representation
of magnitudes, frequency scaling using filter banks.

A deep CNN with two convolutional layers and
two connected layers was trained and tested on the basis
of MFCC with a low frequency for three different sets of
environmental data in the work [10]. The results of the
evaluation after cross-validation training using 10-folds
and 5- folds validation showed accuracy for each data set
of 64.5 %, 73.1 % and 73.7 %.

Cough detection methods

Bales et al. [11] presented a respiratory infection
monitoring tool using CNN to detect cough sounds in
order to diagnose bronchitis, bronchiolitis and pertussis.
The environmental sound classification (ESC) dataset
was used to feed to CNN, which was pre-processed, the
lines were labeled as coughing and non-coughing with
993 samples for each. The raw audio signals from the
dataset were converted into a Mel spectrogram, resulting
in 432x288x3 images, which, in turn, were converted
to grayscale. The CNN structure proposed to reduce its
complexity consisted of 5 layers: a 2x2 max pooling
layer, two convolutional layers, a ReLU activation
function, and a 2x2 max pooling layer, in addition to the
mel spectrogram image as an input and output layer. The
results obtained after dividing the data set by 70-15-15 %
in the quality of training, testing and verification showed
an F1 score of §9.35 %.

The authors in [12] evaluated CNN for detecting
cough sounds, where the sound sounds were segmented,
and STFT was performed to obtain 64x16 spectrograms
for a convolutional neural network, and labeled as
coughing and non-coughing. CNN consists of five
layers, 2 convolutional, 2 fully connected and a Softmax
classification layer. The final data set contained 627
samples of cough sounds, also sampled up to 44.1 kHz
and 16 kHz. Five experiments were conducted to evaluate
the models. Comparative tables showed that the model
was able to detect cough with a high accuracy of 82.5 %.

A diagnostic approach to pneumonia was
proposed in [13] using logistic regression as a machine
learning classifier. Mel Cepstral coefficients and non-
Gaussianity index characteristics were added together
with the extracted wavelet characteristics from the
collected sounds. With the help of a microphone, a data
set was collected from 91 patients suffering even from
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pneumonia, asthma or bronchitis. Sensitivity of 94 %
and specificity of 63 % were achieved using wavelet
functions. However, after combining other features, the
specificity increased to 88 %.

Using CNN, the authors in [14] proposed a cough
detection model to prove the possibility of obtaining high
performance using sounds recorded by mobile phones.
43 volunteers were asked to cough 20 times at two
different distances using 5 different smart phones. The
sampling rate was 44.1 kHz, and the data transfer rate
was 16 bits. The final data set consisted of 6737 samples
labeled as cough and 8854 labeled as control sounds. The
results of the two implemented scenarios were evaluated
and compared with the previous work, which showed
an improvement in accuracy that reached 91.7 % using
the CNN and Mel-spectrogram in the first scenario.
They also recorded an accuracy of 86.7 % in the second
scenario using the same algorithm.

Using Tensorflow, a deep learning library from
Google, Khomsei et al. [15] presented a cough detection
method using a deep learning network. Principal
component analysis was implemented as a feature
extraction method. The data set was collected with the
help of eight volunteers to record cough sounds using
a microphone connected to a raspberry pi, which has a
sampling rate of 44.1 kHz. The final data set contained
a total of 810 sounds, 229 of them are productive
sounds, 74 are unproductive and finally 507 were sounds
unrelated to coughing. The division of the training test
was divided by 70/30 % in such a way that two types of
experiments were used to create the model: the first is to
evaluate the dataset using DLN only, and the second is
using PCA with DLN.

Cough detection using the ESC 50 dataset

A machine learning approach using ESC-50
dataset was proposed in [16]. MFCC was first used as an
object extraction method to extract 5000x36 objects, then
PCA was applied to reduce the dimension to 1D vector
107. Random frog, UVE algorithm and VIP algorithm
were used to reduce complexity and select informative
features. After applying the feature selection methods,

E5C-50

Feature

Extraction

the SVM linear classifier was applied to classify sounds
into coughing and non-coughing sounds. UVE with 20
functions showed the best performance results with an
F1 score of 95 %.

ESC 50 in addition to two other datasets
FSDKaggle2018 and Coughvid were evaluated in [17] in
order to eliminate symptoms associated with breathing.
CoughNet, the proposed model, takes input data in the
form of a Mel-spectrogram and imports it into CNN. The
model is applied to a CNN-LSTM processor that accepts
records as input. The prototype is developed using
Verilog HDL on the Xilinx Kintex-7 160t FPGA, which
has a lower power consumption.

To classify the COVID-19 cough, Bansal et
al. [18] implemented a cough classifier using CNN as
a machine learning model. Audioset and ESC-50 were
the two selected datasets to train their model, which are
labeled COVID and non-COVID in addition to MFCC
and spectrogram as feature extraction methods for the
proposed model. The dataset contained 871 YouTube
videos and 40 audio files, which were reduced to 501
audio files separated for training and testing. The CNN
architecture consists of three convolutional layers and
three fully connected layers. The overall accuracy of the
resulting model was 70 %.

The proposed cough detection system based
on CNN

The proposed system is designed to classify
and detect cough sounds. After selecting a sound
classification dataset, there are four main steps. The
first step is to extract features from audio files, such
as MFCCs, chromagram, Mel-spectrogram, spectral
contrast and tonal centroid features. The second stage
is the labeling stage, so we classify the sound samples
into coughing and non-coughing, then we enter the input
data into CNN. Then we proceed to the training stage and
record the results until we reach the optimal parameters
in accordance with the best indicators (change in the
number of epochs, learning rate, etc.). At the final stage,
after creating the model, several tests were applied to the
recorded sounds from the volunteers (Figure 1).

Generating
Model

Testing &
Evaluation

Figure 1. Stages of the proposed system

The ESC dataset [19] is a set of 2,000 sound
files representing 50 types of environmental sounds.
ESC-50 was published in 2015 and has been used in
many publications and systems. ESC-50 was used for

research and downloaded from Kaggle’s website for
data scientists, which contains over 50,000 datasets
in addition to over 400,000 publicly available
notebooks.
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Software environment for implementation

More than 60 % of developers use Python because
of its simplicity and a wide range of useful libraries, such
as Pandas, Sci-Kit learn, Matplotlib, Seaborn and others.
Tensorflow [20], an open source ML platform developed
by Google for deep machine learning. Google Colab,
designed for Python programmers. Colab specializes
in data science and ML, users can import datasets from
Kaggle. For our project, the following Python libraries
and modules were used, which are related to deep
machine learning and data science.

1. NumPy is a library used for structuring arrays,
manipulating shapes, sorting. Several functions from
NumPy were used, such as the “absolute” function,
which was used with the Librosa library to extract short-
term fourier transform (STFT) features from audio files.

2. Librosa is an indispensable library used for
audio, speech and music analysis. Using Librosa, six
methods of feature extraction were applied, starting with
STFT, then MFCC and Mel-spectrogram, the remaining
three methods were spectral contrast, chroma and tonnetz.

3. Matplotlib: for plotting and visualizing arrays,
data and statistics. We used it to construct the matrix of
the system and related graphs.

4. Hickle is used to save functions extracted from
audio files in HDFS type format.

5. Sci-Kit Learn: used to implement machine
learning  algorithms, including supervised and
unsupervised. SK-learn was used to obtain model results
and metrics like accuracy and recall.

6. Keras: to implement a deep learning model.
The training, testing and evaluation of our system is
based on Keras and its built-in functions.

Feature extraction

Since our dataset is audio data, we used the
Librosa library to extract functions, characteristics
(STFT, MFCC, Mel-spectrogram, chromati, spectral
contrast and tonnetz) and analyze them. 193 features as
total were extracted using Librosa from all the above
mentioned methods and resulted in a data-frame that
contained 1977 rows and 193 columns from all the input
data The train function accepts the following parameters:
objects, labels, type, number of classes, epochs, and
optimizer.

The neural network adjusts its weights according
to the results obtained after each iteration using various
algorithms known as optimizers, which implies
calculating the difference between the results. The
implemented network uses the stochastic gradient decent
as an optimizer for its simplicity, which calculates the
gradient of the loss function in the network. The initial
learning rate for this system was 0.1 and momentum = 0.9.
The functions are those that were saved using Hickle, as
well as labels. The number of epochs usually needs to
be changed to get the best results, we have increased the
number of epochs from 300 to 500, 750, 1200, 1500.

To predict, some sounds were tested and classified
using the “predict” function in addition to some recorded
cough sounds of volunteers. The prediction method was
implemented using a loop to iterate through several audio
files and output the accuracy of the detected result for the
top three classes that received the highest results. Using
the Librosa and Matplotlib libraries, the extracted objects
were presented as images showing the different forms of
each extraction method.

Several volunteers recorded their voices while
coughing using their smart phones and it was assured to
record their voices in a public environment to introduce
noise to the sounds, in addition to some audio files that
were downloaded online. The results showed an average
accuracy of 85.37 %, precision of 78.8 % and a recall
record of 91.9 %.

Conclusion

1. This thesis introduces the state of art of the
most relevant cough detection systems and discuss
their obtained results. As well, a well-designed cough
detection system was build using the public dataset ESC-
50, that was fed a convolutional neural network. The
layers of the network as well as the training methods
were stated in details.

2. After generating the model, another sound set
was tested in order to evaluate the model. Thus, several
volunteers recorded their voices while coughing using
their smart phones and it was assured to record their
voices in a public environment to introduce noise to
the sounds, in addition to some audio files that were
downloaded online. The results showed an average
accuracy of 85.37 %, precision of 78.8 % and a recall
record of 91.9 %.
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BHUIITHAKOB B.A., CAUA B.X.

METO/IbI 1 CPEJICTBA OBPABOTKH 3BYKOB KAIILISI HA BASE HEHPOHHOU
CETH

YO «benopycckuii cocyoapcmeennulii ynugepcumem un@opmamury u paouod1eKmpoHuKU»
2. Munck, Pecnyonuxa benapyce

Lenvio cmambu s6715€MCs1 AHAIU3 MEMOOUKU U CPEOCME 00PAOOMKU 36VKO8 KAULTSL OISl GbIAGLEHUS Ie2OYHbIX
3ab01e8aHUsl, A MAKICE ONUCAHUE PA3PAOOMAHHOL CUucmembl 05l KIACCUDUKAYUL U OOHAPYICEHUsT 36YKO8 KAULTA
Ha baze 2nyOuUHHOU HelpoHHOU cemu. Paccmompenvl uemvlpe muna MAuUHHO20 00VYEHUS, UCNOIbL308AHUE
ceepmounoul vetponnou cemu (CHC). Ilpusedenvr eunepmapremor CHC. Obcyarcoenvt paznosuoHOCmu MauuHHO20
0byuenus Ha 6aze CHC. Bvinonnen ananuz pabom no memoouxe u cpedcmeam oopabomku 36yKoe Kauiisi Ha oase
CHC ¢ npugedenuem ucnonvb3yemvlx cpedcms u mounocmu pacnosuagauus. O0cysicoenvt demanu MauuHHO20
00yyeHus ¢ UCNoIb308aHueM Habopa OaumHbIX Kiaccuguxayuu 36ykog (environmental sound classification 50 —
ESC-50). /Ina pacnosnosanus kawns COVID-19 npoananrusuposan xknaccuguxamop, ucnonvzys CNN 6 kauecmee
Mmooenu mawunno2o ooyuenus. Ilpeorazaemasn cucmema CHH npeonasnauena ons kiaccupurayuu u 0OHapyscenus
36yko6 kauisi na 6aze ESC-50. [locne evibopa nabopa oannwix Kiaccugurayuu 36yKo8 ONUCAHbL Yembvlpe IMand.:
usgNeueHue NPUHAKO8 U3 ayouopaiiios, mMapkuposku, odyuernue, mecmuposanue. ESC-50, ucnonvzosannwiii s
uccnedosanus, Ovln 3azpyscen ¢ geb-catima Kaggle. /[ns peanuzayuu npoexma 0wy UCHOIb308aHbL OUOTUOMEKU U
mooynu Python, komopbie ceéazanvl ¢ enyboxkum oOyuenuem u Haykou o oanuvix. NumPy, Librosa, Matplotlib, Hickle,
Sci-Kit Learn, Keras. Peanuzosannasi cemv UCnOIb308ald al2OPUmMM CMOXacmuyeckoeo epaduenma. Heckonbko
000p0BOIbYEE 3ANUCATU CE0U 2010CA B0 BPEMSl KAULIL C NOMOWbLIO CEBOUX CMAPME@OHOE, ObLIO 2apaHmupo8ano,
umo oHu OYOym 3anucbléams C60U 2010CA 8 0OUeCMEEHHBIX MECMAX, YmoObl GHECMU WYM 6 36YKU, 8 OONOIHEHUEe
K HEKOMOpbIM ayouo@aiiam, Komopule Obliu 3aepyicenvl OHaalH. Pezynbmamelr noxazanu cpeonioro moyHocmo
85,37 %, mounocmo 78,8 % u pexopd om3zviea 91,9 %.

Knioueevte cnosa: mawunnoe obyuenue, HeUponuvle cemu, 00paboOmKa 36YK08 KAulis, Cucmemd
KAACCUDUKAYUU KAULTISL.
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Copmynuposana mamemamuueckas 3a0ayd MHO202UNOMEIHO20 OOHAPYICEHUS CYOKIUHUYECKO2O0 U
KAUHUYECKU BbIPANCEHHO20 MACMUMA Y MOLOYHbIX KOPO8 NO NOIyYdeMblM 6 pe3yibmame yugdposou obpabomku
MeNnI08bIX U300PANCEHUN BLIMEHU MAKCUMATbHbIM 3HAYEHUAM memMnepamypvl 6biMeHU. YucieHHbiM Memooom
nocnedo8amenbHo2o nepedopa 3HAYeHull onpeoeneHvl ONMUMANbHbIE NOPO208ble 3HAYEHUS MmeMnepamypul,
coomeemcmsyrowue 0Oaueco8CKOMy KpUmepuro MUHUMATbHO20 CpeOHe20 pPUCKA 8 VKA3AHHOU eblule 3aoaue

MHO202UNOME3HO20 06Hapy:)fcesz.

Knrwuesvie cnosa: ouacnocmuka macmuma, kpumepuil baiieca, yugposas obpabomra usobpasiceruil,

mepmoepaghusi.
Beenenue

B OworexHuueckod cucTeMe TPOM3BOJICTBA
MOJIOKa 00JI€3HH BBIMEHH (CKPBITHIN WM KIMHHYESCKHHA
MAacCTHUT) CBSI3aHBI C OOJBIIMMH TIOTEPSAMHU MOJIOKa 3a
CYeT YXYIIIEHHWS KayecTBa IMOJIYy4aeMOro MOJIOKa,
YMEHBIICHNS MOJIOYHOH MPOTyKTHBHOCTH, COKPAIICHHS
CpOKa XO3STUCTBEHHOTO HCIOJB30BaHUs KopoB [1, 2].
B M0104HO-TOBapHBIX X03sicTBaxX PecnyGnikn
Benapych BBIOpaKOBBIBACTCA €KETOMHO TIO TMPHYUHE
mactuta He Menee 17 % xopoB. Y 50% wu Gomee
JAKTHPYIONX  JKUBOTHBIX  BBIABISCTCA  CKPHITAS
tdopma wmactuta [1]. ITlodaTOMYy BaXKHBIM SBISETCA
pa3BUTHE W AaBTOMATH3AIMSl METOJOB JIHATrHOCTHKH
MacTHTa Ha paHHEW, CYOKIMHHYECKOW CTaguH, dYTO
MO3BOJINT ONEPATHBHO PEarHpOBaTh Ha PAa3BHBAIONICECS
3a0oJeBaHMe.

OpHolf W3 HOBBIX TEXHOJIOTWH B HCCIEIOBAHUH
MOJIOYHOH JKeNe3bl KPYIMHOTO POraToro CKOTa SBISIETCS
TETJIOBU/ICHNAE, OCHOBAHHOE HA PETUCTPAIHA BUIUMOTO
n300pakeHnss COOCTBEHHOTO MH(PAKPACHOTO H3ITYICHHS
MOBEPXHOCTH  Tela C  TOMOIIGIO  CIICIHAIBHBIX
npubopoB — Tepmorpados [3]. OcHoBa Tepmorpapuu —
M3MEHEHNE WHTCHCHUBHOCTH HH(PAKPACHOTO H3ITYICHHS
MaTOJIOTMYECKOTO  OdYara: yBEJIMUCHHWE  BCJICICTBHUC
YCWIEHHS  KPOBOCHAOXKEHHS W METaOOIMYecKUX
MIPOLIECCOB WJIM YMEHBIIIEHHE B 00JIACTSIX C TIOHMKEHHBIM
PETHOHAIBHBIM  KPOBOTOKOM. JIOCTOMHCTBOM MeTona
TEIJIOBUJICHNS  SBISIETCS ~ BO3MOXKHOCTH  OBICTPOTO
(IMTENBHOCT, BpPEMEHHM CKaHMpPOBaHUS He Oolee
3,2 cek.) OECKOHTAaKTHOTO TIONYyYCHHS H300paKeHH
30H AHOMAJIbHOM TEMIEpaTypbl MOJIOYHOW >KEJe3bl;
IPU 3TOM OH MOJKET OBITh MCIOJIB30BaH Ha OOJBIIOM
KonmmuecTBe JKMBOTHBIX [3-7]. Temmeparypa BbIMeHH
SIBIISIETCS CIy4aliHOW BEJMUMHOM BCIIENCTBUE MHOYKECTBA
(haKTOPOB: MHANBHIYAIFHBIX OCOOCHHOCTEH KOHKPETHOTO
YKMBOTHOTO, TEMITEPATYPhI OKPY>KArOIIEeH CPEIIbl, BDEMEHH
CYTOK, CTENCHH HAIOJHEHWS BBHIMEHH MOJIOKOM H T.I.

ITosToMy 3amada AMATHOCTHKM MAacTHTa Ha OCHOBE
H3MEPSIEMOT0 MaKCHMAIIbHOTO 3HAYCHUS TEMIIePaTyphl
BBIMCHHU SIBISIETCS 3aaueit CTaTHCTHYECKOTO
oOHapykeHns. B namHolf  pabore mpesaraercs
MaremaThieckas (HOpMyJIUPOBKA 3a1adu OOHApyKEHHs
KaK CyOKITMHUYECKOTO, TAK U KIHHHYCCKU BBIPAKEHHOTO
MAaCcTHTa, a TaKKe YHCICHHBIH METOA pacuera Co-
OTBETCTBYIOIIHMX MOPOTOBBIX 3HAUCHHIT TEMITEPATYPBL.

OcHoBHAA YaCTh

Bcex KOpoB B cTajie ¢ TOUKM 3pEHUs ANATHOCTHKN
3a00JIeBaHNSI MAaCTUTOM CJIEAYET Pa3[elUTh Ha YEThIpPE
ucxonmele rpymnel M, i=1,2,3,4: 310pOBBIE;
COMHHTEINbHBIE, T.C. TPYMIA, MPOMEXYTOUHAs MEXIY
3IOPOBBIMH M CyOKIHMHHYECKOH (opMoil MacTuTa;
cyOkimmHMYeckas (opma 3a00eBaHUSI MACTHTOM H
kmuHAYeckas Qopma 3abomeBaHus MactuToM. [lpm
aHaIN3€ MAaKCHMAJIbHON TeMIEpaTypbl BEIMEHH KOPOBBI
HEOOXOAMMO MPUHSITH CTATHCTHYECKH OOOCHOBaHHOE
perreHre 00 OTHECEHUH FCCIIE Ty MO KOPOBHI K OJTHOM 13
4-x Tpynn KUBOTHBIX 4, , k=1, 2, 3, 4. oTpHIaTebHBIN
TECT, IPHHUMAETCS PEIIEHHE O TOM, YTO KOPOBa 3/I0POBa;
COMHHTEIBHBINA TECT, IPUHUMAETCS PEIICHUE O TOM, YTO
KOpOBa OTHOCHTCSI K COMHMTENIBHOM TpYIIIE; HPUHATO
pemeHne o CyOkIMHHWYECKOH (opme 3abosieBaHUSA
MacTUTOM; TIPUHATO pEIIeHHE O KIMHWYIECKOH (opme
3a00JIeBaHNST MACTUTOM.

WubopmanmoHHbIH CUTHAI Ha BXOJIE
OOHapYXUTEIsI — MAaKCHMalbHOE 3HAYCHHE TEM-
nepaTypsl BBIMEHH KOpOBBI 0, ompenensemoe 1o
pe3ynpTataM  00pabOTKH  TEIJIOBOTO  HM300paskeHUs
BBEIMEHH, — TIPEJICTABIACT COOOW CIyYaiiHyIO BEIUYHHY.
CraTucTH4ecKuil aHaIu3 HKCIIEPUMEHTAIBHBIX JAaHHBIX
TIPU OAHOKPATHBIX M3MEPEHISIX [5-7] MO3BOISAET CAeIaTh
BBIBOJL O HOPMAJIBHOM pAaCHPENEICHUN IUIOTHOCTH
BEPOSITHOCTH MAaKCHMAaJIbHOW TEMIEpAaTypbl BBIMEHH
KOpOBHI p(0) 171t Bcex 4-X TPYIIT KUBOTHBIX:
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7(6*’”:' )2

P (0)=——e T .i=1234, ®

o2n

roei=1,2,3,4 — HoMep rPpyNIIbl )KHBOTHBIX;

m,, G,— 3HAYEHU MATEMATUIECKOTO O)KHUIAHUS U CPEIIHE-
kBajgparugHoro otkinoHeHus (CKO) mng i-it rpynmsl,
MIPUBEJICHHBIC HIDKE B Ta0uIe 1.

Tabnuya 1

CrarucTHYeCcKre XapaKTePUCTHKE HOPMAIILHOTO paclpeeIeHUs] MAaKCUMAaIbHOTO 3HAUYEHHSI TEMIIePATyPbl BBIMCHU
KOPOBEI [5—7]

TTokazarenu H - H, - H, - H, -
3/I0POBBIE KOPOBHI COMHUTEIIHHBIE CYOKITMHUYECKUN KITMHAYE CKUH
) KOpOBBI (+) MacTuT (++) MacTut (+++)
O6Bem BbIOOpKH 30 30 30 30
(ancmo KopoB)
m,, °C 36,2 37,3 38,5 39,6
c,°C 0,650 0,217 0,198 0,209

3ajaya OOHApy)KEHWS] CHUTHaja SBISIETCS Be-
positHOCTHOU. B coorBercTBHEe ¢ moaxonom baiieca [8],
MIOCTaBUM B COOTBETCTBHE Ka)XJOMy M3 BO3MOXKHBIX
coObiTnit H A, HekoTopblii puck C, , XapaKTepH3yroIuii
CTOMMOCTh TOCIIEJCTBUH, KOTOPBIE HACTYMAIOT BCIE] 3a
BO3HMKHOBEHHEM TOW WIIM MHOH cutyarmu. CoObITHs
H A, HA, HA, v H A, COOTBETCTBYIOT CIy4asm,
KOTJa MPUHUMAeTCs NPaBUWIBHOE PEIIeHHE, MOITOMY
MOYKHO H3HAUYalbHO IMOJOXHUTH COOTBETCTBYIOIIHE
PHUCKH PaBHBIMH HYJIIO:

Cn - sz :C33 - C44: 0.

[Tytem BBIOOpa 3HAUCHHUIA PUCKOB JUTST OCTATBHBIX
12 BO3MOXHBIX CHUTyallMii MOXHO 3allaTh, Kakas W3
HHUX sBIIgeTCs 0Oojiee HeEXenaTelnbHOW. B kauecTBe
mpuMepa B TabIuIle 2 IPUBEACH C COOTBETCTBYFOIUMHU
00OCHOBaHHUSMHU OJWH W3 TPAKTHICCKH BO3MOKHBIX
HAOOpOB  UHWCIICHHBIX  3HAYCHUH  PUCKOB LIS
3amaun  OOHApyXKeHHsI MacTHUTa. B olOmem cimydae
COOTBETCTBYIOIINE YNCIOBBIE 3HAYEHUS PUCKOB JOKHBI
ONPEIENATCA C UCIOIb30BAHUEM METOJIOB KCIEPTHBIX
OLICHOK [9] c mpuBIEYEHHEM B KauyecTBE JKCIEPTOB
CIICIUAIIICTOB-300TEXHUKOB.

OntumanbHbIM 110 KpuTepuio baiieca siBisiercs
MpaBWIO TMPHUHATHS  PEIICHUs, OO0cCIeYrBaromnee
MUHUMAaJbHOE 3HaYEHHE CPEeHEro pucka [8]:

E:iiCﬁP(HiAj)—>min. )

i=1 j=1
[IpeoOpa3yem BeIpasKeHHE IS CPSTHETO PUCKA C
Y4eTOM TEOPEMBI O TIPOU3BEACHUH COObITHH [§]:
4 4
C=2 2 C;P(H,)P(4,/H,) 3)

i=1 j=1

BBeast B paccMOTpeHHE ISl YETBIPEX TPYIII
JKMBOTHBIX, COOTBETCTBEHHO, TPU HE W3BECTHbIE
HoKa TOpOroBble 3HaueHus Temmneparypel 0, 0., 0,
CXEMATHYCCKH IIOKa3aHHbIE Ha pHC. 1, YCJIOBHBIC
BEpOSATHOCTH u3 Gopmynbl (3) ompenenuMm jaajee B
CJICJIYIOIIEM BUJIC:

P(4,/H;)= j p;(0)d6,

P(AZ/Hi): J.pi(e)de,

0 @

P(A4/Hi): Tpi(e)de’

rae i =1, 2, 3, 4 — HOMepa COOTBETCTBYIOUINX TMIIOTE3;
D, — IUNIOTHOCTh  BEPOATHOCTH MAaKCHUMaJlbHOH TemIle-
paTtypbl BBIMEHHM IIPU BBINOJHEHMH TIUNOTE3bl [,
paccunTbiBaemasi 1o popmyie (1).

3HaueHus1 anpMOPHBIX BeposTHOCTEH P(H),
P(H,), P(H,), P(H,) B oblieM ciy4ae TakKe JOJIKHBI
OIIPEAECIATCS. C MCIOJIb30BAaHUEM METOIOB DKCIEPTHBIX
ouneHok. Tak, Hampumep, 1o JaHHBIM pabdoT [10, 11]
pa3oBble AUAarHOCTHYEeCKHe uccaenoBanus 19864 xopos
B 30 xossiictBax PecnyOnuku benapychk noka3zanu, 4to
BOCITJIUTEJIbHBIE IIPOLIECCHI B BHIMEHH 00HAPYKUBAIOTCS
B cpenHeM B 12 % ciiydaeB (3a00JieBaeMOCTh KOPOB
MactuTamu Kosebanace ot 6,8 % mo 21,3 %). Ilpu
9TOM  CYOKJIMHUYECKMH  MacTUT Cpeld  JIpyrux
¢opM BoOcHalleHUs] BBHIMEHH COCTABISIET B CPEIHEM
62,5%, B TO BpeMs KaK KIMHUYECKH BBIPAKEHHBIH
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peructpupyercs ot 1,6 % (remopparuueckuit) 1o 21,1 %
(xaTapanpubiii) [12]. Mcxons U3 3THX AaHHBIX, C YIETOM
OTpaHUYCHUSI:

iP(H,):l,

(6)

TIOTY4IUM CIIeIyIOIIHE 3HAYEHUS
BEPOSITHOCTEM:

P(H,)=0.12-0.625=0.075,
P(H,)=0.12-0.211=0.0253,

P(H,)=P(H,)= (1 -P(Hgl—p(m)) @ —0.0752—0.0253)

ANPHOPHBIX

(7)
~0.45.

Tabnuya 2

HpI/IMepHLIe TIPAKTUIECCKNE 3HAYCHUA PUCKOB, COOTBETCTBYIOIIINE BO3SMOXXHBIM CUTYallUsM B 3a1a4€

UACHTU(DUKAIINNA MaCTUTA

Cobrrrie Puck [Ipumeuanue
H A, C,=0 | 3nopoBas KOpoBa OTHECEHA K COMHHUTEIBHBIM
A C =1 310poBast KOPOBa OTHECEHA K CyOKIMHIYECKUM: YIIepO — JIHIIHNE 3aTpaThl TPy/a Ha
173 13 mab0paTOPHYIO TUATHOCTUKY
H A c -0 310poBasi KOPOBa OTHECEHA K CyOKIMHMYECKUM: YIepO — JIMIIHUE 3aTpaThl Tpya Ha
174 14 71a00paTOPHYIO TNarHOCTHKY
H A C =2 CoMHHTENbHAsE KOPOBAa OTHECEHA K 37I0POBBIM: YIIEPO — BO3MOXKHBIH MPOITyCK Ha4aIbHOU
2 2 CTaIUHA MAaCTUTA, BO3MOXKHOE YXYALIEHUE Ka4eCTBa IOIYy4aeMOro MOJIOKa
oA C =3 CoMHHTENIbHAs KOPOBa OTHECCHA K CYOKIMHUYECKUM: yIIepOd — JUIITHIE 3aTpaThl Tpya
273 2 Ha JJabopaTOPHYIO TUATHOCTUKY
A C =3 CoMHHTeNbHAst KOPOBA OTHECEHA K KIIMHIMYECKUM: YIIepO — JIHUITHNE 3aTpaThl TPya Ha
274 2% m1a00paTOPHYIO TUATHOCTHKY
A C =10 CyOxJIMHHYecKasi KopoBa OTHECEHA K 3[J0POBBIM: yIIepO — IPOIYCK OOIbHON KOPOBBI,
31 3 CHIKEHME HAJ0s, YXYILICHHE KaueCTBa M0Jy4aeMOro MoJIoKa
H A c =10 CyOKJIMHHYecKasi KopoBa OTHECEHA K COMHHUTENILHBIM: yIIepO — MPOIycK 0oiIbHON
32 32 KOPOBBI, CHIDKCHHE Ha/104, YXyALICHHE KaueCTBa MOIy4aeMOoro MOJIoKa
CyOKJIMHHYecKasi KOpoBa OTHECEHA K KIIMHUYECKUM: MPOITyCcKa OOJbHOW KOPOBBI HET,
H.A, C,,=0 | mamHuX 3aTpaT TpyAa HA JUATHOCTHKY HET, T.K. Ja0OpAaTOpHAs AMATHOCTHKA HYXKHA B
JIIO00M ciiyvae
A C =15 Knnnnueckast KOpoBa OTHECEHA K 3710POBBIM: YIIEpO — MPOITYCK O0JIBHOI KOPOBHI,
4l 4 CHIKEHME HAJ0s, YXYALIEHHE KaueCTBa [10Jy4aeMOro MOJIOKa
oA C =15 Knmnanueckast KOpoBa OTHECEHa K COMHUTEIBHBIM: YIIEpO — MPOITycK OOIBHOI KOPOBHI,
472 a2 CHIKEHHE HAJ0s, YXYILIEHUE KaueCTBa M0Jy4aeMOro MOJIOKa
Knununueckast KopoBa oTHeCEHa K CyOKIMHHUYECKUM: IIPOITyCKa OOIBHON KOPOBBI HET,
H, A, C,,=0 | mMmHuX 3aTpaT Tpy/Aa Ha JMarHOCTHKY HET, T.K. JabopaTopHast IMarHOCTHKA HyXKHa B
JMOO0M ciTyvae

PI/ICyHOK 1. PaCHpeI[CJ'ICHI/Ie IIOTHOCTH BEPOATHOCTH MaKCHUMaJTbHON TEMIIEpAaTypbl BBIMEHU KOPOBBI 1JIsd 4-x TPpYyIII )KUBOTHBIX

4 ' ' ' ' » ' '
2 | pl 3 Ir)d |
1.5+ H] 92 Hj 1
1 1 1
1 1 1
Ir 1 1 1 i
1 1 1
P, 1 1 1
05 L T 1 4
1 1 1
1
0
35 36 37 38 39 40 4,°C

I10 CTEICHH 3a00JICBaHNs MACTUTOM
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Taxum 00pa3oM, MOACTABISIA BIpakeHws (4), (6)
B (opmyny (3), ¢ y4eTOM ONTHMH3AIMOHHOTO KPHUTEPUS

HUYECKOTO M KIMHWYECKH BBIPAKEHHOTO MAacTHTa
Yy MOJIOUHBIX KOPOB IO TOJy4YacMbIM B pe3yibTaTe

(2) TmoNyYMM ONTUMH3AIMOHHYIO 3ajavy [y MOUCKa Mmo- LU(poBoil  00pabOTKM  TEIIOBBIX  HM300paKeHUH
pOroBbIX 3HauyeHuii 0, 0,, 0, KBa3HONTUMATBLHON CHCTEMbI ~ BBIMEHH ~ MAaKCMMAJIbHBIM ~ 3HAYEHHAM  TEMIEPATypbl
00HapyKeHUS MacTHTA. PeImB TaHHYTO 3a/1a94y YUCIICHHO B BBIMCHU. IMpennoxen npuMep 9KCIIEPTHOTO
cpene Matlab, oyduM CIICIYFOIINE TIOPOTOBBIC 3HAYCHHS:  3AJaHHs 3HAQYEHWH PHUCKOB. UHMCICHHBIM METOIOM
MOCIIEIOBATEIFHOTO  Ilepedopa  3HAUEHWH  ompe-
0,=36,8°C; 0,=38,0 °C; 6, =39,0 °C;
JIEJIEHBI ONTHMAJIbHBIE IIOPOI'OBBIE 3HAYEHUs
TEMIIEPaTypbl,  COOTBETCTBYIOIINME  OalleCOBCKOMY
3akmouenne KPUTEPUIO ~ MHHHMMANFHOTO  CpEIHEro  pHCKa
B paGore cdopmynupoBaHa MaTemMaTHyeckas B yKa3aHHOM 3ajau€ MHOIOTUIIOTE3HOrO OOHapy-
3aJa4ya MHOTOTHMIIOTE3HOTO OOHApyKeHHsl CYOKIIM-  JKEHUS.
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STATISTICAL BAYESIAN ALGORITHM FOR PROCESSING THERMOGRAPHIC
IMAGES OF THE COW UDDER FOR DIAGNOSING MASTITIS

!Belarusian State Agrarian Technical University
’Radio Engineering Center of the National Academy of Sciences of Belarus
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The article presents results of our experiments carried out to study the invariance of the digital description
of the imageThere in the paper is formulated a mathematical problem of multi-hypothetical detection of subclinical
and clinical mastitis in dairy cows by the maximum values of udder temperature measured by digital processing
of the udder thermal images. The optimal temperature threshold values corresponding to the Bayesian criterion
of the minimum average risk in the above multi-hypothesis detection problem are determined by numerical modelling.

Keywords: diagnosis of mastitis, Bayes criterion, digital image processing, thermography.
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UTEPAHIMOHHASA PEKOHCTPYKIUA MEJUIIUHCKHUX ®PAHTOMOB HA
BBIYUC/IUTEJIBHOM KJIACTEPE EAGLE
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2Benopycckuil HayuoHAIbHbLI MEXHUYECKUL YHUBCPCUMem
STHY «®@usuxo-Texnuueckuit Hnemumym HAH Benapycu»

2. Munck, Pecnyonuxa Benapyco

B nacmosiyee epems o00moti u3 maubonee 6adiCHvIX 3a0ay AGNAeMCs  pa3zpabomka U  adanmayus
UMEPAYUOHHBIX MEMOO08 OISl PeUeHUs. C8ePXOOTbUIUX PASPEHCEHHBIX CUCTIEM aN2eOpAUYecKux YpaeHeHuil.
K maxum gvruucaumensHuim 3a0aam npusoounm 3a0aia umepayuoHHoU napaiienbHOl peKOHCMPYKYUY MpexmepHbIX
u300passceHuti NPOMbIUAEHHLIX 00bEeKMOo8. Badcuvim aisemca mo, umo umepayuonuvlie Memoobl peuleHus
BLIYUCTUMENLHBIX 3A0ay OOTLWION PASMEPHOCIU Peanu3ylomcs Ha NapaiielbHblX CIMpPYKmypax HamHoz2o Oonee

appexmueno, uem npsamovle Memoovl Ux peuteHus.

Knioueewie cnosa: umepayuonnsie memoobvl, peKOHCMPYKYUs U300padiceHull, momozpausl, cynepkomMnslomep,

cucmema MPI.

BBenenue

Pa3Bute  cOBpeMEHHOH  BBIUYMCIMTEILHOM
TEXHUKH OOECHEUMIIO MOSIBJICHHE Ha PBIHKE OOJBIIOTO
YHciaa Pa3IMYHBIX CYNEPKOMIIBIOTEPOB C  OOJBIION
BBIYMCIINTENLHOM ~ MoOmIHOCThI0.  OHHM  yCIIEIIHO
NPUMEHSIOTCS Al pElIeHust  pa3HOOOpa3HBIX
BBIYHMCIINTENBHBIX 33/1a4 B HAYKE U MPOMBIIIICHHOCTH.
OOmmpHBIA ~ 0030p  Pa3NUYHBIX  ITapauIeIbHBIX
ITOPUTMOB MOYKHO HaWTH B M3BECTHBIX pabdorax
B.H. ®aagneesoit u  J.K. ®agmeeBa [1-3], B.B.
BoeBoguna [4-6.] Ha cerognsmnuii neHb Hamboliee
pacnpocTpaHEHHBIMH SIBIISTFOTCS CHCTEMBI
MapajulelbHOTO  MPOTPaMMMpPOBAHMS  HAa  OCHOBE
untepdeiica MPI (Message Passing Interface). Unes
MPI [7] mpocta m odeBumHa. OHa mpeamoiaraet
MPE/ICTAaBIICHNE MapaUleIbHOH TPOTpaMMBbl B BUE
MHO)KECTBA MapauIeIbHO HCIOJIHSAIOMINXCS TIPOIECCOB.
Opnuoii w3 Hawbolee BaXHBIX 3a7ad  SABIIAETCS
pa3paboTka W ajanTanys MWTEPAlMOHHBIX METOJIOB
JUIL PELICHUs] CBEPXOOJNIBIINX Ppa3peKEHHBIX CHCTEM
anreOpanyeckuX YpaBHEHUH, K KOTOPBIM W IPHUBOIUT
TpexMepHast ToMorpaduyeckas 3a1ada. BakHbIM mpH
9TOM SIBJISIETCA TO, YTO NTEPALIMOHHBIE METOIBI PEIICHHS
BBIYMCINTENBHBIX 33724 OOJBIION  Pa3sMEpHOCTH
peann3yroTcsi Ha TNapaie]bHBIX CTPYKTYpax HaMHOTO
6onee 3¢pekTUBHO, YeM TPSIMBIE METOMBI MX PEIICHHS.
BosbImMHCTBO aNrOpUTMOB, OCHOBAHHBIX HA MHPSMBIX
METoJax  pemieHus,  OOJIaJal0T  CYNIECTBEHHOU
HACJIEICTBEHHOM IOCJENI0BaTEIbHON CTPYKTYpOil U
TpeOyIOT 3HAUNTEILHOTO YHCIIa B3ANMOACHCTBUI MEXK Ty
MPOLIECCOPaMHt, KOTOPBIE HE MOTYT OBITh BBIIIOJIHEHBI B
MapauIeIbHOM PEKIME.

HrepanuonHble ke METOAbl B OOJIBIIMHCTBE
CcBOEM TpeOylOT 3HAYMTEIBHO MEHBIIETO YHCIA
B3aUMOJICHCTBUN TOJOOHOTO THIIA W CPABHUTEIHHO
JIeTKO oToOpakaroTcs Ha napajuiebHbIe
BBIUMCIINTENBHBIE CTPYKTYypbl. He MeHee BaxHO n

TO, 4YTO B OOIBIINHCTBE CJIy4acB IapajjiCJIbHbIC

peanu3anuu KJIACCHYECKUX UTEPAMTOHHBIX
METOJIOB SIBJISIIOTCS Oosiee 3((HEKTUBHBIMH B OTHO-
LIEHUH  CKOpPOCTH  cxogumoctu. IlapamnensHoe

BBITIOJIHCHUE AaJITOPUTMA 3aKIIOYACTCS B TOM, YTO
BBIYHMCIUTCIBHBIA TIPOIECC PACIPEICISICTCS MEKIY
HECKOJBKHMH TIpOI[eCCOpaMu. Peanm3aiusi Takoro
poia mapajieIbHBIX AJITOPUTMOB MOXET  OBITh
3G (GEKTUBHO OCYIICCTBICHA C  HUCIOJb30BAHHEM
crannapta MPI. V3BecTHBl cieayrolue OCHOBHBIE
(dbopMBI Mmapayienu3Ma B aifOPUTMAX KOMIBIOTEPHOM
TOMOTpa(Uu: BOKCEIbHBIH, MPOCKIIMOHHBIN U JTY4CBO.

CTpyKTYypa M BBIYHCJIHTEIbHbIE pecypchl
kjaacrepa EAGLE

Wucturyt npuknagaoit mukn HAH bemapycu
MPUHSUT yyacTue B eBporneiickoM npoekre EaPConnect.
EaPConnect sBnsercs punancupyeMbiM EC mpoexToM.
B pamkax mpoekTa MpeaycMOTpEeHa YCTaHOBKA W
yIpaBlieHAE IIMPOKOTIOIOCHOH HWHTEPHET-CEThIO
BBICOKOI MPON3BOIUTEINBHOCTH, TPEIOCTABICHHE YCIYT,
W TIpe/uIaraeTcsi BO3MOXHOCTh U HCCIIEIOBaHUS H

B paMmkax 00pa3oBaTeNbHBIX COOOIIECTB  depes
Bocrounoe maptaepctBo (EaP). EaPConnect — 49acTh
WHUIMATUBBl  EBporefickoro  cotoza  EU4Digital.

B paMkax »TOro mpoekTa Haml WHCTUTYT IOYYI
JOCTYIl K pecypcaM BBIYHCIUTEIBHOTO KiacTepa
EAGLE, pactionoxenHoro B ropoje [Tosnans (ITombmra).
XapaKTepUCTUKHU BRIYUCIUTEIEHOTO KIacTepa:

JOCTYTI IO WHTEepHETY: eagle.man.poznan.pl. OH
nmeet 1032 y3ma (mponeccops Intel Xeon E5-2697 2 ¢
14 ssopamu) Bcero 28 896 sinep; 64, 128 nwm 256 I'b O3Y
Ha y3en. BeuucnurensHas mouHocts 1,4 PFLOPS.
Mexonounoe coequaenne Infiniband FRD Ethernet-
coemqmHaeHue | ['6ut/c; cuctema ouepeneit: Slurm. Bussr
ouepezeil: ctaHmapTHas, OblcTpas W apyrue. BHenrHwmid
BHJI KJIACTEpa MMOKa3aH Ha pUCYHKE 1.
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Pucynox 1. Buemnuii Bua BeraucautensHoro kiacrepa EAGLE

B pamkax npoexrta EaPConnect Hall UHCTUTYT
BHIIONTHST  3afanue: “development of a parallel
algorithm ILST for the iterative reconstruction of
3D image based on the MPI system”. JlJi1 pOBepKH
3(hheKkTHBHOCTH pa3pabOTaHHBIX aNTOPUTMOB  OBLIH
WCIIONIb30BAaHbl PEHTICHOBCKUE JaHHBIC, MOJTyYCHHBIC
panee oT ®denepasbHOrO MHCTUTYTA 10 WCCIIEIOBAHHIO
W UCHBITAaHWUIO MaTepuanoB (Bundesanstalt  fiir
Materialforschung und -priifung) bepnua. Hamu Obuti
MOJyYeHbl JBa Habopa pPEHTTCHOBCKUX ITPOCKIHH:

1) mns romoBel 4YenoBeka (paHTOM «Rozi» W 2) Iis
CHCNHANTBHOT0 mapoodpasHoro (¢dantomMa «Kugel».
Bcero 0bu10 momydeno mo 360 mpoeKuil s KaxIoro
(danTOMa, CHATBIX depe3 YIJIOBOM WHTEpBAI OJWH
rpagyc. Huxe Ha pucyHke 2 mokazaHbl 3 NpPOEKLIUHU
(danToma «Rozi» mis yrinos 0 rpagycos, 90 TpamycoB u
180 rpamycos.

Ha pucynke 3 moxa3zansl 3 mpoekiuu (aHTOMa
«Kugel» mns yrmoB 0 rpamycos, 90 rpamycoB u 180
IpajycoB.

Pucynok 2. IIpoekiu ¢antoma «Rozi» mist yriaos 0 rpagycos, 90 rpaxycos u 180 rpamgycos

Pucynok 3. Ilpoexuun anroma «Kugel» mis yrnos 0 rpagycos, 90 rpagycos u 180 rpamycos
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HNrepanuonnasi peKOHCTPYKUMS U300paKeHU i
MeIMUMHCKUX (paHTOMOB MeToaoM ILST

Pexoncrpykims ~ danTomMma  «Rozi»  ObDIa
OCYIIECTBIICHAIIO | 6-ONTHBIM PEHTTCHOBCKUM ITPOEKIIMSIM
¢ paspemienueM 1024x1024 nukcens. Pazmep nukcenst
o1 paBeH 0.4 Mm. Pa3mep peKOHCTPYHMpPOBAHHOTO
TpEeXMepHOro m3o00pakeHus cocraBui 1024x1024x1024
KyOmuecknx Bokceneil ¢ peopom 0.4 mm. Bcero 6buio
caenano 10 wurepammii. Huxe Ha pucyske 4. mnoxasan
MEepPCIICKTUBHBII BUJT aHTOMA «ROZI».

Jist Toro, 4ToOBI MONYYHTH MPEJCTaBICHHE O
BHYTPEHHEH CTpyKType 3Toro (haHroMa Ha PHCYHKE 5
MOKa3aHbl I[IEHTpallbHbIE CceueHusi GdaHToMa «Rozi»
KoopauHaTHbIMU T10cKoCTsIMU X0V, YOZ u XOZ.

Pucynok 4. [lepcriekTHBHBI BUI (haHTOMA «ROZi»

Pucynok 5. LlenTpanbubie ceueHus haHTOMA «R0ozi» KoopauHATHBIMU iockocTsMu XOVY, YOZ u XOZ

Pexonctpykumst  ¢antoma  «Kugel»  Obina
ocymiecTBIieHa 10 16-OMTHBIM  PEHTTCHOBCKHM
OpoeKkIusiM ¢ paspemieHueM  512x512  muxceneil.
Pasmep mnukcenss Obm paBen 0.8 mm. Pasmep pe-
KOHCTPYHPOBAHHOTO  TPEXMEPHOTO  H300pakeHMs
coctaBua 290x290x290 kyOmUecKMX BOKCeIeH ¢ peod-
pom 0.8 mm. Beero 6buto cienano 30 urepanmii. Hrke
Ha pUCYHKe 6. TIOKa3aH MepCleKTHBHBIN BUJ (aHTOMA
«Kugel».

Ha pucynke 7 mokaszaHbl IIGHTPaJIbHBIC CCUCHHMS

danToma «Kugel» KOOPIWUHATHBIMH  TUIOCKOCTSIMH
X0V, YOZ wu XOZ, xoTopsle [alT TMOJHOE
MpPE/ICTABICHHE O BHYTPEHHEW CTPYKType 3TOro

(hanTOMA.

Ha pucyHkax BHJHA TaKk)e MOJCTaBKa, HA KOTO-
poit Obu1 ycraHoBieH (aHTOM «Kugel» mIs TpoBe-
JICHUSI PEHTT€HOBCKON ChEMKH.

Pucynoxk 6. [lepciexktuBHbIN Bua pantoma «Kugel»

Pucynox 7. Llentpanbhble cedenus pantoma «Kugel» koopauHatHbIMU mtockoctaMu X0V, YOZ u XOZ
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3akiouenne napajuieIbHOM PEeKOHCTPYKIUH Ha HOPSAOK Oonblie,

4eM y IIOCJIeOBaTENIbHBIX anroputmos. I[lokxaszaHo,

[TpoBeneHHBIE PEKOHCTPYKIUU TPEXMEPHBIX UTO pa3paboTaHHOE IpOrpaMMHOE obecreyeHue

M300paXeHU MEINIUHCKUX (AHTOMOB «ROzi» W  MOXET YCHEIIHO NMPUMEHSTHCS M JUISl MEIULIUHCKUX

«Kugel»moka3ann xopoiee KaueCTBO PEKOHCTPYKIIUH, — IIeJiel, Tak KaK I03BOJISIET YCIELUIHO BBISBUTH

OBICTPYIO CXOIMMOCTH HTEpalUil Kak aius Oojiee aHATOMHUYECKYI0 CTPYKTYpYy  BaXXHBIX  OpPraHOB

Mmanoro pasmepa Bokcens 0.4 MM, Tak u Uit Oojiee IMAlMEHTOB M cleiaTh HEOOXOJUMbIE MEIMIIMHCKHUE
KpymnHOTo pa3zmepa Bokcensa 0.8 MM. beicTponelicTBue  3akiioueHUsI.
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Now one of the most important tasks is development and adaptation of iterative methods for the solution of
the superbig rarefied systems of the algebraic equations. The problem of iterative parallel reconstruction of three-di-
mensional images of industrial facilities leads to such computing tasks. The fact that iterative methods of the solution
of computing problems of big dimension are implemented on parallel structures much more effectively, than direct
methods of their decision is important.
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OU3NYECKHU HEKJIOHUPYEMASI ®YHKIUS THIIA ABUTP C HEJIMHEMHBIMHA
MMAPAMM IYTEHN

benopycckuii cocyoapcmeennblil ynusepcumem uH@GOpMamury u paouodiekmpoHuKi,
Mumnck, Pecnybnuka Benapyce

Dusuuecku nexknonupyemvie Qynxyuu (OHD) sensiiomes 6a306blmu s1emeHmamu pusuueckoll kpunmoepagpuu,
NO3BONAIOWUE PeUamb MAKUe 3a0a4u Kax, HeKI1oHUpyemas uoeHmuguxayus, aymenmupurayus u 00Ka3amenbCcmeo
A8MOPCmMEa Ha YUPPoBble yCMPOCMEd, 2eHEPUPOSAHIE CLYHAUHBIX NOCLedosamenbHocmett um.n. OmauyumensHbIMu
ocobennocmamu OHD 561510mcest ux Cayvatinocns, HERPeoCKa3yemMoCmp U HeGOCHPOU3E00UMOCHTb, 0OYCO0GIEHHbLE
HEKOHMPOIUPYEMbIMY, CAYYAUHLIMU APUAYUSIMU UCXOOHBIX MAMEPUAIo8 U MEXHOI02UYEeCKUX NpOYeccos npu
ux uzeomoenenuu. Ilo ceoeii cymu @®HD npedcmasnsiiom coboii yudposvie cxemvl, NO3GONAIOUUE U3BLEKAND
no0oOHbIE sapuayuy u npeodpPasoevieams UxX 6 06OUYHYIO Gopmy 0isi OalbHelwe20 ucnoiv3osanus. Cpedu ece2o
mHo2o00pazusi ®HD evroensiiom OH® muna apoump (AOQH®D), komopas npedcmasisiem coboul yupposyro cxemy,
KOMOpas, npuHumaem Ha 6x00bl 080uuHoe 3uaueHue N-pazpsonoeo 3anpoca u evipabamwviéaenm O0OHOOUMHBIU
omeem. Dyuxyuonuposanue cxemvl APHD ocrnosano na cpasHeHuu 6pemenu npoxXoNicOeHst O8YX KONULL Mmecmogo2o
CUSHANA NO nape KOHGUISypupyemvix nymel, 6blOPAHHOU 3HAUEHUEM 3anpoca u3z MHodcecmsea 2N 6cex 803MOICHBIX
nap. Pe3ynomam cpasnenus u onpeoensem osouunoe sHauenue omeema APHD. Mnoocecmso écex nap 3anpoc-
omeem SGNAeMCs CAYYAUHbIM, HEeNnpeOCKA3VeMbIM U HEeBOCHPOU3B0OUMbIM 6 CIyude pednu3ayuu KONuil cxembvl
DH®D xax Ha 00HOM, Max u HA OpPyeUx KpUCMALIAX, 8 MOM YUCILEe C UCNONb308AHUEM PA3TUYHbIX mexHonoull. B
O0aHHOU cmamve npediazaemcs Hogblli n00xo0 K cunmesy cxem APDH®D, ocHo8anHbIll HA NPUMEHEHUU INeMEHMO8
nepecmaH08OUHbIX Cemell U NO360ISIOUUIL POPMUPOBANTL HETUHElHbLE KOHU2Ypayu nap nymeil, 4mo nOmeHyuaibHoO
yenooicusiem nocmpoetue mooenu ADH® ¢ yenvio ocywecmenenus amaxu na ee peanuzayuu. Ilpugoosmes nosvie
cxemomexnuyeckue peuienusi 0 nocmpoenuss AOH®D u pesyiomamol IKCHEPUMEHMATbHBIX UCCLEO08AHULL UX

OCHOBHBIX XApakxmepucmux, noayyeHuvix npu pearuzayuu na FPGA cepuu Zyng-7000.
Knrouegwie cnoesa: ¢usuuecku neknonupyemas yHKyus, apoump, nepecmanosoyHble cemu.

BBenenue

®dusuueckn HeknoHupyembie (yHkun (OHD)
HPEICTaBISIOT cO00il peann30BaHHbIE LU(POBBIE CXe-
MBI, IPUHUMAIOIINE HA CBOM BXObI 3HAYCHHUE 3aIpo-
ca CH (Challenge) w BbIpabaThIBalOIIMC 3HAUCHHE
otBeta R (Response) B KadecTBE peaKIMW Ha ITOJAH-
HbIi 3anpoc [1]. @opmanbHO noBeaeHue cxembl GHO
MOXHO OINHUCATh KAK OTOOpPakKEHWsT MHOXKECTBA 3aIpo-
COB Ha MHO¥kecTBO oTBeTOB: PUF: CH—R, npu 3T0M
v = PUF(x) (veR, xeCH), tne dynkuust PUF He u3BecTHa
W HE OTIpEe/IeIICHA 10 MOMEHTA U3TOTOBIICHNUS K3EMIUTSPa
cxembl. [Ipy TONBITKE U3rOTOBUTH MJICHTHUHYIO KOIIHIO
cxembl ®H®, B TOM uncie ¢ NPUMEHEHUEM UHBIX TEXHO-
JIOTUH, MPOMCXOANT U3MEHEHHNE MHOXKECTBA R TIPH HC-
MOJIb30BAHUU OJTHOTO U TOTO ke MHOXecTBa CH. Jlpyru-
MU CJIOBaMHU MJICHTUYHAs KOMHs OyleT NMETh (QYHKIIHIO
PUF’ # PUF, uto onpefenseT CBONCTBO YHUKATbHOCTH
(mexmonupyemocti). Ilpn M3roTOBICHUH CXeM (QHU3U-
YeCKM HEBO3MOXKHO CO37aTh JIBE€ UACHTUYHBIE KOIUH,
MMEIOIINE OJIMHAKOBBIE MapaMeTpbl U XapaKTePHUCTHKH,
Bapualyy KOTOPBIX CIY4YalHbI U HEKOHTPOJINPYEMBI.
K Takum mapameTrpaM MOXHO OTHECTH HEOJHOPOAHOE
pacrmpesieneHue npuMeceil B MpUMEHSeMbIX IpU HU3ro-
TOBJIEHHH CXEM MAaTepUaoB, TEOMETPUUYECKHUE pa3Mephl
UCIIOJIb3YyEMBIX JIEMEHTOB M CHTHAIBHBIX JIMHUH U T.II.
[lepeuncieHHble MapaMeTpbl HETOCPEACTBEHHO BIUSIOT
Ha OCHOBHBIE XapAKTEPUCTUKHU CTPYKTYPHBIX SJIIEMEHTOB

IU(PPOBBIX YCTPOUCTB, TAKUE KaK BPEMEHHBIC 33ICPIKKH
pactpocTpaHeHHs CUTHAJIOB. V3BICUeHIE YHUKAIBHBIX
(u3MYecKuX mapaMeTpoB U TpaHchopMaIus ux B IH)-
POBOE TIPEACTABICHUE M €CTh OCHOBHAS 3a/ada MPOCK-
tupoBanust cxem ®H®. Hambonee ynmaunoil cxemot,
MTO3BOJISIONICH OLCHUBATH PA3NIUYMs 3aCPIKEK PacIpo-
CTpaHCHHUSI CUTHAJIOB Yepe3 CHMMETPUYHBIC MyTH IH(]-
POBBIX ycTpoiicTB, sBisiercst cxema GHD trna apourp
(A®HD) [1, 2].

ITomumo ynukanbnocty k OHO npenbss-
IO psii IPYTHX TPeOOBaHWMA, CPeld KOTOPBIX MOXKHO
BBIJICIUTh HEIMPEICKa3yeMOCTh, CIyYalHOCTh W CTa-
omnpHOCTH. [loJ HempeacKa3yeMOCThI0 MOXHO ITOHH-
MaTh HE BO3MOJKHOCTBH IPEICKa3aTh, CMOJCIUPOBATH
00 HWHBIM CHOCOOOM OIICHUTH 3HAa4YCHUE (YHKIUH
v’ =PUF(x’), npu n3BecTHOM 3HaueHun y = PUF(x),
x'# x. Cpeau MHOTHX XapaKTEPHUCTHK, OLIEHUBAIOLIUX
cirydaitHocts @HO BBIIEHSAIOT equHOOOpasne, ompee-
JISIONIee COOTHOIICHUE YHCa SAWHUYHBIX R1 m HyIe-
BBIX 0TBEeTOB RO Ha MHOXKECTBE YHHKAIBHBIX 3alIPOCOB
CH—R = {R0O, R1}. B uneamsuom ciydae |[RO|=|R1]|.
ITon cradbmwisHOCTEIO DPHD mnorHmmaroT crocoo-
HOCTH CXEMBI K TCHEPHPOBAHUIO OJMHAKOBBIX OT-
BETOB HAa MHOTOKPAaTHO IIOBTOPSEMBIC 3ampOCHI:
CH— R, CH— R™!, ..., CH— R"", rme R' — mHOXe-
CTBO OTBETOB, ITONyYCHHOE B JUCKPETHBIA OTCYET BpE-
MeHU t, W — uucno nosropenuid. Jns naeansnoit ®HO
Rt — Rt+1 = .. =R[+W.
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HccnenoBatenn u pa3pabOTUMKH, OCYIIECTBIIS-
I0IINE MOJEPHU3AINH CYIIECTBYIOIINX U Pa3pabOTKy
HOBBIX cxeM OH®, nelcTBYIOT B CTpeMIIeHHH obecre-
YMBATh BEICOKHE ITOKA3aTENN ONMCAHHBIX BBIIIE CBOWCTB
B 3aBHCHMOCTH OT OOJACTH MPUMEHEHUS M TEXHOJIOTH-
YeCKMX orpaHudeHui. B mamnoi#l pabote paccmaTpuBa-
eTcs pelIeHHe MPOOJIEeMbl YBEIHMUCHUS HENpECcKaszye-
Mocti 0TBeTOB ADH®D myTeM OCTpOCHNS HeTHHEHHBIX
ap CMMMETPHUYHBIX ITyTeH.

Knaccuueckas cxema AOH®

dusndeckn HEKIOHMpyeMas (DyHKLUS THIA ap-
outp (APHD) BriepBrIe ObLTa TpeIokeHa B padote [2].
CrpykrypHO cxema ADH® cocTouT U3 TpeX OCHOBHBIX
OII0KOB: TeHepaTopa TecTOBBIX mMITynscoB (I'TH), 6mo-
ka cumMetpuuHbix myTted (BCII) m apGutpa (APB).
Cxema I'TU, xak mpaBmiio, BEIpaObaTHIBACT OTUHOYHBIH
TECTOBBIN HUMITYIIBC S, JBE KOIUH KOTOPOTo s¢ u s® ofi-
HOBpPEMEHHO mocTynaroT Ha aBa Bxona bCII a u b coot-
BercTBeHHO. [lomumo 3toro, BCIT nmeet N-pa3psaHbIii
Bxon sanpoca CH = [ch, ch,, ch,, ..., ch, 1= [ch, ch, ],
3HaYCHHE KOTOPOTO BHIOMPAET YHUKAIBHYIO KOHQUTY-
pamuio mapel BHYTPEHHUX MyTeH (p,, p,), KOTOPBIE KOM-
MYTHPYIOT [IBa BXOJa @ U b ¢ IByMs BBIXOJAMH X H J:
(a, b)—(p,, p)"—(x, y). B utore Ha BBIXOHaX TOSB-
JIAIOTCS UMITYJbCBI §* U §”, SBJISIOIIUECS KOIHUSIMU HC-
XOOHBIX ¢ U s°. B 3aBHCHMOCTH OT 3HAYCHHS 3alpoca
CH MOXeT MPOUCXOANTH KakK IpsMasi, Tak U oOpaTHas
KOMMYTaIHs BXOJIOB ¢ BbIxoamu. [lof myTem, KOTOpbIi

MIPOXOANUT ONWHOYHBIN MMITYJIbC, Oy/eM MOHUMATh II0-
CIIEZIOBATENIFHOCTh CTPYKTYPHBIX JJIEMEHTOB M COCIH-
HUTENBHBIX JTUHAH, 00ECTICYNBAIOIINX CBSI3b MEKIY HC-
XOJHBIM BXOJIOM M COOTBETCTBYIOMMM Bbrxonom BCII.
His AOH® xpane BayXHO COOIIOAATH CHMMETPHIHOCTD
(CTPYKTYpHYIO HIEHTHIHOCTB) IBYX ITyTeH, IO KOTOPHIM
MIPOXOMAT ABE KOIIMH TECTOBBIX UMITYJIbCOB [ 1, 2].

[Mocnme  mpoxokmeHWs  BBIOPAaHHBIX  MyTeH
(P, p))" TeCTOBBIE UMITYJIBCHI §* M §* TIOSBJIAIOTCA Ha
Beixonax BCII ¢ pa3snuyHBIME 3HAYCHUSMH 33JEpiKeK
3(p,) m 3(p,"), 0OyCIOBIEHHBIMH TEXHOJOTHYECKH-
MH HEKOHTPOJIHPYEMBIMH BapHaIMsIMH BBIOpAHHBIX
CUMMETPHYHBIX IyTei. Cxema apOuTpa OCyIIeCcTBISIET
cpaBHenue 3HadeHuit 8(p, ) m 8(p, ") ¢ BHIpabOTKOM
OunapHoro 3HaueHne orBera RY. OnmHolt u3 Hamboee
ncnoibp3yeMbx cxeM APB sBmseTcs cxema CHHXPOHHO-
ro D-Tpurrepa, Ha BXOJbl CHHXPOHHU3AINH U JAHHBIX KO-
TOPOTO TOJAIOTCS CUTHANHI ¢ BeIxog0B BCII, mpu sTom
CpaBHEHHIO ITOIBEPTAIOTCS NepeHNe (PPOHTHI TECTOBBIX
UMIyJI6CcoB s* U s [1]. B cBoto ouepens cama cxema bCIT
CTPOWTCSI W3 IOCIEIOBATEIBHO IOAKIIOYCHHBIX 0a30-
BBIX OJIOKOB 0, , i€[0,2"-1], obecrieunBarONIKX MPSIMYIO U
MEPEKPECTHYI0 KOMMYTAIIMIO CUTHAJIOB C JIBYX BXOJOB
amwu bl, Ha J1Ba BBIXOMa X, U y,. llpn chi = 0 ocymiecTBIsI-
ercsa mpamas kommyTamms o ((a,, b)—(x,, y,)), ecim
ch,= 1 —nepekpectnas kommyTamms o,' ((a,, b)—(,, x,)).
Ha pucynke | mpuBenena o0masi CTpyKTypa Ki1acchye-
ckoil cxembl AOH® ¢ KOMMYTalMOHHBIM 3JIEMEHTOM
BCII, peann30oBaHHBIM TIPH TIOMOIIH IBYX MYIbTHILICK-
COpOB m, U 1.

I'Tn

a

APB =R APB
a; =
Sy > i
b, | ofer
8 —§-> D E
o 6

Pucynok 1. CrpykrypHas cxema xiaccuueckoii AOH® (a), cxema KOMMyTaIlMOHHOTO 2JeMeHTa (6) 1 cxema apourpa (6)

Paccmorpum npumep crpyktypel AOH® s
N=2. Tlpu srom BCII cocTtouT u3 ABYyX SIIEMEHTOB
o, u o, a sHauenume 3ampoca CH = [ch ch] u
onpeessieT  KOHKPETHYI  KOH(UIypauuio  napsl
nyteit (p,, p,)”" u3 derpipe Bo3MOkHBIX. Tak, mpu
CH,=[00] (3mech W panee Juisl TPOU3BOIBLHOTO
CHM Me[0,2V-1]  sBisseTcss  JECATHYHBIM — HHIEKCOM

3arpoca) KOH(GHUTYpHpYeTCs Cienykomas mapa ITyTeH

e m, 0603HAYACT YACTh IYTH, NPOXOISIETO OT
F-ro  BXOJa MyJIbTHILIEKCOpPA /. JIO €ro BbIXOJA
(r, je{0,1}). Hpn CH,=[11] nmyTtu o TecTOBBIX
UMITYJIbCOB OYAyT BBINISACTH CICAYIOLIUM 00pa3oM

Py p):a)—at=0m', m)—(m /', m ). B odmem

cllyyae 3HauCHHE [-r0 OHTa 3alpoca U OIPEACISIET KOH-
Gburypanuio 4actd myTH, MPOXOSIIIETO Yepe3 IEMEHT
a :(mg , m%) , Tae ch, ecTh WHBEPCHOE 3HaueHHE
ch, €{0,1}. '

B 00onx paccMOTpeHHBIX BapHaHTax Mapbl MyTei
@pp) U (py,p,) SABIAIOTCS CUMMETPHYHBIMH, TaK
KaK TPOXOISAT Yepe3 OJAMHAKOBOE YHCIO CTPYKTYPHBIX
OJIHOTHUITHBIX SJIEMEHTOB M COEIUHUTEIBHBIX MPOBOJI-
HUKOB, HE3HAYUTEIbHbIC YHUKAIBHBIE OTIHYHMS KOTOPBIX
NPUBOJIAT K Pa3IMIHBIM, HENPEICKA3yEeMbIM 3HAYCHUSIM
3(p,) m d(p,), uTo B WTOTE BIMAET HA KOHEUHBIH
pesynbrar R,
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Kak BumHo w3 mpencraBieHHoro (puc. 1)
BCII umeer nuHEHHYIO CTPYKTYpY MOCIEIOBATENILHO
COEJIMHEHHBIX OJIOKOB 0., KOTOPbIE ABJIAIOTCA 6a30BBIMH
OJIoOKaMU TIEPEeCTaHOBOUHBIX CeTell (permutation net-
works) [3]. Jluneitnas npupoxa BCII kmaccuueckoit
cxeMpl AOH® sgBnserca ysa3BHUMOIl K aTakaM, Kak
MMpaBUJIO OCYHWECTBIACMBIM METOJaMU MAIIUHHOIO
oOyueHHs, C [EJbI0 CO3JaHUS TOYHOM MOMENH,
BOCHpOHSBOI[f[H.[eﬁ 3HA4YCHUSA MHOXCCTBA OTBCTOB,
HUIACHTUYHBIM c¢ (usndeckoil peanmsanuu [4]. s
MPEIOTBPAILICHUS TOAOOHBIX JCHCTBHI MpeaiaracTcs
MHOTO IOAXOAO0B, CPECAU KOTOPLIX MOXKHO BBIJCIUTH
METO/Ibl, HAlleJICHHbIE Ha HEJIMHEITHOM ITpeo0pa3oBaHuN
3HAUYEHUH 3ampocoB [5], UTO YCIOXKHSIET MPOBEICHHE
atak Ha AOHO.

B nannOl cTaThe npeu1aracTcs aabTepPHATUBHBIN

mogxon K cuHTesy cxem BCII Ha  ocHOBe
CXCMOTCXHUYCCKHUX DJICMCHTOB NEPECTaHOBOYHBIX
cereil, mO3BOJSIIOIMI  (OpMHpOBATH  HEJIHMHEHHbIC

KOMOWHAIIMK Tap MyTeH Uil MPOXOXKIACHUS TECTOBBIX
HWMITYJIbCOB, 4YTO IOTEHIUAJIbHO MOYKET YCIOXKHUTH
MOCJICIOBATEIILHOCTH BhIPA0aThIBACMBIX OTBETOB.

HoBble 3j1eMeHThI 0JI0KA CUMMETPUYHBIX Iy Teil

BBezem cirenyronye orpaHuueHNs HA TOCTPOCHHUS
HOBBIX 31eMeHToB BCII, KoTOpBIE XapakTepHBI B TOM
YHUCIIE U JJIS1 KIIACCUYECKOM cXeMbl (cM. puc. 1).

1. MUHMMaJIbHOE YHCJIO BXOJOB M BBIXOIOB —
nBa. JlaHHoe orpaHuyYeHne 00YCIIOBJICHO IPUMEHEHNUEM
OJHOI Tmapel KOH(GUIYpHPYEMbIX IyT€ii W OJHOTO
apourpa.

2. I1apa mmyTeii Bo BceX KOH(PHUTYpaLHsIX 3JIEMEHTa
JOJDKHA OBITh CHMMETPHYHOM. DTO O3HA4YaeT, 4To
MIPOM3BOJIHO BBIOPAHHBIE ITyTH JOJDKHBI ITPOXOJUTH
yepe3 OAMHAKOBOE YHCIIO OJHOTHITHBIX JJIEMEHTOB H

— ab...

— ba...
_> e

)

— /i

S
o)
~
W o o= O

2
[ch;: chi]

a o

CH

CUTHAJBHBIX JIMHUA. B NpOTUBHOM cily4yae CuUIIbHad
acUMMETpUsl IyTeH MOXET IPUBOAUTL K 3aBEIOMO
IMOCTOSAHHOMY 3HAYCHUIO OTBETA R.

3.Ha BBIXOgax MNpOU3BOIBHOM Mapel MyTe
JIOJDKHBI HAaOJMI0aThCsI KaK TpsiMasi, TaK M TIepeKpecTHast
KOMMYTalusa BXOJHBIX CUTHAJIOB.

Ilycte  PH*  ecTh  mepecTaHOBOYHAsL — CETh,
obecrieunBarolas BCE BO3MOXHBIE k! KOMMYyTaluu
k BXxomoB ¢ k BeIxomamu. OueBHmHO, uTo P>? = 0,
YAOBJIETBOpAMOIAsA ONHMCAHHBIM BBIIIE Tpe6OBaHI/IHM.
BBemem  HoOTanuio,  TMO3BOJAIONIYI0  ONHCHIBAThH
MOCJIEIOBATENBHYIO JIMHEIHYTO CTPYKTYPY
kiaccudeckoil cxemsl BCIT Ha OCHOBe TaKHMX 1€MEHTOB:
{Poz’z,P]z’z,Pzz’z,...,P,\z,’_zl}={0L0,0L,,0L2,...(x,\,_1};
cokpaiieHHyto Hortaruo: {P>*}¥ = {a}", tme N 310
YHUCIIO MJCHTHYHBIX DJIEMEHTOB, I10CJIEI0BATEIbHO
COEIMHEHHBIX JIPYT C IPYTOM.

[lepBpIM IpeUIaraeéMbIM CTPYKTYPHBIM
snementoM  BCII  Oyzmer  sBIATBCS  DIIEMEHT
mepecTaHoBOYHON cetn P> = ff  oGecmeunBaromimii
MpSIMYyI0 U TEPEeKPECTHYI0O KOMMYTAIHIO JBYX CBOHX
BXOJIOB C TIPOM3BOJIBHOW Mapoil u3 k HMerommxcs
BBIXOMIOB. J[iist k = 2 371eMeHT [3° SKBHBAIICHTCH DJIEMEHTY
o. Jns mpous3BOIBHOTO 3HA4YeHHs] kK HEOOXOIUMO H
JOCTaTOYHO Kk KOH(UTypalui, YHZOBIETBOPSIOMINX
BEIIIICONTMCAHHOMY ycoBHi0. Ha pucynke 2 mpuBeIeHBI
rpaduueckue obo3HaueHus adnementoB fBf, B wu
CTPYKTYpHAasi cXema dJieMeHTa [, mocTpoeHHast Ha JIByX
JJIEMEHTax O.

[lpuBeneHnass cxema SBISIETCS OJHOW U3
BO3MOJKHBIX, KOTOpasi yIOBIIETBOPSET OIUCAHHBIM
TpeOOBaHUSIM U UMEET YEThIPe KOH(PHUTYPALUii, KOTOPbIE
00ecreunBaloT MPSIMYIO U IIEPEKPECTHYI0 KOMMYTAIUIO
BXOJIOB (ai, bl.) C TIPOM3BOJBFHON Mapo# BBIXOJOB W3
YeTHIPEX BOSMOKHBIX (W., X, V., Z,,).

Chl. Cl’l,' 0 01
ooy S g Ch,'+1 010]1]1
| B4 |
i N _i_p W; -=--- >d; b, a; b/
0 ﬂi_'_ r aio ﬁ:_. xl ————— > bi ai bl a]
bTTL ey odbfblala,
i > (X{] —E—»Z, """ >a,asz b,
Ch,'+l

Pucynok 2. I'paduueckoe o6o3nauenue sementa Bf (a), snementa B* (6) u crpykrypHas cxema siementa B*(6)

CXEeMOTEeXHHYECKYI0  peaji3alliio  IepecTa-
HOBOYHOH ceTr P** jyiss MpOM3BOJILHOTO 3HAYEHHsS k
0003HAYMM Kak 3JEeMEHT Y¥, o0Najaroiuii k BXomamu
U k BBIXOJAMH ¥ TIO3BOJISIONIMI OCYNIECTBISTH YUCIIO
BO3MOXHBIX KOMMYyTaruii Onmskoe k k!. Hampumep,
st k=4 osmemeHT Yy MOXKeT OBITH MOCTPOCH Ha

OCHOBe mATH »dieMmeHToB o [3]. Ha pucynke 3
mpejacTaBieHa MOAU(DUIIMPOBAHHAS CXeMa JJIeMEHTa
v, KOTOpast COJEPXKHT JIOMOJHUTEIbHBIA 3JIEMEHT
0, C (GUKCHPOBAaHHBIM 3HAYEHMEM OWTa 3ampoca,
HEOOXOAUMBIIT UII  OOECIIEUEeHHsT TOMOJIOTHYECKON

CUMMETPUHU ITyTEH.
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CH Leh il chis chivs {0
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Pucynok 3. I'paduueckoe 0603HaueHue sementa y* (a), snemenra y* (6) u CTpyKTypHast cxema sjiemenTa y* (g)

B ciydae oTcyTCTBHS 2yeMeHTa o, (POHTHI
TECTOBBIX CHTHAJIOB Ha BBIXOJAX Y, M Z, MOTYT 3aBEJIOMO
ObicTpee (OPMHUPOBATHCS B CPABHEHUHM C CHTHAJIAMH
Ha BBIXOJAX W, U X. Jl1g mpejcTaBieHHOrO dIeMeHTa
cymiecTByer 32 KOH(QUrypaluuu BHyTPEHHHX ITyTeH, 24
U3 KOTOPBIX TPHBOJST K BCEBO3MOXHBIM KOMMYTAIHSIM
Bxonos (a,, b,, ¢, d) c Bexomamu (w,, X,, V., z,,).
Bocemp 3nauennii 3anpoca CH = [ch:ch.,,] npuBoasT
K OJMHAKOBOMY 3HA4YCHHIO Ha BBIXO/IaX CXEMBI,
OJTHAKO C HCIOJIb30BAaHUEM Pa3IMYHBIX KOH(PHIYyparui
BHYTpeHHUX nyTeil. Hanpumep, npu nopaue 3anpocos
CH,, = [10000] u CH, = [00001] Ha BBIXO/mAX CXEMBI
Oyner HaOMIOAATBCA OJHA W Ta JKC KOMOWHAIHS
3HaueHUH BXOAHBIX curHanos (b, a,, c,, d.). Ilpu aTom
IBa MyTH, CBA3BIBAIOIIME BXOJBI ¢, M d, C BHIXOJAMH
M z, OCTaHyTC HEM3MEHHBIMH, a MYyTH, CBA3BIBAIOIIME
BXOIbl ¢, U b, c BBIXOZAMH W, U X, OyJyT pa3HbIMH:
ans CH 510 mapa myTe# g, — oy —> 0 —> 0§ > x; u
CH,

0 0 1 0 0 1
a,—>o,—>a, >o,>x, H b —>oj—>a; >o, >w.

1 0 0
b —>ay—>a,>a,—>w , a Id 3TO NyTH

b4

JlaHHblli TpUMEp I0Ka3blBa€T BO3MOKHOCTb
UCIIONIb30BaHUs JIONOJHUTENLHOTO OuTa 3ampoca ch,
YHPABISIIONIETO DJIEMEHTOM 0, YTO B CBOK OYEPE/b
obecrieunBaer 64  yHMKanbHBIE  KOH(HUTypamuu
BHYTPEHHHX ITyTeH dIIeMeHTa y*.

OnementoMm obpatHbiM ¥ OymeT SBIATHCS
nepectaHoBoYHast ceTh PP =gk  0oCyIIecTBISIOyI0
MPSIMYI0 U IEPEKPECTHYI0 KOMMYTALIUIO IPOU3BOJIBHOM
mapel U3 k BXOJOB € JBYMSI BBIXO#amH. [lo100HBIH
JIEMEHT MOXXET OBITh CHHTE3MPOBAaH HAa OCHOBE
C} MynbTHIUIEKCOPOB  2X1, KOMMYTHpYIOIIMX JIBE
JIBYXPa3psTHBIC ITMHBIC OTHON BBIXOTHOM IBYX P3PS AHOM
IIMHOM, U OJIHOTO dyieMeHTa o. Ha pucynke 4 npuBejeH
pUMEP CTPYKTYPBI AJIEMEHTA 0*, COCTOAIIEr0 U3 IIECTH
JBYXPa3ps/IHbIX MYJIBTUIUIEKCOPOB 11, — M U OJIHOTO
SJIEMEHTa 0, obecmeunBaromero 16 KoHdurypamui
BHYTPEHHUX ITyTEH, KOTOpBIE OOECHEUMBAIOT IPAMYIO
U TEepPeKpPecTHYI0 KOMMYTAIMIO TPOM3BOJIEHOW Mapsl
U3 YeThIpeX BXOOB (a,, b, c., d.) ¢ AByMs BbIXOJaMM
(X 1)

Ked

ch; chis chiv chivs

Pucynok 4. I'papudeckoe 0603HaueHue snementa & (a), snementa 8* (6) U CTpyKTypHas cxema syieMenTa 8* (6)
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Jlnst mpuBeieHHOTO ByieMenTa &* cymiecTByet 12
YHUKaJIBbHBIX KOH(QUIYpaluil, IpU KOTOPBIX Ha JBYX
BBIXOJIaX (X, ;) TIOSIBATCS BCE BO3MOYXKHBIE KOMOMHAILIMH
IBYX PasIMYHBIX CUMBOJIOB U3 BXOIHOTO Habopa (a,,
b,, c,, d). Yerpipe 3nauenus 3ampoca CH = [ch:ch,,]
MNPpUBOJAT K OAWHAKOBBIM 3HAYCHHUAM Ha BBIXOJaX
CXEMBbI, HO IIPpU 3TOM aKTUBUPYIOTCA pPa3IMYHBIC Mapbl
nyteid. Tak, nBa 3anpoca CH, = [1010] nu CH |, = [1100]
TPUBEYT K MOSBJICHUIO HA BHIXOAX (X, ;) OJTHOTO U TO-
ro e 3Hauenus (b, ¢,). [Ipu nomaye sanpoca CH | Oyner
AKTHBHPOBAH MYTh JUIS Hapbl TECTOBBIX HMITYJIECOB

1 0 1 0
(b,¢;) > my > myy > mis > oy > (X, 3;,),a TPH  3amPoce
(b¢;) = mjy = mjy = ms — ag —> (x, ;) (puc. 4, 6). Taxum
00pa3oMm, Bce BO3MOKHBIE 16 KoH(HUTYparwmii 6* sieMenTa

OymyT SIBISTHCS YHUKAIBHBIMHU JUIS TPOM3BOJILHOMN Maphl
My TeH.

IHocTpoenne BCII Ha mpeI0kKeHHBIX
3JIeMeHTaxX

PaccMmoTpeHHBIE 2IeMEHTHI MOTYT OBITh MCIOJIb-
30BaHBl B PA3IUYHBIX COUYCTAHUAX IS IOCTPOCHHS
BCII. PaccMOoTpiM HEKOTOpBIE U3 BAPUAHTOB COYCTAHHH
2JIEMEHTOB o, B, v, 8 mist k = 4. Tak, BBIXO/IbI DJIEeMEHTa
0. MOTYT OBITH COTPSDKEHBI CO BXOJAMHU 3JeMEHTa [,
BBIXOJIBI 3* — CO BXOIaMHU 3IIeMEHTOB Y* 1 6%, BBIXOTBI Y* —
CO BXOJIaMH DJIEMEHTOB y* 1 &%, BBIXOIBI &* — CO BXOaMU
aneMenTa o. Jlaxke Takue mpocThie MPUMEPhl COYETaHHUH
M03BOJISIOT KoHCTpyHpoBaTh BCII MHOrMME criocoGamu.
B Tabmmme 1 mnpuBeneHB! OMUCAHHSA HEKOTOPHBIX
mrabnoHHbIX cTpykTyp BCIL

Tabnuya 1

[pumeps! paznuanbix kKoHpuryparuii BCIT s k= 4

Ne CHMBOJTFHOE OTTMCaHHE Pa3psagnocTb
BCII 3ampoca CH

1 {a}e e

2 Hixes 6e

3 {a}e{p*d*a}s Tg+e

4 {ajpH{y'yeo*{a}" Sgteth+6

5 Ha}e{p'o*}«{o}"}e q(6g+eth)

HpI/IMer{H CIIOYHUCIICHHBIC 3HA4YCHUA

kod(duieHToB e, g h, g U k MOXKHO CHHTE3U-
poBate cTpykTypy BCII ¢ paszmuuHON pa3psaHOCTHIO
3ampoca CH. Ha pucynke 5 TpuBEAEHBI TPUMEPHI
nByX cTpykTyp (Ne3 m Ne4, cMm. Tabxn. 1) ¢ pasmep-
HOCTBIO 3ampoca paBHOW 16. JlaHHBIE CTPYKTYpHI

SIBJISIFOTCA OIHOMCPHBIMH, MMOCTPOCHHBIMU I10CJIC-
JIOBATEJbHBIM COEIUHEHHEM JJEMEHTOB o, [, Y
u O, ©u O00JamaroIIMe pa3IndHON CTPYKTYPHOM

cinoxHocThio. Tak, ecn knaccuueckas cxema BCIT mis
N=16 {a}'® cocTout u3 32 MyJIbTHILIEKCOPOB, TO CXEMa
Ha puc. l a — u3 44 MyIBTHIJIEKCOPOB, a CXeMa Ha
puc. 1 6 — u3 40 MyJNBTUIIIEKCOPOB. YBEIMUEHHAsS
CTPYKTYpHasi CIOXHOCTh BMECTE C HEOIHOPOJHOCTHIO
BCIIT MoOXeT TOTEHIMAIbHO  YCIOXKHHUTH  CBA3b
MOJIaBaeMBIX 3alPOCOB C TEHEPHPYEMBIMH OTBETaMHU
ADHO.

/ > ;\

a x
AN > > 4 » 4 > 4 > > SN
Sb —> a P CX/ a > B > ’Y > 6 > (x N OL L, Sy

Eal a3
chy chy chy [Ch3:6h4] [chs:chg]  [chio:ichis] chs chig

Pucynok 5. Crpykrypst BCII, chopMupoBaHHbBIE O CIIEAYIOMINM CHMBONBHBIM orucanmsiM: {a}>{B*d*a}? (a), {o}*B*y*d*{a}? (6)

Jns eme OONBIIETO yBETMUYEHHS CTPYKTYPHOI
CJIOKHOCTB M C y4ETOM TpeOOBAHUS CHMMETPHH BCEX
map BBIOMpaeMbIX IyT€ll BO3MOYKHO IOCTPOEHHE
MHOTOMepHBIX CTpykTyp BCII ¢ wucnonp3oBaHmeM

pa3sHOOOpa3HBIX  COYETaHWH Oa30BBIX  DIIEMEHTOB,
HaIpuMep:
e
Qg k12
k K8 )% 4
af’ ... {y }
Sk
o 1
k-1
Hdns  omenkn HemuuenHoctH BCIL,  cdop-

MUPOBAHHBIX HA OCHOBE MPEIOKEHHBIX DIIEMEH-
TOB, HpoBeleM aHanu3 3Hadenui S(p, ) m d(p, )
B 3aBHCHMOCTH OT MHOKECTBA PA3IMYHbIX 3ampocoB CH.

JKcnepUMeHTATbHOE HCCTe0BAHNE
XapaKTePHUCTHK PA3TUYHBIX peaau3anuii
ADPHOD

st uccnenoBanus cxeMHbIX peanuzanuit AOHO
OblIa UCIIOJIB30BAHA IIIaTa OBICTPOTO HPOTOTHIINPOBA-
nust Digilent ZYBO Z7 ¢ nporpaMMHpyeMO# JIOTHYECKOH
uHTErpanbHOl cxemoit FPGA Xilinx ZYNQ [6]. Uccre-
JIOBaHUIO TNoABepriauch Tpu peanusamuun AOHD s
N =32, BCII KOTOpbIX MUMEIOT CIEAYIOIINE OMUCAHUS:
BSPI: {a}*?, BSP2: {a}*{B*d*a}* u BSP3: afy*{y*}°5%
[Tpoextuposanue cxem ADOHD 6610 OCyIECTBIICHO NTPH
niomou sizbika VHDL n CATIP nudpoBbEIX yCTpOHCTB
Xilinx Vivado/Vitis. Ha xpucramue FPGA Oblio peanu-
30BaHO YEThIPE UAECHTHUYHBIX CXEMBI ISl KaXI0ro THIA
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BCII. Kpome 3TOT0, HOTOTHUTENEHO OBLIH peann3oBa-
HBI YIIPABIIAIONIAE CXEMBI U CXEMBbI, ITO3BOJIIOIINE W3-
MepaTh 3Hauenus d(p, ") u 3(p, ). Ynpasnenue nepe-
Jladeit JaHHBIX, TeHEPUPOBaHNE 3HAUEHHUH 3ampoca ObITo
OCYIIECTBJICHO MPOTPAMMHBIX CIOCOOOM TP MOMOIIN
BcTpoeHHOTO B F'PGA ipouieccopa ARM Cortex-A9. Bri-
YUCJIEHUE PE3YJIbTUpPYIOLIEro 3HaueHus: orsera AOHD
MIPOM3BOIMIIOCH Ha pabodeli CTaHIIMK Ha OCHOBE COOpaH-
HBIX JaHHBIX B IIPOIIECCE IKCIIEPUMEHTOB.

B xozme TeXHONIOTMYECKOTO CHHTE3a OblLIa Ole-
HEHa CTPYKTypHas CIOXHOCTb KaXJIOTO M3 BapHaHTOB
BCII, xoTtopast orieHnBanach B KoiamdecTse LUT-010KOB
kpuctammia FPGA. CIoXHOCTh KIACCHYECKOH CXEMBI
BSP1 cocraBuna 64 6noxa, qist BSP2 — 88 010k0B 1
st BSP3 — 80 6:10K0B.

B mepBoM 3KCIIepUMEHTE BBIYMCIISUINCH 3HAUE-
musa A, = 3(p, ") — 8(p, ") mna K = 10* yHuKambHbIX
3arpocoB CH, mony4eHHBIX reHepaTopoMm M-mocneno-
BarenbHOCTeH, Tre fe[0,3] aBmseTcs MHAEKCOM HCClie-
ayemol cxeMbl. Ha pucynke 6 mpuBeneHsl rpadukn
OTCOPTUPOBAHHBIX 3HAaueHHH A/, , MOTyYEeHHBIX Ha Of-
HOM Kpuctaiuie FPGA mist Tpex ONMMCAHHBIX BBIIIE KOH-
¢uryparmit BCIL. I'paduku Takke comepkaT JaHHBIEC O
JMana3oHaX W3MEHeHMs 3HadeHmit A/, M 0 mapamerpe
Asym, SBISIFOIIMNACS CPEJHEKBAAPATUYHBIM 3HAYEHHEM
MaTeEMaTUIECKUX OKUIAHUA  (AL,,),Vf €[0,3].

[ocnennuit mapaMeTp MOKET OBITH UCIIOF30BaH
JUIL OLEHKH CTENCHW aCHMMETPHUH MHOYKECTB 3Haue-
HUA A, 9TO HEMOCPEACTBEHHO BIMACT HA MOIIHOCTD

CH>
MTOIMHOKECTB HYJIEBBIX U €IUHUYHBIX 0TBeTOB ADHD.

Max(Al;) = 8.81949 ne

Max(Aly) = 7.16714 ue

Max(Aly) = 5.32951 ne
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— f=0

— f=o
f=1
=2
f=3

7.5

<
PRI

~

6.5

~

5.5
4.5
3.5

2.5

Asym = 0.47127 ue

Asym =0.0162 He

f=0
1

~

4.5
=2
=3

f

<

35

2.5

A[(H. HC

|
|

! 6.5
1

| Min(Al) = -8.96564 He

Min(ALy,) = -7.38432 e

—4.5
{Min(A) = -5.02104 ne

1000

== o 2 2 S 2o
S 2 S 2 2 S 2
S S

Q& s 3 = a &

8000
9000
1000

5]
g

WHnekc 3anpoca, CH

10000

a

]
g

Wnnexke 3anpoca, CH

0

1000
2000
3000

=
S
7

4000
6000
7000
8000
9000

o
S
153

10000

o 2
S 2
DS -1

8000
9000
10000

Hunexc 3anpoca, CH

8

Pucynox 6. I'paduxn 3Hauenuit A, 11s pasnnanbix moaudukanuii BCIT: BSP1 (a), BSP2 (6), BSP3 (s)

Kaxk BumHO, HenuHelHas mpupoja 3HAUCHHH
3a/IepKeK SpKo BeIpaxkeHa st BSP2, koropas Takxke
obnamaer MenpliuM 3HaueHnuem Asym  (0,0162 He)
(puc. 6 6), a OGombieit (0,47127 HC) — KIaccudeckas
peanuzanust BCII (puc. 6 a). YBenuueHne CTpyKTypHOM
CJIOXHOCTH, B TOM 4YHCIE, TMOBIMSUIO Ha JUANa3oH
pasbpoca 3mHauemmii A, Kortopeii gms  BSP2
ymenbimmicss Ha 18,18 %, a nns BSP3 — na 41,8 %
B CpaBHEHHMH C Klaccuueckod cxemoil. I[lomumo
9TOro, OBUIM BBIYUCICHBI YCPCIHCHHBIC 3HAUYCHHS
CPEIHEKBAIPATHYHBIX OTKJIOHEHMH GA, . JIns cxembl
BSP1 stor nokaszatens paBen 2,2642 uc, nis BSP2 —
1,3925 ue, u ayis BSP3 — 1,3145 He.

[TosydeHHble pe3ynbTaThl MOXKHO OOBSICHUTH
Oosee  TUIOTHOH  KOMIIOHOBKOH  CTPYKTYpPHBIX
9JE€MEHTOB CXeMHbIX peanuszanuii BSP2 u BSP3,
YTO MPHUBEJIO K YMCHBIICHHIO UYHCIA MPOTSKEHHBIX
COCAMHUTENbHBIX JTUHUH, KOTOpBIE, KaK H3BECTHO,
BHOCAT 3HAYUTEJIbHYI0 aCUMMETPHUIO B CPABHEHUU CO
cTpykTypHbiMu 351eMeHTamMu BCIT npu nx peanuzanuu
na FPGA [7].

Hdpyrum MIPUMEPOM, MOATBEPK TAIOLUM
CTENEeHb  HEIUHEHHOCTHM  3HA4eHMH  3alepiKek,
MOXET CIyXuTh rpaduueckuii Ttect «CiydaiiHoe
JIBYMEpHOE Oyxaanue [8], mpUBEICHHBIN I CXEMBI

f=1 (puc. 7).
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Pucynoxk 7. Pesynbrars! rpaduueckoro tecta ais cxemsl /= 1: BSP1 (a), BSP2 (6), BSP3 (6)

[ToMumMo rpaduyecKux HUTFOCTPALUN OLCHHM
HEJIMHEHHOCTh paccMaTpuBaeMbix cxeM bBCII mpu
MOMOIIM TeCTa Ha JTUHEHHYIO CIOXKHOCTh [9], B OCHOBE
KOTOPOTO JEXHUT anroput™m bepraexsmma-Maceu [10].
B Tabmune 2 mnpuBeieHbl 3HAYCHUS] YPOBHSI 3HAYM-
MocT (P-value), BBIYHCISIEMOTO B XOJ€ pealu3aiuu
ONMCAHHOTO TecTa, OOJblliee 3HAYCHHE KOTOPOTrO
CBUJIETENILCTBYET O OOJIbIIEH JUHEHHONW CII0)KHOCTH
TMOCIEA0BAaTCIIbHOCTU JAHHBIX, ITIOJTYUYCHHBIX Ha BBIXOJaX
uccnenyembix cxem bCII.

Kaxk BUAHO M3 JaHHBIX, IIPECACTABJICHHBIX B
Tabnmuie 2, MOCIEIOBATEIBHOCTH OTBETOB NS CXEM
BSP2 u BSP3 obGmnagaror Gonbliedl HEMMHEHHOCTHIO B
CpaBHEHHH ¢ Kinaccuueckoi peanmsanueit bCIT AOHD.

Tabnuya 2

Pesynbrarsl TECTa HAa IMHEWHYIO CIIO)KHOCTh
(3Hauenwust P-value)

Tumn WHupaeke cxemsl, f C
BIIC | o 1 2 3 | peAee
BSP1 | 0.2237 | 0.2608 | 0.3694 | 0.1125 | 0.2416
BSP2 | 0.8453 | 0.6360 | 0.7960 | 0.5565 | 0.7084
BSP3 | 0.8683 | 0.7170 | 0.4842 | 0.8793 | 0.7372
[IpoBeneM OIEHKY OOHHX W3 OCHOBHBIX
XapakTepUCTUK CXeMHbIX peanuzanuiit OHO kak

ennHooOpa3ue Un (COOTHOLICHNE eTUHUYHBIX H HYJIEBBIX
orsetos), U, BHYTUKPHUCTAJIbHAS YHHUKAJIHHOCTH
(cTemeHp pa3nuyHMs MHOXECTBA TAp 3alpOC-OTBET IS
xormii ®H®, peann30BaHHBIX HA OJHOM KPHUCTAIIIE) U
St — crabunbHOCTh (yAenbHOE 3HAUYEHHE MHOTOKPATHO
MTOBTOPSIOIINXCS 3aIIPOCOB, IPH KOTOPBIX HAOIIOMAIOTCS
crabunbHbie  oTBeThl) [11]. Bce mepeuncnenHbie
XapaKTepUCTUKHA BBIYUCISUINCH HA OMMCAHHOM BBIIIC
Habope YHUKAJIBHBIX 3allpOCOB W HOPMHPOBAHBI B
nuanazone [0,1] oT Xyamiero Kk HawIydiieMy 3Ha4eHUIO
(Tabm. 3).

Tabnuya 3

3nayenus xapakrepuctTuk AOH® ¢ paznuyHbIiMu
cxemamu bCIT

Tun BIIC Un Uintra St
BSP1 0.8416 0.8151 0.9920
BSP2 0.9918 0.6697 0.9952
BSP3 0.9202 0.9008 0.9975
Kak BUIHO M3  NPUBEICHHBIX  JaHHBIX
paccmoTpennbie  momupukamun  BCII  obmamaroT
CPaBHHMBIMH, a HWHOTAA W MPEBOCXOSIIINMH, 3Ha-
YEHUSIMU ~ OCHOBHBIX  Xapakrtepuctuk OHD o

OTHOIICHHIO K Kiaccmueckoir cxeme BCII. Menbmas
CTETeHh aCUMMETPHH MHOKECTBA 3HAUCHUM A oy IS
BSP2 u BSP3 (puc. 6) noarBepAniIach Ha IOJy4EHHBIX

3HAYCHUSAX eMHO00pasus Un.

3akiIouenue
B nmamHO#t  crathe  OBITM  TIPEAIIOKEHBI
CXEMOTEXHUYECKHUE MOIU(UKAIIH Oi10Ka

CUMMETPUYHBIX TyTeH (U3NYIeCKH HEKIOHHPYEMOH
¢yHKIMN THUTAa apOWTp, OCHOBAaHHBIE HA peai3allid
3JIEMEHTOB IEPECTAHOBOYHBIX CETEH. Y CIIOKHEHUE
6a3oBbrx smemenToB BCII mpuBeno K yBelIWYSHHIO
JIMHEHHOW  CIIOKHOCTU  IIOCJIEOBATEILHOCTH  OTBE-
TOB, 4YTO MOTEHIHUAIBHO 3aTPyIHSET IIOCTPOCHHUE
Matematndeckoi wmozenn ADHO® ¢ memsio  ocy-
IIECTBJICHNS aTaK Ha e€e peann3anuio. PaccMoTpeHHbIE
HOBBIE 0Oa3oBbie anmemeHThl BCII moryT OBITH mpHMe-
HEHbI JUISl TIOCTPOEHHsI OoJyiee CIIOXKHBIX CTPYKTYp
A®H®. Kak 1noka3zaaum IOBEIEHHBIE 3KCIEpU-
MEHTAJIbHBIE HCCIEAOBAHUS MPEATI0KEHHbIE MOJIH-
¢ukammm  BCI1 o6mamaroT JIydYIIAMHU  TTOKa3aTeIsIMA
eMHOo00pa3us n CPaBHUMBIMHU 3HAUYCHUAMHU
CTaOMJIBHOCTH TIO OTHOIICHUIO K KJIACCHYECKOHW cXeme
ADH.

CUCTEMHBIA AHAJIN3 U TPAUKJIATHASI THOOPMATHUKA

1,2023



INFORMATION SECURITY 61

JIUTEPATYPA

1. fipmoauk, B.H. ®usnyeckn nexonupyemsle Gpynkiun / B.H. Spmoruk, 10.I'. Bammako // Uadopmarnka. — 2011, —
Ne 2 (30). — C. 92-103.

2. Gassend, B. Silicon physical random functions / B. Gassend [et al.] / Proc. of 9th Computer and Communications
Security Conf. (CCS’02), Washington, DC USA, 18-22 Nov. 2002. — Washington, 2002. — P. 148-160.

3. Waksman, A. A Permutation Network / A. Waksman // Journal of the ACM. — 1968. — Ne1(15). — P. 159-163.

4. Santikellur, P. Deep Learning based Model Building Attacks on Arbiter PUF Compositions / P. Santikellur,
A. Bhattacharyay, R.S. Chakraborty // IACR Cryptol. ePrint Arch. —2019. — 10 p. — (Preprint / Paper 2019/566).

5. Zhang, J. Set-Based Obfuscation for Strong PUFs Against Machine Learning Attacks / J. Zhang, C. Shen // IEEE
Transactions on Circuits and Systems I: Regular Papers. — 2021. — Ne 1(68). — P. 288-300.

6. ZyboZ7: Zynq-7000 ARM/FPGA SoC Development Board [Electronic resource]. — Mode of access: https://digilent.
com/reference/programmable-logic/zybo-z7/start. — Date of access: 19.01.2023.

7. Morozov, S. An Analysis of Delay Based PUF Implementations on FPGA / S. Morozov, A. Maiti, P. Schaumont //
Proc. of International Symposium on Applied Reconfigurable Computing: Tools and Applications (ARC 2010), Los Angeles, CA,
US, 25-27 Mar. 2010. — Los Angeles, 2010. — P. 382-387.

8. Costa, L.F. Exploring complex networks through random walks [Electronic resource] / L.F. Costa, G. Travieso. —
Physical Review E, 2007. — Mode of access: https://arxiv.org/pdf/ physics/ 0604193.pdf. — Date of access: 19.01.2023.

9. Rukhin, A. A Statistical Test Suite for Random and Pseudorandom Number Generators for Cryptographic Applications
[Electronic resource] / A. Rukhin [et al.] — NIST Special Publication 800-22, 2010. — Mode of access: https://www.nist.gov/
publications/statistical-test-suite-random-and-pseudorandom-number-generators-cryptographic. — Date of access: 19.01.2023.

10. Martin-Navarro, J.L. Review of the Lineal Complexity Calculation through Binomial Decomposition-Based
Algorithms / J.L. Martin-Navarro, F.S. Amparo / Mathematics. — 2021. - Ne5 (9) — P. 1-22.

11. Maiti, A. A Systematic Method to Evaluate and Compare the Performance of Physical Unclonable Functions /
A. Maiti, V. Gunreddy, P. Schaumont. In: Athanas, P., Pnevmatikatos, D., Sklavos, N. (eds.) Embedded Systems Design with
FPGAs. Springer, New York, NY, 2013. — P. 245-267.

REFERENCES

1. Yarmolik, V.N. Fizicheski nekloniruemye funkcii / V.N. Yarmolik, Yu.G. Vashinko // Informatika. — 2011. —
Ne 2(30). — PP. 92-103.

2. Gassend, B. Silicon physical random functions / B. Gassend [et al.] / Proc. of 9th Computer and Communications
Security Conf. (CCS’02), Washington, DC USA, 18-22 Nov. 2002. — Washington, 2002. — PP. 148-160.

3. Waksman, A. A Permutation Network / A. Waksman // Journal of the ACM. — 1968. — Ne 1(15). — Pp. 159-163.

4. Santikellur, P. Deep Learning based Model Building Attacks on Arbiter PUF Compositions / P. Santikellur,
A. Bhattacharyay, R.S. Chakraborty // IACR Cryptol. ePrint Arch. — 2019. — 10 p. — (Preprint / Paper 2019/566).

5. Zhang, J. Set-Based Obfuscation for Strong PUFs Against Machine Learning Attacks / J. Zhang, C. Shen // IEEE
Transactions on Circuits and Systems I: Regular Papers. —2021. — Ne 1(68). — Pp. 288-300.

6. ZyboZ7: Zynq-7000 ARM/FPGA SoC Development Board [Electronic resource] . — Mode of access: https://digilent.
com/reference/programmable-logic/zybo-z7/start. — Date of access: 19.01.2023.

7. Morozov, S. An Analysis of Delay Based PUF Implementations on FPGA / S. Morozov, A. Maiti, P. Schaumont // Proc.
of International Symposium on Applied Reconfigurable Computing: Tools and Applications (ARC 2010), Los Angeles, CA, US,
25-27 Mar. 2010. — Los Angeles, 2010. — P. 382-387.

8. Costa, L.F. Exploring complex networks through random walks [Electronic resource] / L.F. Costa, G. Travieso. —
Physical Review E, 2007. — Mode of access: https://arxiv.org/pdf/ physics/ 0604193.pdf. — Date of access: 19.01.2023.

9. Rukhin, A. A Statistical Test Suite for Random and Pseudorandom Number Generators for Cryptographic Applications
[Electronic resource] / A. Rukhin [et al.] — NIST Special Publication 800-22, 2010. — Mode of access: https://www.nist.gov/
publications/statistical-test-suite-random-and-pseudorandom-number-generators-cryptographic. - Date of access: 19.01.2023.

10. Martin-Navarro, J.L. Review of the Lineal Complexity Calculation through Binomial Decomposition-Based
Algorithms / J.L. Martin-Navarro, F.S. Amparo // Mathematics. —2021. — Ne 5(9) — Pp. 1-22.

11. Maiti, A. A Systematic Method to Evaluate and Compare the Performance of Physical Unclonable Functions /
A. Maiti, V. Gunreddy, P. Schaumont. In: Athanas, P., Pnevmatikatos, D., Sklavos, N. (eds.) Embedded Systems Design with
FPGAs. Springer, New York, NY, 2013. — Pp. 245-267.

1, 2023 SYSTEM ANALYSIS AND APPLIED INFORMATION SCIENCE



62 SAIIUTA THOOPMALIMHU
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PHYSICALLY NON-CLONEABLE ARBITER -TYPE FUNCTION WITH
NON-LINEAR PATH PAIRS

Belarusian state University of Informatics and Radioelectronics
Minsk, Republic of Belarus

Physically unclonable functions (PUFs) are basic physical cryptographical primitives, providing to solve
tasks such as unclonable identification, digital device authentication and copyright authentication, true random
sequence generation, etc. The major features of PUFs are stability, unpredictability and irreproducibility, due to
uncontrollable random variations of distinctive features of the raw materials and technological processes used during
their manufacturing. Generally, PUF are digital circuits that extract such variations and convert them into a binary
format, which applied for further use. Among the variety of PUF types, an Arbiter PUF (APUF) is distinguished, which
is a digital circuit with N-bit challenge input and single output for one-bit response generation. The functionality
of APUF is based on comparison of transition time of two copies of the test signal along a pair of configurable paths,
selected by the challenge value CH from a set of 2N all possible pairs. The result of the comparison is the binary value
of the response. The set of all challenge-response pairs is a random, unpredictable and irreproducible in the cases
of implementation of cloned PUF circuits both on single and/or on another chips, also using different technologies.
This article presents a new approach to the synthesis of the APUF circuits, based on the permutation network
elements, which allow to construct the nonlinear structures of pair of paths. This implies the potential complication
of building an APUF model to attack its implemented instances. This article presents new schematic solutions for the
synthesis of APUF circuits. Also, the main characteristics of the proposed APUF circuits implemented on the Xilinx
Zynq-7000 FPGA is analyzed.

Keywords: physically unclonable functions, arbiter, permutation networks.
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