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HUCITOJIB3OBAHUE GPS-JAHHBIX JJIS1 PACYETA OKOJIOI'MYECKOI'O
BO3JIEMCTBHUSI JOPOXKHOI'O TPAHCIIOPTA
HA DKOCUCTEMY CUMBUOTHYECKHUX METIAIIOJIUCOB
benopycckuii nayuonanvHovlli mexnuueckul ynugepcumem

Bovinonuen ananus PAZTUYHBLX  UCNOIb3)EMbLX Mmooenell no OYEHKe IKON02U1UeCKO2cOo 6030eticmeust mpancnopma Ha

aKOCUCmeMy 20po0o8, paspaboman NnpoSpamMmHblil

npooykm 04

asmomamusayuu Memoouxu pacuemos 6bl6p0606 om

asmomodunbHo2o mpancnopma Ha Oase paspabomannvix 6 Benopycckom HayuonanbHoM MeXHUuecKoM YHugepcumeme ¢
ucnonvsosanuem GPS-mpexos. Ilpusedenvi pesyimamol npumeHeHHUs MEmoOUKU OJis OYeHKU IKONOUUCEKUX NOMEPb 8 O0OPOUCHOM
08UICEHUL 8 20POOAX C HATIOONHCEHUEM HA 2eOKAPMY KOHKPEMHO20 YUACKA OOPOXHCHOU cemit. J{aHbl pekomeHOayuu no oanrbHetuemy
COBEPUIEHCIMBOBANUIO NPEONAAeMOll MEMOOUKU OYEHKU IKOTOSULECKUX NOMEPL OM MPAHCHOPMA 6 IKOCUCHEME 20POOd.

Knroueewvie cnosa:
Mpancnopm.

oKocucmema,

Beenenne

lTopoma sBrsitOTCS LEHTpPaMH SKOJOTHYE-
ckux mpobiemM. Ha ¢doHe mpenMyIecTs pa3BUTHS
Pa3BETBIICHHON TPAHCIIOPTHON CETH ypOaHHU3HPO-
BaHHBIX TEPPUTOPUH MTPOSABISIETCS POCT HETATHBHO-
TO ee BO3/IECHCTBHUS Ha OKPYKAIOIIYIO CPeIy — MHO-
TOKpaTHOE TIPEBBIIEHHE HOPMATHBOB IIPEIEITHHO
JIOTTYCTAMBIX KOHIIGHTPAIW{ 3arpsi3HSAIONINX Be-
IIECTB, MOBBIIICHHBI YPOBEHb ITyMa, O0COOEHHO
BOJIM3HM MarucTpanei [1, 2].

ITocnenHue HECKONBKO AECATKOB JieT B Pe-
cryonuke  bemapych HabOmromaeTcs yCTOWYWBAs
TEHJCHIINS POCTa ABTOMOOWMITM3AIIMN HaCeJeHUs
(oxomo 4,3% B rom). PactyT m3nepxku aBTOMOOU-
JU3AINH, 9TO BEIET K YXYAIICHUIO KOJIOTHIECKON
00CTaHOBKY, YBEITUYCHHUIO YHCIIa TIOTHOIINX U pa-
HEHBIX, POCTY COIMAIBHBIX H3aepxkek. CormacHo
nmokiaxy BO3 2016 Pecmyonmka bemapychs 3anu-
MaeT 3-€ MECTO M0 CMEPTHOCTH M3-3a 3arpsi3HEHUS
Bo3Ayxa. B 3arpssuenme armocdepHOro BO3IyXa
BECOMBIM BKJIaJl BHOCUT TPAHCIIOPTHBIN cexTop. B
HACTOsIIIee BpeMsI CyIIeCTBYET s/l YICHBIX, B KHHU-
rax KOTOPBIX BCTPEUAIOTCS Pas/Ielibl, TIOCBAIIECHHBIE
MOJIENIIM OTICHKH 3arpsA3HEHHUs OKpYy’Karomei cpe-
JIBI  aBTOMOOMIIBHBIM TPAHCIIOPTOM. AKTyaJbHBIE
WCCIIEZIOBAaHUS TIPOBOJATCS B CTpaHaxX 3amaJHOu
EBpomr, CIIHA n Hosoit 3emannun. B pabote Oy-
YT PacCMOTPEHBI W TMPOaHATH3UPOBAHBI PabOTHI
3THX aBTOPOB M UCCIIEIOBAHUS APYTHUX CTPaH.

AHanm3 IUTEPaTypsl O 3arpsi3HEHUH OKPY-
JKaromed Ccpeasl aBTOMOOMIIBHBIM TPaHCTIOPTOM
MOKA3bIBA€T, YTO OTCYTCTBHE EIWHOW METOAWNKH
pacyeToB BBI3BIBAET TPYIHOCTH B OIIEHKE O0beMa
BEIOPOCOB U Bpeia OKPYKAIOLIEMY MUPY.

JI7IsT OIleHKH 2TOro BO3ACHCTBUS aBTOMO-
OMIIFHOTO TPAHCIOPTAa HA OKPYXKAIONIYIO Cpefy H
pa3paboTKH MEpONPHUATHH TI0 €r0 CHUKEHHUIO 3TO-
TO HEeOoOXOAMMO CO3/1aTh MPUTOMHOE ISl TIPaKTH-
YECKOTO HWCIMOJB30BAHUSA TPOTPAMMHOE CPEICTBO.
Cozmanne CHenuamTu3upOBaHHOTO IPOTPAMMHOTO

20p00; 3Kon0cUUCeKoe so30eticmeaue,; mooenuposanue, GPS—mpex; 00podicHblil

CpeZCTBa TOBHINIAET HATTISTHOCTH, TOYHOCTH U CKO-
pocTh paboTsl ¢ manHbIMHA. [locne cpaBHEeHUST MHO-
JKECTBA MOJIEJICH, TPUMEHAEMBIX B TaHHOW cdepe,
B KaueCcTBe 0a30BOH, MPUHATA MOJEITb, pa3padoTaH-
Has B BHTY, umetomas anasor 3a py0exoM B BHIIE
COPERT [1, 8, 11, 14]. CymecTByeT Takke HE00-
XOIMMOCTH TTOCTOSTHHOTO COBEPIIEHCTBOBAHUS M
aBroMatu3zanuu 3neMenToB CAIIP nopokHoro nBuU-
KEHHS, KOTOPbIe B KOMIUIEKCE MPUBENYT K TOJHOM
ABTOMATHU3AIINH ITPOIIECCOB OLIEHKH.

Kparkuii anaiau3 noaxoaoB K olleHKe Bpeaa oT
BbIOPOCOB aBTOMOOHJIbHBIM TPAHCONPTOM B
ropoaax

[IpoBomUTS WHBEHTAPW3AIMIO BBHIOPOCOB
OT aBTOMOOWJIFHOTO TpaHCIIOPTa MOXXHO Pa3HOO-
Opa3aeiMu criocobamu. Mudopmaris o BEIOpocax
MOJKET OBITh IMOJTydeHa HEMOCPEeJICTBEHHBIM MOHH-
TOPUHTOM KauecTBa BO3IyXa, THOO OIECHKON 00bhe-
Ma TOTpeOIIeMOT0 TOTUIMBA WITH TPOU3BENECHHBIX
TPAHCIIOPTHBIX OMNeEpalyii, HalpuMep, TPOUJIEHHO-
0 PacCTOSHUS WJIM COBEPILIEHHOW TPAHCIOPTHOU
paboToii. Bce METOMOIOTHH 1 ITOIXOIBI MOTYT OBITH
CTPYIIITUPOBAaHBl B JIBE KaTETOPHH: CBEpPXy-BHU3
(HUCXOIATINI ) U CHU3Y-BBEPX (BOCXOISTITHIN).

» Hucxomsimuii moxon 0OCHOBaH Ha OOIIeM
MOTpeOJICHNN TOTUTMBA TPAHCIIOPTOM, HAmpUMep,
nHpOpMais MOKET OBITh TOJIy4YeHA W3 MaHHBIX
0 TIpOAaKEe TOIUIMBA, M TPSMBIM MOHHTOPWHTOM
TPAHCIIOPTHBIX BBIOPOCOB, HANpUMeEp, TOCPE-
CTBOM MOHHUTOPHHTA KauyecTBa BO3AyXa Ha HMcCCIie-
JIyeMOM TEPPUTOPHH.

* Bocxosiuid moaxo/l OCHOBaH Ha TpaHC-
MTOPTHON JeSITeNTbHOCTH, HallpUMep, aBT.XKM, TOH-
Ha-KM.

[Tomxoap! «CBEpXy-BHU3» U «CHHU3Y-BBEPX)
JOJDKHBI TIPOBOJMTHCS TapalieNlbHO, €CIIH TT03BO-
JIeT OIOMMKET WccienoBaHus. UToObI rapaHTHpO-
BaTh Ka4eCTBO KaJacTPOB BEIOPOCOB, CIIETyeT cpaB-
HUTH Pe3yJbTaThl 00OMX TTOIXOJIOB.
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Kak mpaBuio, 06a noaxona npUMEHUMBI KaK
K OLICGHKE NMAPHUKOBBIX Ta30B, TaK U K 00IIeH OLeH-
K€ KpUTEpHUEB 3arpsi3HeHus Bo3myxa. s momyde-
HUSI HOAPOOHBIX KaAaCTPOB BEIOPOCOB ISl KAXKI0TO
BUJIa TPAHCIIOPTHOTO CPEACTBA UCIOJIB3YETCS MOA-
XOJl «CHU3Y-BBEPX», OCHOBAHHBIN Ha IaHHBIX MPOIi-
JEHHOTO MYTH (ABT.XKM) M IPYTUX TPAaHCIOPTHBIX
JaHHBIX (Iacca)XUpo-KM, TOHHO-KM U T.1.). Kpome
TOTO, BOCXOISIIMN ITOIXOA MOXET SIBUTHCS IIO-
CTaBILUKOM BXOJHBIX JAHHBIX [UIS IIOJIb30BaTEICH
HHUCXOJSILEro MOIX0AA, T. €. JaHHbIe MOHUTOPHUHIA
KauecTBa BO3/LyXa, MOTYT ObITb PaCCUNTAaHbI HA OC-
HOBE JIaHHBIX O MOTPEOJICHNH TOIJINBA.

Hucxooawuit nooxoo. Pesynprar 3arpss-
HSIOIEr0 BO3JEHCTBUSI TPAaHCHOPTAa MOXKET OBbITh
MOJIY4EH U3 MOIXO0AA «CBEPXYy-BHHU3», KOTOPBI OC-
HOBaH Ha JAHHBIX OT MPOJAa’KH TOIUIMBA U PE3yib-
TaTax MOHMTOPHHIA KadyecTBa Bo3ayxa. OOBIYHO
BbIOpOCH! 11" paccunThIBalOTCSI HA OCHOBE «OLICH-
KM pacxoja TOIUIMBA B €IMHOM SHEProOJIOKe, yM-
HOXXEHHOTO Ha Kod(duimeHT BEIOpocoBy» [3]; B TO
BpeMs Kak BbIOpock! 3B monyyaror MOHUTOPUHIOM
KauecTBa BO3/yXa M aHAIM30M METOIOM «pacrpe-
JeJICHHUS UCTOYHHUKOB.

CylecTBYIOT — pasiuyHble TOAXOAbI B
«pacrpeneneHnd UCTOUHUKOBY. OOIIEnpUHSATHINA
noaxon (MOJENu PelenTopoB), OCHOBAHHBIA Ha
MOHHUTOPUHIE BO31yXa M OTOOpE MpoO, MOXKET
o0ecreunTh OompeelieHue ToIbko KodhduimeHTa
BKJIaJla KOHKPETHBIX 3arpsi3HSIOIIMX BELIECTB,
takux kak TY, CO,, JIOC u t.a. s nonydenus
KOJIMYEeCTBA  BBIOPOCOB ~ MOXKHO  IPUMEHSTH
METOIAbl MOJAEIMPOBAHMSA IBIKEHHS BO3yXa
(Mozenu amcCIiepCcHMr) W OIEHUBATh BHIOPOCH Ha
OCHOBE KaueCTBa OKPY’KaIOIIEro Bo3ayxa (JaHHbIE
BBIOOPKH WM JUCTAaHUIMOHHOTO MOHHUTOPUHIA).
B kadecTBe KIIIOUYEBOrO BXOJHOIO IapaMmerpa
JUI. OLCHKHM COLMAJBbHBIX M3ICPKEK H3MEPSIOT
O0IIyI0 COLHMAJIBHYIO CTOMMOCTb EIUHUYHOTO
3arps3HUTENS] B ONPEAETICHHBIX reorpaduuecKux
rpanuuax. lcmonmb3yemoe BBIpaXXEHHE HMEET
clenyomui BUA;

TIC = Yi,j(Mi,j x KII), (1)

rae [1C — comnmanpHble IOTEPH OT BEIOPOCOB, V.€.;
KII — xoathdunmeHT conmanbHbIX MOTEPh OT BHIO-
pocoB, y.e./T; M — o0muii 00beM BEIOPOCOB, T;

1 — TUN HICTOYHUKA BHIOPOCOB;

j — TUT aTMOC(EPHOTO 3arpsA3HUTEIIS.

CyiecTByeT ABa METOJa OIEHKH o0bema
TOILINBA, MOTPEOISIEMOTO TPAHCIIOPTOM:

* Pacuer 3 oOmieil sHepreTHyecKon CTa-
TUCTHKU: BBIJICIICHNE WHTEPECYIONINX TaHHBIX W3
o01miero mokasatelns MoTpedaeHus TOTUMBa (U310~
JKEHHOH B JIOKyMEHTAIlMH JHEPreTUYEeCKOH CTaTu-
CTHKH).

* [IpoBenenne ompoca: cOOp TaHHBIX O

MOTPEOJICHUN TOIUTUBA BCEMH TPAaHCIOPTHBIMHU
CEerMeHTaMH, Hampumep, aBTOOYyCHbIE KOMITaHUH,
Ipy30Bble KOMITAHUH, KOMIIAHUY TaKCH, aBUAKOMIIa-
HUH, CYJIOXOJHbIE KOMIIAHHH, BIIaJENbIIaMU YacT-
HbIX aBTOMOOMIIel u / mim ot A3C.

Bropoii MmeTon MokeT nMeTh OONBIINN YPOBEHB Jle-
TaJu3alid B KaXX/JI0M KOHKPETHOM TPaHCIIOPTHOM
CErMEeHTe, OJJHOBPEMEHHO SIBIISIETCSI CIIOKHBIM B pe-
anu3anuu (WM MEHee BCCOOBEMITIONINM), TaK Kak
B OOJBIIMHCTBE Pa3BUBAIOIIMXCS CTPAaH HENOCTa-
TOYHO pa3BHUTa METOJIMKA O0OCIIEIOBAaHIH U BEICHUS
CTaTUCTUYECKOW NokyMeHTanuu. OHAKO, ClemayeT
3aMEeTHUTh, YTO MEPBBIN CITIOCOO MOXKET OBITH OoJee
YAOOHBIM, T. K. B Pa3BUBAIOIINXCS CTpaHaX CTaTH-
CTHKa B 00JIACTH DHEPTETHUKH, KaK MpaBUiIo, OoJee
JOCTYTIHA, YeM APYTHE TUTTBI HHPOPMAIIHH.

KonTponps kadecTBa BO3Iyxa M METOJBI
«pacmpefeNeHusl HCTOYHHUKOB» MOTYT TIOMOYb
ONPEAEIUTh KOHIEHTPALMIO U UCTOUHUKHU 3B. Pac-
MpeJieIeHne MCTOYHUKOB — 3TO WICHTHU(UKAIMS
WCTOYHUKOB 3arpsi3HEHUs] aTMOC(HEpPHOTro BO3IyXa
M KOJIMYECTBEHHAS OLIEHKA MX HEraTMBHOIO BKJIaja
B OKpYJKaromiyto cpeay. Takas 3ajaqa MOXeT OBITh
pelieHa TpeMs criocodamMu:

1) C npuMeHeHueM WHpOpPMANUU U3 00-
IIMX KaAacTPOB BEIOPOCOB;

2) C mpuMeHeHHeM MoJienell, OpHEeHTHPO-
BaHHBIX Ha MCXOJIHOE COCTOSHUE;

3) C npuMeHEeHHnEM Mojelel, OpHEeHTUPO-
BaHHBIX Ha JaT4yuku [4, 5].

ITo manubpiM OOBEIMHEHHOI'O HCCIENOBA-
TEJIbCKOro IeHTpa EBpomelickoil koMmuccHM, MO-
JIeNd, OPUEHTUPOBAaHHBIE HA JIaTYNKH, SBISIOTCS
HauOoJee JOCTYIMHBIMHA W HauboJIee YacTo UCIOIb-
3yeMbBIMU ISl HASHTH(DHUKAIINY UCTOYHUKOB [4].
Bocxopsmumii nogxon. B cooTBeTCTBUU ¢ peKOMEH-
Janued  MeXnpaBUTENbCTBEHHOW TPYMIbL  3KC-
MEePTOB 1O M3MEHEHHUI0 Kiaumara [6, 2, 7] «eciu
MMEIOTCS JaHHBIE O TIPOWIIEHHOM pPacCTOSHUH,
1enecoo0pa3Ho OIEHUTh KOJMYECTBO HCIIONB30-
BaHHOI'O0 TOIUIMBA IO HMMEIOIIMMCS JaHHBIM». B
OOJNBITMHCTBE CITydaeB, BKIIOYAs OICHKY KOIH-
yecTBa 3B, momxon «CHU3Y-BBEPX» CIEIyeT METO-
JTMKE, OCHOBAaHHOW Ha aKTUBHOCTH TPAHCIIOPTA, T.€.
C WCIIONIb30BaHUEM IPOJICTIAHHON TPaHCIIOPTHOM
po6otsl (ITAK) [6, 8, 9]. UTOOBI TOYHO paccyUTaTh
00bEeM TPAHCIIOPTHBIX MTOTEPh U CBA3AHHBIC C HUMH
COLIMAJIbHBIE M3JEPIKKU, MPUMEHSIOT CIIEAYIOIIHE
ypaBHEHUSI:

3 =21y [Qij * Aij x Hij]; (2)
M =Dij x KBijk; 3)
T1C = i,k Mij,kx KTk, (4)

rie [IC — conumanbHble TOTEPH OT BHIOPOCOB
TPAHCIIOPTA, V.C.;
M — o6muii 06beM BEIOPOCOB OT aBTOMOOHIIBHOTO
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TpaHCIopTa, T;
KIT — xoa(unmenT couuanbHBIX MOTEPh OT BbI-
OpocoB TpaHCHOpPTa, y.e./T; D — DHEePreTUYeCKH
cripoc, KBTxu;

KB — xoad¢ummerT BEIOPOCOB, I/KM;

Q — UHTEHCUBHOCTb JIBIDKEHHSI TPAHCIIOPTA, aBT/d;
A — TpaHCTIOPTHASI aKTHBHOCTH, aBT. XKM, TOHHA-KM;
H — cpennnii pacxon TorumBa Ha eauHUILY, 1/100KM;
1 — TN TPAHCTIOPTHOTO CPEJICTBA;

j — THII UCTIOJIB3YeMOT0 TOTUINBA;

k — Twm 3arps3HsIONIEro BelecTsa.

File - Object~  Tools ~

Bb16op nporpaMMHBIX CPeICTB U APXUTEKTYPHI
aas coznanus IO

BaxxHbIM yCcIOBHEM CO37aHUsI MPOrpamM-
HOTO TMPOAYKTa SIBISETCS CO3AaHUE apXUTEKTYPHI
CHCTEMBI U 000CHOBaHHOTO BBIOOPA MPOTPaMMHBIX
cpeactB [11-14]. AkTyanbHbIli HA0Op CEpBEPHOTO
U IGCKTOITHOTO MPOrPaMMHOTO 00ecTeueHH s, C Mo-
MOIIIbIO KOTOPOTO MOYKHO CO31aTh ynoOHoe paboyee
OKpY’KeHHE, KOTOPBIH NpeICTaBIseT ONepalMoOHHas
cucrema Ubuntu, obecrieuynBaeT OOJBIIYIO TPOU3-
BOJUTEIBHOCTD 10 cpaBHeHHIO ¢ Windows (Ubuntu
Oosee HKOHOMHO pacxofoBan pecypcsl O3Y u
HITY). M3-3a g0CcTYyMHOCTH ¥ CTaOWIBHOCTH 3TOM
CVYB/] Bbibop octanoBieH Ha PostgreSQL Bepcun
9.6 (pgadmin 4 2.0) (puc. 1).

A Browser
& 5 Servers (1)
S G dev

2 B 8 @-

Databases (1)

@ @casts
@ @ Catalogs

@ ) Event Triggers

S Extensions

@ = Foreign Data Wrappers
@ 5 Languages

B & Schemas (9)

0 acccenc Data Output _ Explain _ Messages Query History

@ Dashboard 8 Properties B)SQL L2 Statistics ) Dependencies ¢ Dependents 4 Edit Data - postgres on postgres@dev

Y - |Nolmt v| ¥ -~ W - &

& 9P cros
4 d sgnnumber0 | sgnnumber!  sgnnumber2  name
8- ¥ pil 4 [PKlinteger | Integer Integer Integer text
-4 palic 1 1 1 1 0 Xenesnogopoxsuii nepee3 co wrarGaywom
& rameta .
W 2 2 1 2 0 XenesHogopoxHsiii nepeess 6es wnarbayma
@ 4L Collations
3 3 1 3 1 OpronyrHan xeneswas aopora
@ & Domains RHOny AOP
& TS Configurations 4 4 1 3 2 MuoronyTHas xeneswan aopora
- [y FTS Dictionaries B s 1 4 1| MpBnitxerue K XenesHogopoXHoMy nepeeszy
& AaFTS Parsers 5 6 1 4 2| Mpuxerme K xenesnogopoxsoNy nepeesay
TS Templates 7 7 1 4 3 TIpu6nIxeHMe K XenE3HOROPOXHOMY Nepee3y
@ @ Forelgn Tables 8 8 1 4 4| Mpn6nxeswe K xenesnogopoxHowy nepeesgy
& (@ Func
) Finctiors 9 9 1 4 5| MpBAitKerue K XenesHoA0pOXHOMY Nepeesty
@ Materialized Views %
10 10 1 4 6 MpuBnIxeHMe K XenEaHOROPOXHOMY Nepees
% 1.3Sequences p P iy nepee3ay
& [ Tables (13) n n 1 5 0 Mepeceuenue C TPaMBaHOR MHMER
& £ contours 12 12 1 5 0/ Kot goporw c ycoBepLLeHCTa0BaHHM oKpTMEM
& Efences 3 1 1 7 0 Mepeceveste ¢ kpyrossiut Aaixervien
@ 5 mark_arrows. 14 14 1 8 0 CaerogopHoe perynvposakue
@ E9mark road line 15 15 1 9 0| Pa3B0AHOM MOCT W1V NAPOMHaA Nepenpasa
pilars, 16 16 1 10 0 Bele3g Ha HaBepexryio
sign_base —
7 17 1 n 1 Onacsi nosopor
sign_lines
i 1 1 n 7
& B sign_size 8 8 2| Onacii nosopor
 Ssgns 19 19 1 12 1 OnacHie nosopors
1 12 2 Onacksie nosoporet

- 5 size lines. 20 20

Pucynok 1 — UnTepodeiic «pgadmind 2.0»

Takke BBIOpaHO paciiupeHue st 0a3bl
nanHbix PostGIS, koropoe ocymecTBiuseT mnos-
JepxkKy reorpadudecknx oovexktoB B CYB/I. Ha-

nuuue uHTepdeiica cTaso KIOYEeBBIM B BhIOOpE
GeoServer 2.13 B kauecTBe cepBepa 11t 00pabOTKH
reolaHHbIX (puc. 2).

» GeoServer —
R
G r
S S e
128 razmetka 04 EPSG4326
1 v EPSG:4326
[} 4 EPSG:32635
[ ] v EPSG:32635
[} v EPSG:32635
[} v EPSG:32635
12 v EPSG:4326
[} 4 EPSG:32635
[ ] v EPSG:32635
-] 4 EPSG:4326
L] v EPSG:4326
v v epscuazs
v EPSG4326
] v EPSG:3857
o v EPSG:3857
- v EPSG:32635
5 v =
v erscae
- o =
e v erscs
; Z =
e 1 v EPSG4326
@ pan v Epscans

171025 (w3 43 nemextos)

Pucynok 2 — UnTepdeiic cepeepa Geoserver

CUCTEMHBINA AHAJIN3 U TIPUKJIATHASI THOOPMATHUKA
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Kaprorpapuueckass ©Oubnmorexka Leaflet
CIY’)KUT JUIS CO3IaHusl Opay3epHBIX U aJanTHpO-
BaHHBIX I10J] MOOHWJIBHBIE YCTPOMCTBA HHTEPAK-
TUBHBIX KapT, B T. Y. JUIS CO3AaHUs OHJIAMH-KapT,
JavaScript- OmOmmoreka Leaflet 1.3, umeromas
API, xoTopblil y1o0€H, JIErOK B UCIOIb30BAaHUU U C
OTPOMHBIM YHCJIOM JIOKYMEHTALMH.

s mpeoOpa3oBaHus y3KOCTIEUATUZUPO-
BAHHOTO s13bIKa JavaScript B sI3bIK 00LIero Ha3Ha-
yeHus1 ucnonb3oBasicss Node.js, KOTOPBIH H0OAaBUIT

*Untitled Project - QGIS e7d587F

BO3MOYKHOCTB B3aUMOJZIEMCTBOBATE C yCTPOWCTBAMH
BBOAa-BeiBoAa uepe3 API, nanucanubii Ha C++.
Taroke TutaTgopma mo3BoJHIIA TOAKIIOYATE APYTHE
BHEITHHE OUOJIMOTEKH, B T. 4. KOTOPbIC HAITMCAHBI
Ha JIPYTHX s3bIKaxX, U 00ecIeunia BEI30BhI K HUM U3
JavaScript-kona.

VYuuThiBasi BBIOOP ONEPALMOHHOM CHCTE-
MBI, ontuManbHbIM [MIC sBistiics reonHpOpMaIu-
onHas cucrema QGIS Bepcun 3.0.1 (puc. 3).

heEBRRA ﬂj‘?@ﬁ;@ﬂy PRreillg @@ > -REEERIS.P M.
RV Z2M ¥ /B S5 -ROEXFBE6e N “HEINLSSS AR 2F3FOL A
(D) ¥ ve[r2 e Y X X -+
6payzep ® ]
Vo
DY ®*O
=, Visbpanmoe
*» | Jomawnuit katanor
% >/
@ Geopackage
ﬁ: /# spatiaLite
v @ postGis
@ » =< ecogis
- > =< ecogis_office
'n » =< infotraf_odd
@ = > < me
» =< traffic_flow
@ » MssQL
@ os2
& - "®wms
» =< ecogis
\/[‘; - v = ecogis_office
v
@ bril2_kosmonavtov
@® brilevichi1
@ brilevichi2
@ FencesView
@® malinina1_oam
Cnou e®
v @ e 78 -FAO

» [ B brilevichi2
v @ B osm standard

L

Pucynoxk 3 — Matepdeiic mporpammuoro npoaykra QGIS 3 mjis peaabHOro ydactka yiIudHO-I0POKHOM
cetu ropona MuHcka

Co3nanue u padora ¢ 6a30ii JTaHHBIX

B mopenu TpaHcnopTHas ceTh, B KOTOPOM
HaXo/sATCsl aTpuOyTHI, MpeJcTaBeHa B Buje Tpada
[8, 14]. lms mpoBeaeHHs UCCASTOBAHUS 3alTACAHbI
GPS tpekn. 3ammch mpoM3BOAMIACH C TPHUMEHE-
HUEM cMapTQoHa Ha ornepanuoHHoi cucreme 10S
10.3.3 u mpeaycTaHOBICHHBIM CICITHATH3UPOBAH-
HBIM npuiioxeHneM « Tpekepy. 3amucs GPS Tpexon
MIPOM3BOIMIACHE TIPU JBM)KEHWH 10 YCTAaHOBIICH-

HOMY MapIipyTy Ha JIByX THIIAX TPAaHCIOPTHBIX
cpeactB (OOIIECTBEHHBIH TPAHCIOPT U JIETKOBOM
ABTOMOOWJIb) sl TIOJIyYSHHsI 00JIee TOUHBIX MOKa-
3aresiel cpejHel CKOpOCTH JIBUYKEHMS Ha y4YacTKe.
GPS tpeku 3anucansl B popmare GPX. Chopmu-
poBaH Koj 3arpoca. 3anpocoM oopadorano 12 GPS
TPEKOB, 001I1asi IPOIOJIKUTEIBHOCTh 00pabOTKU CO-
CTaBMJIa 4yTh Oosiee 8 cekyH 1. Pe3ysbrar pabothl pe-
CTaBJICH Ha PUCYHKE 4.

4, 2022
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CUCTEMHBIN AHAJIN3

~Jupyter gpx (awosaves

)
end = datetime.datetime.now()
nt("enc

print(‘end calc’, (end-start))

start calc /home/jovyan/tracks/AC Dro-3anap AC Manwnosxa-4 (ant)/873 22 gex 2017 r.

end calc 0:00:00.758221

start calc /home/jovyan/tracks/AC Dro-3anap AC Manunosxa-4 (ae7)/651 14 gex 2017 r.

end calc 0:00:00,704432

start calc /home/jovyan/tracks/AC Dro-3anap AC Manwnosxa-4 (ast)/018 14 gex 2017 r.

end calc 0:00:00.765935

17_18_86.gpx
13 57 21.gpx

8 _87_86.gpx

start calc /home/jovyan/tracks/AC Dro-3anap AC Manunosxa-4 (nerx)/26 mas 2017 r. 14 11 46.gpx

end calc 0:00:00,351058

start calc /home/jovyan/tracks/AC Dro-3anap AIC Manunosxa-4 (nerx)/26 mas 2017 r. 18 68 _33.gpx

end calc 0:00:00,416151

start calc /home/jovyan/tracks/AC Dro-3anap AIC Manunosxa-4 (nerx)/31 mas 2017 r. 7 59 36.gpx

end calc 0:00:00,481447

start calc /home/jovyan/tracks/QC Manumosxka-4 [IC Oro-3anag (nerx)/26 mas 2017 r. 8 13 46.gpx

end calc 0:00:00,463471

start calc /home/jovyan/tracks/QC Manumosxka-4 [IC Oro-3anag (nerx)/26 mas 2017 r. 17 39 15.gpx

end calc 0:00:00,712150

start calc /home/jovyan/tracks/QIC Manumoska-4 IC Oro-3anag (nerx)/26 mas 2017 r. 13 53 00.gpx

end calc 0:00:00,.451701

start calc /home/jovyan/tracks/QC Manumosxka-4 [IC Nro-3anag (ast)/069 22 gex 2017

end calc 0:00:00,728350

start calc /home/jovyan/tracks/QIC Manumosxka-4 [IC Nro-3anag (ast)/053 18 gex 2017 r.

end calc 0:00:00,683475

start calc /home/jovyan/tracks/QIC Manumosxka-4 QIC Nro-3anag (ast)/024 14 gex 2017 r.

end calc 0:00:00.702295

r._16_31 82.gpx
14_15 o4 _1.gpx

8 30 25.gpx

Pucynoxk 4 — Pesynbrar paboTsI 3ampoca

OnumreM o0mue TaOJIMYHBIC MPENICTaB-
nenwust. [IpencraBienne «lines» cOeAMHSET TOYKH,
HO HE JINHUEH, a ToclieoBareabHo. B aTom mipen-
CTaBJICHUU €CTh BBIOOpKa 3 «tn_track». D10 Bpe-
MeHHas Ta0yuIa, KOTopas HeoOXoauma I ObICT-
pozeiicTBUs paboThl anroputMa. st ymporeHus
paboThI cO3aéTCs TAKOW CKPHIIT:
create TEMP table IF NOT EXISTS tn_track ( id
serial primary key,
times TIMESTAMP WITH TIME ZONE,
geom geography(‘point’, 4326) );

Tak Kak MOCIEAHSS TOYKa HE CMOXET coe-
JTUHUTHCA (T.K. oHAa KoHeuHas it GPS Tpeka), To e€
TpeOyeTcs yIamuTh, 4To U aenaet cekuus «filter 1».
B cexiuu «obry» BEIUUCISIETCS BpeMsi, PACCTOSHUE U
YTOJI MEXKIY ABYMS TOUKAaMHU, a 3aTeM B «obrl» u
«Obr2» MepeBOJATCS U BRIYUCISCTCS CKOPOCTH JIBU-
JKEHHSI 1 OCTAHOBKH TPAHCIIOPTa COOTBETCTBEHHO.
Jlanee HEOOXOAMMO MOBTOPHUTH MPOIECC, TaK Kak
HEOOXOIMMO BBIYHCIISTH 33JICPXKKH, a JIJISl TOTO He-
00XOZIIMO 3HATh CKOPOCTH JIO TOM TOYKH, KOTOpas
SIBIISICTCSL pacCUMThIBaeMOl. Jlemaem BBIBOI, 4TO
JUTSL TOCTHKEHUS 11e]TH HEOOXOTUMO COCIMHHUTH BCE
TOYKHU emg pa3, HO YNalduTh NEPBYHO (HAaYaIbHYHO
JUTSL TIPEABAYIIETO pacueTa). JDTO JAENArT CEKIUU
«obr3» u «filter 2», a «obrd» cumTaer 3aAEPKKU
TpaHcmnopra. Jlamee HeoOXoauMo OT(HUIBTPOBATH
HEBaJMHBIC JaHHbIC. [lon HeBanHIHBIC TTOHUMA-
IOTCS T€ JAaHHBIE, Y KOTOPBIX CKOPOCTh (haKTHUCCKH
HeBO3MOKHA (penensl ot 1 o 119). Ananorwuu-
HBII TIpoIlecC KacaeTcsl u BpeMeHn. OuibsTp oOpa-
0oTaeT cuTyanuio “TiepeMelieHHs Hazal’, Korja
cOMBaeTcs BpeMsl U CIIAYIONIAst TOYKa 10 BPEMEHH

uAET paHbllle, UeM npeaplrymas. Bee atu neiictBus
JUIIL GUIBTPOBAHME U MOArOTOBKA AaHHBIX K He-
MOCPEACTBEHHOMY CONOCTABJIEHHUIO C TPaHCIOPT-
HOM CETBIO.

st yno6cTBa NPUBSI3KU TPAHCHIOPTHYIO CETh HEOO-
XOJMMO TPHUBECTH K yIOOHOMY BUAY. DTO JOCTHI-
HYTO NIPUMEHEHHUEM TIPEACTABIEHHOIO HHXKE KOJa.
CREATE MATERIALIZED VIEW mat network
AS

with net as (select net.id, net.id_road, is_right, net.
geom::geography geom, degrees(ST Azimuth(ST
StartPoint(net.geom), ST EndPoint(net.geom)))
deg, COALESCE(width, 35) width, road.id_line
id_line from tn_network net inner join tn_road road
on net.id_road=road.id),

ids as (select netl.id id1, net2.id id2, row_number()
over(order by netl.id) ids from net netl, net net2
where netl.id line=net2.id line and netl.is_
right!=net2.is_right and ST OrderingEquals(ST
SnapToGrid(netl.geom::geometry,

0.00001), ST Reverse(ST SnapToGrid(net2.
geom::geometry, 0.00001))) is true),

obrl as (select unnest(array[id1, id2]) id, ids from
ids),

obr2 as (select id id network, min(ids) ids from
obrl group by id) select net.*, obr2.ids
from net left join obr2 on net.id=obr2.id_network;

CREATE INDEX tn_mat network gist ON mat_
network USING gist (geom);

CUCTEMHBINA AHAJIN3 U IPUKJIAJTHASI THOOPMATHUKA
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s 3aBepiueHust padOTBl HEOOXOIUMO K
Ka)XXI0 M3 TOYEK HAWTH COOTBETCTBYIOILYIO JIHU-
HUIO, K KOTOpOW OyIeT OCYILECTBJICHA MPHUBS3KA.
s sTOro ompenenum Ba KpuUTepus: OIM30CTbH
B3aMMOPACIIONIOKEHNS U YrOll MEXIY HUMH. 3aja-
IUM Kpyr paguycoM 50 MeTpoB il moucka Onu-
sKamux muHUi. [lomydenHslit Habop MMHUM, cpaB-
HUM [0 a3UMyTaM HarpasieHuil. B cekunio «obr6o»

@ N wdop.. o Coolces RSO 2
® &-aq-
&

IR T

2 B 8 @ T -(nwm v 9 -

setect
from t_parae
where 14_network = 15735

LR orr T —
mloa

MIOCTYMAIOT JIMHUK HAa CONOCTAaBJICHUE, AJIS1 OAHOU
TOYKHM MOXKET OBITh HECKOJIBKO JIMHUHI B Mpenenax
50 MeTpoB, MOTOMY JaJIe€ OCYILECTBISIETCS TOUCK
JIMHUY, HAXOSIEHCs] HA HAUMEHBIIIEM PaCCTOSHUM
OT TOYKH. Pe3ynbraroM mporuecca sSBISETCs 3a1oi-
HeHue Tabnuusl «tn_paramy (puc. 5) HONTyYeHHbI-
MU JJaHHBIMH.

§ 3urpoc — postgres on postresodes - ®

Pucynok 5 — TaGnuuHbIN BUJI MTOJTyYESHHBIX TAHHBIX

I'paduueckoe wu300paxkeHHe pe3ysibrara
MOXKHO monyuuTh, ucnonsdys I'MC QGIS. B mpo-
rpaMMe HEOOXOAMMO MOJKIFOUYUTHCS K CO3MaHHOM
0aze maHHBIX U co3narhk SQL 3ampoc, npeicraBieH-
HBIN HUXKE.

with obrl as (select id network, tim,
avg(speed) speed, avg(stops) stops, avg(delay)
delay, sum(coun) coun from mat param group by
id_network, tim),

res as (select

id_network, sum(coun)

coun, round(avg(stops),  0)::iinteger  stops,
round(min(delay), 0)::integer delay,
round(avg(speed), 0)::integer speed from obrl
where tim between 9 and 12 group by id_network)

select id network, coun, stops, delay,
speed, geom

from res inner join tn_network net on res.
id_network=net.id

Pucynoxk 6 — I'paduuecknii Buj pacueTHO-OKCIIEPIMEHTAIBHBIX JAHHBIX IS PEaTbHOTO yJacTKa ropojia
MpuHcka

4,2022
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HccnenoBanue XapakTepUCTHK TPAHCHOPTHBIX
MOTOKOB

s pacuera oObeMa BBIOPOCOB OT aBTO-
MOOMJIBHOTO TPAHCIOPTa IO BBIOPAHHOW MOJEIH
HEO0OXOIMMO KOMILIEKCHOe obcienoBanue Y/IC.
IIpoBonuirch 3aMepbl MHTEHCUBHOCTH JBMIKECHUS
TPaHCIIOPTa M COCTaBa TPAHCIIOPTHOTO MoToKa. Hc-
CJICJIOBaHUSI Ha MHTEPECYIOIIUX yYacTKaX BBIIIOI-
HstoTcs B nepuof ¢ 3.00 no 12 ¢ unTepsanoM B 4
yaca, B Oy[IHUH M BBIXOJAHOH JTHU HEJCIU. 3aMephbl
W]I 1 cocraBa TpaHCTIOPTHOTO TIOTOKA BBIMTOJIHSIOT-
csl B TeueHUe 15 MUHYTHBIX UHTEPBAJIOB BPEMECHHU.

—4—A —E—B

1000
900
800
700
600
500
400
300
200

—a—C

Pe3ynbTartel SKCIEPUMEHTATBHBIX HCCIICOBAHUIMA
MPE/ICTABICHBI B BU/IE IPa(h)MKOB H3MEHEHUS MHTCH-
CHBHOCTH IO BpeMeHU CyTOK. Jlyisi mocienyromniein
00pabOTKK JaHHBIX MCIOJIH30BANICS MPOrPAMMHBIN
nakeT «Traffic Intensity» [15]. UccnenoBanuch Tax-
e CKOPOCTH TPAHCMOPTHBIX MOTOKOB. Mccnenona-
HUS BBITIONHSIMCH Ha 3 Pa3iMYHbIX dJIEMEHTAPHBIX
y4acTKax CeTH: PeryaupyeMblil MEepeKpecTokK; pe-
TYITUPYEMBIH MEHIEXOHbBIH Mepexo/1; Heperyinupy-
EMBIl TEIIEXOAHbIA MePeXo]] ¢ MCKYCCTBCHHBIMU
HEPOBHOCTAMH (CM. pHC. 7, pparMeHr).

D === Cymma

MHTEHCWMBHOCTb ABMMKEHWA, ®M3. EA./M

100

13.00

24.00

1Z.00 o.00

BPEMA CYTOK, Y

Pucynox 7 — IIpumep rpaduka n3MEHEHNST HHTEHCUBHOCTH TPAHCIIOPTHBIX TIOTOKOB TI0 BPEMEHH CYTOK
(BBIXOITHOM JICHB) ISl PETYIIMPYEMOTo MIePEKPECTKA, BXOIAIIETO B IKCTIEPUMEHTAIBHYIO YIAMIHO-
JIOPOXKHYIO CETh

[Iporpammusrii naket «Traffic Intensity» coxpanser BBeA¢HHYI0 HHpOpMaNHIO B (hailin ¢ pacim-

pernem XML (puc. 8).

85! Coxpanenme X
1+~ > 3toT komnbtoTep > 3arpyskum > [Mporpammer > Traffic Intensity > Traffic Intensity > v 0 Mowuck: Traffic Intensity r
Ynopagounts ¥ Hoeas nanka f=z - o
Fj Jokymenter & A Wmenn [ata nsmereHna Tun Pasmepa 2
=] VsoBpakenn # [ settingsaml Jokyment XML 2KB
®oto_oaa_nn # [7] testxml Joxyment XML 6 Kb
£ Hosas nanka # D ZedGraph.Web.xml Joxyment XML 147 Kb
a ] ZedGraph.xml Joxyment XML 1458 Kb
) Accep [ Anmu, Tpoaroxml Joxyment XML 12K6
i 3amepel WL D angpen.xml Jokyment XML 2Kb
€ MEGA [ AHAPEM_OAAXmI 11.12.2016 1 Doxymenrt XML 33K
D Bunnuya 1.xml 17.04.2017 11:27 JOokyment XML 4KB
G OneDrive D BuHHuua.xml 14.04.2017 18:46 Joxyment XML 4Kb
‘Z 370T KOMNBIOTEP D Aepxunckoro bxml 18.11.2016 22:38 Jokyment XML 12Kb
B Buaeo [7] 3amkosasxml Joxyment XML 24 Kb
- [] Kaponunckas Bxml Jokyment XML 7Kb
& Aorymenrsi 0O Hosgorpyaok ytpo.xml 28.10.2016 19:44 Joxyment XML 29Kb
& 3arpysn [] Opaet Baxml 17.11.2016 23:02 Nokyment XML 12KB ©
Wma daiina: | Anccepraum yu.N21 v
Tun daiinp: [ XML files (*xml) v
All files (*.%)
A Crperme nankn |l e | P |
Pucynok 8 — [Ipumep coxpanenus aiina ¢ pacmmpenuem XML
CUCTEMHBIN AHAJIN3 U ITIPUKJIATHASI UTHOOPMATUKA 4, 2022
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Tak kak cozganHas 0a3a JaHHBIX HE MOXKET
HETOCPEACTBEHHO Moy4arh faHubie n3 XML ¢aii-
J1a, MPUIIIIOCH IIPOBECTH UX CHHTAKCHYECKUI aHa-
Ju3 (MapcHHr). DTO CYIIECTBEHHO YCKOPSET padboTy

<?xml version="1.0"
<NewDataSet>

standalone=

110 CPABHEHUIO C PYYHBIM [IEPEHOCOM JaHHBIX.
Paccmorpum mpumep skcnoptHoro aiiia, mpen-
CTaBJICHHOTO Ha pHC. 9.

yes" 2>

<Tablel xmlns="Settings">

<Name>CIrP».

P’ PsP»C$PpuCtPsPsPiPs — CrP».

P“CBPsPrPSPuPSCIPeP°Cli</Name>
<FourLanes>1</FourLanes>

<1a>1</1a>
<1B>1</1B>
<lc>l</1c>
<1D>1</1D>
<1E>0</1E>
<1F>0</1F>

<DateTime>17.03.2016 €:15:00</DateTime>

<NumZam>1</NumZam>
<pl>0</pl>
<p2>0</p2>
<p3>1</p3>
<p4>0</p4>
<p5>1</p5>
<p€>0</p6>
<p7>0</pT7>
<p8>0</p8>
<p9>1</pS>
<pl0>0</pl0>
<pll>0</pll>
<pl2>0</pl2>
<pl3>0</pl3>
</Tablel>

<Table2 xmlns="Measurement 0">

<NumMe s>0</NumMe s>

<TimeOfMes>17.03.2016 7:15:00</TimeOfMes>

<Period>€600</Period>
</Table2>

<Table3 xmlns="Transport intensity 0">
<PkP°PiCh.>AB</PKP°PiCBh.>

<P>»>0</P>>

<P“>0</P“>

<PH>0</PH>
</Table3>

<Table3 xmlns="Transport intensity 0">
<PkP°PiCh.>AC</PKP°PiCBh.>

<P>»>0</P>>

<P“>0</P“>

<PH>0</PH>
</Table3>

<Table3 xmlns="Transport intensity 0">
<PkP°PiCh.>AD</PKP°PiCB.>

<P >»>0</P>>
<p“>0</PM“>

Pucynok 9 — [Ipumep ¢aiina ¢ pacumpennem XML

PaccmotpeB (aiin, 3ameTtum, 4To B arpu-
Oyre xmlns MMEIOTCS HMHIMKATOPBI, IO KOTOPBIM
MOXXHO OpHEHTHpoOBaThcsi. B mHamkarope Setting
ONHMCAHO: Ha3BaHWE COXPAHEHHOTO NPOEKTA; Ha-
MPaBJICHUS IBM)KEHHS TPAHCIIOPTA; KOJIMUYECTBO 3a-

MEpPOB; TUIIBI TPAHCIIOPTHBIX CPEJICTB.

[Tapamerpsl 3amepa (ZaTa ¥ MPOIOIIKH-
TENBHOCTH) HAXOAATCS IO 11abnony “Measurement
«Ne_3amepa»”.
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JlanHble 3amepa TpaHCIIOPTa HAXOAATCS 1O
mrabnony “Transport intensity «Ne_3amepa»”, a me-
nrexoioB “‘Pedestrian intensity «Ne 3amepa»”.

B kax10M 5TOM 2JIeMEHTE UMEETCsl J0uep-
HUi 2nemenT <Hamp.>, rae onucanbl HanpaBieHUs
JBWKCHHS TPAHCIOPTA, a M0 TaKuM, Kak <J[>, <[>
Y T.JI. OTIMCAHO KOJIMYECTBO U THII TPAHCIIOPTA, JBH-
JKYLIETOCS 10 YKa3aHHOMY HalpaBJICHHUIO.

Hanmcarp mapcep MOXKHO Ha JI0O0OM SI3bI-
K€ TporpaMMHpOBaHHsA, Tak Kak ¢opmar XML
HIMPOKO pacmpocTpanéH. Beibop ocraHoBuics Ha
A3bIKe TporpamMmupoBanus JavaScript, Tak Kak B
HEM MO)XXHO Hamucate napcep XML-daiina 0e3
MOAKIIIOYEHHST CTOPOHHHMX OHOIHOTEK, MOITOMY
3a1a4y MOKHO PEIIUTh OIHUM MeTonoM document.
querySelectorAll, monmywas wuHpOpManuio yepes
cBoiicTBo textContent.

I[IporpamMmmupoBanue pac4eToB BEIOPOCOB
3arpsi3HAIOIINX BelecTB 0T ABTOMOOHJILHOTO
TPaHCIoOpTa

st 5TOr0 HEOOXOAUMO IMOCIIEAOBATEILHO
HCCIIEZIOBaTh BCE JYT'M B CETU U BBIYMCIUTH KOJIU-
4eCTBO BBIOPOCOB B KaxJI0H. DTO peanmu3yercs ¢
UCIOJIb30BAHUEM JIByX MaTepHaJIN30BaHHBIX 3a-
npocoB: mat_network; mat_param.

Huxe npencrasneH npumep Koja Marepua-
JIM30BAHHOTO 3aIpoca.

CREATE MATERIALIZED VIEW mat

param AS
with  param as (select id, id
network, date_part(‘hour’::text,

timezone(‘Europe/Minsk’::text, t)) tim, speed,
stops, delay from tn_param)

select id network, tim,
round(avg(speed), 0)::integer speed, count(*)
coun, sum(stops) stops, sum(delay) delay from
param group by id_network, tim;

CREATE INDEX tn_mat_param_tim ON
mat_param USING HASH (tim);

REINDEX table mat_param,;

B NPEACTaBICHHOM KOJE,
mat_network uWcmonmb3yeTcst Ui TOATOTOB-
KH «CBIPOI» TPAHCHOPTHOM CETH K MOCIJIEAYIOLIEH
o0pabotke (moOaBiIcHHE WHJACKCA, BBIYHCICHUE
YIJIOB, OMO3HAHME THIIA HAMpPAaBICHHUsS), a mat
param TPUMEHSETCS AJIs1 arperaiyii JaHHbIX, TaK
KaK Ha KaKIyI Jyry B OJHOYACOBOI HPOMEKYTOK
BPEMEHH MOXKET OBITh BHECEHO HECKOJBKO 3ame-
poB. VIMEHHO 3TO CIIY)KUT MPUYMHOI arperauuu mno
yacy. B urore noay4uTcs, 4To Ha OAHY Jyry MOXKET
ObITH 3amucano He Oosee 24 NaHHBIX O CKOPOCTH,
3ajIepiKKax, OCTAHOBKAaX M MHTEHCUBHOCTH JIBHIKE-
HUSI TPAHCTIOPTA.

PaccMoTpuMm 3anpoc st BEIYMCIICHHS BEK-
TOPHBIX JAHHBIX BHIOPOCOB. 3ampoc SBISETCS Ma-

TEpUANTU30BaHHBIM. M3-32 MacCUBHOCTH (YHKIUH
BBIYUCIICHUS 3aHMMAIOT OOJIbIIEC OJHOW MHHYTBI,
CIJIeIOBATENIFHO, JaHHbIE HEOOXOAWMO COXpPaHHTh
4TO0OBI IPU IIOBTOPHOM OOpAILeHUH HE ENaTh M0JI-
HBIH Iepepacuer.

B nauane HeoOXomMMO arperupoBaTh JaH-
uele M/1, npuBecTn X K y100HOMY BUAY, 38 3TO OT-
MeYarT clieayronue npeacrasinenus: 11, lobrl, il,
12, 13, iobrl, iobr2.

* 11 — tpanchopmupyer 1 crtonben B He-
CKOJIBKO CTPOK CXEMBI;

* lobrl — HeoOXoaMM IS 3aHYJICHUS YET-
BEPTOr0 HAIPaBJICHUS BO BpeMsi 0OpaOOTKH JaH-
HBIX MTOJY4EeHHBIX Ha T-00pa3HOM MepeKpecTKe;

* il — TpanchopmMupyeT AaHHBIE U3 CTOJIO-
LIOB B CTPOKH (aHHbIe Xpansuuecs B bJ1);

* i2 — ¢wbTpyeT npencrasienue il, you-
past IycThle CTPOKH;

* i3 — rpynmnupyeT Bce JaHHBIE 110 KaXKIOMY
BXOIY ¥ BPEMEHH, OOBEIUHAT TPAHCHIOPT B TPaHC-
MOPTHBIE TPYIIIIBI;

* iobrl — paccunuThIBaeT MPOLCHTHOE OTHO-
LICHUE KaXXI0TO BUIAa TPAHCIIOPTA B TIOTOKE;

* i0br2 — MpUBOIUT 3aMep 3a HEKUH poMe-
KYTOK BPEMEHH K CPEJHEYACOBOH MHTEHCHUBHOCTH
JBYDKCHHUS;

* intensity — pacnpenensier MJ{ no tpanc-
MOPTHOM CETH W POU3BOIUT BBIOOP Yaca, Ha KOTO-
PBIi IPEACTABIISIIOTCS TaHHBIC,

* speed — arperupyeT CKOpOCTb 110 BpeMEHH
CYTOK JJISl 32JIaHHOTO BPEMEHHOTO HHTEPBAJIa;

* obrl — IpUBOANT JaHHBIE K «YIOOHOMY»
BUAY Ul IPEICTAaBICHUS Obr2 U CO3JaeT KOJIOHKY
geom JUIst ONIpeeNICHHs] MECTOPACTIONOKEHUS JyTH

* obr2 — HEmocpeacTBEHHO NPOU3BOIUT
pacuyer BeIOpocoB 3B.

Teno 3ampoca TPOBOIUT arperamuio 1o
ID, Tak Kak He MCKIIOUYCHAa BO3MOXKHOCTH XpaHe-
HUS HECKOJIbKMX JaHHBIX HA ogHOM nyre. [Ipu Bo3-
HUKHOBEHHM TaKOW CHTyallMiM BCE JaHHBbIC OymyT
00beIMHEHBI 110 33JaHHOMY IpaBuity. Pesynasrarom
mporecca SBISETCsS 3aloJIHCHHE TaOMUIbl «mat
emission_roady (puc 10) mosy4eHHbIMH JAHHBIMH.

I'paduueckoe u300paxkeHue pesynbTara
MOKHO TnonyunTs, ucnons3yst I'MC QGIS. B npo-
rpaMme HeoOXOIMMO MOJKIIOUYUTHCS K CO3JaHHOM
0a3e nanHbIX 1 co3natk SQL 3anpoc. B pesynsrare
CO3JIaH CJIOH, KaK MpeaCcTaBIeHo Ha puc. 11.

Just pacueroB BbIOpocoB 3B mcnonb3yercs
HanucanHast pyHkuus calc_substance. B Hem 3ampo-
rpaMMHUpoBanbl Gopmynsl Mozenu [8, 11, 12, 14].
OyHKIMS HallMCaHa Ha SI3bIKE MPOrPaMMHUPOBAHUS
Python 3.0.
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# 3anpoc — postgres on pol LN

@ Navam gop. O Cookcrma D IOL ke Cramucrn @ damomocrn O Samwcomne  § Pesantipcanet. ) Pesacrvpcasa  § Barpoc— posty.. § Pesscrvpcamn.. § Sanpec — posty
£ s ()
e
= a1}
= postgres
-
T p—
B @ ovemsmn calc_substance( " 00, obrl.len) / 1000::double precision AS co,
& @ Pacavpren calc_substance("Nox , obrl.len) / 1000::double precision AS nox,
PSP PSR— calc_substance(*VoC* . obrl.len) / 10001:double precision AS voc,
$ ot calc_substance( " uble precision AS chd,
g calc_substance( " 09, obrl.len) / 1000::double precision AS pa,
calc_substance( " 499, obrl.len) / 1000::double precision AS co2,
T aw <calc_substance("502" , obrl.len) / 1000::double precision AS so2,
@y calc_substance(" , obrl.len) / 1000::double precision AS mh3,
& Wk calc_substance( " , obrl.len) / 1000::double precision AS nzo
R— ) FRON obrl
¥ 4 fouwas )
&  Kosspurypousma FTS SELECT 5¢_convexhull (st_collect (array_aga(obr2.seon))) AS geom,
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Pucynok 11 — I'paduueckuii BUJ MOMyYEHHBIX JaHHBIX JUIS PEaIbHOTO y4acTKa YIUYHO-I0POXKHOMN CeTH
ropoaa Muncka

3AK/IIOYEHUE

HpO&HaJ'II/BI/IpOBaHBI MCTOAUKHU pacucTa
BI)I6pOCOB 3arpsA3HAONInX BCIICCTB OT a4BTOMO-
OUIBLHOTO TPaHCIIOPTA. BrimonHeHn anaiaus MeTO-
JAUK OLCHKH Bpcla OT BI)IﬁpOCOB 3arps3HAOIMINX
BC€IICCTB aBTOMOOUIIBLHBIM TPAaHCIIOPTOM. BrisBne-
HbI HEJOCTATKH, CBA3AHHBIC C TPYAHOCTBIO 060pa
HNCXOJHBIX TAHHBIX.

I/ICCJ'IGI[OBaH TNPUHIAIL pa6OTLI C IpOCKIH-

sMu B KapTtorpaduu. IloBelieHa TOYHOCTD BBIYHC-
JICHHSI PACCTOSTHUS MEX/1y 3JIeMEHTapHBIMH y4acT-
KaMH JOPOXKHOU ceTu (MeXIy BepLIMHAMHU rpada).

Pazpaborano nmporpamMmHOe CpeacTBO, MO-
3BOJISIFOLIIEE TTPOM3BOANTE PAcCUeThl 00beMa 3arpss-
HstomuX Bemects. [Iporpamma nossosnsier oOpada-
THIBaTh MCXOAHBIC JaHHBIC C OOJBILONW CKOPOCTHIO
0e3 BMelarenbcTBa denoBeka. [loBelmieHne cko-
poctu 00pabOTKH JaHHBIX (MEHee 2 CeKyH[ Ha 24

4,2022

SYSTEM ANALYSIS AND APPLIED INFORMATION SCIENCE



14 CUCTEMHBIN AHAJIN3

GPS-aiiyia) 10CTUTHYTO aBTOMATU3AIUCH MIPOIEC-  JICHHBIX PAcUYCTOB IO OICHKE KauyeCTBa JIOPOXKHO-
ca M TOCIeAYIOIeH ero ONTHMHU3AIHEH. IO JIBUKCHUS JUIsSl PA3JIMYHBIX BapHAHTOB OPraHU-

Pazpaborano mporpaMMHOE CpEACTBO, 3allMU JBWKCHUS W PEIICHHH O TPAHCIIOPTHOMY
MpeAHa3HAuYeHHOE ISl BU3yaJHM3allid MPOHM3BE- IUIAHUPOBAHHIO TOPOJIOB.
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BAZAREVICH O. V., KAPSKI D. V.

USING GPS DATA TO CALCULATE THE ECOLOGICAL IMPACT OF ROAD
TRANSPORT ON THE ECOSYSTEM OF SYMBIOTIC MEGACITIES
Belarussian National Technical University

The article analyzes the various models used to assess the environmental impact of transport on the ecosystem of cities,
developed a software product for automating the methodology for calculating emissions from road transport based on those
developed at the Belarusian National Technical University using GPS tracks. Some results of the application of the methodology
for assessing environmental losses in road traffic in cities are given with the application to the geomap of a specific section of
the road network. Recommendations are given for further improvement of the proposed methodology for assessing environmental
losses from transport in the city s ecosystem.

Keywords: ecosystem; city,; environmental impact; modeling; GPS track; road transport.
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ABCUEBHUY A. M, TAPATHIH U. A., KUPHUJIJIOB I1. C.

BJMSHUE PAJIMYCOB CONPSI)KEHU SJIEMEHTOB MEMBPAHHBIX MOMC-
CUCTEM HA COBCTBEHHBIE KOJIEBAHUSA
benopyccruti nayuonanvhviti mexuuueckuti yHugepcumem

Paccmompenul 3akonomeprnocmu usmenenus yacmom u Gopm coOCMBEHHbIX KONEOAHUT U HANPANCEHHO20 COCMOAHUSA
KpeMHUeB020 4YBCMEUMENbHO20 dNeMenma mexanuyeckol cucmemvl MIMC-akcenepomempa 6 3asucumocmu om u3meHeHus
PaoUycos ckpyaneHus KOHCMpPYKMUGHbIX JNeMEeHMO8. YCmaHo1eHo yeenuienue coOCMEeHHbIX YaCmom CUCEMbl U HANPAHCEHUL
6 MOPCUOHHBIX NOOBECAX C Y8enudeHuem paouycog CoOnpaxtceHull nooseca ¢ pamkou u unepyuontou maccoti. Ckpyeienue opmvl
1n008eco8 8 NAAHe NPUBOOUN K CHUNCEHUI) COOCMBEHHbIX YACMON U POCNTY HANPANCEHUT, BO3HUKAIOWUX NPU KONeOAmenbHbIX
osudicenusix. Tloomeepoicoen paxm nokanuzayuu gopm Konrebanuii 8biCOKOU 4acmomsl 6 UHePYuoHHOU macce. Pexomenoosan
KOMNAEKC KOHCMPYKIMUBHBIX peuleHull, NO360AIOWUX YRPABIAMb UOPAYUOHHIM COCMOAHUEM Mexanuueckoll cucmemvl MIMC-

axcenepomempa.

Knrwouegvle cnoea: mMukposnekmpomexanuueckas cucmema, axceiepomemp,; KpeMmHuesas NAACMUHA, KpeMHUegblll
MOPCUOHHBIL N00BEC; COOCMBEHNAs HACMOmA, POPMAa KONeOAHUIl;, HANPSIHCEHUS.

Pabora MOMC-yCcTpoHCTB, B YacCTHOCTH,
MDOMC-akcenepoMeTpoB, CBi3aHa C HU3KOYACTOTHBIMU
KOJIEOAHUSIMU DJIEMEHTOB CHUCTEeMBI. [t pacumpeHus
Jana3oHa pexuMoB dGQekTuBHON paborsr MOMC-
CHCTEM  BaXXHO, YTOObI ~ COOCTBEHHBIC  YACTOTHI
KOJIe0aHU HAXOIMJIMCh KaK MOXKHO BBINIE U JIaJiblle
or pabounmx dactoT. CoOOTBETCTBEHHO Hamubomee
3¢ GEKTUBHBIME  YCTPOHCTBAMU ¢ 0OoJiee MIHPOKUM
JIMana3oHoM pabo4MX 4YacTOT SIBISIIOTCS TE, Y KOTOPBIX
nepBasi COOCTBEHHass 4acTtoTa Oy/leT MaKCHMaJIbHOM.
JI0NIrOBEYHOCTh M HAJIKHOCTh PabOThl CHCTEM 3aBHUCHUT
OT OXKHJAEMOTO 4YHCJIa IHUKJIOB HArPYKEeHHs, KOTOPOe
TeM OOJbIlle, YeM MEHBIINE HANPSDKEHUS! BO3HHKAIOT
B Marepuaiax KoJeONIOMINXCSl DIEMEHTOB CHCTEMBI.
CoOCTBEHHBIE YAacTOTHI M HAIPSHKEHHS ONPENeIIIoTCs

KOHCTPYKTHBHBIMU napamMeTpamMu CUCTEMBI,
COOTBETCTBEHHO, MPH ONTHMH3AIINM KOHCTPYKIIHHU
x10” um

2 0

clelyeT paccMarpuBaTh UX B COBOKYMHOCTH. [loaTomy
LIEJIBI0 HACTOSAIIETO MCCIEIOBAHUS SIBIISCTCS M3ydEHHUE
BIMSIHUSL KOHCTPYKTHUBHBIX MapaMeTpPOB OJJIEMEHTOB

MODMC-akcenepomerpa Ha  HMX  BHOpalMOHHOE
HaIpspKEHHOE COCTOSTHHE.
Mexanmnueckas cucrema KPEMHHEBOTO

YyBCTBUTENBHOTO dneMeHTa MDOMC-akcenepomeTpa,
IMOKa3aHHasg Ha PUCYHKE 1, OTHOCHUTCH K MasgsTHUKOBOMY
tuny. KpemHueBasi WHEpIMOHHAs Macca COCIMHCHA
C HEIOJBIKHOW pPaMKOW TOHKUMH U 3HAYHTEIBHO
MEHEe KECTHMH TOPCHOHHBIMH TOJIBECAMHU, TAKKE M3
TOKOMPOBOJISIIET0  KpeMHus. KonebaHusi IIacTHHBI
IPUBOAAT K M3MEHEHHMIO DPACCTOSHUS MEXIy HEH u
METaJLIMYECKMM CIIOEM Ha HETMOJBHIKHOM CTEKJIE.
COOTBETCTBEHHO BapbHPOBAHUIO TOJIIUHBI  33a30pa
M3MEHSCTCS €MKOCTh 00Opa30BaBIIErocs KOHACHCATOpa,
u3MepsieMasi NMEKTPOHHON CUCTEMON mpubdopa.

1

-4

1 — pamka, 2 — ozaBec, 3 — MHEPIIMOHHAs Macca

Puc. 1. O0Omwmii Bujg Mmexanudeckoi cucreMbl MOMC-akcenepomeTpa

B pesymbrare mpeabIaylIMX —HCCIEIOBAHUN
[1] ycraHOBiIEHO, 4TO TE€pBBIE COOCTBEHHBIE (OPMBI
KOJeOAaHW  ONpeNeNnsoTcss B MEpBYIO  OYepenb
reoMeTpuell TOPCHOHHBIX IMOABECOB (JUIMHA, IIUPHHA,
TOJIIIMHA) W CXEMOW WX PacHONOKeHHS. B OTHOIIeHUN
TeOMETpUHM  IUIACTHHBI  JI00ble  KOHCTPYKTHBHBIC
W3MEHEHHMsI, CHIDKAIOLIME €€ MaccCy, MPUBOAAT K POCTY

3HAQUEHWH YacTOT Ha NEpBbIX (OpMax COOCTBEHHBIX
KOJIeOaHMH.

dopmHupoBaHHE  IIACTHHBI M TOPCHOHOB
MPOU3BOJIUTCS PA3IMYHBIMU CIIOCO0aMK  JTUTOrpadun
W TPaBJICHUSI, KOTOPBIE MPEANOIAraioT MEePeHOC POPMBI
HEKOTOPOTO MmadIoHa Ha MOUIOKKY [2]. DTH TeXHOJIOTHH
MO3BOJISIFOT  TIOJIy4aTh CIIOXKHBIE (OPMBI DJIEMEHTOB
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MOMC-ycerpoiictB U ux conpsbkenuit [3, 4] Peanbhble
COMPSDKEHHST  JIEMCHTOB ~ XapaKeTPU3YIOTCS — OIpe[e-
JICHHBIMM ~ paauycamMu  ckpymieHuil. [Ipumensiemble
TEXHOJIOTHH MO3BOJISIOT TOJTYyYaTh PaIIycChl pa3MepoM
OT HECCKOJBKUX JCCATKOB HAHOMCTPOB [0 BCIWYMH,
CPaBHUMBIX C radapuTaMH KOHCTPYKTHBHBIX DJIEMETOB.
CnocoObl  M30TPOITHOTO W aHU30TPOIHOTO TPABJICHHUS
00ECIIeUYNBAIOT BAPHUPOBAHNE TEOMETPHICCKUX ITTapame-
TPOB B PA3TMYHBIX CEUCHUSAX U INTOCKOCTSX [5].
[I1aBHOCTP ~ KOHCTPYKTHUBHBIX  IEPEXOJ0B
YMEHBIIACT MAaKCUMAJIbHBIC 3HAYCHUA Hal'[pﬂ)KeHHfI, 4qTO
JIOJDKHO YBEITMUHTh JIOJITOBEYHOCTH A1eMeHTOB. [1pu aToM
IpaJyeHT TOJNIIMH W3MEHSET KECTKOCTh KOHCTPYKIIWH,
YTO TpPHBEACT K HW3MCHEHHIO COOCTBEHHBIX YacCTOT
MEXaHUIeCKOW CHCTEMBI COTIIACHO 3aBUCUMOCTH [6]:

1 [c
f — >

" 2n\m

(1)

rae f — YacToTa; ¢ — JKECTKOCTB, /M — WHEPIHOHHBIHA
napametp (mMacca).

B npencraieHHON KOHCTPYKLIMH TEXHOJIOTUYHBIM
1 3((DEKTUBHBIM BapHaHTOM COBEPIICHCTBOBAHHS KOH-
CTPYKIIUK MOXKET OBITh HAXOXKJCHUC ONTHUMAJBHBIX pa-
JIYCOB CKPYIJICHUH 7 TIO BCEMY TIEPHMETPY COIPSKCHHS
TofIBeca C MHEPITMOHHOW Macco (TTTACTHHOW) W PaMKOH,
a TaroKe CKpyIIeHHE (GOPMBI MOABECA B IIAHE PATNyCOM
R BMecTO mpsiMOyTrosibHOW (pOpMBI, KaK MOKa3aHO Ha pH-
CyHKe 2.

Puc. 2. Paguycsl CKpyIICHUH KOHCTPYKTUBHBIX
2JIEMEHTOB

Tabmuma 1

Bennuuna panumycoB CKpymIeHHH COMpsDKEHUI
7 TIPH MOJICIHMPOBAaHUM BapbHPOBATACH B JOJNSAX JUTHHBI
nonseca H B mmamaszone ot 0,05H no 0,25H ¢ marom
0,05H. Pammyce! ckpymieHus: GopMBI moaBeca B iane R
TaKK€ BbBIPpAKAJINCH KPATHBIMU BBICOTC Hn MPUHUMAJIICH
pasubiMu 1,5H 1 2H. BeicoTa noasecoB, o0ecrieqrnBaromast
3HAYHUTEIBHBI CIBUT TICPBBIX COOCTBEHHBIX YacTOT B
CTOPOHY YBEIUYCHHUS, KaK OIPEIETICHO TIPH POBEICHHOM
panee monenpoBanwH [ 1], mpuaMManack paBHoi# 700 MKM.
MunnMabHas TONIIMHA ITOJBECOB COCTaBIsIa 15 MKM,
TOJIIIMHA NMHEPLIMOHHON Macchl (TACcTUHBI) — 380 MKM.

MonenupoBanre HPOU3BOAUIOCH METOIOM KO-
HEYHO-2JIEMEeHTHOro aHanuza [7, 8]. B mnpuBeneHHOM
JIaria30He  Pa3MEpoB TOBCJCHHE MEXaHHYCCKHUX —OJIe-
MeHToB MOMC-CcHCTEM TTOHOCTBIO TTOMUMHSIETCST 3aKO-
Ham HerotoHoBckol MexaHukH. [IpoBomuiics MoqabHbINH
KOMHB}OTCpHLIﬁ AQHAJIU3 [J1s1 BBIIBIICHUA CO6CTBCHHI)IX
YacTOT M pacyueT HaMpsHKeHHOTO COCTOSHMS TOJIBECOB
Mpu WX K3rude B MPOIECCE MEXaHWYCCKUX KOJCOaHWid
WHEepPUUOHOW Macchl. [Ipu wccrenoBaHUM HaNpsDKCHUIA
MIPUHAMAJIOCh, YTO MAaKCHMAalbHOEC OTKIIOHCHHE WHEp-
IIMOHHON Macchl (IUIACTHHBI) OT OCH YCTPOWCTBA COC-
tapmsier 15 Mxm. [l BBUIBICHHS 3aKOHOMEPHOCTEH
(hopMHpPOBaHHS HAMPSHKEHHOTO COCTOSIHHS M OTIPEISIICHHS
MaKCUMATbHBIX HANPSHKCHHUHN C JOCTATOYHBIM 3aI1acoM ATa
BEIIMYMHA TPUHATA YBEIMYCHHOM W COOTBETCTBYIOILCH
PaCCTOSTHHIO MEXKy HETIOIBIDKHBIMHU CTEKJIAMH pealbHBIX
yCTpOWCTB [9].

CoOcCTBEeHHBIC YacTOThI ~ KojJeOaHWil  Mexa-
HUYECKOW CHCTEMbl M MaKCHMaJbHble pacueTHbIC HaIl-
pSOKEHHSI B MaTepHaie MOABECOB JUIS Pa3HBIX 3HAYCHUI
pamnycoB CONpSDKEHWHA 7 TPUBEICHBI B TaOmume 1.
AHaNorHYHbIe TTapaMeTphl T BaphHPOBAHUS PAJINyCOB
CKpymIeHHs (QOpMBI TOfBEca B IUIaHE R yKa3aHBl B
tabmuie 2. [Ipyu BappupoBaHUM pajinycaMu CKPYIIICHUH 7
B CONPSDKCHUSX CKPYIIICHHUsST POpMBI R TIO/IBECa B MOJICIH
OTCYTCTBOBaJIM, KaK TPU BapbHPOBAHWH IMapamerpa R
pamnychl CKPYDICHHH B CONPSDKCHHUSAX IPUHIMAIUCH
PaBHBIMH HYIIO.

PacueTHbIe cOOCTBEHHbIE YACTOTHI M HANPSZKEHHUS] IPH BAPLUPOBAHUHU PAIUycaMH CKPYIJIEHUId CONpPsKeHHI

TOPCUOHHLIX MMOABECOB

Paanyc MakcumainHbIe CoOcTBeHHbIE YacTOTHI, 111
r Hanpsokenus, [1a 1-51 2-51 3-s1 4-51 5-s1 6-51
0,05H 342 294 752 838 937 1165 1238
0,1H 356 300 794 838 951 1164 1238
0,15H 387 314 820 839 994 1164 1238
0,2H 425 329 840 848 1044 1164 1237
0,25H 495 347 842 882 1017 1164 1237
Tabmuma 2
PacueTHbIe COOCTBEHHBIE YACTOTHI H HANPSIZKEHUSI MPH M3MEHEHH CKPYIJIEHH il TOPCHOHHBIX MOBECOB B IUIaHe
Panuyc MaxkcumanbHbie CoOcTBenHbIe 9acTOTHI, 111
CKpyITIEHUS HanpsbkeHus, [la
R 1-s1 2-s51 3-a 4-5 5-s 6-51
1,5H 7800 155 489 558 837 1164 1238
2H 11000 157 490 560 837 1164 1238
4,2022 SYSTEM ANALYSIS AND APPLIED INFORMATION SCIENCE
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CUCTEMHBINA AHAJIN3

Kak u nipu paHee mpoBeJCHHOM MOJICITUPOBAHUH,
OMHCaHHOM B [1], Korma BapbUPYEMBIMH TapaMeTpaMu
SIBJISLTMCH JUTHHA U PACTIONI0KEHHE TOPCHOHBIX MTOJIBECOB,
B pe3yibrare MOJAIBHOIO aHajiHu3a OIpeJeieHbl 6
cOOCTBEHHBIX YacTOT KosneOanuii. Ilpu aTOM Xapakrep
KOJICOATeNbHBIX JBIKCHHN JUIsI  MPEIBIAYIICTO U
OIMKCHIBAEMOTO MOJICIIFHBIX JKCIICPUMEHTOB Ha BCEX

L.

BBISBJICHHBIX COOCTBEHHBIX YacTOTaX HPaKTUYECKU
copmanaer. llepBoit W Hamboiee 3HAYMMON C TOYKH
3peHHsT BHOPAIIMOHHOTO TTOBENEHUS CHCTEMBI (POPMOIA
KojeOaHMiI TPH HAMMEHBIIEM 3HAYCHUH COOCTBEHHOM
YacTOTHl SIBIAETCS KAa4aHUE WHEPIUOHHOW MAacChl
(mmacTuHBI) Ha TOPCHOHHBIX MOABECAX MO THUILY
MasITHUKOBOTO JIBIDKEHHUS (PUCYHOK 3).

o

Puc. 3. TlepBas popma coOCTBEeHHBIX KoneOaHNi

IlonyueHHble  pe3ynbTaThl  CBUACTEIIBCTBYIOT
06 YBCIIMYCHUN W MAKCUMAJIbHBIX HAIPSIKCHUAX, U
3HAQUEHHUSIX IIE€PBBIX COOCTBEHHBIX 4YacTOT C POCTOM
pamuyca r CKpyDIEHMH B CONpsDKEHHSX. V3MeHeHue
3HAQUEHUII COOCTBEHHBIX YAacTOT B MPHUHATOM IpH
MOZIETIBHOM 3KCIEPHMEHTE Hala30He BapbHUPOBAHMS
panuyca compspkenuid » ot 0 go 0,25H craHoBUTCS
BC€ MCHCC 3HAYUTCIBHBIM C YBCIMYCHUEM HOMEpaA
COOCTBEHHOH YacTOTBl. DTO OOBSCHSETCS CHUKEHHEM
BIMSHHUS TEOMETPHM IIOJJBECOB Ha KojeOaTelbHbIe
SIBIICHUSI W JIOKaJM3alueld KoineOaHWH B Tele WHep-
IMOHOM Macchl (TmacTuHsbl). J[Be TepBeie GOPMBI COO-
CTBCHHBIX KOJEOAHWH OMpPEACNAIOTCS MPAKTHUYECKU
TOJIbKO TI'€OMETPUEH TOPCUOHHBIX II0IBECOB. TpeTbs
u 4yerBeprass (OPMBI 3aBHUCSAT B COBOKYITHOCTH OT
T€OMETPHH TOPCHOHHBIX TI0JIBECOB M HHEPIIMOHHON Mac-
ChI (TUTACTHHBI).

[IsaTas u mecTast GOPMBI U HACTOTHI COOCTBEHHBIX
KOJIeOaHM, COTIAaCHO MPEJCTABICHHBIM B TaOnMIiax
1 m 2 naHHBIM, HE M3MEHSIOTCS NPU BapbUPOBAHUU
TEOMETPHUECKHX IapaMeTpOB MOJBECOB, TaK KaK JIOKa-
JU3YIOTCSL B Telle IJIACTHHBL. AHAJIOTHYHBIA XapakTep
KOJIEeOATENbHBIX JIBIDKEHUH Ha COOCTBEHHBIX YacTOTax
BBIABJICH M 10 pe3yabraraM paHee MPOBEACHHOTO
MOJICTUPOBAHNA. 3HAUYEHUSI COOCTBEHHBIX YACTOT JUIS
ISTOHM M mecTol GopM COBMAAAIOT, JIMOO pa3InyaoTCs
Ha BeIM4MHY B mpenenax | 'l kak B JaHHOM, Tak M
paHee TPOBEACHHOM MOJEIBHOM SKCIIEPUMEHTE. JTO
OKOHYATEIbHO JIOKA3bIBACT OTCYTCTBHE 3aBUCHMOCTH
9THX (GOopM KoJeOaHWi OT TEOMETPHUU TIOBECOB W
JIOKAIM3AIMI0 MX TOJNBKO B HHEPIMOHHOW Macce
(nmmactune).

BapbupoBanue paauycoB CKpyrIeHUs! (GpopMbl

-2

200 Surface: von Mises Stress (N/m?)

moJiBeca B TIaHe R, COTIACHO MPUBEIEHHBIM B TaOIHUIIE 2
3HAUEHUSIM, TPAKTHYECCKH HE BBI3bIBACT C/IBUTA 3HAYCHHI
COOCTBEHHBIX YacTOT. DTO OOBSCHSETCS XapaKTepoM
B3aMMOCBSI3M T'€OMETPHM TIOJ[BECa M  IKECTKOCTBIO
KoJeOaTeTbHON CHUCTEMBI O pPa3HBIM KOOPAWHATHBIM
ocsiM. Tak kak KojeOaTelbHBIC JBIDKCHHS BCEX
BBISIBJICHHBIX (OPM TIPOUCXOMSIT B  HANpaBICHUH,
HOPMAJIbHOM K IUIOCKOCTH MEXaHMYECKOH CHCTEMBI
MOMC-ycTpoiicTBa WK OIM3KUM K HEMY, JKECTKOCTb
TOPCHOHHBIX MOJBECOB B HAIPABICHUH, OPTOTOHAIEHOM
JBIDKEHUIO, HE OKa3bIBACT CYMICCTBEHHOTO BIMSHUS Ha
4aCcTOTHI COOCTBEHHBIX KOJICOaHUI.

J11st IpOBEpKU BIHSHUS CKPyIIICHHUS (GOpMBI TOP-
CHOHHOTO I10/IBE€Ca B CEYCHUH, NEPIEHAUKYIIIPHOM IIO-
CKOCTH IUTACTHHBI, CMOJICITUPOBAHBI KOJICOAHHSI CHCTEMBI
MIpU BOTHYTOH THIEpOONIONIHON ero ¢opme B odenx
IUIOCKOCTSX, COACPIKAIINX MPOJAONBbHYIO OCh. I[lmaBHO
YMEHBIIIaeMasi OT MECT KPEIUICHHUS K paMKe U IJIacTHHE
TOJIII[MHA [TOJIBECa B HauboIee TOHKOM MecTe (B cepenu-
He) cocraBisuia 0,1 oT MacKMManabHOW TONIIUHBL. JTO
MIPUBEJIO K CHW)KEHHIO TIEPBOI COOCTBEHHOI 4acTOThI HA
10% um Bce MeHee 3HAYMMOMY CHIDKCHHUIO 0OJiee BBICO-
KHX 9acTOT (OT BTOPOH IO YETBEPTOil), ImATas U IIecTas
(hopMBI HE TIpETEPIICBAIOT M3MEHEHHU.

Haubonee 3HAYMMBIM KOHCTPYKTHBHBIM (DaKTO-
POM M3MEHEHHs MEPBOil, a B MEHBbIIEH CTerneHu U Oosee
BBICOKHX COOCTBEHHBIX YaCTOT, SIBJISIETCS YBEIMUCHHE
paanyca CONpsDKEHUH 1 B MeCcTaX KpPEIUICHHS To/iBeca K
paMKe ¥ IUTacTHHE. B OTHOCHTENBHBIX BETHYNHAX B TIPH-
HATOM [Malla30He BapbUPOBAHUS IMapaMeTpa pa3indue
coctaBiser 24%. Ognako mpu 3ToM Ha 50% Bo3pacTa-
eT BEeJIMYMHA PAaCUeTHBIX HATPSKEHUI, Kak MOKa3aHO Ha
puc. 4.

a)

500

450

400
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3 N
Hm Surfacekh ¥i%s stress (N/m?)

200 2 0 2

— r=0,05H

250

Puc. 4. Pacnpenenenue HanpspKeHHM B Marepualie TOPCHOHHBIX TMOJBECOB IMPH Pa3HBIX PaJNycax CKPYIICHH
COIPSDKEHHI B MECTax KperuieHus: a) npu » = 0,25H; 6) mpu r = 0,05H;

30HBI MAKCHMAJIbHBIX HANPSUKCHUH HAXOISATCS
B NIPSIMOJIMHENHOW YacTH IIOABECA B HEIOCPEICTBEHHOM
0JIM30CTH OT MeCTa COTIPSIKEHHSI C HETIOJIBHIKHOM PAMKOH.
B 30He compsikeHUs paanycoM 7 HaNpsKEHUS PEe3KOo
CHIDKAIOTCS, YTO OOBSCHSETCS yBEIWYEHHEM IUIOIAIN
CCYCHUS] B HANpPABICHUH, MEPICHINKYISIPHOM OCH
MHEpIUHU. AHAJIOTHYHAS KapTHHA HAOJI0AeTCsl B MECTE
COIPSDKEHMsI 1I0/IBECA ¢ MHEPLUOHHOU Maccou. Takum
00pa3om, pajuychl B IPHUHATOM JHMala3oHe BEIWYHMH
YCTPaHsIIOT KOHLIEHTPALUIO HAMIPSKEHUH B COMPSIKEHUSAX,
MMeeT MECTO MOHOTOHHOE YMEHBIIICHHE HANPSDKCHUH B
Marepuae rnojBeca OT Hauasla CKPYIIICHHS CONPSHKEHHS
C paMKkoHl J0 Hauyala CKPYDJIEHHMS CONPSDKEHHS C
MHEPIUOHHONW  IUIACTHHOH.  OTO  COOTBETCTBYET
XapakTepy OIIOpbl HaNpsDKEHUH B W30THYTOW Oajke
[10], xoTopoil ABAATCA MOABEC NPU OTKIOHEHUU
MHEPIMOHON MacChl OT OCH TyBCTBUTEIBHOTO JIEMEHTA.
W3-3a 3HAUNTETHFHO OOINBIICH TONIIMHEI 10 CPAaBHCHHIO
C MO/IBECOM IUIACTUHA TIPH KOJNECOAHMSAX MPAKTUUECKU
He wusrubaercd. HemoaBwkHas pamka HUIpaeT poib
YKECTKOH 3aJIeJIKi, 4YeM Olmke K KOTOpOH, TeM Oolbliie
BEJIMYMHA HANPsDKEHUH 1py narude. UeM MeHbIIe JUIMHA
POBHOH YacTH MOABECA J0 CKPYIIIEHUH B COTIPSIKECHUSIX,
TeM OOIbIIe CTETEeHb €€ W3TH0a TPH ITOCTOSHHOM
BeJIMYMHE OTKIOHEHWs TuiacTuHel. Ilostomy mpu
HEU3MEHHOM pPacCTOSHUHM OT pPaMKU OO IUTaCTHHBI [
yBEJIMUEHUE pajuyca CKPYIJICHUH MPUBOTUT K POCTY
3HAYEHUM MaKCUMaJbHBIX HampsbkeHuid. H3menenue
IIMPHUHBI TOIBECOB JIOJDKHO TPUBOIUTH K YMEHBIICHHIO
MaKCUMaJIbHBIX HANPSDKEHWH TIPH  HE3HAYUTEIHHOM
BIUSHUM Ha COOCTBEHHbIE YACTOTBL. AOCOJIIOTHBIE
3HAUEHHUs HaNpsDKEHHM  JOCTaTOYHO  Majbl, dTO
MIO3BOJISIET MPEIONI0KUTH JOCTATOYHYIO TOJITOBEYHOCTh
ycTpoiicTB. [To3TOMy CKpyIIIeHUE paInyCOB CONPSKEHUIH
MOXHO CuuTarh A(P(EKTUBHBIM  KOHCTPYKTHBHBIM
pelIeHneM ISl TIOBBIIICHHUS COOCTBEHHBIX YacCTOT

MBMC-cucreMsl.

Takum 00pa3oM B pe3ynbrare KOMITBIOTEPHOTO
MOJICTTUPOBAHNUS ONPEAETICHBI 3aKOHOMEPHOCTH BIMSIHUS
reomerpun  noasecoB MOMC-akcenepoMeTpa Ha
COOCTBEHHBIC YaCTOTBI M HANPSDKEHHOE COCTOSHHE.
onTtBepxmen ¢dakr moxamu3amuu (GopM  KojeOaHwi
BBICOKOM 4YacCTOTBl B Telleé HMHEPLHMOHHON MacChl
(IIaCTHHBI) M HE3aBUCHMOCTB 3THX (POPM OT T€OMETPHUHU
TOPCHOHHBIX TO/BECOB. YCTAHOBJICHA 3aKOHOMEPHOCTb
YBEJIMYCHUS TIEPBOH, BTOPOH M TPETheld COOCTBEHHBIX
YacTOT C yBEIWYEHHEM paJiyca CONpsDKEHHH B MecTax
COGIMHEHUSI TOPCHOHHBIX TIOJJBECOB C HEMOABM)KHON
paMKOM W IIJJaCTUHOM TIPU OJHOBPEMEHHOM pOCTE
HarpsHKeHUH pu u3rude nmoasecoB. CKpyrieHue Gopmbl
MOJIBECOB B IUIAHE OKA3bIBAET OTPUIIATENIEHOE BIUSHUE,
NPUBOAS K CHIDKCHUIO COOCTBEHHBIX 4YacTOT IIpH
CYIIECTBEHHOM pPOCTE HarpskeHHH wu3rn6a. Hammume
pazuycoB  MOJHOCTBIO  YCTPaHAET KOHIEHTPAIHIO
HaIpSKEHUN B CONPSIKEHUSIX MOABECA C HEMOABMXHOU
paMKOW U MHEPLIUOHHON MacCOM.

o pe3ynasraram MOJETUPOBAHMS, BKJIIOYAsl paHee
MOJTy4YeHHbIE 3aKoHOMepHOCTH [l], mis  yBenmuyeHus
COOCTBeHHBIX  4acToT ~MOMC-akcenepoMeTpoB |
MMOIOOHBIX YCTPOWCTB C PaOOYMMH DJIEMEHTAMH B BHIC
TUIACTUH W CXOXKeW KoneOaTelmbHON CHCTEMOH Ccremyer
PEKOMCHI0BATE KOMITJIEKC BO3MOXKHBIX KOHCTPYKTUBHBIX
pelIeHHuI:  yKOPOUCHHE  MOJABECOB,  yBEIMYCHUE
CKPYIJICHUH CONPSDKEHHH II0JIBECOB C CONPSIraeMbIMU
9NIeMEHTaMH, W3MEHEHHE MacChl IUTACTHHBI ee Iep-
(oparmei, BapbHpOBaHHE KOIMYECTBA M IOJIOKEHUS
1oABeCOB. Tak Kak yBEJIMUEHUE CKPYIVIEHUI CONPSHKEHUI
IMOABECOB M HX YKOPOUCHHUE IPUBOIAT K YBCIMYCHUIO
B HHUX BHYTPEHHUX HAaNpsOKEHHH, Lenecoo0pa3Ho
MIPUMEHSTh KOHCTPYKTHBHBIE PEIICHHS, CIIOCOOCTBYIOIIHE
CHIDKEHUIO HANPsDKEHHH, HarpuMep, N3MEHEHHE IIMPHHBI
1 PacCIOIOKEHUSI TIOJIBECOB.
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AUSIYEVICH A. M., TARATYN I.A., KIRYLAU P.S.

THE EFFECT OF THE COUPLING RADII OF THE ELEMENTS OF MEMBRANE
MEMS SYSTEMS ON THEIR OWN OSCILLATIONS
Belarusian National Technical University

The regularities of changes in the frequencies and forms of natural oscillations and the stress state of a silicon sensing
element of a mechanical MEMS accelerometer system depending on changes in the radii of rounding of structural elements are
considered. An increase in the natural frequencies of the system and stresses in torsion suspensions has been established with an
increase in the radii of the coupling of the suspension with the frame and the inertial mass. The rounding of the shape of the sus-
pensions in the plan leads to a decrease in natural frequencies and an increase in stresses arising from oscillatory movements. The
fact of localization of high-frequency oscillation forms in the inertial mass is confirmed. A set of design solutions is recommended
to control the vibration state of the MEMS accelerometer mechanical system.

Keywords: microelectromechanical system; accelerometer, silicon plate; silicon torsion suspensions, natural frequen-
¢y, oscillation forms; stresses.
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CABEJIOB I1. U., I'Y [I9HXAO, JIOGATBIH A. A.
OCOBEHHOCTHU MOIEJIUPOBAHUSA OINIEPATOPHOI'O YITPABJIEHUSA
BECIIMJIOTHBIM JIETATEJBHBIM ATIITAPATOM M ETO IIEJTEBOM HAT'PY3KOM
benopycckuii nayuonanvuwili mexnuyeckuii yHugepcumem

Cmamus nocesiyena nocmanosKe 3a0a4u CuUnmesa CUCmembvl Ynpasienus 6ecnuiommusim i1emameibiblM annapamom
(BJI4) ¢ yuacmuem uenogexa-onepamopa. IIpogooumcs anaius pasiuiHulx 10OX0008 K CUHMe3y CUCmeM, Mooenell Yelo8eKd-
onepamopa, Kak 36eHa ciedsujell CUCIEMbl, MAMEeMAmu4eckux Mooeiell U UHPOPMAYUOHHO20 00eCneyeHUsl CLONCHBIX Yel06EeKO-
MAWUHHBIX CUCMEM, KOMnemeHyut, Heodxooumvix onepamopam bJIA. B cucmeme paccmampusaemcs 4enogex-onepamop Kax
OUHAMUYECKOe 36€HO, OCYWeCMEsIouee KOMNEHCAYUOHHOe ClediceHue 3a UHpopmayueti, Komopas npeodcmasiena Ha MOHUmope
onepamopa, ynpasnsiouje2o bJIA unu e2o yenegoii Hacpy3xoll 6 coomeemcmasui ¢ nocmasienHol 3aoayell. Ha ocnoge npogedento2o
ananuza obocrosana 0606uennas cxema cucmemvt ynpasienus BJIA u e2o yenegoil HazpysKoil, UCCIe008ana MAMeMamuiecKkas
MOOenb 4enoseKa-onepamopa 6 6ude nepedamoyHoll GyHKyuu, cocmosujell u3 namu 21eMeHmapHelX 36eHbes, YUUMbl8aouux
OUHAMUYECKUEe XaPAKMEPUCTIUKU YEeHMPALbHOU HEPEHOL CUCMeMbl, 3aNna30bl8aAHUE HEPEHO-MbIUEYHOU CUCTEMbl, CNOCOOHOCIU
YeN0BEKA-0NePAMopPa CalaNCUBAMsb CIyUalinble Konebanus, npeocmagisiemol Ha SKpane MOHUMopa uH@Gopmayuu, noxyyaemou
om cucmemvl menemempuu. B xauecmee munogoco npumepa ueno8eko-MawUHHOU CUCTEMbl YNPABIEHU PACCMAMPUBAENICS
HA3EMHbIL NYHKM  YAPAGIEHUsT MHO2OQYHKYUOHATbHO20 OeCnulomHo20 a8UayUoOHHO20 Komniekca «Byceny, exmouaroujezo
0ea pabouux mecma ons onepamopa ynpaeienusi BJIA u onepamopa ynpasienus yenesou HazpysKou, 6 Kawecmee KOmopou

paccmampueaemcs annapamypd, I’lp@()HlZS’HlllleHHll}l ons MOHUMOPpUH2A 06'beKm06, Haxodﬂmuxc;z Ha 3eMHOU noeepxHocmu.

Knwueevie cnosa: Oecnuiommwiii
Mamemamuyeckasi MoOelb, Yelesds Hazpy3Kda.

Beenenne

Bcé Gonbuiee pacrpocTpaHeHHe B pa3iHuHBIX
cdepax 4eIOBEUECKOW JICSTEIEHOCTH TIOTYy4aloT OecIu-
JIOTHBIE JICTAOIIHE armaparsl. FIX coKkpalieHHO Ha3bIBa-
10T BJIA wmu BIIJIA. MHorma BecTpevaeTcs: abOpeBuary-
pa AIJIA (qucTaHIIMOHHO MHIJIOTHPYEMBIC JIETaTeIbHbIC
anmaparsl) B Toxke BpeMs Bc€ galie BCTpedaeTcs Takoe,
mpuuieee ¢ 3anajia, Ha3BaHUe dTOro THUIA JICTAIOLIUX
pobotoB, kak apoH. Cucrems! ynpasienus bJIA paszmu-
YafOTCsl MIMPOKUM Pa3sHOOOpasHeM B 3aBHCHUMOCTH OT
UX IpeIHa3HauYCHNs, pa3MEeIlacMOi Ha HUX ammaparype,
ponu genoBeka-orneparopa (HO) B mporiecce mpuMeHe-
nus BJIA [1, 2].

IIpouecc ympasnenus BJIA Mmoxer npousso-
JUTHCST 03 yJacTHs 4eJoBeKa B yNPaBICHHH Ha OCHO-
BE 3apaHee 3aJOKEHHON B OopTOBOM KommbioTep BIIA
mporpaMMe (aBTOHOMHOE ympaBieHue). B Hacrosmiee
BpeMsl mMpokoe npuMmeHeHue umeroT bJIA, B KoTophIxX
YO nmpuHUMaeT HETIOCPEACTBEHHOE YJYacTHE B MpoIiecce
yIpaBieHus Ha Bcex dtanax nonéra bJIA, ot B3néra 10
nocajaku. B cBS3M ¢ 3TUM MpeCTaBIsET UHTEPEC Mare-
Mmarnueckoe monenuposanne YO Kak 2JIeMeHTa CHCTEMBI
ynpasienus BJIA.

JlemameiibHblll

annapam, cucmema  ynpaejlenHust,; uejoseKk-onepamop,

Poab yesioBeka-onepaTropa B mpouecce ynpabJieHHUs
BJIA

OcHoBHBIM mnpenHazHayeHueM bBJIA  sBnser-
Csl TIEpPEMEIICHUE 0 BO3AYXy OINpPEICICHHOHN NeneBon
Harpy3ku (IUH). B xagectBe I1H y GompmmacTBa BJIA
Yaiie BCEro NPHUMEHSIOTCS CHCTeMbl HaONIONeHUs 3a
00BEKTaMH, HaXOASIIMMKCS Ha 3€MHOM MOBEPXHOCTH.
OTH CHCTEMBI MOTYT PabOTaTh B pa3JIMUHBIX THANIa30HaX
9NIEKTPOMArHUTHBIX BOJIH: BHJIUMOM, HH(PAKpPacHOM,
paIMOTEXHUYECKOM. B CBSI3M ¢ 3TUM HMMEIOT MECTO JIBE
B3aMMOCBSI3aHHBIC 3aJa41: YIIPABICHNE HETIOCPEICTBEH-
Ho nonétoM BJIA u ynpapneHue 1iesieBoi Harpy3Kkoi (cu-
CTeMOW MOHUTOpUHTa). B 00oux ciiydasx Kak MpaBHIIO
He oOxoxurest 6e3 YO HeCcMOTps Ha TO, YTO HAa HEKOTO-
puix atamax npuMenenust BJIA u IIH nexotopsie ¢yHK-
i YO MoryT OBITH aBTOMaTH3HMPOBAHBI.

TunuuneiM npencrasutesneM bJIA mHorouene-
BOTO Ha3HAYCHUS SIBISCTCS OCCIMIOTHBIM aBHAIIMOHHBIN
xomiuieke (BAK) «bycem» [3]. Ha puc. | npencrasnen
BHEIIHUHN BUJI HA3€MHOI0 ITYHKTA YIPaBJICHUS KOMILJICK-
coM «bycen».

Puc. 1. BHemHuil Bu1 Ha3eMHOTO IMyHKTA YIIPaBICHUS
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YHPABJIEHUE TEXHUYECKUMHU OFBEKTAMUI

[TyHKT ynpaBieHUs BKJIIOYACT JBa paboUnx
MecTa: OAHO — JUIsSl OllepaTropa yNpaBleHHUs IMOJE-
ToM BJIA, BTOpOo€ — I omneparopa yNpaBJIE€HUsS
uesieoir Harpyskoilt (LIH). Murepdeiic (cucrema
otoOpaxenus uHGopmauuu) oneparopa bJIA npex-

Ha puc. 3 npencrasnen natepdeiic omnepa-
Topa IIH ¢ m3o0pakeHreM 3eMHOH TOBEPXHOCTH
W MECTOMOJIOKEHHEeM HaOIromaeMoi meiw. 37ech

cTapjieH Ha puc. 2. Ha sxkpane MmoHuTOpa onepaTopy
ynpasieHusa bJIA BuzyanbHO mpencTaBiIeHBI MIKa-
7l U3MeHeHus BbicoThl onéta bJIA, ero ckopocty,

YITIOB KpC€HA W TaHT'aKka.

Puc. 2. UnTtepdeiic oneparopa BJIA

TaKXKe MPEJICTaBICHBI MIOKa3aHHs JIA3ePHOTO Jallb-
HoMmepa (mampHOCTE 0T BJIA 1o 1mienw) u apyras He-
obxonnmas napopmarws.

Puc. 3. uTtepdeiic oneparopa 11e/IeBOi HArPy3KU

CTpyKTypHasi cXeMa CHCTEMbl YIPaBICHUS
BJIA u ero ueneBoil Harpy3koi ajisi JaHHOM cucTe-
MBI MOXKET OBITH IPEACTABIICHA B CJIEAYIOIEM BUAEC
(puc. 4). Ha puc. 4 BBefieHHI ciieqyromnme 0003Haue-
Hus: COU — cucrema otobpakeHus: HH(GOpPMaIny;
PK — panuoxanan nepemaun uHpopmanuu (3ie-
MEHTBI CHCTEMBI TelleMeTpun); YV — yCTPOUCTBO

PM oneparopa BJIA

ynpasieHus (B JaHHOM Cydae — MaHUIYJISATOP H
KIlaBuarypa omeparopa); PM — padodee mecro; CY
— cucrema ynpasierus bJIA (aBronmior), BKIIO4a-
rolas usMeputenu asrkeHus bJIA, cucremy cra-
OunM3aury, TPUBOABI a3POIUHAMUYECKUX TTOBEPX-
HOCTEH, M MpoYne 3JIEMEHTbl, HEOOXOAUMBIE IS
yrnpasieHus nonerom BJIA.

: <—

COM BJIA PK

PK CY BJIA

: olepaTop :
H BJIA COH BJIA

i Koucrpyxums
H BIIA

Puc. 4. CrpykrypHas cxema cuctemsl ynpasinenns bJIA u [IH
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Kak BUIHO M3 CTPYKTYpHOU CXEMbl, Ipea-
CTaBJICHHOW Ha puc. 4, B MpoLecce YyNpaBiIeHUs
nosnieroM BJIA u ynpaBieHuu UeneBoi Harpys3kou
MPOMCXOJUT B3aUMHOE HEXKEJaTeIbHOE BIIMSHHE
pasNuMYHBIX KaHalOB ympasieHus. Kpome Toro,
yto nepemerienue bJIA B mpocTpaHcTBE BIUSIET HA
opuentanuio L{H (Buneocucremsl), 31ech B3aMMHO
BJIMAIOT APYT Ha Apyra ACHCTBUS JIBYX Pa3IHMYHBIX
OIIEPaTOpOB, KOTOPbIE B OOLIEM Cilyyae peLIaioT
pasHble 3a1a4u, UMEIOT pa3Hble (PU3MOIOTHYECKUE
OCOOCHHOCTH U KBAJTU(UKAIIHIO.

Tak Kak CHHTE3 COBPEMEHHBIX CHCTEM
yHOpaBiCHUS CIOKHBIMH TEXHMYECKHUMU CHUCTEMa-
MH, K KOTOpbIM OTHOCATCA BJIA, B 3HauuTEIbHOU
CTEIICHH OCHOBaH Ha MX MaTreMaTH4ecKOM Moje-
JIUPOBAHUH, TO Ul CUCTEMbI, BKIIOYAIOLICH 4eso-
BEKa-omepropa, 1 TeM Oojiee — IBOUX OINEPaToOpOB,
HEOOXOOMMO UMETh MaTeMaTHUECKUEe MOJICIH Kax-
JIOr0 KOHKPETHOTO YeJIOBEKa-oIepaTopa.

MaremaTuyeckoe MOJeJIMPOBaHME YeJI0BeKa-
omeparopa

Ha ocHOBe CTPYKTYpPHOH CXEMbI CTPOUTCS
MaTreMaTH4eckasi MOJENb Uil HCCICIOBAaHHS [H-
HAMMYECKUX U MH(OPMALMOHHBIX XapaKTEePUCTUK
BJIA.

VYnpasnenue noneroM BJIA Moxker npous-
BOJUTHCS OTIEPATOPOM B PYUHOM PEKUME HA OCHO-
Be uHpopmaunn COU BJIA win B IUPEKTOPHOM
pexuMe, IpU KOTOPOM aBTOMAaTHYECKH (HOpMHPY-
IOTCSl U TIPEJICTABISIOTCS HA WHAWKALMIO JUIS OIle-
paropa TpeOyeMbie curHaibl oTkioHeHus: bJIA ot
3aJJaHHON TPACKTOPUH.

Maremarnueckue (MHPOPMAIMOHHBIE) MO-
Je  3JIEMEHTOB OCCHMIIOTHOTO aBHUALIMOHHOTO

“(Lp+])

KOMIUIEKCA B OCHOBHOM WH3BecTHBI. llpencrasis-
I0T MHTEPEC MaTeMaTHYECKHE MOJICNIA OIIePaTOpPOB
BJIA u I1H, a Taxke Moaeiad uX B3aMMOICHCTBUS
¢ anementamu BAK u mexy coboit. Maremaruue-
CKHE MOJISNIM YeJIOBEeKa-olepaTopa Kak 3BeHa Clie-
JISIIeN cCHCTEMBI B UH(QOPMAIIMOHHOM 00eCIIedeHuI
W yNPaBJICHUU CIOKHOW YEIOBEKO-MAIIMHHOW CH-
CTEeMOH paccmarpuBaercs B psijie pador [4, 5].

TpeboBaHusI, IPEABSIBISEMbIE K OIIEPATOPY
BJIA, cBs3aHHbIE C pelIeHHEM 3a7ad B3auMOACH-
CTBUS B CHUCTEME «YEJIOBEK — JIETATEIbHBIM amia-
par», ONHM3KK K KOMIIETEHIIUSIM BOCHHOTO IHJIOTA.
OHu 1opoOHO 000CHOBAHKI U HCCIIEIOBAHbI B pa-
oore [6]. CiemoBarenbHO, MaTEMaTHYECKasi MOJICITb
oneparopa BJIA B 3HaYUTENbHON CTENEHU WIICH-
THYHA MaTeMaTHYECKON MOJIENIM MUI0Ta JIETATEb-
HOTO arrapara 3a UCKIFOYCHHEM TICHXO0JIOTHYECKUX
(akTOpoB M BO3/IEHUCTBUS (hHU3MUYECKUX (HAKTOPOB
(meperpy3ku, BUOpaIuy, IIyMbI, TIOCTOPOHHSIS UH-
dbopmarius).

Cucremy yIpaBieHHs ¢ y4aCTHEM OTIepaTo-
pa MOXKHO OTHECTH K TaK Ha3bIBACMbIM KOMIICHCA-
[UOHHBIM CUCTEMaM, B KOTOPBIX BXOJHOW CHTHAI
MIPEJICTABIISIET COOOH OTKIOHEHHE HEKOTOPOH KOOp-
nuHaThl OoT e€ 3amanHoro 3HayeHus. [Ipocteiimeit
MOJICJIBI0 YEIIOBEKa, OCYIIECTBIISIONMIETO KOMIICH-
CAIlMOHHOE CIICKEHUE, MOXET CIIy)KUTh JIMHEHHOE
muddepeHnanbHOe  YpaBHEHHE, CBSI3BIBAOIIEE
OIIMOKY YIpaBJICHHUS M peakiuio omneparopa. Pe-
3yIbTaThl AKCIEPUMEHTOB M allpropHas WHGOp-
MaIys O XapakTepe pPeakiiy YeloBeKa-orepaTopa
MTO3BOJIMIIN OOOCHOBATH CIIEIYIOIIYI0 0000IIEHHYO
CTPYKTYpY II€peJaTouyHOl (YHKIUU oOIeparopa,
OCYIIECTBIISIIOIIET0 KOMIICHCAIIMOHHOE CJICKEHHE

[7].

(Lp+1)(Tp+1)

B Boipaxennu (1) o6osHadeno: K - Ko-
3QQUIMEHT YCUIICHHS, 3aBUCSIIUN OT KOHCTPYK-
MU ¥ TEXHUYECKHX XapaKTePUCTHK YCTPOHCTBA
ynpasieHus (MaHUITYJIATOPA); T — BPEMS 3aJePKKU
peakmuu (t = 0.12 — 0.2 ¢) ompexnensercst Bpeme-
HEM BO30YKJICHHS HEPBHBIX OKOHYaHUH, BpeMeHEM
MIPOXOXK/ICHUSI CHUTHAJIa TI0 HepBY, BpeMeHeM o0Opa-
OOTKH €ro B IEHTPAIHHOU HEPBHOU CUCTEME, a TaK-
e BpeMeHEM, HeOOXOIUMBIM ISl (POPMUPOBAHHUS
COOTBETCTBYIOIIEH peakuuu. T, — NOCTOSHHAS Bpe-
MEHH (OPCUPYIOIIETO 3BEHA, XapaKTePU3YIOIIETO
omepexeHne, KOTOpoe MOXKET BHOCHUTH OIeparop,
pearupysi He TOJbKO Ha BEIMYMHY OIMMOKU yIpaB-
JIEHUs, HO U Ha CKOpoCThb €€ m3meHenus. Ilocro-
sAHHas BpeMeHu T, — XapaKkTepusyeT CrocoOHOCTh

(1

YeNoBeKa-oIeparopa CriiaXKuBaTh KoJIeOaHHUs H30-
OpakeHHs Ha SKpaHe MOHMTOpA. T, — MOCTOSHHAs
BPEMEHH XapaKTepu3ylollas 3amna3/blBaHUe HEpB-
HO-MBIIIIEYHOM CHCTEeMEBI uenoBeka, 1 paBHa 0.1-0.2
c. [Tapamerpsl nepemarounoit ¢ynkuuu (1) ompe-
JIEJIAI0TCSA SKCIEPUMEHTAIBHO C YYeTOM TOTO, YTO
CUCTEMa YIIPaBJICHUS JIOJDKHA ObITh YCTOWYMBOW H
UMETb COOTBETCTBYIOIIMM 3aI1ac yCTOMYUMBOCTH 110
(aze u ammuTyzE.

Ha puc. 5 npencrapiieHbl KaueCTBEHHbIE
rpadMKi M3MEHEHHUsI IepeXOnHbIX (PyHKUMH yYeno-
BEKa-olleparopa, AMHaMHUYeCKUe CBOMCTBAa KOTOPO-
ro omnuceiBaroTcsl BeipakenueM (1). I'padux 1 mo-
ny4en npu 1=0.12, 7,= 0.1 (ombITHBIN oneparop).
I'padux 2 momyuen npu t =0.2, 7,= 0.3 (HeonsIT-
HBIii oneparop). 3neck npunsTo, uro 7',=0, 7= 0.1.
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YHPABJIEHUE TEXHUYECKUMU OFBEKTAMHU

S 0T8THeIR 7508700 W eI 00808TO0

Puc. 5. [lepexonHbie GyHKIMK YeTOBEKa-0OMEpaTopa

3akimo4eHne

He cmotpst Ha aBTOMaTH3aLUIO POIIECCOB
ynpasiaeHus snemeHtaMu bBAK, ponbs uenoBeka
ocTaéTcs 3HAUUTENBHOM Ha BCEX ATanax MpHMeHe-
Hus bJIA, xak npu ynpaBiieHUM NOJAETOM, TaK U IPH
yHOpaBieHUU LeeBON Harpy3koil. OTto oOycioBie-
HO C OIHOH CTOPOHBI JAOCTHXKCHUSIMH B 0OJIacTH
TEXHUUYECKOTO 3PEHUs, TeIeMEeTpuH, MH(POpPMaLH-
OHHBIX TEXHOJIOTUH, YTO PACIIUPSIET BO3MOKHOCTH
BAK B uenom. C apyroil CTOpOHBI, 3TU JOCTHKEHUS
no3BossitoT ¢ noMoibio BJIA u IIH pemars psn
3ajad, Uil KOTOPhIX paHee 3TH CUCTEMBbl HEe ObLIH
npegHasHadeHsl, [Ipu aTom yunteiBaercs, uto BJIIA
SIBIIIIOTCSL JOPOTOCTOSIIIIMMU TEXHUUECKUMHU CUCTE-
MaMH, a JUCTaHIMOHHOE YIpPAaBIEHHWs MMM B OT-
JUYMe OT YHPAaBIEHHs MUIOTHPYEMBIMH JIETaTElNb-
HBIMHU amnmnapaTaMd He TpeOyeT OCOOBIX YCIIOBHM
JUIsL 4elloBeKa-oneparopa. 3ajgaya, pemaemas npu
ynpasnenun BJIA, 3akirodaercss B oOecriedeHUH
€ro mnosiéra Mo 3aJlaHHON TPAeKTOPHUU W BBINOJIHE-
HUM MaHEBPOB, KOTOpPBIE MOTYT IOTPeOOBaThCS B
npouecce nonéra. 3agava ynpasienus LIH cocrout
B MOJIly4YeHHH U 0OpaboTke nHpopMamuu 00 00b-
€KTaxX, B TOM YHCJIE€ TIOABMKHBIX, HAXOAIINXCA Ha
36MHOH MMOBEPXHOCTH. JTa 3a/lauya pacragaeTcs Ha
TaKue 3aJa4M Kak OOHapy>KeHHe 00BEKTOB, PacIo3-
HaBaHHUE CPeI OKPY’Kalomiero GpoHa, onpeaescHue
UX XapaKTEePUCTUK (KOOPIMHAT, CKOPOCTH U T.1.).

Takum o6paszom, BAK mpencrasnser codoit
CIIO)KHYIO CHUCTEMY YINPABIEHHUS, COCTOSILYIO Kak
MUHUMYM U3 ueTblpéx noacucreM: bJIA, I1H, ome-

parop BJIA, oneparop I1H. Kaxxnas u3 atux noacu-
CTeM, KOTOpas IMEET CO CBOM ITMHAMUYECKHUE U CTa-
THCTHUYECKHE XapaKTePUCTUKH, OKa3hIBACT BINSIHUE
Ha paboty npyrux noncuctem bAK. Pa3paborka u
WCCIIEZIOBAaHUE TaKHX CIIOXKHBIX CHUCTEM TpeOyeT
CO3JIaHUS COOTBETCTBYIOIINX MAaTEMATHIECKUX MO-
JeJIe, KOTOpBIe ITOJDKHBI OOeCITeYnBaTh, O0COOCH-
HO Ha JTare NpeBapuTeIbHOTO MPOEKTUPOBAHUS,
ONpEIeICHHs] OCHOBHBIX CBOMCTB M BOBMO)KHOCTEH
cuctembl BAK B nienom.

B ocHOBe moOCTpoeHHsS MaTeMaTHYeCKHX
Mozened cucteM ynpasieHuss BJIA nexut npu-
MEHEeHHEe armapara OOBIKHOBEHHBIX CTOXacTHYe-
ckux auddepeHImanbHBIX ypaBHEHHH, KOTOpHIE
MO3BOJISIIOT pellaTh 3aJaddl aHalu3a W CHHTEe3a
cucteMbl. [lpn 3ToM Kaxknmasi W3 4eThIPEX yKa3aH-
HbIX Bble noacucreM BAK omuckiBaeTcsi cBoeit
cucreMoil muddepeHnanbHbIX YpaBHEeHHH, KOTO-
pBI€ MOTYT OBITh IPEICTABICHBI B BUJIE TIEPEIaTOY-
HBIX (QYHKIUH (B oreparopHoii (hopMe) Ha OCHOBE
MpuUMeHeHus npeodpa3zoBanus Jlamraca. Ito maér
BO3MOXXHOCTH HCITONIB30BAaTh TAaKOW YHOOHBIA IS
HCCIIeIOBATENsl  KOMITBIOTEPHBIM  MpPOrpaMMHBIN
nakeT, kak Matlab-Simulink. IIpu sTom moryT uc-
MOJTb30BATHCS N3BECTHBIE MaTeMaTHYeCKUE MOICITH
THTIOBBIX KOHCTPYKTUBHBIX AJIEMEHTOB, H3 KOTOPBIX
cocrosT BJIA u [1H, a yncioBblie 3HaYeHU XapaK-
TEPUCTUK MaTeMaTHYeCKUX MOJEJIeH OIepaTropoB
BJIA u I1H moryT OBITH onpezieNieHbl SKCIIEpUMEH-
TaJIbHO JJI1 KOHKTETHOTO YeI0BEKa-0Ieparopa.
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SAVELOV P1., GU PENGHAO, LOBATY A.A.
FEATURES OF SIMULATION OF OPERATOR CONTROL OF UNMANNED AERIAL
VEHICLE AND ITS TARGET LOAD
Belarusian National Technical University

The article is devoted to the formulation of the problem of synthesis of the control system of an unmanned
aerial vehicle (UAV) with the participation of a human operator. An analysis is made of various approaches to
the synthesis of systems, models of a human operator as a link in a tracking system, mathematical models and
information support for complex human-machine systems, competencies required by UAV operators. The system
considers a human operator as a dynamic link that performs compensatory monitoring of the relevant information
that is presented on the monitor of the corresponding operator controlling the UAV or its target load in accordance
with the task. On the basis of the analysis, a generalized scheme of the UAV control system and its target load is
substantiated, a mathematical model of a human operator is studied in the form of a transfer function consisting of
five elementary links that take into account the dynamic characteristics of the central nervous system, the delay of the
neuromuscular system, the ability of the human operator to smooth random fluctuations of the information presented
on the monitor screen received from the telemetry system. As a typical example of a human-machine control system,
the ground control point of the multifunctional unmanned aerial complex “Busel” is considered, which includes
two workplaces for the UAV control operator and the target load control operator, which is considered equipment
designed to monitor objects located on the earth’s surface.

Keywords: unmanned aerial vehicle; control system; human operator, mathematical model; target load.
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VJIK 004.932.2
DOI: 10.21122/2309-4923-2022-4-30-37
NVIKHUH A. A.|TAHYEHKO B. B., UHFOTHUH A. B., MAPYIIIKO E. E.

NIAEHTUOUKALUA U KIACCUPUKALIUA OBBEKTOB HA U30BPAYKEHUSAX,
MNOJYYEHHBIX C TIOMOLBIO CBEMOYHBIX CPEACTB BIIVIA U
OPBUTAJIBHOI'O BABUPOBAHUSA
Obvedunennviii uncmumym npoonem ungopmamuxu HAH benapycu,

2. Munck, Pecnyonuka benapyco

Jlns udenmughuxayuu u kraccudurayuu 06veKmos Ha u300paNCeHUsX, NOTYUEHHBIX ¢ NOMOUBIO CHEMOYHBIX CPEOCME
BIIVIA u opbumanbrioeo 6azuposanus, npeodioNCcend Helpocemesds Mooels KIACCUDUKAYUL, OCHOBAHHASL HA UCNONb308AHUU
a8mModHKOO0EepPa U NOCMPOCHHAs: NO APXUMEKMype Ancambiisi MHO2OCIOUNbIX nepcenmponos. Ilpu gvioenenuu ungopmamueHoix
NPU3HAKO8 OONOIHUMENbHO 000AGISeMC s Y8emosdsi UHGOpMayUs, UHEAPUAHMHAS K MACWMABY U NOBOPOMAM U300padlcenus
U OCHOBAHHAS HA NOCMPOCHUU NOKAHWILHLIX 2ucmozpamm. Moodens peanusosana ¢ ucnonvzosanuem oubnuomexu Keras.
Hcnonvzosanue npednodicennol mooenu 0is kiaccuguxayuu na yemoipe kiacca. «Iloxcapy, «3advimnenuey, « Pacmumenvrocmo »
u «Cmpoenusy, no3eonsiem 00Cmudb MmoyHocmu kiaccuguxayuu eviue 99 %.

Knroueswvie cnosa: asmosnxooep, ancamoib MHOSOCIOUHBIX NEPCENMPOHO8; KIacCupurayusl.

BBenenue

MOHUTOPUHT 3€MHON MOBEPXHOCTH C LEJbIO
0OHApY)KCHHS CTHXWHHBIX OCICTBUHA W OIICHKH UX IIO-
CIECTBUN, KOHTPOJS TIPHPOJOIOIH30BAHUS H IKOJIO-
THYECKON 0E30MacCHOCTH ABJSETCSA aKTyal bHOH 3a1aueii.
Psin cTuxuitHBIX O€ACTBMH, TaKMX KaK IaBOIKOBLIC Ha-
BOJIHEHHUS, JIECHBIE TIOXKAPbI M 3aCYXH, aBapuu Ha TEXHO-
TCHHBIX OOBCKTAX, 3aTParUBalOT TCPPUTOPHH IPUTPA-
HUYHBIX CTpaH.

Jlns cBOEBpeMEHHOTO OOHApy)KCHHsS Ha KOH-
KPETHOM y4acTKe TepPUTOPUH (HaKTOB BOSHUKHOBEHUS U
pa3BUTHS HEOIATONPUATHBIX SBJICHUH, CUTyallMid W CTH-
XUHHBIX OCICTBHI HEOOXOAMMO, C IICJIBIO CKOpCHIIICH
JIUKBUALWHU 3TUX TOCICICTBHIA, HCIIOIh30BaTh HHPOP-
MalHIO OT Pa3HbIX UCTOYHUKOB: KOCMUYECKUX CHUMKOB,
JTAHHBIC adPOCHEMKH, BKITtodas moinydeHHsie ¢ BIUIA, a
TaKKe CIeUaIbHBIC JaHHBIE OT HA3eMHBIX CPEJCTB MO-
HUTOPHUHTA, BKIII0Yasi MOOWIILHBIE.

[lIupokoe BHenpeHHe WHPOPMALMOHHBIX CH-
CTeM, OCHOBAaHHBIX Ha oOpaboTke maHHBIX J[33, momy-
YaeMbIX C IIOMOIIBI0 KOCMUYECKHX CITyTHUKOB U BITJIA,
CTaBUT 3a7a4y pa3paboTku 3((EKTHBHBIX METOI0B
U QITOPUTMOB 00pabOTKM HM300pa)KCHUH, B KOTOPHIX
HYKJQIOTCS IOTPEOUTEINN JUIsl PACcIIO3HaBAHHS MPUPO-
HO-TEXHOT€HHBIX OOBEKTOB B IPOIECCEe MOHHTOPHHIA
OKpY’KaloIIeH Cpebl.

IMocranoBka 3aga4yu

3anmaueil perraeMoi NMpeaCTaBICHHBIMU HEHpO-
CETEBBIMHU MOJICJISIMH SIBIISIETCS BBIZICJICHUE TTaPaMETPOB
00BEKTOB HA M300paXEHUSX Ul X WACHTH()UKAINU 1
knaccupukanun. MneHTndukanmst ¥ KiIacCHUKAIHS
OOBEKTOB OCYIIECTBISICTCS [UIsl YYaCTKOB HCXOIHBIX
[[BETHBIX H300paXkeHn# pasmepom 128 x 128 mukceneii.

ITpumep xanpa Buneocsemku BIIJIA noxapa Ha
HedTebase npuBeseH Ha puc. 1.

%

Puc. 1. Ilpumep kanpa Buneocremku BITITA

-
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Taxoke MCTIONB30BAUCH (aliIbl CHEMKH CITYT-
HukoMm Landsat 8 B auama3soHe, MOJy4eHHOM KOMOWHA-
LMel KpacHOTO, CHHETO0, 3eJICHOTO M NMaHXPOMaTHYECKO-
r0 KaHAJOB, M TEIUIOBOM HH(PAKPACHOM JHara3oHE.
Jannbie monydensl u3 Sentinel Hub [1]. ®aitner cheMkn

cimytHuKoM Landsat 8 B quana3one, moay4eHHOM KOMOH-
Halyell KpacHOTO, CHHETO, 3eJI€HOr0 U MaHXpoMaTnuye-
CKOTO KaHaJOB, U TEINIOBOM MH(PAKPACHOM JHaIa3oHe
(cm. puc. 2 - 3).

2015.06-09 0000 - 2015-06-09 2359, Landsat -9 L2, Highlight Optimized Natural Color

Landsat 8 image courtesy of the U.S, Geological Survey

Puc. 2. Coemka crnytHukoM Landsat 8 B nuamna3oHe, MOJydeHHOM KOMOHWHAIIMEH KPacHOIo, CHHETO,
3€JICHOT0 ¥ MaHXPOMAaTHYECKOTO KaHaJIOB

2015-06-09 00:00 - 2015-06-09 23:59, Landsat 8-9 L2, Thermal

Landsat 8 image courtesy of the U.S. Geological Survey

Puc. 3. Cpemka ciytHHKOM Landsat 8 B TerioBoM HH(pPaKpacHOM Juana3oHe

Paspemienne 1BeTHBIX KaHAIOB coctaBiseT 30
METpPOB Ha MIHKCeNb, Pa3pemieHre maHXpoMaTHUeCKOro
KaHasa — 15 MeTpoB Ha nuKkcenb. Pa3penienue TemioBo-
ro nHppakpacHoro kanaia — 100 METpoB Ha MUKCEINb.

Knaccudukanms ocymecTBasieTcss Ha YeThIpe

knacca: «Iloxapy, «3agsivieHue», «PacTUTeIbHOCTEY U
«Crpoenus». [Ipumep n300paxeHuii 1J1st KaXKI0ro Kiac-
ca IpHBeJicH Ha pHc. 4.
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«IToxap» «3aabIMIECHUE

«PacTuTenbHOCTh

«CtpoeHus»

Puc. 4. [Ipumepbl y4acTKOB U300paXeHUH JIJIsl MISHTU(PUKAIIMK U K1acCU(DUKAIIUU

Huist pacuupeHust Habopa JTAaHHBIX,
UCTONB3YeMbIX sl OOydeHHWss  Mojenell  ObUIH
HCTIONB30BaHbI CICTYONINE ayTMEHTALNH (B CITyJaifHBIX
KOMOWHAITUSX ):

- oBOpOT n300paxenus Ha yribl 0, 90, 180 u
270 rpamycos;

- OTPa’KCHUE IO BEPTUKAIN U TOPU30HTAIIH;

- MacHITa0MpPOBAaHUC HA CIIyYaHHYIO BEIHYHHY
u3 nuaraszona [0.9; 2].

Onucanue nogxona

Wnentudukanus u KiIacCUPHUKAIUS ydIacTKa
N300paKeHNUS pa3/iesisieTcs Ha JiBa dTara;

1) BbIENeHHE WHPOPMATHBHBIX IPHU3HAKOB,
MO3BOJISIIONINX HACHTH(HUINPOBATH CONEPKUMOE H30-
OpakeHus;

2) BBIOOP KJ1acca, KOTOPOMY COITIACHO BbIICIICH-
HBIM IIPU3HAKaM, MAKCHMaJIbHO COOTBETCTBYET aHAITU3H-
PYEMBII Y4acTOK M300paKeHHsL.

OcHoBoit HCIIOJIb3YEMOTO noaxona K
BBIJICJICHUIO IIPU3HAKOB  SIBIISIETCS  HMCIOJIb30BAHME
HEHpOCEeTeBOM MOJIEH aBTOYHKO/AEPA, KOTOPBIH (hopMu-
PYeT AeCKpUNTOp M300pa’keHHs B BUIE MaccuBa U3 512
2JIEMEHTOB (Yucia ¢ miaBaromiei 3amsitoi). [lomyuae-
MBI MaccUB HOpMHUpyeTcs 1o L2-Hopwme.

ABTOPHKOZIEPBI  COCTOAT W3 JIByX 4YacTeu:
9HKOJEepa g u Aexoaepa f. DHKoJep MepeBOUT BXOJHOM
CHUTHAJ B €ro TpeAcTaBieHUe (meckpumrop) i = g(x),
a JIEKOJIEp BOCCTAHABIMBAET CUTHAJ IO €ro KOmy X =
f(h). ABTO9HKONEP, U3MEHSIS g U f, CTPEMHTCS BBIYYUTh
TOXJECTBEHHYIO (QyHKIMIO X = f{g(x)), MUHUMH3HDPYS
¢ynkmonan ommoku L(x, f{g(x))). IIpu aTom cemeiicTa
(yHKIMH 3HKOAEpa g W JIeKoJepa f OrpaHUuYCHbI TakK,
4TOOBI aBTOYHKO/IEP OBLT BRIHYXK/IEH OTOMpaTh Hambosee
Ba)KHBIE CBOWCTBA CUTHATIA.

KopupoBuwk mpezacrasisier coboit Habop u3
TpeX CBEPTOYHBIX OJIOKOB C IMOHWKEHHUEM Pa3MEPHOCTH
U OJHOTO IMOJIHOCBSI3HOTO cijio. Kaxplii CBEpTOYHBIH
OJI0K COCTOMT M3 JBYX CBEPTOUHBIX CJIOEB (HAIpHMeEp,
Conv2D 1.1 u Conv2D 1.2 nms mepBoro 6mnoka) o
CJIOS TOHIKEHUSI TIPOCTPAHCTBEHHOW pPa3MEpPHOCTH

(manpumep, MaxPooling2D 1 ans mepBoro 06i0kKa).
CBepTOUHbIE CIIOM BBITOJHSIOT (DYHKIMIO BBIJICICHUS
MIPU3HAKOB 33JaHHOTO pasMepa M (OPMHUPOBAHUSA
KapT TPHU3HAKOB, [0 ONHOM Ha KaXKABIA QUIBTP.
[TonHOCBA3HBIN cion BBIIIOJIHSAET (hyHKIHIO
peoOpa3oBaHusl MOJYYEHHOT0 Habopa KapT NPU3HAKOB
B OJTHOMEPHBII BEKTOP YUCEJI C MJIaBAIOLIEH 3ansaTol.
KoxnpoBuk mpezncrasisier coboit Habop u3
TPEX CBEPTOUYHBIX OJIOKOB C MOHIKEHHEM Pa3sMEpHOCTH
1 OHOTO MOJHOCBSI3HOrO cijos. Kakaplil cBEpTOUHBIN
OJIOK COCTOWT M3 ABYX CBEPTOYHBIX CIIOEB (HAIpuMep,
Conv2D 1.1 u Conv2D 1.2 ans mepBoro 0610ka) u
CJIOSl  TIOHVDKEHUSI TIPOCTPAaHCTBEHHOW —Pa3sMEpHOCTH
(manpumep, MaxPooling2D 1 ans mepBoro 6i0kKa).
CBepTouHbIE CIIOM BBITONHSIOT (DYHKIIMIO BBIICICHUS
MIPU3HAKOB 33JaHHOTO pa3sMepa H  (OPMHUPOBAHUSA
KapT MPHU3HAKOB, [0 OIHOM Ha KaKABIA (QHIBTP.
ITonHOCBA3HBIN [ (0)71 BBITTOJIHSAET (byHKIHIO
peoOpa3oBaHmsl MOJYYEHHOro Habopa KapT MPU3HAKOB
B OJIHOMEPHBII BEKTOP YHCEII C TIaBaoleH 3ansToM.
JIeKOAMPOBIIMK TaKke€ COCTOMT M3 OJHOTO
MIOJTHOCBA3HOTO CJIOSI M TPEX CBEPTOUHBIX OJOKOB ¢
TOBBIIIIEHUEM  pa3MepHOCTH. KaXaplii  CBEPTOUYHBIN
0JIOK COCTOMT M3 CJIOSI ITOBBILICHHUS POCTPAHCTBEHHON
pasmepHoctu  (Hanpumep, UpSampling2D 2 s
TepBOro OJIOKA) M JIBYX CBEPTOUHBIX CIIOEB (HAampuMmep,
Conv2D 4.1 n Conv2D 4.2 amns nepBoro 05oka).
MHoro3oHaIbHOE n300pakeHne MOXET
OBITh TIPE/ICTABICHO B BHUAE TPEXMEpHOro KyOa, aBe
OCH KOTOPOTO HMEIOT IPOCTPAHCTBEHHYIO, a TPEThs
— CHEKTpaJbHYI0O pa3MEpPHOCTb (HEMOCPEICTBEHHO

CBSI3aHHYI0O C U3JIy4yaTeIbHOH M OTpa)kaTeJIbHOU
XapaKkTepuCcTHKaMH 00bekTa) [2].
Jnst  modydeHWs  JECKpHIITOpa  ydacTka

HCXOITHOTO I[BETHOTO N300paxkeHus pazmepom 128 x 128
MUKCENIeH JI0CTaTOYHO II0JaTh 3TO H300pakeHHWe Ha
BXOJl aBTOZHKOZIEpA U IOJNyYUTb BBIXOJHBIE 3HAUCHUS
YKa3aHHOT'O CKPBITOTO cJos. T.K. BEKTOP pPa3MEPHOCTHIO
512 oT0oOpa3uTh HE TMPEACTABIACTCS BO3MOXKHEIM,
TO A7l BBIBOAA JAHHBIX OBUI MCHOJNB30BAaH aJITOPUTM
TIOHMKEHUS Pa3MEPHOCTH — METO[] IVIABHBIX KOMITOHEHT.
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C moMomIpio yKa3aHHOTO METOA Pa3MEPHOCTD
JIECKPUTITOPOB ObIIa yMEHbIIeHa ¢ 512 10 IBYX, UTO yKe
MOXET OBITh OTOOPaXKEHO Ha TIOCKOCTH.

Ha puc. 5 npuBeneH npumep OTOOpa)KeHUs

16 nmeckpunmTopoB (IUIA HYETHIPEX PA3IUYHBIX TPYIII
n300pakeHUH,  BKIIIOYAIOMIMX  Pa3iWYHbIE  THUIIBI
MTOBEPXHOCTEN).

Puc.5. Pacnonoxenue 1ByMEpHbIX

TekcTypHbIe XapaKTePUCTHKH
TexcTypHble ~ XapaKTEpUCTHUKH  BBIPAKAIOT
pa3sHOCTh  3HAYE€HWH  HMHTCHCHBHOCTH  COCEIHHX
MUKceNnell M300pakeHHs, NMPHU 3TOM 3HAYCHHUS OIEHOK

IPOEKLUI AECKPUIITOPOB HA INIOCKOCTH B BUJI€ MUHHATIOP

9TOM pa3sHOCTH OTIMYAIOTCA IS PA3JIMYHBIX THUIIOB

MOACTUNAIONIEN TOBEPXHOCTH.
[Tpumepst BBIYHMCIICHHBIX

XapaKTepUCTHK MpruBeaeHsI B Tadmue 1.

TEKCTYPHBIX

Tabmuna 1. [IpuMepbl BEIYHCIEHHBIX TEKCTYPHBIX XapaKTePUCTHK

XapakTepuCTHKA
OOmBexT
ASM Contrast
Jsim 5.262e-03 4.249¢+01
Jlec 2.215e-04 2.681e+02
Crpoenus 3.915e-04 1.560e+02
Ouar Bo3ropanus |2.594e-03 1.656e+02
Brrancnenne TEKCTYPHBIX XapaKTEPUCTUK TCKCTypHLIC XAPaKTEPUCTUKU MOT'YT BBIYH-

CHHMMKA BBIIOJIHSAETCS B TaK HA3LIBAEMOM «CKOJIB3SIIEM
okHey. Pazmep «ckob3siiero okaa» —4x4 nukcens. T. e.
BBIOpPAHHBIC TEKCTYPHBIC XaPAKTCPUCTUKU BEIYUCIISIOTCS
JUIS HEOOJIBIIMX YYacTKOB H300pakeHUs. 3HAYCHUS
TEKCTYPHBIX XapaKTePUCTHK COOHMPAIOTCS B MAaTpPHIHI,
KOTOpbIE ~ MPEOOPa30BBIBAIOTCS K  IIEIOYHCICHHBIM
3HaYeHUsAM B muamazoHe ot 0 mo 255. Ilomyuennas
MaTpHIia MPEACTaBIISIET co0oii MTOJIYyTOHOBOE
n300paKeHHE, KOTOPOE TO3BOJICT CPABHUTH 3HAUYCHUS
OIICHOK TEKCTYPHBIX XapaKTEPUCTHK JUIA PAa3TUUIHBIX
YYaCTKOB H300paKeHUIA.

CISTECS HA OCHOBE IIONIyTOHOBBIX HPOCTPAHCTBEHHO-
3aBUCHMBIX MAaTpHIl TI0 KaKJIOMY H3 4YeThIpeX Harl-
paBJCHUIl — 1O TOPU3OHTAJM, 110 BEPTHKAIH WM TIO0
JIBYM JIMaroHaJIsiM, C Y4€TOM BBIOPAHHOTO PACCTOSTHHUS d,
TTOCIIE YEeTO 3TH YETHIPE OI[CHKH YCPETHIIOTCS IS MOy~
YeHUS €IUHON OLIEHKH.

PaccrostHne d mncnomnb3yercs Mpy BEIYUCICHUH
MaTpHUIIbI OTHOCUTENbHBIX YacToT P(i, j, d, a) (Bbraucs-
eTcs JUIsl Taphbl COCETHUX MHUKCENEH, pa3/ieieHHbIX pac-
CTOSIHUEM d 110 BBIOPAHHOMY HAIpaBJICHUIO Q).

Jis  OLEHKHM  TEKCTYPbl  HCHOJNB3YIOTCS
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TEKCTYPHbIE XapaKTePUCTHKH XapaJIuKa.

MyJabTHMOA/IbHbIE TaHHbIE

B nuteparype paccMmarpuBaeTcs psiji cliocoOoB
UCIIONIb30BaHMSl  MYJIBTUMOJAIBHBIX  J@HHBIX  JUIs
mIyOOKMX HEWpOHHBIX ceTell. B kadecTBe JaHHBIX
Ppa3IuIHOMN MOJIQTbHOCTH paccMmarpuBaroTCs:
[[BETHBIC HW300pakeHMs, KapTa NIyOWHBI, pagapHbIC
CHUMKH, [udpoBas MOIAeNb penbeda, IudpoBas
MOJIeTb  TIOBEPXHOCTH, JIaHHBIC  YIBTPa3BYKOBBIX
JIaTYMKOB,  TEKCTOBOE  ONMCaHHe,  ayauo- WU
BU/ICOIIOCTIE/IOBATEIFHOCTH, @ TaKXKe JaHHBIE C WHBIX
CHEKTPAJBHBIX JaTYNKOB M MX MPOU3BOIHBIC TPU3HAKA
(BereranioHHBIC UHCKCHI) [3 — 5].

PaGota ¢ MyJIBTUMOIAIBHBIMH  JaHHBIMH
HalpaBjlIeHa Ha  MOJY4YEHUE  JIy4IIero  OOIIEro
MPEACTABICHUS [0 CPABHEHUIO C OJHOMOAATIBHBIMH.
[Tockonbky mpsiMass — KOHKAaT€HAIMsl  HM3BJIECYEHHBIX
MPU3HAKOB W3 JIAaHHBIX C Pa3InYHON MOJALHOCTBIO
YacTO TPHBOAUT K HETOYHBIM pe3yabraram, oOIiee
MpeACTaBICHNE (IECKPUITOP) MOXKET OBITH YITyUIICHO
C HCIOJB30BAaHHEM OIMCAHHOTO BBIIIE TIIyOOKOTO
aBTO3HKOJIepa. JlJIst 3TOro HeoOXOAMMO, YTOOBI UCTIONb-
3yeMble JITaHHBIE B KaXXIOW MOJAIBHOCTH MOIVIM OBITh
NPE/ICTaBICHBl B BHJIE KapThl. Takxke HEoOXoaAnMo
COIVIaCOBaHME KOOPAMHAT JUISl TAaHHBIX KapT, TO €CTh OHU
JIOJKHBI OBITh MPE/ICTABICHBI B BUJIE MHOTO30HAJIEHOTO
N300paKEHHUSI.

Hanee pa3mep BXOIHOTO clos IpeoOpasyercs
Kk pasmepy 128 x 128 x N, rme N — KOJIUYECTBO
KapT pasIMYHOM MOJAIBHOCTH. A Il BBIXOJHOTO
ceeprogHoro ciog Conv2D 6.2 KOTHYECTBO (IIIBTPOB
Fc = N. OGy4enne Momeny U MOIydeHHEe JIECKPUITOpa
HE OTANYAETCA OT MOAX0/1a, OIMMCAHHOTO BHIIIIE.

BapuarneHble HHGOPMATHBHBIE TPU3HAKHA
[TocTpoenue 1ecKpUITOPOB 0OBEKTOB OCHOBAHO
Ha MCIIOIb30BAaHNH KOMOWHHPOBAaHHBIX HH(OPMATHBHBIX
MIPU3HAKOB MHOTOCIIEKTPATIBHBIX H300pakeHni. BakHOM
XapaKTepHCTHKOﬁ IIPU3HAKOB SABJIACTCA BApUATUBHOCTD.

BapuatuBHOCTB  —  CBOMCTBO U Mepa
M3MEHYMBOCTU OOBEKTOB, MX UHCIOBLIX M HEUHCIOBLIX
XapaKTePUCTHK, COCTOSHUM U cBsized. JlokanmpHas
BapUaTUBHOCTh WH(POPMATHBHBIX [IPU3HAKOB
MOMKET  OLEHHUBATbCSI  TOJBKO HUX  TEKCTYPHBIMHU
XapaKTePUCTHKAMH.

Anroputm MOCTPOCHUS JIECKPUTITOPOB

00BEKTOB C UCITOIB30BaHNEM O0YUECHHOTO aBTORHKOEPA
BKJTIOYAET CIIEAYIOUIHE IIart.

[ar 1. [Toryuenne nzo0pakeHns n300pakeHUH
133, KoTOpBIe BKIIOYAIOT ONIDKHUN WH(pPaKpacHBIH
CHEKT.

Hlar 2. Beruucnenue kapt HH()OPMATHBHBIX
MPU3HAKOB MHOTOCIIEKTPAJIbHBIX HM300pa)keHUH (Bere-
TaruoHHbIe HHACKCH NDVI 1 11BeTOBBIC IPU3HAKH).

IIar 3. Beruucnenue KapT XapaKTEPUCTUK BapHu-
aTUBHOCTH (TEKCTypHbBIE XapaKTEPUCTHUKH Xapaluka 1
(hpaxTambHBIC XapaKTEPUCTUKN).

lar 4. KomOMHUpOBaHUE MONYYSHHBIX KapT B
OJIHY MHOTOMEPHYIO KapTy HH()OPMAaTHBHBIX IPU3HAKOB.

Mar 5. Paz0Ouenne MHOTOMEpHOW KapThl Ha
MEepPEKPHIBAIOLIUECS YUACTKHU pa3mepoM 128 x 128.

Iar 6. BrruncieHne AIECKPUNITOPOB €

HCIIONIb30BAaHUEM ABTOIHKOJIEpa.

ITpn BeIAENEHUN MH(POPMATUBHBIX MPU3HAKOB
JOTIOJIHUTENBHO JI00aBisieTcs 1LBETOBas WH(oOpMaIus,
WHBAapHaHTHAs K MacIITady U OBOPOTaM M300paKeHUsL.
Just 9Toro st Kaxoro o0padarbiBaeMOro ydacTka
N300paKeHHsT CTPOUTCS €T0 TIOKaHaIbHasi THCTOrpaMMa.
I[Ipn »TOM gns  cokpameHus o0ObeMa  JaHHBIX
MIPUMEHSETCS KBAaHTOBAaHWE 3HAYEHMH SIPKOCTH HE Ha
256 ypoBHeii, a Ha 16. [laee moxydeHHBIE THCTOTPAMMBI
OOBETUHSIOTCSI B OIMH MacCHB pa3MepoM 48 3J1eMeHTOB:
[16 3HaueHwmit cuHero kaHanga, 16 3HaYEHHUH 3€JIEHOTO
kaHana, 16 3HaueHuil kpacHoro kaHana]. IlomydyeHHBIH
MaccuB Takxe Hopmupyercs o L2-Hopme.

Taknum 00pa3om, pe3yabTaToM HUACHTU(HHUKALIH
aBIsieTcs MaccuB U3 560 »IEeMEHTOB, KOTOPHIA W
UCIIONB3YeTCsl TSl KilacCH(uKaiuu.

Jns  xnaccudukanmu paspaboraHa HeHpo-
ceTeBasl MOJIENb, COCTOSIIAS M3 JBYX MHOTOCIIOHHBIX
MIePCEeNTPOHOB, OOBETMHEHHBIX B BHJIE HEHPOCETEBOTO
ancamOis. Kaxnaplii mepcenTpoH B OTAEIBHOCTH
aHAJIM3MPYeT BXOMHOM MAacCHB MJAHHBIX, IIOCIE YETro
BBIXOJ(HbIC CJIOM (OPMHPYIOT B3BELIEHHOE ofIee
PCUICHUC TI0 KJIACCY BXOJIHBIX JaHHBIX. Cama MOICIIb
pean3oBaHa Ha si3bIKe nporpammuposanust Python c
rcnonp3oBaHueM oudmuorexu Keras [6].

Takum o0pa3oMm, B IemoM pa3paboTaHHBIN
TIOAXO/] MOKHO MPEJICTABUTH B BUJE CJIETYIOLINX IIAar0B.

[ITar 1. bepem y4acTok 1[BETHOTO N300paKECHHUS
pasmepoM 128 x 128 nukceneil.

ar 2. Jns 3TOro W300pa)KEHUs CTPOUM
JICCKPHUIITOP Pa3MEPHOCTHIO 512 3/IEMEHTOB, UCIIOIb3YS
pa3paboTaHHBIH aBTOIHKOIEP.

[Mar 3. s 3TOT0 X€ HM300pa’keHHs CTPOUM
Ha6op JOMOJTHUTCIIBHBIX IMPU3HAKOB, OITMCBIBAIOMINX
LIBETOBBIC  XapaKTEePUCTUKK  H300pakeHHs, IMpel-
CTaBIAIONIMI coO0oif MaccuB u3 48 3IIEMEHTOB,
MOJTYYEHHBIH W3 TIOKaHAJIBHOW THCTOTPAMMBI, Kak
OITUCAHO HIXKE.

[ar 4. O6benuHsAeM TIONTYYEHHBIE Ha Tarax 2 u
3 MaccHBHI B OTUH pa3MepHOCTHIO 560.

[ar 5. IlonydeHHBIH OOBEAUHEHHBIN MaCcCUB
OTIpaBIsieM Ha BXOJI MOJEIH KiIacCH(UKaNuU, B
pe3ynbrare HCIIONHEHUS KOTOPOW IOJy4aeM MacCHB
13 YeTHIPEX YHMCEJ, KOTOpbhIe YKa3blBAaIOT Ha CTEICHb
OII30CTH H300paKEHHOTO TOMY WJIM HHOMY KJIaccy.

[ITar 6. WHaexc, COOTBETCTBYIONIMA Mak-
CHUMAJILHOMY 3Ha4€HHIO MacCHBa, IOJY4YEHHOIO Ha Iare
5, ¥ SIBIISIETCS] HICKOMBIM MHJIEKCOM KJlacca.

OO0yuenue moaeeii

OO0yueHre MOAETH KIIaCCH(DUKAITIH:

Oynxnus noreps (loss) — categorical cross en-
tropy [7].

- pasmep oOyuvaromieit Beroopku: 4000 uzobpa-
KEHUH (HE BKJIIOUAsi ayTMEHTAIINIO);

- pasMep BaJHMIALHOHHOH BBIOOPKH:
n300pakeHni (He BKIFOYasi ayTMEHTAIIHIO);

- PE3yJIBTUPYIONIAsi TOUHOCTD Ha BaJIMJAIIMOHHO
BbIOOpKE: 99,19 %);

- obyuaronmii anroputm: Adam [8] ¢ mapa-
merpamu: [r = 0.0001, beta 1 = 0.9, beta 2 = 0.999,
epsilon=1*10"%, decay = 0.0.

800
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TecTrupoBanue
TectupoBanue OCYIIECTBIISIIOCH Ha
BaJIMIAIIMOHHON BBIOOpKe. [Ipm 3TOM oOIleHMBanach
TOYHOCTb KaK JJI KayKIOro Kilacca B OTAENBHOCTH, TaKk
U JUIA BCEX KIIacCOB B 1iesoM. ITomydeHHbIe pe3ynbTarel
TECTHUPOBaHUS NpuBeneHs! B Tabnue 2.

B WCXONHBIX JAaHHBIX TpeOyeTcs IOMONHUTEIbHAS
orieHka. JlaHHBIC, MTOMyYCHHBIC B PE3yNbTaTe, CBEICHBI
B MaTpHIIBI HeTOYHOCTEH (confusion matrix), mpuBeIeH-
Hele B Tabnuie 3. 3HaueHUs B MaTpUIlaX MPHUBEICHBI B
OTHOCHUTEILHBIX BEINYMHAX — KOJIHYECTBO OOBLEKTOB
MPUHAIICKANIMX ~KJIACCYy K OOMmEeMy KOJIUYECTBY

U3-3a HeCGaﬂaHCI/lpOBaHHOCTI/I KJ1aCCOB 00BEKTOB BCEX KJIACCOB B BI)I60pKe.
Tabnwma 2. Pe3yabTaThl TECTHPOBAHUS CETMEHTATOPOB
Knaccer TouHOCTE, %
3aabpIMIICHHE 86.9
PacTuTenbHOCTH 99.7
Ctpoenus 100
IToxap 98.9
O61mas TOYHOCTh 99.19
Tabnwma 3. MaTpuubl HETOUYHOCTEH
IIpenckazanueie PeanbHbIE KI1acCH
(1aceht 3agsimnenue | PactutensHocTts | CTpoenus | IToxxap
3agsIMIIEHHE 0.285 0.003 0.039 0.001
Pacturensrnocts | 0.000 0.222 0.001 0.000
Ctpoenus 0.000 0.000 0.224 0.000
Toxap 0.000 0.002 0.001 0.224

,Z[J'IH OICHKH KadycCTBa KJ'IaCCI/ICI)I/IKaL[I/II/I ObLIN
BbIYMCJICHBI COOTBCTCTBYIOIIHUC 3HAYCHUA TOYHOCTHU

(precision), moiuotsI (recall) u F1-mepst [8] (cm. Tabmu-
ny 4).

Tabmuua 4. 3nadyeHns TouHOCTH (precision), moHoTHI (recall) u F1-mepsi

Knaccrt Precision Recall F1

3aagpIMIICHHE 0.869 1.000 0.930
PacturensHocts | 0.997 0.981 0.989
Crtpoenus 1.000 0.848 0918
IToxap 0.989 0.994 0.991

HawnGombIiree KOMUYECTBO OIMIMOOK BO3HHKAIIO
Ha y4acCTKaX, COOTBCTCTBYIOIIUX I'PaHULEC 3aAbIMJIICHUA

BoiBoab1

Jdns  upeHTHQUKAIMM W KJIACCH(UKALUH
00BEKTOB Ha M300PAKEHUSAX, MTOTYUCHHBIX C MTOMOIIBIO
cpeMouHbIX  cpeactB  BIVIA  u  opburanbsHOTO
0a3upoBaHus, NpEIIOKEHA HeHWpoceTeBas MOJEINb
KinaccuuKaluy, OCHOBaHHAas Ha  MCIOJIb30BaHUU
OPUTHHAIGHOTO aBTO’HKOAEpPA M TIOCTPOCHHAS IO
APXHUTEKType aHCaMOJIsI MHOTOCIIOMHBIX EPCENTPOHOB.

[Tomyuaemble  IE€CKPUNTOPBI  MPEICTABISIOT
coboif mMaccuB w3 512 ymcen ¢ MiaBaroNIEH 3amsATOM.
B KkauecTBe OCHOBBI JJIsl TIOCTPOEHHS JIECKPUIITOPOB
UCIIOJNIb30BaH HEHPOCETEBOI aBTOIHKO/EP, apXUTEKTypa
KOTOPOTO 3aBHUCHT OT MOJQIBHOCTH M IIBETHOCTH
UCCIEAYeMBbIX JaHHBIX. OTIMYUTENBHBIME —4YepTaMu
pa3pabOTaHHBIX MOJETEH SBISETCA HCIONb30BAHUE
KaK MHOTIOMOJAJIbHBIX W PAa3HOLBETHBIX MTaHHBIX, TakK

U TIOXKapa, a TakXKe B CIIydae TOPEHUs] CTPOCHUH.

U WCIIONIb30BAaHUE JIOTIOIHUTENBHBIX HH()OPMATHBHBIX
NIPU3HAKOB BApHATHMBHOCTH JaHHBIX. sl  OLEHKH
BapUAaTUBHOCTH JAaHHBIX HCIIONb30BAHBI TEKCTYPHBIE
npusHaku Xapajauka, MOCTPOEHHbIE MJIs JIOKaJIbHbIX
yuacTkoB u300paxkenusi. Ilpu BbieneHun uHbOp-
MaTUBHBIX TIPU3HAKOB JIOTIOJHUTEIBHO J00aBIseTCS
1BeroBass MH(OpMaIKs, HHBApHAHTHAsT K MacimTady H
IIOBOPOTaM M300paKeHUs 1 OCHOBAHHAsI Ha TIOCTPOCHUH
MTOKaHAJIBHBIX THCTOTPAMM.

Mogenb peanu3oBaHa C HCIMOIb30BaHUEM OH-
ommorexn Keras. Mcrosnp3oBaHue NpeiioKEHHOH MO-
JIeTH 7T Kilaccu(UKay Ha yeTsipe kiacca: «Iloxapy,
«3anpivuenue», «PacturenbHOCTs» U «CTpOEHUs», MO-
3BOJISIET JJOCTHYb TOYHOCTH Kiaccuukanuu Boime 99 %.

Pabora BemonneHa npu noxpaepxke bPODU
(moroBop Ne ®21YKPT-007 ot 30.04.2021).
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DOUDKIN A. A.| GANCHENKO V. V., INYUTIN A. V., MARUSHKO E. E.

IDENTIFICATION AND CLASSIFICATION OF OBJECTS IN IMAGES OBTAINED
BY UAV AND ORBITAL BASE IMAGING EQUIPMENT
The United Institute of Informatics Problems of the National Academy of Sciences of Belarus,
Minsk, Republic of Belarus

To identify and classify objects on images obtained using UAV imaging and orbital-based imaging, a neural
network classification model based on the use of an autoencoder and built on the architecture of an ensemble of
multilayer perceptrons is proposed. Additionally, at the stage of highlighting informative features, is added a color
information, which is based on the per-channel histograms and is invariant to the scale and rotations of the image.
The model is implemented using the Keras library. The use of the proposed model for classification into four classes:
“Fire”, “Smoke”, “Vegetation” and “Buildings”, allows to achieve a classification accuracy above 99%.

Keywords: metal fracture; texture features, macrogeometric descriptors.
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OLEHKA BJIUAHUSA YPOBHS IIYMA HA TOYHOCTDHB PEKOHCTPYKIIUHN
HN30BPAYKEHUSA TPOMBIINJIEHHOT'O U3AEJIUS
'THY «Hncmumym npuxnaonou ¢usuxu HAH Benapycuy
’Benopycckutl HAYUOHANbHLLIL MEXHUYECKUTL YHUSePCUMen
STHY « @uszuko-mexnuueckuti uncmumym HAH Benapycuy

Tpaouyuonnas momozpagus asnaemcs 3gh@ekmusHvim cpedcmeom 0 MeOUYUHCKOU OUASHOCMUKIL, HEPA3PYULAIOu,e2o
KOHMPOIS. NPOMBIUTIEHHBIX KOHCIMPYKYULL U 0I5 NPOBEPKU KAuecmed UHOyCmpuansibix usoeauil. Tomoepaguueckas eusyanuzayus
00beKmog 6 ciyuae HenoaHo2o yend 0030pd, 0PAHUYEHHO2O YUCA NPOEeKYULl U/ulu HeOOCHAamoOYHOU MOWHOCMU UCHOYHUKA
PEHMEEHOBCKO20 USIYUEHUs ABIAEMCS CUIHO HEKOPPEeKmHOU obpamuou 3adayeil. Cmamvs nocéawena uccied08anuio Ciyuas,
K020a WLYMbl 60 6XOOHBIX OAHHBIX CYUWECMBEHHO BAUAION HA CXOOUMOCHb U KAYECE0 PEKOHCIMPYUPYEMO20 U300PANHCEHUSL.

Knrouesvte cnosa: umepayuonnsie menmoovl;, peKOHCMPYKYUs U300padjicenuli; momozpagusi.

Beenenue

B Hacrosiiee Bpems Ui KOHTPOJISI PA3IUUHBIX
OTIIMBOK CJIOKHOM (OpMBI BCE dHamle MPUMEHSIOT
MIPOMBINIICHHYI0 PEHTIEHOBCKYI0 ToMorpaduto [1].
Hcnonp3oBaHWE ~ TPEXMEPHBIX  TOMOTPA(QUUECKUX
W300pKCHUN JIMTCHHBIX M3ICIUN  IMO3BOJSICT  HE
TOJIBKO OCYHIECTBIISITh A(P()EKTHBHBIH KOHTPOJIb (DOPMBI
W3/IeNNH ¥ HaIW4Ms B HUX Je(EeKTOB, HO M OKa3bIBaeT
OPUHIUNHAIBHOE  BIUSHHE Ha  [POMBIIIICHHBIE
TEXHOJIOTMHM  TPOM3BOACTBA  CIIOXKHBIX  W3AEIHH
MAaIIMHOCTPOEHUS], 3aMKHYB TEXHOJIOTHYECKHN IUKII
MPOM3BOJCTBA B  IICTIOYKY: ABTOMATH3HUPOBAHHOE
MIPOEKTHUPOBAHUE — ABTOMATU3UPOBAHHOE TIPOU3BOICTBO
—  aBTOMAaTWYeCKUl  KOHTpoiab.  PeHTreHoBckas
ToMorpadusi Mo3BOJHIIA BBIBECTH KOHTPOJIb (PACOHHBIX
OTIIMBOK  PA3JIMYHBIX JETaJell aBTOMOOWIBHBIX W
TPAaKTOPHBIX JBUrareled Ha KaueCTBEHHO HOBBIU
ypoBeHb. [IpOM3BOACTBO  OTBETCTBEHHBIX  M3JCIHI
COBPEMEHHOTO  MAalIMHOCTPOCHUS:  aBTOMOOMIIBHBIX,
TPAKTOPHBIX U aBUAIIMOHHBIX JBUraTeel, BEpTONETHBIX
jJonacTed,  OXJIAKIAEMBIX  TypOWHHBIX  JIONATOK
HEBO3MOXKHO  0€3  HCIIOJb30BaHMS  COBPEMEHHBIX
CPEICTB HW3MEPEHUs] JMHEWHBIX pa3mepoB. OnHaxo,
TPaIUIOHHBIC CPE/ICTBA H3MEPECHHUS, HE3aMEHUMBIE ITPH
OLICHKE XapaKTePUCTHK OTACIBHBIX JieTalell 1 00pa3oB
npocreiimel GopMbl, HEMPUMEHUMBI IIPH W3MEPEHUSIX
BHYTPH CIIOXKHBIX HPOCTPAHCTBEHHO pPa3BETBICHHBIX
nmeTaneil u cOOpHBIX MO0 HEpa3OOPHBIX COCTUHCHUH.
IToHATHO, YTO INTAHTEHIUPKYJIEM HEBO3MOKHO U3MEPUTH
TOJIIUHY CTEHKH OXJIaXKJAaeMOH TypOWHHON JIOMaTKH
CIIOKHOM (DOPMBI, TaK)Ke Kak, HalpUMep, ¥ BEIUYHHY
3a30pa BHYTpH Hepa30opHoro kiarana. Takue 3amaun
PELIAOTCsI ¢ HOMOUIBIO MPOMBIIIIEHHON PEHTIE€HOBCKOM

ToMorpau  CIOCOOHON 063  TeoMEeTpPHYSCKUX
UCKQ)KEHUM M C BBICOKOH CTENEHBIO TOYHOCTH
OECKOHTAKTHO HW3MEPHUTh pPa3Mepbl BbINICYKa3aHHBIX

CTPYKTYPHBIX DJIEMEHTOB BHYTPU HW3ACIHH 000U
cnoxkHocTd. C ee MOMOIIBIO JOCTHKHUMA YHHUKAJIBHO
BBICOKAsi TOUHOCTh OCCKOHTAKTHOTO HEPa3pyIIAIOIIETO
U3MEPEHUSI  Pa3MEpOB  BHYTPEHHHUX  CTPYKTYypPHBIX
SJIEMEHTOB M WX JIOKAJIBHBIX AE(EKTOB, COM3MEpUMast
C TOYHOCTBIO TPAJAUIMOHHBIX CPEICTB KOHTAKTHOTO

1. MeToanbl CTATUCTHYECKOI PEKOHCTPYKIMH
H300paeHuit

I'pynmna CTaTUCTHYECKUX aJArOPUTMOB
PEKOHCTPYKIIMU NPUHAAIEKUT K KIAcCy UTEPALUOHHBIX
METOJOB PEKOHCTPYKIMH. CTaTUCTUYECKHE METO/BI
PEKOHCTPYKIIUU o0ecreynBaroT pa3iauyHbIe
MIPEUMYILECTBA, TAKKE KaK MOJICJIMPOBaHHE (PU3NIECKUX
5p(EeKTOB M y4yeT BEpPOSTHOCTHOIO pacIpe/ieeHHs
DKCIEPUMEHTAIBHBIX HU3MEpEeHuil. Henocrarkom
9THX METOJIOB SIBJSIETCS TO, YTO OHM SIBIISIIOTCS Oolee
CIIOKHBIMH, 4Y€M IETEPMUHHPOBAHHBIE MTEPALUOHHBIE
METO/IbI ¥ IPUBOJIAT K 6051€€ BEICOKUM BBIYHCIHTEIBHBIM
3arparam. [103ToMy OHU B OCHOBHOM HCIIOJIB3YIOTCS B TEX
Clly4asix, Korja Ipyrue MeTo/ibl He MOTYT y0BJIETBOPUTH
TpeOOBaHMAM K  KadeCTBY  PEKOHCTPYHPYEMBIX
n300paxeHnid. OOBIYHO UTEPALIMOHHBIC CTATHCTHUCCKHE
METObl ~ PEKOHCTPYKLMM  I[HUPOKO  HCIIOJIB3YHOTCSA
B OMHCCHOHHOW Tomorpaduu u Ooiee penko B
TPaHCMHUCCHOHHOM KOMITbIOTEpHOW TOMorpaduu. B
1982 rogy Illenn mpeacTtaBuil CTaTUCTUYECKUNA METO[
MaKCHMaJIbHOTO TIPaBJONONO0MS ISl PEKOHCTPYKIUH
B OMHCCHOHHOH TOMOTpauH, KOTOPBIM BBI3BAI
3HAUUTENIbHBI HMHTEPEC K CTAaTUCTHYECKUM METOAAM
pEeKOHCTPYKIHMH. B 9TOM paboTe MbI OyieM UCTIONH30BATh
CTaTHCTHYECKUI METO/l MAKCUMAJILHOTO ITPABIONIOA00uS
JUISL TPAHCMHUCCHOHHOW TOoMorpaduu. PaccMoTpeHHbIH
HIDKE BapHaHT €ro HCIIONIb30BAaHMS OCHOBAaH Ha padoTe
®eccnepa u Jlaare [2]. boinee KOHKPETHO yKa)keM, 9TO
HauOONBIINI WHTEPEC Ul HAC MPEACTABISIET BAPUAHT
MeTO/la MAaKCHMAJbHOTO IPABIOMOA00MS Ha OCHOBE
BBIITYKJION ONTUMU3AIMU, TaKXe IIPEJJIOKEHHbI B
BBILIIEyKa3aHHOM padore.

[lockombKky ~ CTAaTUCTHYECKHE  aITOPUTMBI
OTHOCATCS K HUTEPAUOHHBIM aNropuTMam
PEKOHCTPYKLIMH 33/1ada PEKOHCTPYKIHMH MOXET OBITH
3amucana:

Ax =p, (1.1

OOparnM BHHMaHHE, YTO YacTO HCIIONIB3YeTCS
HaTypalbHbIM JorapudM (GYHKIUH TIPaBIONOI00uS,

M3MEPEHUS] HApYKHBIX pa3sMEpPOB  IPOMBIIIIEHHBIX

. TaKk  HasplBaeMas  Jiorapupmuyeckas  (QyHKIHS
U3/IeNunit. T

nparonogoduss — log-likelihood. B psne ciyuaes
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Oonee ynoOHO paboTarh MMEHHO ¢ Heil. Tak kak Jiora-
pudM SBISETCSI MOHOTOHHO BO3pacTaroliei (hyHKIHEH,
TO Jorapudmudeckas GyHKLHS PABIONOA00Hs JOCTHU-
raeT MaKCUMyMa B T€X )K€ CAMBIX TOUKAX, YTO U (DYHKLIUS
npasnononobus (likelihood). CnemoBarensHo, Torapud-
MuuecKkas (QyHKLIHUS NPaBIONOAOOUS MOXET OBbITh HC-
MOJIB30BaHA BMECTO BEPOSITHOCTH B METOJC MAKCHMAITh-
HOTO IPaBIoNo00usI.

B tpaHCcMECCHOHHO# TOMOTpaduu HEOOXOAUMO
PEKOHCTPYHPOBATh 3HAUCHUS KOA(PPHUINEHTOB ITHHEH-
HOro OCnaGIeHHs |, , 3aaHHBIC JUIs KaXI0r0 BOKCEIs
J- Tak Kax p sIBISETCS BEPOATHOCTBIO 3axBara (OTOHA
BOKCEJIEM j, TO Mbl HIMEEM OUYEBUIHOE (PH3HYECKOE Orpa-
Huuenue > 0. TlyaccoHoBCkuii Xapaktep pacrpee-
JICHUsI CTEHEPUPOBAHHOTO PEHTICHOBCKOTO M3ITyUYCHUS
HOJpa3yMeBaeT, YTO pacIpeleleHus U Pa3THYHBIX
MIPOEKITNI SBISAIOTCS He3aBUCHMMBIMH K 4TO log-likeli-
hood Habmonaemoro kosmuecTBa (POTOHOB MOXKET OBITH
Ipe/ICTaBIeHa KaK

L(p) =X {-d; exp-(a, p)-Y(a,w)}Hc  (1.2)

W= ) a (d exp-(a,0)-X)/ Y a,(a,n)d, exp-(a, 1)

®opmyna  (1.3)  obecredynBaeT  CTaTHCTHYECKOE
WUTEpAIlIOHHOE  pEIICHHE 33Jadd  PEKOHCTPYKIHH
M300paKeHHMsI, TPOCBEUYMBAEMOTO 00BEKTa KOHTPOJIA.
OCHOBHBIMU apryMEHTaMH, KOTOpPbIE MOKa3bl-
BAIOT HEOOXOJMMOCTh Pa3BUTHS U JaJbHEHIIEro nccie-
JIOBAHMSI UTEPALIMOHHBIX METO/IOB M aJTOPUTMOB, SIBJISI-
I0TCS cieyrontre: 1) Bce oHM 03 Tpy/a amanTupyroTCs
JUIA CIIy9aeB C pa3IMIHBIMHU CXeMaMHU cOopa MpOeKITH-
OHHBIX JJAHHBIX; 2) OHH SIBIISIOTCS MIPUTOTHBIMH JJIS TO-
pazo Oosiee NIMPOKOTO Kpyra pa3zHOOOpa3HbIX TEXHUYE-
CKHX 3a/1a4 110 CPAaBHEHHUIO C METOJAMH, UCTIONb3YIOIINX
MHTErpajbHble npeoOpasoBanusi. CyliecTByeT JocTa-
TOYHO ITUPOKHH TIepeueHb TOMOTpadMIecKuX 3a1ad, TIe
MIPUMEHEHNE UTEPAIIMOHHBIX PEKOHCTPYKTHBHBIX METO-
JIOB 00€CIeUNBAET TOPA3I0 JIyUIIne Pe3yabTaThl: PEKOH-
CTPYKLUSI OOBEKTOB MO OTPAHMYSHHOMY MJIH HEMOJIHOMY
Ha0Opy PEHTICHOBCKHUX MPOEKIINIT; PEKOHCTPYKIIHS 00b-
€KTOB B OTPaHHMYECHHOM YIJIOBOM juarnazoHe. OCHOBHBIM
HETOCTATKOM 3THX aJITOPUTMOB SIBISICTCS OTHOCHUTEIIEHO
HEBBICOKAsE CKOPOCTh WX CXOIUMOCTH M 3HAYUTEIEHOE
BpeMsi, HEOOXOAMMOE Ha WX BBIOJIHEHHE. ITO 00yCIIOB-
JICHO TEM, YTO MJId MOJIYUYCHHUA TOCTATOYHO TOYHOI'O pe-
IICHHS YaCTO MPUXOANTCS BBITIOJIHSTH JICCATKH, @ HHOT/AA
COTHHM MTEepalnii 1 0OCUUTHIBATH OYEHb OOJIBILIHUE JIBYX-
MEpHBIC W TPEXMEPHBIC MAaCCUBHI JAaHHBIX. B kauecTBe
BTOPOTO HEJOCTaTKa, OTPAHWYHBAIONIETO MX HCIIONB30-
BaHWE, MOXXHO MTPUBECTH TPeOOBAHNUE HATMYHUS OOJBIIIO-
ro xkonugectsa oneparuBHoi mamstu 1K nnmm paboueit
CTaHIMM, HEOOXOANMON JUIsl XpaHEHUsI PEKOHCTPYHpYe-
MOT0 HM300pakeHHs, Habopa PEHTTEHOBCKUX IPOEKIUH,
a Tarke Kod((OUIIEHTOB MPOSKINOHHOW MaTpuIlbl. Of1-
HUM W3 CIIOCOOOB TIPEOIONICHISI STHX IIPOOJIEM SIBIISETCS
WCTIONB30BaHAE MAaCCUBHO-TIAPAIIICTBHBIX CYHEPKOM-
MbIOTEPOB. MOXKHO CKa3arh, 4TO UX MOSIBJICHUE Ha PHIHKE
BO MHOTOM O0YCJIOBJICHO ITOTPEOHOCTBIO Pa3pabOTKH U
UCIIOJIb30BaHMsI HOBBIX IapaulelIbHBIX HWTEpaliOHHBIX

B ypasuenuu (1.2) d.— oxugaemoe KoJIM4ecTBO
(DOTOHOB BBIXOJIIUX W3 HMCTOUYHHKA PEHTICHOBCKOTO
W3JTyYEHHS W TONAJAI0INX B [ — B MHKCENb paccMa-
TPHUBAEMOM MTPOEKINH; ¢ — HECYIIECTBEHHAsI KOHCTAHTA;
[ — BEKTOP KOB(I)(I)I/\I,HI/ICHTOB ocrabiaeHus M5 8, — BEKTOp
JUIMH TIEPECCUCHUUN JIy4dad, BBIXOAAMICTO M3 HCTOYHUKA
U TMOMNAJAOIIEr0 B I — bl IHKCEIb paccMaTpruBaeMou
MIPOEKINHU C BOKCEISIMU, TPUHAIISKAITIMHU TPOCBEYH-
BACMOMY 00BCKTY; (2, | — CKAISIPHOE IPOM3BEICHNE
JIByX BEKTOPOB, TO €CTh

(aiau) = Zj aijﬂj.

B BbImeykazannoi pabore JlaHre mpeaou

MOIU(UIMPOBAHHBI  aJIrOPUTM Ui pacyera
norapupMuIecKon ¢byHKINH MIPaBIOIIONO0HS,
KOTOpBIfI IIO3BOJIMJI  3almMcaTb B  KOHCYHOM BHJC

QITOPUTM BBIYMCIICHHS BEKTOpa W, 00ECHEeYHBAIOIIETO
muanMu3anuio log-likelihood.

(1.3)

QJITOPUTMOB, HEOOXOAMMBIX /ISl PEIICHHUs TOMOrpadu-
YECKHX 3a71a4 OOJBIION pa3MEPHOCTH.

WTepannoHHbIE METOIBI MPUMEHSIOTCSA IJIaB-
HBIM 00pa3oM sl 33/1a4 OYEeHb OOJIBIION Pa3MEPHOCTH,
KOTOPBIMH, KaK NPaBHJIO, SIBJSIFOTCS 3aJ1a4M KOMITBIOTEP-
Holi Tomorpaduu. B 3aBucumoctu ot reomerpun cOopa
MCXOIHOHM MH(pOpManny, BEIOOpa criocoda JUCKpeTH3a-
UM 00JTacCTH BOCCTAHOBIICHWS M BHIA OPTOTOHAJIBHBIX
psaoB monmydaeMm pasnudnabie BUAbI CJIAY, KoTopble pe-
MIaf0TCs MO0 npsAMbIMU METOJaMU, J'II/I6O UTCpaion-
HBIMH. Ba’KHO ITpH 9TOM OTMETHTH, YTO HE CYLIECTBYET
o0IIero mpaBwia BbIOOpa HAWJIYYIIEro METOAa pelie-
HUs. Be10op 3 eKTHBHOrO MeTofa pemieHUs 3aBUCHT
OT XapaKTEPHBIX CBOWCTB KOHKPETHO pelIaeMoi 3aaadu
1 apXUTEKTYpbl KOMIbIOTEpa. Takum 0Opa3oM, Bce 3TH
METOZbI CBOAAT 3a/ladyy BOCCTAHOBJICHUS K PCHICHUIO
CJIAY (1.1), To ecTb, Ka3aJ0ch Obl, K CTaHapTHOM 3aj1a-
Yye BBIYMCIINTEIbHON JIMHEWHOH anreOpbl. OHako npu-
MEHHTEIBHO K MPOOJIeMe PEKOHCTPYKIINH H300pakeHHs
JlaHHas 3a]1a9a UMEET PAJ] XapaKTePHBIX 0COOCHHOCTEH:!
Pa3MEpHOCTh CUCTEMBI YPE3BBIUANIHO BEIMKA: Kak Ipa-
BHIJIO, YMCIIO YPAaBHECHHH M HEW3BECTHBIX mopsiaka 107
— 10'; mpoekioHHas MaTpuia A = (a[i) SIBIIIETCS BECh-
Ma pa3pexeHHOI, MOCKOJIbKY KaXKIBIA JIyd IepecekaeTt
OYEHb HE3HAUYNTEIBHOE YMCIIO BOKCENEH, TToaToMy Oostee
90% ee »IeMeHTOB PaBHO HYMO. [Ipy 3TOM OTIIMUHBIE OT
HYJSl DJIEMEHTBI MAaTPHUIlBl A, KaK MPaBHIIO, HE 00pa3y-
FOT HUKAKOH OIPE/IEJICHHON YIIOPSIIOYEHHON CTPYKTYPbI
JUISL TOTO, YTOOBI MOKHO OBLITO IIPUMEHHUTH KaKOH-HUOY/Ib
13 U3BECTHBIX METOJOB PEIICHHS CUCTEM JIMHEHHBIX ajl-
reOpanyecKuX ypaBHEHHH C pa3peKCHHBIMH MaTpHIla-
MH; MaTpula A sBISETCS NPSIMOYTOJIBHON pa3Mepa m X
n, IpU4eM m#n, u, Kak npasuio, m < n. B nocnennem
Cllydae CHCTeMa SIBISETCS HEJOONpENeNeHHON M, Kak
CIIE/ICTBHE, cucTeMa ypaBHeHui (1.1) sBiseTcs HeyCcTo-
YMBOM OTHOCHTEJIFHO 3aJIaHNsI HAYaJIbHBIX JIaHHBIX
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1. PexoHcTpyKIUS N300paKeHUsT METAIIHYECKOT0
NMpyTa, NPeACTABJICHHOIO NOJIbLCKOI CTOPOHO

IIpoceccopom 3eHonom TaprakoBCKHM ObLTa

npuse3eH u3 llodbiiy MeTauMueckuil mpyT ¢ pasme-

pamu 10x10x50 MUAIUMETPOB, U3rOTOBIEHHBINA Ha 3D
MIPUHTEPE C NPUMEHEHHEM aJMTHUBHBIX TEXHOJIOTHH.
®dotorpadust mpyTa MpeacTaBiIeHa Ha pucyHke 3. 1.

Pucynok 1.1. — MeTajaandeckuii odpa3el, H3roToBJIeHHbII MOJbCKONH CTOPOHOM € HCMOIb30BAHHEM
aJINTUBHBIX TEXHOJIOT U

JIst OCyIIeCTBIEHHST PEHTTCHOBCKOTO CKAHH-
POBaHUS BBIMICOMUCAHHOTO 3KCIIEPUMEHTAIBLHOTO 00-
pasiia OblTa WCIOIB30BaHA PEHTTCHOCKOIMYECKAs CH-
crema X-Cube Compact. X-Cube BbIlyckaeTcs B JIByX
mogeisix: X-Cube Compact u X-Cube XL. Kaxnas
U3 HUX MOXET OBbITh 00OpPYIOBaHA PEHTICHOBCKUMHU

TpyOKamu ¢ HampspkerneM 160 kB wmm 225 kB, paznmy-
HBIMM MaHHUIYJSTOpaMH Ipy30H0AbeMHOCTBIO 10 100
kr. Ha pucynke 1.2 mokasaHbsl peHTT€HOBCKHE TPOCKITHH
TECTHPYEMOro 06pasiia st yriioB ckanuposanus: 00, 45°
u 90°.

Pucynok 1.2. — peHTreHOBCKHe NMPOEKIIMH IKCIePUMEHTATbHOTro o6pa3ua ais yrios 0°, 45° u 90°

Bcero na ycranoBke X-Cube Compact Obu10
cusato 1600 mpoekrumii uepe3 yrmoBoii narepsan 0,225°,
Jns mpoBepouHON TOMOTpaduUecKol PEKOHCTPYKIHH
6pu10 ncronb3oBaHo 400 PEHTreHOBCKUX MPOEKIHH ¢

yrinoBbiM miarom 0,9°. Ha pucynke 1.3 moka3as nepcrek-

TUBHBIM BHJI PEKOHCTPYHPOBAHHOTO TPEXMEPHOTO H30-

Opa’keHMsI METAITMYECKOTO MIPyTa.
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Pucynok 1.3. — nepcrneKTHBHBIH BHI PEKOHCTPYHPOBAHHOIO TPEXMEPHOI0 H300pasKeHus!
MeTaJJIHYeCKOro npyra

1. Co3nanue 3a11yMJICHHBIX POEKIN
MeTAJLJINYeCKOT0 MPYyTa ¢ Pa3HBIM YPOBHEM IIIyMa

Jist ipoBepKH  pOOACTHOCTH MPUMEHIIEMBIX
aJTOPUTMOB PEKOHCTPYKIMH Bce 1600 peHTreHOBCKUX
MPOEKIMI OBLIH 3alIyMJIEHBI TayCCOBBIM IIIyMOM C pas3-

)] v 1] &

bl

PfEet ] F Rowtoe [T

HBIMH YPOBHSIMHM CTaHJAPTHBIX OTKJIOHEHUH: 5, 10, 15 u
25 enuHUIL.

Ha pucynke 2.1 moxa3aHa mepasi MPOCKIHUS C
Pa3HOU CTEIEHBIO 3allyMJICHUS.

D B 350 rnal_18 <« Prokle Mot
| 9 B t50 et o

At i A

5| ) ] 10| Y | ®| 6 [

) HE 5 5

< Pl Ples

vtk
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Pucynoxk 2.1. — IlepBas npoexuus 3aliyMmJeHHasi ¢ pa3HbIMH YpoBHsIMU ['ayccoBa myma:
a) — cTaHAapTHOe OTKJIOHEeHHe 5 eTUHUL; b) — cTaniapTHOE oTKJI0OHeHHe 10 eqHUL;
€)— CTaH/AapTHOe OTKJOHeHHe 15 enuHun; d) — cTaHAapTHOE OTKJIOHEHHe 25 eIMHHUII.
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Ha nmpodwumnsax ypoBHeH mryma XOpoIio BHIHO,
YTO MaKCHMallbHbIC YPOBHHU IIYMOBOW COCTaBIISIOLIEH
YBEITHYNBAIOTCSI COOTBETCTBYIOIIMM 00Pa30M.

1. PexoHCTpyKIUS TPeXMEPHBIX H300paskeHUI
MPyTa MO 3aIIYMJIEHHBIM MPOEeKIHIM

N3 1600 peHTreHOBCKUX MPOEKIUH, TIOIy-
YEHHBIX JUIsI KpyroBoro o63opa 360 rpamycoB aBToMa-

Tudeckn ObuTH BbIneneHsl 400 MpoeKnuil ¢ paBHBIMH
yIIOBBIMH WHTepBajaMu. C MOMOIIBI0 KOTOPHIX ObLIa
OCYIIIECTBJIEHA CEpHUsl PEKOHCTPYKIMH HTEPalOHHBIM
METOOM MakcuMalbHOTO MpaBaonoaodus (popmymna
1.3). Humxe Ha pucyske 3.1 nokazaHbl HepCHEKTUBHBIE
M300paKeHHsT TIPyTa, KOTOPHIC MOIOIHUTEIHHO OBLIH
00paboTaHBl TPEXMEPHBIM MEIHAHHBIM  (DUIBTPOM

7x7X7 3n1eMEHTOB JJIs yoaJIeHUs IIyMa.

PucyHnok 3.1. — nepcneKTHBHbIE H300paKeHHs MPYTa, KOTOPbIE JONOJHHUTEIbHO ObLIN 00padoTaHbI
TPeXMePHbIM MeAUAHHBIM GUIABLTPOM 7X7X7 3J1eMeHTOB
a) — CTaHJAapPTHOE OTKJIOHEeHUe S equHUIL; b) — cTanaapTHOE oTKJIOHeHUe 10 ennHuIIL;
¢) — cTaHJapTHOe OTKJIOHeHHe 15 equnul; d) — cTaHAAPTHOE OTKJIOHEHHUE 25 eIMHUIL.

CHUCTEMHBINA AHAJIN3 U TIPUKJIAJTHASI THOOPMATHKA

4,2022



DATA PROCESSING AND DECISION-MAKING

43

Ha pucynke 3.2. mokazaHa 3aBUCUMOCTB OIIINO-
KA PEKOHCTPYKIMM OT 4YHCIa WTEpanuil JUis ypOBHS
IIyMa CO CTaHJIAapPTHBIM OTKIOHEHHEM 5 eTUHMII.

3aBMCUMOCTb OLLMOKK OT YMcna UTepauum

0,6

0,523703

0,5

0,4

0,3

ABconoTHan owmnbka

0,2

0,14223
0,120798114269

01

0 2 4 6

0,097374

108753 0,115803

0,09593
0,0833@}073 368

8 10 12 14 16

Yucno utepaumi

Pucynox 3.2. 3aBucuMoCTh OIIMOKHM PEKOHCTPYKIHH OT YHMCJIa WTepanuii JJisi yPOBHS IIyMa CO
CTAHAAPTHBIM OTKJIOHEHHEM S5 eTHHULY

3aBUCHMOCTH Ui JPYTUX BEITUYWH CTaHIAPT-
HOTO OTKJIOHEHHSI UMEIOT aHAJIOTUYHBIN XapaKTep.

3. 3akaouenue
PesynbraThl  NPOBEACHHBIX  PEKOHCTPYKIIUI
CBHJICTENLCTBYIOT O TOM, YTO JIaXe ISl OOJBIINX YPOB-
HEH CTaHIAPTHBIX OTKJIOHCHHWH MOYKHO IMOJYYHThH IMPH-

eMJIEMOE KadeCTBO PEKOHCTPYHMPOBAHHOTO H300paxke-
HUSL TIPU YCJIOBHHM HCIIOJNB30BAHUS JIOTIONHUTEIHHOM
MIPOCTPAHCTBEHHON MenuaHHOW (uibTpanmu. Cxoam-
MOCTb QJITOpPUTMa SABISIETCA XOpouled u yxke mo 7 - 8
UTEepanusIM MOJKHO JJOCTUTHYTh HEOOXOMMOTO KauecTBa
PEKOHCTPYHPYEMOTO H300paskeHNSI.
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ASSESSMENT OF THE IMPACT OF NOISE LEVEL ON THE ACCURACY OF
RECONSTRUCTION OF THE IMAGE OF THE INDUSTRIAL PRODUCT
IState Scientific Institution “Institute of Applied Physics of the National Academy of Sciences of
Belarus”
’Belarusian National Technical University
IState Scientific Institution “Physico-Technical Institute of the National Academy of Sciences of
Belarus”

The traditional tomography is an effective remedy for medical diagnostics, nondestructive control of
industrial designs and for quality check of industrial products. Tomographic visualization of objects in case of an
incomplete viewing angle, limited number of projections and/or the insufficient power of a source of x-ray radiation
is strongly incorrect return task. Article is devoted to case research when noise in input data significantly affect
convergence and quality of the reconstructed image.

Keywords: iterative methods, image reconstruction; tomography.
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Ob HHBAPHAHTHOCTH IIU®POBOI'O OIIMCAHUSA PYKOIIMCHOM MOJITUCH
"Tocyoapemesennoe nayunoe yupesicoenue ““O6beOuHeHnblll UHCmumym npooiem uHpopmamuKu
Hayuonanvnoti akademuu nayx benapycu™
’Benopycckutl HayUOHATbHBLIL MEeXHUYECKUL YHUGEePCUmem

B cmamve npeocmasnenvi pesynbmamul IKCHEPUMEHIMOG, BbINOIHEHHLIX C Yelblo UCCTIe008aAHUS UHBAPUAHIHOCTU
yu@poeo2o onucanus u30OpadceHUs PYKONUCHOU noOnUcl, npedcmasienHol Ha oymadxchom nocumene. Onucanue cmpoumcs
Ha 6aze HOPMANU308ANHO20 U300paAdCEHUs. NOONUCHU, OYUDPOBAHNO20 8 BUOUMOM OUANA30HE INEKMPOMASHUNHO20 CHeKmpa
CKaHepoM, ¢ NOCIeOVIOWUM 6bIYUCTEHUEM PACNpedeNenus ee JOKANbHbIX 0CODeHHOCmEN. DKCNepUMEHMANbHO UCCIe008aAHA
UBMEHYUBOCIb OAHHO20 NPEOCMAGIeHUs NOONUCU OMHOCUMENbHO PAZHBIX YCA06ULl, UMUMUPYIOWUX UMEHeHUe ee ysemd,
opuenmayuu Ha Oymaze, monuunsl IUHUY U pasmepos. Ilokazamno, umo yugposoe onucanue uz06padicenus pykonucHot nOONUCHU,
panee npeoiodicenHoe asmopamu, 0oCmamouHo UHEAPUAHIMHO OMHOCUMENbHO NepeyUCIeHHbIX YCA06Ull ee UCNONHeHUs O

8bINONIHEHUsI NPOYEOYPbl BEPUPUKAYUL PYKONUCHOL HOONUCU.

Knroueswie cnosa: noonucs, yughposoe onucanue noonucu, bunapHoe uzodpaxcenue nOONUCU, JTOKATbHbIL OUHAPHBILL

Wad’lOH,' UHBAPUAHMHOCHb.
BBenenue
Jns ynocroBepeHus: MOJJIMHHOCTH JTOKYMEHTA
00BIYHO TpeOyeTCsl 3HAK MOATBEPXKICHHS, UL YETO
JI0 CHUX MOp TPaJULMOHHO HUCHOIb3YETCS PYKOIHCHAs

moamuck. OHa TpencTaBiIseT coOoil m300pakeHue,
HAaHECCHHOE  YEJOBEKOM BpPYYHYIO C  IIOMOIIBIO
MUIIYIIET0  CpPencTBAa HAa  OyMaXHBIH  HOCHTENb

JokymeHTa. [loamuck — 3TO COBOKYITHOCTH CHMBOJIOB
W JIMHUH, WHAMBUAYaJIM3UPYIONIMX 4YeJOBEeKa, 4acTo
OHA COJEP’KUT HECKOJIBKO OYKB MMEHH WiIN (paMHUIIUH.
Kak mpaBuiio, moAmnucH, cIeTaHHbIe OJHUM YEITOBEKOM,
pa3IUYaroTCs 10 UCTIONHEHHIO, pa3MepaM U 1Bety. [Ipu
OTIpeNieNIeHUH TMOUIMHHOCTH TOANHUCH €€ TOoxo0HOoe
MPEACTAaBICHUE TONYy4YHUIO Ha3BaHHE CTAaTUYECKOTO
win  odumaiinoBoro (offline signature), a MeTOxBI
BepU(UKAILMH, HCHOJNB3YIONIME TAKOE IIpeCTaBICHHE
MOINHCH, — CTaTHYSCKUX WIH OQIAHOBBIX METOIOB
[1-4, 14,15]. YroObl MOANUCH BBITIONHSIA CBOH
IaBHbIE (DYHKIMH — YIOCTOBEPEHHE MOMIHHHOCTH
JIOKyMEHTa U €T0 3alIUThI OT MOJIENIOK, HEOOXOUMO ee
cobcTBeHHOpYYHOE BhIoiHeHue [11, ¢. 50]. Tlommuck
CIIy)KHT CBOErO pOJa YIOCTOBEPHTEIBHBIM 3HAKOM
YEIIOBEeKa, KOTOPHIH MO3BOJISICT HIACHTU(DHUIMPOBATH H
ayTCeHTU(HUIMPOBATh ee TMpon3BoxuTens. CI0XKHOCTH,
CBSI3aHHBIC C HCCIEJOBAaHHUEM MOMIMHHOCTH MOAINCH,
00yCIOBJIEHBI ~ CIENM(UKOH  JAHHOTO  [TOYEPKOBOTO
Mmarepuaia, cocrosmeil B Jeduuure  moie3Hou
nH(pOpPMALMK U SMHUYHOM IPOSIBIICHUU NMPU3HAKOB [ 1-
3,11-12].

Jlrobbie 1BE pYKONHCHBIC MOAIHCHA OIHOTO
YelloOBeKa BCErJa HMEIOT HEOONbIINe OTKIOHEHHS B
HCTIONIHEHUH, a UX OPHEHTAIUS U pa3Mepbl HECKOJIBKO
OTJINYAIOTCS.

Panee aBTOpBI JAHHOH CTaTbu NPEIUIOKHIH
W HaYalll WCCICIOBAaHUS IM(PPOBOTO IPEICTABICHUS
TIOIIHCH (bopmupyemoro ITOCPE/ICTBOM ee
TeOMETPHYECKON HOpMaJTHU3aIHH, OuHapu3anuy,
BBIJICJICHUS] KOHTYPHOTO IMPEACTABICHUS U BBIYHCIICHHS
NPU3HAKOB Ha 0a3e JIOKAJbHBIX OWHApPHBIX LIA0JOHOB
[14-15]. B naHHO# cTaThe BBIMOJHEHBI HCCIEAOBAHUS
WHBAPUAHTHOCTH  TPEUIOKCHHOTO  IMPEICTABICHHS
MOANHCH OTHOCHUTENBHO Pa3MEepoB, IMOBOPOTOB, IIBETA
TIOJTACH M €€ HAaHECEHHsI PYyYKAMHU Pa3HBIX THIIOB.

1. Oranbl npeaBapuTebHON 00padOTKH U

HOpMAJIN3alu

Bce nuudpoBsie um300pakeHUs — TOAMHCEH
MOABEPrajiiCh ~ Npe/IBapUTEIbHOW  00paboTke M
HOpMAJIU3allii  C  MOCJICHYIOIIUM  BBIUYHCICHHEM

JIOKABHBIX OMHApHBIX 11adiaoHOB (local binary patterns,
LBP) BbluncieHHBIX Ha OWHApHOM TIPENCTABICHHUH
CPAaHULl MOJIMCEN COIIACHO NPOLENype, ONHUCAHHON B
ctarbe [15] B cremyromeil mocneaoBaTeIbHOCTH:

— onudpoBka OyMakKHBIX H300paKeHUI MOA-
MHUCECH;

— npeoOpa3zoBaHHe IBETHBIX IHU(POBBIX H30-
OpakeHmit B OnHapHOE n300pakerne noamucu (BUIT);

— ¢merparmst BUI meTonammn MaremaTnieckoi
MOP(HOIOrHH U1 CTAOMIN3AINH TOJIIIMHBI JIMHHH;

— meananHas gusrpanus BUIT:

— HopManu3anus opueHTtauuu bUIT;

— BbIpe3aHue onwuceBaromero BUIT mpsmo-
YTOJBbHUKA;

— macmrabuposanue BUII B mraGmon 3aganHOTO
pa3mepa;

— BBIJCJICHHE KpacB HOPMAJIM30BaHHOIO OH-
HapHOT'0 N300paKeHHUs! TTO/IITHCH;

— BBIYHCIICHHE JIOKAIEHBIX ONHAPHBIX IIA0JIOHOB
LBP npu3HakoB KOHTypa H300paskeHUs ITOIIHCH;

— TOCTPOCHHE THCTOrPaMMBbl BBIYHCIEHHBIX
LBP-npu3Hakos.

2. UccaenoBanue HHBAPMAHTHOCTH HU(POBOTo
ONHUCAHNSA PYKONHUCHOH MOANNCH K IOBOPOTY H
pa3MepaM HCXOXHOTO H300paKeHUs

bbl1  BBINIOMHEH CIEAYIOIUI  3KCIIEPUMEHT.
[logmucn  HECKONBKUX — YENOBEK, IPeICTaBICHHBIC
Ha OyMaXXHOM HOCHUTENe, BpPYYHYIO ITOBOpaYMBaTh
Ha CTPOro OINpEeJeJIEHHbIC YIIbl M CKAaHUPOBAJIHUCH C
pasHbIM paspemieHneM. Llenpio sKcnepuMeHTa OBLIO
WCCIICIOBAaHNE WHBAPUAHTHOCTH HOPMAJIH30BAaHHOTO
MIPEICTABICHAS OOHON M TOH ke OyMa’kKHOW TOAIHCH,
onn(pOBaHHOHN MPHU Pa3HBIX YCIOBHUIX, IMUTHPYIOIINX
HM3MEHEHHE ee OPUEHTAIUHN U Pa3MEpOB.

Juist popmupoBanus Habopa MCXOIHBIX JaHHBIX
JUId JAHHOIO OJKcrnepuMeHTa 20 4YeloBeK HaHEeCIH
kaxnapii mo 10 moxammcedt Ha Oymary. Bcero Obumo
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nonydyeHo 200 pyKONMUCHBIX mofnuceil. bymakHpie HO-

bmp. Bcero 6puto chopmupoano 4800 muppOBBIX
CUTEIH BPYYHYIO TMOBOpaunBanuch Ha -30°, -20°, -10°, mnpeacraBneHuit UCXOAHBIX mommuceil. ITapamerps! mo-

CTpOEHHS HA0OPa IKCIIEPUMEHTAIILHBIX JTAHHBIX TPUBE-
neusl B TaOmure 1.

=50, 0°, +5°, +10°, +20°. Kaxxnast moanuch Oblia OIud-
poBana B Tpex pazpemenunsax: 300 dpi, 600 dpi, 1200 dpi
W 3alrcaHa B BUJE IBETHBIX M300pakeHW B (hopmare

Ta6m/1ua 1- HapaMCTpBI MMOCTPOCHUA Ha6opa OKCIICPUMCHTAJIbHBIX JAaHHBIX

Hucno pyKONUCHBIX MOANUCEN

200

Bocemsb YTJI0B ITOBOPOTOB

2300, -20°, -10°, -5°, 0°, +5°, +10°, +20°

Tpu BapuanTa pazpenieHus Mpu CKaHUPOBAHUT

300 dpi, 600 dpi, 1200 dpi

Oo01ee urcio chopMUPOBaHHBIX IIU(POBBIX TPEIICTABICHHUIA

4800 — (200 x 8§ x 3 = 4800)

KonnyecTBo CpaBHEHHMI HOPMAJIM30BAaHHBIX IPENCTABICHUM
MMOJIITUCEH

14400 — (4800 x 3 = 14400)

Ha pucynkax 1 u 2 mpuBeaeHbI IpUMEPHI
OTCKaHUPOBAHHBIX N300paKeHNI

PYKOIIUCHBIX
TMOAIHUCEN C pa3HBIMH YITIaMH ITOBOPOTA.
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Pucynox 1 — [IpuMepsl OTCKaHUPOBAHHBIX H300PAKCHHUH JTUCTOB C PYKOTICHBIMHA TTOIITACSIMU,
TTOBEPHYTHIMH Ha -5°(a) u Ha -20° (0)

CHUCTEMHBINA AHAJIN3 U TIPUKJIAJTHASI THOOPMATHKA
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0 +10° +20°
7 y .
b 2 R4
p/ *‘;A’ A ‘*é‘i 5£(/
w’ L L
-5° -20° -30°
" | 1
) H o }‘* u\u
ﬂd‘,{/ {: (In"’ ‘: V| ')

Pucynox 2 — [Ipumeps! BbIpe3aHHbIX N300paykeHUH PYKOTIMCHON MOMHICH, OTCKAaHUPOBAHHOM MPHU
Pa3HbIX yIvlaX IOBOPOTOB

Pasnbie ndpoBbIe MPEICTaBICHUS OIHOMN
MOANUCH KAKJOTO YEJIOBEKAa CPABHUBAIKMCH MEXKIY
coboii. TlpusHaku 1HQPPOBOrO MPEACTABICHUS KaxOH
PYKOITUCHO# MOAMUCH TOMapHO CPABHUBAIUCH MEKIY
co0Oi  TOCPEICTBOM  BBIYMCICHUS Ko3(duiuerra
koppemsiiuu [Iupcona. Beero Opmio momydeno 14400

k03 (OUIMEHTOB KOppensauu Mexnay mnapamu LBP-
MPU3HAKOB LU(POBBIX IPEJCTABICHUH  IOIIHCEH.
KoaddurmenTst KOppeJIsILUU 10 TOAITUCEH,
OTCKaHHPOBAHHBIX B TPEX pAa3pEIICHUsX, B KadeCTBE
MIPUMEPOB TIPEICTABICHBI B Ta0mMIeE 2.

Tabnuua 2 — [TpuMepsl KOppEsIIA MEKAY MapaMu HU(POBBIX MPEICTABICHUN PYKONMCHBIX MMOIHCEH,
OLM(POBAHHBIX C Pa3HBIM pa3peleHuEM

CpaBHUBaeMbIe CpaBHHBaeMbIe CpaBHHUBaeMbIe

K03(. K03(. k03¢.
TIOATNCH TIOAITUCH TIOAITUCH
. . COIT. . ) COIT. . . corT.
300 dpi u 600 dpi 300 dpi u 1200 dpi 600 dpi u 1200 dpi

orgl orgl.1 0,9972 orgl org01 0,9875 orgl.1 org01 0,9925
org?2 orgl.3 0,9980 org2 org02 0,9705 orgl.3 org02 0,9811
org3 orgl.3 0,9895 org3 org03 0,9921 orgl.3 org03 0,9988
orgd orgl.4 0,9955 org4 org04 0,9897 orgl.4 org04 0,9967
org5 orgl.5 0,9676 org5 org05 0,9778 orgl.5 org05 0,9744
fl fl.1 0,9702 fl 0.1 0,9875 fl.1 0.1 0,9670
2 f1.2 0,9880 2 0.2 0,9705 f1.2 0.2 0,9722
3 f1.3 0,9601 3 0.3 0,9921 f1.3 0.3 0,9880
4 fl.4 0,9814 f4 0.4 0,9897 fl.4 0.4 0,9879
f5 f1.5 0,9699 f5 0.5 0,9778 f1.5 0.5 0,9877

Ha pucynke 3 mnpuBeneHsl nudpoBbie
M300paKeHNsT PYKOIMCHBIHN MOATINCH C Pa3HBIMHU yTJIaMU
MOBOPOTAa M pa3pemeHust (M300pakeHUsI YMEHBIICHBI
B ueisix dKkoHoMuu Oymaru). [lo Bbime onwucaHHOU

@2 30°
300 dpi
/74/7\1 f ! Le.‘“f]\

npoueaype MOMIHMCH IOABEPrajuch IpeIBapUTEIbHOM
oOpabotke. Ha prcynke 4 mpuBeieHsI HOPMAITH30BaHHOE
[PeCTaBICHUE TTONUCH.

O

-10°

1200 d
/’W

[~

ceas

y

AN
y O
T
AR
?,

I C

org2.2

PucyHok 3 — nudpoBble IpeacTaBIeHUs] OpUTMHAIIBHON IOIIKMCH C Pa3HBIMU YIIaMU IIOBOPOTOB U
paspenieHuit
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Pucynok 4 — Hopmanu3oBaHHbIE IPECTABIEHHS PYKOMCHBIX TOANHACEN

KoadduireHTs! Koppesium pyKOMHUCHBIX
MOAIITUCEH, MPUBECHHBIX Ha PUCYHKE 3, MPEICTABICHBI
B Tabmuue 3.

Tabnuua 3 — [Ipumeps! Koppensuun MeKAy UH(POBBIMU OIMCAHUSIMU TIOAMTUCEH, IPEICTABICHHBIX Ha

pucyHke 2
CpaBHUBaeMble KO3 (. CpaBHUBaeMbIe K03 (. CpaBHuBaeMble KO3(.
TIOAITUCH COIT. HOJINCH COIT. HOAINCH COIT.
org2 org2.1 0,9632 org2 org2.2 0,9615 org2 org2.3 0,9675
org2.2 org2.3 0,9770 org2.1 org2.3 0,9855 org2.1 org2.2 0,9897

3HaueHnsT BceX KOIPPHUIUEHTOB Kop- moanucH. KodpUIMEeHT KOppessiiuy MexIy MepBbIM
pemsiumu 6butn Bhime 0,961. Ha pucynke 5 npuBeneHsl W BTOpPBIM HabopoMm mpu3HakoB paseH 0,9981, mexnmy
N300paKeHNST PYKOITUCHBIN ITOJIKCH, OUM(pPOBAHHOK ¢  1epBbIM U TpeTbuM — 0,9801, Mek1y BTOPBIM U TPETHUM
paszpemennsamu 300 dpi, 600 dpi, 1200 dpinructorpammer - — 0,9962.
LBP nmpu3HakoB Tpex IU(PPOBBIX MPEACTaBICHUA 3TOH

008 008 0.08

006 006 006

000 L_ulu ||. |_|.L1.L e LJ lJ.Lula o uL L. Ll.Llu m tl {J.Luh 0.00 Jm_‘t‘!-m‘ [ UL i~ ki Jl“
)

0 50 100 150 00 50 0 50 100 150 200 250 [ 50 100 200 250

r) ) e

Pucynok 5 — (a)-(B)- Tpu UPOBBIX MPEICTABICHNS OPUTUHAIHHOHN TOANMCH TPU Pa3peIIeHUsX
300 dpi, 600 dpi, 1200 dpi u ructorpammer LBP npr3HakoB, BEIYNCIEHHBIX JIJIT HOPMaJTH30BaHHBIX
I (POBBIX TPECTABICHNI
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B Ttabnmue 5 mpencTaBiIeHBI CpeaHUE
apupMeTHIEeCKHe 3HAYCHUS u CTaH/IapTHHIC
OTKIIOHEHHS  KOA(PPHUIUECHTOB

KOPpEISIINU ~ MEXIY

BCEMH PYKOIHCHBIMH IOAMUCIMH, OIU(POBAHHBIMH C
pa3HbIM pa3perieHneM. 3HaueHus Bcex Kod(duimeHTos
xoppersiiuu Obuta BoImre 0,978.

Tabmuma 5 — CpenHue apudmMeTHUECKUE 3HAYCHUS M CTAHJAPTHBIC OTKIOHEHHS KOA((OUIIMEHTOB
KOPPEJISIIIUK IPY CPAaBHEHUH ITOJITHCEH, OTCKAHUPOBAHHBIX C Pa3HBIM pa3pelieHrHeM

Pazpemenue 300 dpi u 600 dpi

300 dpi u 1200 dpi 600 dpi u 1200 dpi

0,9793 £0,010178

Lto

0,9781 + 0,010694 0,9809 £ 0,009836

1. UccnenoBanne MHBAPUAHTHOCTH UG POBOIo
ONMCAHUS PYKONMHUCHBIX MOANHUCEH, OTJINYAIIINXCS
LBETOM M TOJIIUHOM JIMHUHI

B TeXHHKO-KPUMHUHAIUCTHYECKOH IKCTIEp-
TU3€ MpPU aHAINW3€ PYKOIMUCHBIX IMOJANHCENH OCHOBHOE
BHUMaHHE HCCIEAOBATeNsl  YIACTSIOTCS  HAXXUMHBIM
xapakTepuctukam monmucu [11-12]. HccnenoBanme
TaKUX XapaKTEPHCTHK BEACTCS B TPEX HAIPaBICHUSX:
U3y4YeHHE TIyOWHBI MITPUXOB (HApUMEp, C MOMOIIBIO
npodunorpada) [11]; u3ydeHHe MIMPHHBI IITPUXOB
C TOMOIIBI0 MHKPOCKONIMYECKUX H3MepeHud (B
4acTAX [ITPUXOB OHPEAEISAIOT MPONOPLHOHAIBHOE
COOTHOIIGHWE IIMPHHBI); H3yYCHHUE pPACHPEICICHUS
KpacuTest B MITPHUXaX, OCYIIECTBIIAIONIEECS

o
bt
ol

i

/ \ a8/ 2]

6)

Pa3IMYHBIME CIIOCOOaMHU.

B nmanHOW paboTe HCCICIOBaHBI IPE-
cTaBliecHUs] ONU(POBAHHBIX PYKOIUCHBIX TMOJIHUCEH,
BEIIOJTHEHHBIX Pa3HBIMH pydkamMu. [lommwcn oOTiIH-
YaroTCs IPYT OT JIpyTa [IBETOM HCITOTHEHUS W TONIIHHON
nuHAA. B KadecTBe AKCIEPUMEHTANBHBIX JTaHHBIX
o0 chopmupoBano 60 pykomucHbIX momamucedr 10
4enoBek. MIHCTpyMEHTOM cOOpa PYKOMUCHBIX TOIMTUCEH
MO CITYKHITH HECKOJIBKO PYUYEK Pa3HBIX THITOB (IIIAPHKOBAsT
pyYKa, TeieBas pydyka, KamMUIApHAs PydKa) pa3HBIX
I[BETOB, C TOJOBKAaMHU pa3HON TommuHBL. Ha pucyHke
6 TpuBeNeHBl TPUMEPH TOANHCEH pa3HOTO IBETa U

att ,

) e)

Pucynok 6 — lIBeTHBIC PYKOTIMCHBIC TTOITACH BEITIOJTHEHHBIC: ) MIAPHKOBOU PYUKOM; 0) TelIeBOM PYUKOA;
B) KalTWJUIIPHOM PYYKOii; T) pyIKOH-pOILIEPOM; 1) MAPUKOBOH PyUKOH pO30BOTO IBETA; €) MApPUKOBOM
PYYKOM 3€JIEHOTO 1IBETa

[lpu BepuduUKanUM HECKONBKUX MOA-
MMUICEH OIHOTO dYeNOBEeKa BaXHO NPeoOpa3oBaTh WX
B MakCHUMaJbHO HWHBAPUAHTHOE  IPEJCTABICHHE.
Ora 3ajaya pemiaeTcss Ha JTare MpeiBapUTeIbHON
00paboTKu M300paxeHul, onrcanHoM B pasnene 1. Ot
BBIOOpa MeTona MpeoOpa3oBaHUs HCXOIHOTO IBETHOTO
n300pakeHUs B TOJTYTOHOBOE IIPEICTABICHUE 3aBUCHUT
TOYHOCTh WX ONHCAHUSA W PE3yNbTaT BEPH(PHUKALINH.
Onuriem Hanbosiee MpOCThie CrocoObl MPeodpa3zoBaHuUs
LBETHBIX W300pakeHUl B MOIyTOHOBBIC [5-8, 10] m
(KaK MpOCTEHINNI BapHaHT) MCHOJIB30BaHUE OJJHOTO U3
KoMmnoHeHT 1BeTa R, G, B:
R=@?2;G=GE§13=BE—,G)

max max max

255

Grayl=(R+G+B)/3; 2)
Gray2 =0,2989 x R + 0,5870 x G + 0,1140 x B; 3)
Gray3 =0,2126 x R +0,7152 x G+ 0,0722 x B, 4)

rae R, G, B — 3HaueHus sipkocTeil kKpacHOro, 3€JI€HOr0 U
CUHETO KaHAJIOB COOTBETCTBEHHO.

Ha pucynke 7 mnpuBeaeHbl MpPUMEPHI LBETHBIX
PYKOIIUCHBIX MOJTIHCEN, ux OJJHOKaHaJIbHBIE
npencrasieanss R, G, B B Buie MOIyTOHOBBIX
N300paKEHNH, a TAK)KE THCTOTPAMMBI SIPKOCTH I[BETHBIX
U TTOJIy TOHOBBIX U300paskeHHUH.
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Pucynok 7 — L{BeTHbIE 1 OZJHOKaHAIbHbIE ITOJyTOHOBBIE MPEICTABICHNUS TOANNCEH, BHITTOJTHEHHBIX: a)
[IAPUKOBOM PYUKO#; 0) KamMUIAPHOW PYHKOI; B) T€JIEBON PyUKOi; T') PyUKOH-pOIIepoM; 1) IIapUKOBON
PYUYKO# pO30BOTO IIBETA; €) IMIAPUKOBOM PYUKOM 3€JICHOTO IBETA

Ha pucyskax 7 a), B), A), €) BUAHBI
CYIIECTBEHHbIE MEpenajibl IPKOCTH Ha OJHOKAHAJIbHBIX
MPECTABICHUAX IBETHBIX U300PAKCHUHN TIOAUCEH, YTO
CHIDKAET TOYHOCTh HMX IMPEICTABICHUS B MOIYTOHOBOM
Buae. B pesymprare aHaim3a OKCICPUMCHTAIHHBIX

pe3ynbTatoB  ObUIH  C(HOPMYIMPOBAHBI  CIETYIOIIHE
PEKOMEHIAIMK IO BBIOOPY METOda IMPEeoOpa3OBaHUs
[BETHOTO HM300pa)KCHUS] TOANKCH B IOJYTOHOBOE
MIpe/ICTaBICHNUE:

- JUTsl IONMCEH BBITOJHECHHBIX IIAPUKOBON PYUKOi clie-

CUCTEMHBINA AHAJIN3 U TIPUKJIATHASI THOOPMATHUKA
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ayer BbIOuparh mpeoOpazoBanwe (3) wm  (4) -
(He3HaUWTENBFHO JIydlle IpeoOpa3oBaHue O (opmyrie
)

- KamWwUIApHOH pydkol — mpeoOpazosanue (3) mmu (4)
- (He3HAYMTENILHO JIy4lle npeodpazoBanue 1Mo Ghopmyrie
(G

- reJIeBoH pyuKoi —ripeoOpazoBanue (3) wiu (4);

- pyukoi-pomepom —Tpeodpazosanue (3) wim (4), 1160
CpeziHee KPacHOTO M 3€JIEHOTO KaHa/IOB (HE3HAYUTEIBEHO
nyuie mpeodpasoBanue 1mo Gopmyine (4));

- IIAPUKOBOI PyYKOH pPO30BOrO I[BETa —[TpeoOpa3oBaHKe
(3) wmm (4), MO0 3encHbI KaHal (HE3HAYUTEIILHO
Jydlle 3eJIeHbII KaHal);

- IIAPUKOBOM PYYKOH 3€JICHOTO I[BETa —IIpeoOpa3oBaHue
(3) mmm (4), b0 cpemHEe KPacHOTO M CHHETO KaHaia
(HEe3HAYHUTENBHO ITydIlle Mpeodpa3zoBaHue MO (Gopmyre

/) 7/

[Py 7 7
‘.'773;3;/?7
A

Hcnoms3oeana hopmyna (4)

(4)).

B pesynprare = aHanm3a  JIaHHBIX
9KCIIEPUMEHTa 10 BBIOOPY MeToja IpeoOpa3oBaHUs
LBETHOTO M300pakeHNUS B MOJTyTOHOBOE IPE/ICTABICHHUE
clenaH  clefyroumuil  BbIBOA.  boiiee  BBICOKHM
KOO QUIUEHT KOPPEISILMU NPU CPAaBHEHUH LIH(POBBIX
OITMCAHUM TOAMKMCEH OTHOTO YEIOBEKa, BHIMOJHEHHBIX
pYYKaMH pa3HBIX TUIOB M I[BETOB, OBbLI IOJYYEH IPH
HCTONB30BaHUH  (OpMyasl (4), UTO yKa3bIBaeT Ha
JOMMHHUPOBAHHE 3€JICHOTO KaHaJla Ha/l OCTaIbHBIMU IIPH
ckanupoBanuu noanucu (3ddext mozanku baiiepa).

Ha pucynke 8 mpuBeaeHsl NpUMEPHI
UCXOIHBIX M300paKEHHH HECKOJIBKUX PYKONHCHBIX
MOAMNHCEN OJHOro uenoBeka, ux LBP-rucrorpaMmel u
KO3 PUIIUEHTHI KOPPEIISIIN MEXTy HUMH.

A N_A
y =y

HWcnonwzosana popmyna (4)

e = n bl L = m b ke
corr. = 0,8206
Hcnoms3opana dopmyna (4) Ucnonwszosana ¢popmyna (4)
an 194
ax
M1
'] u nI ™ b ™ L] u w k) ke
corr. = 0,8771
Bribpan 3enenblit kanan UcnonszoBana opmyna (4)
Qo8 a7
a7
006
0as
0405
005
004
004
aa3 0403
o ‘ ‘ - l ‘
ks } 001
WL (ke ] Ly T T
0 &0 00 150 e} 20 ] 50 100 150 m0 =0
corr. = 0,7822

Pucynke 8§ — I'mcrorpammbl LBP-nipu3HakoB ¥ BEIYUCICHHBIE IO HUM KOA(Q(QHUIMUEHTHI KOPPEIISIUH
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3akJioueHue [15]. OHo wHBapuWaHTHO K pa3Mepy TOAMKUCH, €€
[lo pesympraTaM BBIMONHEHHBIX 3KCIIE- OPHUCHTAIMU HAa OyMa)XHOM HOCHUTEIE, IBETY, TOJIIUHE
PUMEHTOB MOXXKHO CHEJaTh BBIBOJ 00 MHBAPHAHTHOCTH JIMHWA ¥ HEOONBIIMM BapHalUsM B HAlUCaHHU,
U(pPOBOro  MPEACTABICHUSI PYKOIHMCHON MOIMUCH, IMPHUCYIIMM YEIOBEUYECKOMY MTOUEPKY.
MPEUIOKEHHOTO paHee aBTOpaMH HACTOSIIEeH CTaTbhu
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The article presents results of our experiments carried out to study the invariance of the digital description of
the image of a handwritten signature presented on paper. The description is built on the basis of a normalized image of
the signature, digitized in the visible range of the electromagnetic spectrum by a scanner, with subsequent calculation
of the distribution of its local features. The variability of this representation of the signature under different conditions
simulating a change in its color, orientation on paper, line thickness and dimensions has been experimentally studied.
It is shown that the digital description of the handwritten signature image, previously proposed by the authors, is
sufficiently invariant with respect to the listed conditions for its execution to perform the off-line signature verification
procedure.
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The article describes the scientific problem of processing images obtained in the infrared range. Methods for filtering
such images in order to reduce noise are presented. Methods for optimal smoothing are described. A software tool has been devel-
oped that allows you to select the desired objects on the processed images.
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Introduction

At present, the processing of thermal imaging
(thermal, thermographic) images is an important area
of application of modern computer technology. It finds
application in various fields of science and technology:
processing information from satellites that scan the earthys
surface in order to compile maps of the area, using several
frequency ranges, including both infrared and visible
ranges, which allows you to achieve better results; data
processing in systems for detecting and targeting objects
and their identification; control of compliance with
the temperature parameters of technological processes
and thermal modes of operation of various electronic
systems; processing of human biological parameters in
medical research.

The task of any (including thermal imaging)
imaging system is to create a sharp, clean image, free
from noise and distortion. This always presents certain
problems. First, every real imaging system has some
limited capabilities; the impulse response of a real
system has a finite duration, which leads to an inevitable
decrease in resolution. If it is necessary to highlight
important details in the image, the size of which is close to
the duration of the impulse response, then it is necessary
to increase the resolution. So, for example, from the
thermal imaging system (thermal imagers, IR receivers)
of aircraft and helicopters, images of sufficiently good
quality come, but the operators studying them always try
to see objects (for example, tanks, people) distorted due
to limited resolution ka-mer. Secondly, images can be
corrupted due to a certain set of shooting circumstances.
You can take every precaution to get high-quality
images, but some of them will be spoiled, either due to
the movement of the subject or camera, or due to poor
focus, etc. Among the low-quality images are always so
important or so rare that it is worth trying to improve
their quality. The elimination of distortions refers to the
tasks of restoration (sharpening) of images [1-3].

The development of effective representations
and models of images and methods for their digital
processing is given much attention in the works of foreign
and domestic scientists and specialists. Nevertheless, the
methods of digital image processing developed today,
used in television, video technology, as applied to thermal
imaging systems, need to be significantly improved,
which is associated with a relatively large heterogeneity
of parameters and characteristics of thermal imagers,
non-linearity of their characteristics, high noise level
and low image contrast. At the same time, there are

practically no data when compressing thermal imaging
images distorted by multiplicative noise. The need to
correct and weaken the influence of these factors on the
thermal image, compression during their transmission
over communication channels determines the relevance
of the topic of the graduation project.

The aim of the work is to improve existing and
develop new methods, algorithms and techniques for
digital processing, which improve the quality of a thermal
image transmitted over communication channels.

Analysis of modern methods of digital processing
and correction of thermal imaging images

The main way to implement the thermal
imaging method is to create hardware that converts
the temperature distribution, or infrared radiation,
into a visible image. Realization of the capabilities of
the thermal imaging method, which provides both the
registration of various objects and the identification of
their internal defects, and the effective solution of the
problem of «night vision», the detection of hidden or
camouflaged objects, or the implementation of search
activities in adverse weather conditions, led to the
creation of a wide range of thermal imaging equipment:
portable, mobile, stationary. Thus, thermal imaging
devices are capable of providing a long range of vision
at any time of the day, through any camouflage, and
even with a slightly reduced atmospheric transparency:
in fog, rain, snowfall, dust and smoke. It is known
that water vapor and carbon dioxide intensely absorb
infrared spectrum waves, and this noticeably affects the
sensitivity of devices. There are many receivers capable
of receiving thermal waves that provide the necessary
technical characteristics both at normal temperature and
at deep cooling - from temperatures of 220 ... 240 K to
cryogenic temperatures (below 120 K), i.e. 30...80 K. An
example of the operation of a thermal imager is given in
Figure 1.

Figure 1 - An example of an image generated by
thermal imaging systems
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In recent years, the development of thermal
imaging technology has proceeded mainly along the
path of using uncooled multi-element MPI, the physical
characteristics of which are very high and are practically
not inferior to cooling systems. Modern thermal imaging
systems (TPS) have small weight and size characteristics
and power consumption, provide silent operation and
high quality thermal imaging, a wide dynamic range
when operating in the broadcast television standard,
digital processing in real time, communication with a
computer, etc.

Most solid state IR array receivers use cadmium
mercury telluride GdHgTe (KPT, cadmium mercury
tellurium). KPT is sensitive not only in the region of 8
... 14 microns, but also in all practically important IR
ranges. Therefore, the work is aimed at modeling and
improving the operation of devices in the IR range of
8 ... 14 um, based on the use of MCT receivers. By the
nature of the reception of radiant energy, the method is
integral, i.e. the total radiation flux is perceived in the
entire working spectral interval. This is the difference
between most thermal imagers and spectral research
methods, in which radiation with a certain wavelength or
in a very narrow spectral range is recorded [4]. Thermal
solid-state radiation receivers use the effect of changing
the electrical properties of the material (resistance,
inductance, capacitance) when its temperature changes
due to heating when external thermal radiation is
absorbed.

In thermal imaging detection of small-sized
target objects, the problem of ensuring the highest
possible signal-to-noise ratio is solved through the use
of optimal filtering, accompanied by the destruction of
an integral image of objects of finite sizes. The main
problem in thermal direction finding is associated with
ensuring the required probability of correct detection of
small targets at the maximum range in the presence of
a combination of internal noise and natural background
and organized anthropogenic interference.

Developing methods for digital processing and
correction of thermal vision images

Computer image processing is possible after
converting the image signal from continuous form to
digital form. The efficiency of processing depends on the
adequacy of the model describing the image, which is
necessary for the development of processing algorithms.
In this case, it is necessary to take into account the
influence of the transmitting and receiving systems and
the communication channel on the signal. The image
model represents a system of functions that describe
the essential characteristics of the image: a brightness
function that reflects the change in brightness in the
image plane, spatial spectra and spectral intensities of
images, and autocorrelation functions.

When designing and creating thermal imaging
systems, an important role is played by modeling the
structure of thermal imaging images. The brightness of
thermal imaging images depends both on the temperature
distribution over the surface of the observed object, and on
the emissivity and orientation of the viewed elements of
its surface - its shape. In addition, the quality of a thermal
imaging image depends on the transfer characteristics

and all links of the thermal imager. In modeling the
structure of thermal imaging images, we will take the
process of generating video signals of the receiver, the
power of which is proportional to the thermal radiation
flux of the object for the entire thermal imaging frame,
which contains L lines with N elements per line. Video
signal level U(N, L) of the frame decomposition element.

Since the position of the object is not known in
advance, the thermal imaging system solves the difficult
problem of detecting a random signal. In the process
of solving it, the system must choose between two
hypotheses:

- there is only noise;

- in addition to noise, there is a thermal imaging
facility.

Traditionally, such a problem is solved by
searching for a thermal imaging object according to
its previously known characteristics. Currently, for
thermal imagers, the amplitude method for detecting
a thermal imaging object in a thermal imaging image
is used. The image obtained on the display is given in
accordance with the video signal received from the
output of the matrix radiation receivers. Each pixel is
assigned a limited number of discrete brightness levels
- quantization levels. The more quantization levels, the
higher the image quality. The threshold method is used
to detect an object. The choice of the threshold is made
taking into account the fact that the brightness of the
emission noise of the object differ in amplitude. The
response threshold is selected automatically according
to the average brightness level of the background noise.
That is, the areas of the image, where the brightness is
above the set threshold, are considered a thermal imaging
object, the rest are considered noise.

In fact, object detection begins with preliminary
mathematical processing and ends with the division of
image array elements into two classes by comparing
the obtained results with an adaptive threshold. Those
elements of the array that have the properties of noise
are assigned zero values, and the remaining ones are
filled with ones. As a result of these actions, a binary
decision array is created. The binary image displayed on
the display makes it possible to unambiguously make a
decision about the presence of a thermal imaging object.
Thus, an array FN,M is finally formed, which can be
used to create a binary image on the display. By the
numbers of rows and columns of pixels in which single
values are located, the spatial position of the object in the
image is determined.

The essence of the developed method for
detecting an object against a background of noise is
associated with a nonlinear operation, which increases
the likelihood of making a decision about the presence
of the desired thermal imaging object in the field of
view of the thermal imager. The result of a non-linear
operation, raising to the power of 5 the ratio of the
elementys brightness value to the average value of the
frameys brightness, will be obtaining an array of non-
linear filtering. Each element of the array contains values
that can be less than or greater than 1. Those elements
whose values are less than 1 correspond to noise. Cells
with a value greater than 1 may contain an element of
a thermal imaging object. It is possible to detect a cell
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corresponding in magnitude to the radiation of a thermal
imaging object only by comparing the values with the
adaptive decision threshold. This ends the preliminary
mathematical processing of the digital image array and
thresholding begins.

Based on the formulated requirements for the
task, a decision was made on the need to develop a
nonlinear low-frequency filter based on the “core-signal”
principle, the core of which will be formed taking into
account the features of low-contrast noisy images and
depend on additional parameters that allow influencing

a

the filtering result.

The simplest image noise reduction algorithms
are linear. This means that each pixel of the processed
image is obtained by a linear combination of several
pixels of the original image. A linear combination of any
quantities is the sum of these quantities, each of which
is multiplied by its own constant factor. In this case, for
each pixel, neighboring pixels are analyzed, which are
located in a certain rectangular window around this pixel
(Figure 2a).

b

Figure 2 - Noise suppression by the linear averaging method: a - the usual averaging window;
b - window with a weighted sum of adjacent pixels

Instead of the arithmetic mean of neighboring
pixels, you can take their weighted sum, where the weight
coefficient of each neighboring pixel depends either on
the distance in pixels from it to the central pixel, or on the
difference in their values. These algorithms are simple,
but they do not always give good results. In this paper,
a modification of this method is considered. In it, as the
value of the central pixel, you can also take the weighted
sum of neighboring pixels, only take the neighbors not
in a row, but after one or two pixels (Figure 2.b). With
this approach, it is possible to suppress low-frequency
noise, which is more noticeable to the eye than high-
frequency noise. Similarly, this method can be applied in
the time domain, only the averaging will be done already
between adjacent frames, and the window will be taken
accordingly in time (that is, each pixel will be averaged
over pixels located in the same position in adjacent
frames).

To prevent the occurrence of halos around
moving objects in a thermal imaging image, algorithms
for determining the movement of objects are built into

the time filters. In this case, two options are possible:
simple motion detection (pixels in moving blocks simply
remain unchanged, and noise along moving objects is
not suppressed) or building a compensated previous and/
or next frame and mixing the current one with it. In the
latter case, motion compensation must be performed
qualitatively, otherwise there will be artifacts in place of
incorrectly found blocks [5].

Interface of the developed program

An easy-to-use graphical application has been
developed for pattern recognition in infrared images.
It was customary to choose people and animals as
recognizable images. The downloaded image appears
on the left side of the main window. Further, when you
click the «Detect Objects» button, an image appears on
the right side of the screen with recognized and selected
objects and assigned them to one of the Animal or Person
classes. The number of recognized objects is written
above the Detect Objects button (Figure 3).

Figure 3 - The result of the program
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Conclusion

In the presented work, various methods for
processing thermal images, both known and their new
modifications for a specific task, as well as new methods
that are applied to specific images, are investigated. In
general, the content of the work is applied, so most of
the theoretical results are supported by computational
experiments, the results of which not only served as an
illustration or test of the theory, but often gave impetus
and were the source material for further research. Based
on the results of the conducted research, the following

conclusions can be drawn.

- Methods for selecting the contour of an
object with preservation of the boundaries of the regions
and recursive restoration of the internal structure are
proposed.

- A method for selecting and recognizing image
objects has been created.

The scope of the developed tools is the search
and identification of objects in conditions of insufficient
visibility (the presence of people at night in the forest, in
the mountains, in fog, etc.)
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The document categorization problem in the case of a large business document flow is considered. Textual and visual
embeddings were employed for classification. Textual embeddings were extracted via OCR Tesseract. The Viola and Jones method
was applied to generate visual embeddings. This paper describes the performance optimization technology for the implemented
classification algorithm. Servers with Intel CPUs were used for the algorithm execution. For single-threaded implementation,
high-level and low-level optimizations were performed. High-level optimization was based on the parametrization of the recogni-
tion algorithms and the employment of intermediate data. Low-level optimization was carried out via compiler tools allowing for
an extended set of SIMD instructions. The implementation of parallelization with several multithreaded applications on multiple
servers was also described. The proposed solution was tested using own test data sets of business documents. The proposed meth-
od can be applied in modern information systems to analyze the content of a large flow of digital document images.
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Introduction

Document image recognition is a relevant
problem since the number of documents printed on paper
constantly grows. For example, the volume of incoming
and outgoing document flows in large organizations can
reach O(106) pages per day. The number of documents
in the archive of a large bank may reach O(1010) pages.
Despite the introduction of digital document flow, the
number of paper documents and hard copies of digital
documents is growing. A Russian publication reports
that «according to experts and business estimates, the
volume of paper document turnover is now growing in
the country by 10% a year or more» [1]. However, an
ever-growing paper workflow requires the storage of
digitized document pages within an electronic archive.
Image recognition of pages is an effective way to extract
attributes.

For convenience, a document flow is segmented
into individual documents (single-page or multi-page),
and the latter are categorized. Works [2, 3] describe
classification methods that are based on textual and
visual embeddings. When categorizing heterogeneous
documents, combination methods are useful, for
example, using the BERT model [4]. Effective methods
for textual information analysis include the application
of probabilistic topic models. Such models are designed
to determine the thematic structure of documents by
representing each topic by a discrete distribution of
word probabilities, and each document by a discrete
probability distribution of topics [5]. When analyzing a
document, a topic model assigns a document to a certain
topic. Implicitly, it is assumed that the document contains
a sufficient number of words to construct a discrete word
probability distribution. The additive regularization of
BigARTM topic models is described in [6]. In [6], a
multi-objective optimization of the weighted criteria
sum was employed. This was necessary to pre-define and
ensure the stability of a topic model construction over a
collection of documents. The following datasets derived
from recognized images or articles can be used to train
text-based methods:

— the NIST 2 database (NIST-SPDB2) which

includes 5,590 binary images of 20 classes of tax forms
with printed or handwritten content [7];

— the Tobacco-3482 dataset which inclues 3,482
images of 10 classes: report, memo, resume, scientific,
letter, news, note, advertisement, form, and e-mail
address [8].

Problem statement

We addressed the problem of business document
classification for the banking industry. Business
documents have several peculiarities. For example, the
dictionary of acceptable static words is limited. The
document template is editable for filling and printing.
Both visual and textual features were used. Visual
features were extracted from documents within the
«Internal Russian passport» category. Textual features
were extracted for the documents of the following classes:
Agreement, Contract, Articles of association, User
Questionnaire, Supplementary Agreement, Application,
Invoice, Specimen Signature and Seal Card, and others.
The images of the «Internal Russian passport» document
pages were categorized using the Viola and Jones method
[9]. Images of other documents were recognized using
OCR Tesseract [10]. The classification of the recognized
document pages was performed using the method based
on special text point descriptors [11, 12]. We employed
a hierarchical classifier with classes arranged into three
levels, for example, «Agreement» - «Supplementary
Agreement» -  «Supplemental Account Bank
Agreementy. If the document did not match the category
of «Supplemental Account Bank Agreementy, then the
categories «Contract» or «Additional agreement» were
assigned instead. The classifier included 45 terminal
classes. We should note that this number of classes
significantly exceeds that of the public datasets [7, §].
It was assumed that each class was introduced using one
or more templates similar to one another. The similarity
was evaluated by a set of keywords. A set of keywords
could be a shingle [13] or a more general sequence of
words with specified associations between word pairs. In
addition to the classification accuracy set for each class,
the most important requirement was speed. A multi-
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core computing system was required to process 300,000
pages in 8 hours (not including the time for scanning and
transferring the results into the electronic archive).

Classification method

The classification method was based on
determining the closeness between the array of
recognized words within the digitized page and one or
more document models. The models were constructed
as follows. We employed special text points that
corresponded to some words within the template. The
special text point W, as defined in [11, 12], includes a few
components of the word T(W) given within the document
template, as well as B(W), a boundary consisting of
the coordinates of a quadrilateral bounding the special
text point image exactly or with a specified margin; the
coordinates were scaled with the height and width of the
normalized page. In addition, for each W we specified
the parameters of the modified Levenshtein distance [11],
L(W): mandatory character masks, the comparison cost
of similar characters, and the threshold distance d, ., (W).
The triplet of {T(W), B(W), L(W)} defines a special text
point descriptor, and L(W) is optional. We employed the
chains

C,={W,(C),W,(C),... W (C)}.

as a set of descriptors for special text points W (C),
W,(C)), ... and several thresholds d /(W (C)), d,(W (C))

. for classification. The thresholds allow for the
comparison of relative positions of a point Wj(C,.) and
previous point W (C), where j>1. The relation between
terms is not necessary. Each of the specified thresholds
dk(Wj(C,-)) is a parameter in condition

r* (Tm_ (C),Tm(C))<d (Tm/(C)),

where 1* is some metric for evaluation of distance
between two terms. Such metrics are, for example, the
number of words between two terms or the distance
calculated using the boundaries of the recognized words
which correspond to the terms.
The detection of a special text point candidate was
performed via the recognition, and a special text point
W (C, was compared to a detected candidate W**" via
a modified Levenshtein distance [11]. When comparing
words it is necessary to take into account the possibility of
a significant number of recognition errors. The term of a
special text point WJ.(C’.) is mapped to multiple candidates
among words within the recognized document: the word
is considered a candidate if the distance between the
word and Wj(Ci) is less than dLEV(Wj(Cl.)). Candidates
WRECq to be associated with W (C)) are verified in terms
of consistency based on terms sequence in chain C.
Namely, among all candidates, we selected the ones that
allowed for a minimum value of

d(C) = max(r,

LEV

(T(W(C)), WF™ )) & min.

When calculating the chain match score, all
terms should be linked, and if the match is ideal, the
penalty d(C) is zero.

The page type classification was based on

predefined page descriptors. For each descriptor
D(P)={C,,(P), C,(P),... } of class P,, the link to the
recognized page was established, and match scores for
each document class were calculated. The evaluation of
match to the type & was chosen as the minimum among
match scores of chains C, (P,), C(P)),.... After ranking
the scores, we seclected either the minimum which
corresponded to the closest class or several lowest scores
in the case of multi-class classification.

System structure

The described algorithm was implemented in
the developed system, which in addition to the above-
mentioned Viola and Jones algorithm included the OCR
Tesseract version. The system includes the following
components:

—image input;

— visual embeddings extraction;

— textual embeddings extraction;

— classification via visual embeddings;

— classification via textual embeddings;

— combining classification results;

— transfer of results to the electronic archive.

The system was implemented with Visual Studio
Community 2017 and Intel C++ Compiler. The testing
was performed on an Intel® Core(TM) 17-4790 CPU 3.60
GHz, 16.0 GB, Windows 7 prof 64-bit. A custom dataset
was created. The test dataset consisted of 300 pages of
business documents of different classes. The recognition
of all 300 pages with the original parameters took
1=4928,53 seconds, with the average recognition time per
page’ of 16,43 seconds, the minimum recognition time
per page ¢ . was 0,99 seconds, and maximum ¢ _ was
143,21 seconds.
The profiling was performed using the built-in Visual
Studio Performance Profiler. The majority of time was
spent on OCR Tesseract on the test dataset and accounted
for more than 50% of the total runtime. About 10% of
the total time was spent on the bilateral filter. The Viola
and Jones methods and classification accounted for less
than 1% of the total time. Several types of performance
optimization were applied to speed up the system: high-
level optimization, low-level optimization, and parallel
programming.

High-level and low-level performance optimization

With a fixed algorithm, high-level optimization
is based on the following techniques:

— parameter selection;

— memoization (the use of intermediate data)
[14];

— lookup tables [15];

— application of approximate calculations and
other methods.

The parameter selection and data representation
for the OCR Tesseract component were employed for the
optimization. The limiting the recognition area in each
page allowed for a significant performance improvement.
To implement this restriction, in training set of 5000
pages, we selected a region which contained all key
words necessary for classification of all documents.
With a margin, the following recognition area limit was
chosen: 70% in page height and 90% in width. This
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limitation allowed for an improvement of Tesseract
runtime, which led to overall progress: =2649,57
S., tcp=8,83 s., t.=083 s, t =77,64 s. . The page
images binarization prior to recognition also proved
to be effective. The initial goal of binarization was the
recognition accuracy gain since it removes the complex
background and eases morphological operations.
However, we observed runtime improvement because
of binarization: =2293,20 s., tcp=7,64 s.,t.=098s.,¢t
= 59,83 s. . These values were measured in the case of
recognition in limited area. The measurements account
for the performance of both OCR Tesseract recognition
and binarization operation.

Low-level optimization was performed by se-
lecting an extended set of CPU instructions. The exper-
iments were carried out with Visual Studio 13 compiler.
When compiling with Intel C++ Compiler XE 15.0, we
achieved a significant speedup compared to the previous
version: =2156,00 s., tcp=7,l9 s, t.=0,76s., ¢ =59,66
s. . The compilation was optimized for AVX2 architec-

ture. Intel compiler allowed to optimize OCR Tesseract
performance as well as bilateral filter performance. Table
1 illustrates the described experiments. Due to the ad-
opted optimization methods, the total time of recognition
of all pages was reduced by more than half compared
to the initial implementation. Hence, with the optimized
approach, during 8 hours approximately 8*60*60/7,19 ~
4005 pages can be recognized.

Performance optimization via parallel computing
Parallelization of recognition was implemented
using standalone components, hence cluster with several
multi-core nodes could be employed. Numerous applica-
tions processed pages in multiple threads, and the input
flow of pages was assigned to these applications using a
load-balancing manager. The system was implemented
via micro-tasking, i.e., parallelism was applied without
using explicit control. Experiments were conducted to
process 300 test pages on a single node with the charac-

teristics described above. Table 2 illustrates the results.

Table 1. Computational tests of a single thread mode

No Optimization Total time ¢ z:;i\rrne;a;ge
; approach (s.) (5) @
1 Original 4928,53 16,43
implementation
2 | Version 2 with | 2649,57 8,83
limited recognition
area
3 | Version 3 with | 2293,20 7,64
preliminary
binarization
4 Version 4 with | 2156,00 7,19
optimization  for
AVX2
Table 2. Computational tests of a multi-threaded mode
Number of
Number threads Total time ¢ A‘V&arage
of oy time Zcp
within a (s.)
processes (s.)
process
1 1 2361 7,87
1 2 1318 4,39
1 3 829 2,76
1 4 649 2,16
2 1 1298 4,33
2 2 789 2,63
2 4 485 1,62
2 8 500 1,67
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The results suggest that the best average time
(1.67 seconds per page) is achieved by running 2 appli-
cations, with 4 threads for page processing in each. Such
configuration allows for 8*60*60/1,67 =~ 17245 pages to
be recognized in 8 hours.

In other words, we have increased the page pro-
cessing speed by about 10 times. The processing of the
desired 300000 pages in 8 hours would require a cluster
of 4 similar nodes.

Conclusion
The considered optimization approaches for doc-
ument categorization problem included:
— setting the number of servers;
— choosing classification algorithm;
— parameterization of the OCR component;
— selecting and configuring compilation tools.

Parallelization is the most effective tool for in-
creasing processing speed. However, the other optimiza-
tion approaches we considered in single-threaded mode
reduced runtime by half. In other words, optimization in
a single-threaded mode reduced the number of nodes al-
most by half.

In the case of real document flows, the number of
nodes was reduced by about 40%. This reduction in the
number of nodes for the system implementation simpli-
fies the creation and maintenance of technical support as
well as significantly decreases the power consumption of
the entire system.

The described approaches to software perfor-
mance optimization can be applied not only to business
document processing systems but also to large image
processing systems.
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PETMCTPAIIASA JEPMATOCKOIIMYECKUX N30BPAKEHUI
HOBOOBPA3BOBAHM KOKHU 1 BBISIBIEHUE CTPYKTYPHBIX OTJINMUNH
!Benopycckuil HayuonanbHblil mexHuueckutl yHueepcumem
’benopycckas MEOUYUHCKask akademus NOC1eOUnIOMHO20 00PA306aHUs
I PecnyOnukanckuil Hay4YHO-npakmu4ecKutl YeHmp OHKOLO2UU U MEOUYUHCKOU PAOUONOSUL
um. H.H. Anexcanoposa

PaccmoTpeno mnpuMeHeHHWe anropuTMa ONpPEAENeHHs CTPYKTYPHBIX pasluuuii Ha OCHOBE MOpP(OIOTHIECcKOro
IPOEKTOpa Ul CPABHEHMSA [EPMATOCKONMYECKHX H300pakeHHH. DTO MO3BOJIUT BBIABIATH M3MEHEHUS, IPOU3OLICIIINE B
HOBOOOPA30BaHUAX KOXKH C TEUCHHEM BpEMEHH, /Ui Ooiee TOYHOHW JMArHOCTHKH HX 3JI0KadYeCTBEHHOCTH. [Ipemaraembrii
AITOPHUTM IO3BOJISET BBIABUTH PA3INUUs B N300paKEHHUX MPU HATWYUH CYIIECTBEHHON Pa3HUIIBI B IPKOCTH U IIBETOBOM ramme
CpaBHUBAEMbIX H300paKCHUl, a Tak)Ke HE YUUTHIBAaTh MEJIKHE HECYIECTBCHHBIC [ETalld, TaKHe, KaK LIyM, METKH OITHKH
JiepMaTockona, Bosiockl U T.1. Takxke paccMOTpeHa METOANKA KOPPEKTUPOBKU PACCHHXPOHU3ALMHU MTOIYUYEHHBIX B Pa3HOE BpeMsl
n300paxeHNH, NCTIONB3YIOMas HHAEKC CTPYKTYPHOTO CXOJCTBA B Ka4eCTBE METPUKH MOAOOUS, U aATOPUTM CHHYCOB-KOCHHYCOB
B KQUeCTBE ONTUMHU3AIMOHHOTO. [IpoBeIeHO TeCTHpoBaHKe Npe/laraéMbIX aJropUTMOB Ha AEPMATOCKOITNUECKUX H300paKEHHUSIX

1 NPOACMOHCTPHUPOBAH BO3MOKHOCTb UX TPUMCHCHUS.

Kniouesvle cnoga: Menanoma; HOBOOOpPa30BaHUE KOXKH; AEPMATOCKOI; CTPYKTYpHOE pas3iaudue; Mop(oIornuecKuit

NPOEKTOP; METPHKA 1OJ00MS; ONITUMHU3AIMOHHBINA aJITOPUTM.

Beenenne

benapycp BXOZUT B IpylIly CTpaH C OTHOCHU-
TEJIbHO HU3KOH 3a00J€Ba€MOCTBIO MEIaHOMOM KOXKH.
OnHOM U3 XapaKTepHBIX YepT AWHAMHUKHU 3a00J1eBacMo-
CTH MEJIaHOMOH Kok HaceneHus Pecryonuku bemapycs
SBIISIETCA ee OBICTPBIN pocT (3a 25 et 3a00IeBaeMOCTh
yBenuuuiach B 3,3 pasza), BRICOKHH YPOBEHb CPEIH TO-
POJICKHUX JKUTEJIEH, BBICOKAs! OISl JIUIL, 3200JICBAIOIHX B
TPYAOCIIOCOOHOM BO3pacTe u OoJiee BBICOKUI PUCK 3200-
JIeBaHMSI TOPOJICKHX KEHIIIH B MOJIOJIOM M CPETHEM BO3-
pacre. Hecmotps Ha To, uTO B 85% ciydaeB MenaHoMa
nuarHoctupyercs Ha [ u Il cragusx, benapycs Bxoaut
B IPYIILy CTPaH C BHICOKHM OTHOIIEHHEM CMEPTHOCTHU K
3aboneBaeMocTH (27%) ¥ 3HAYUTEIHHO OTCTAET OT psijia
CTpaH MHpa. B CBsI3M ¢ 9TMM akTyaJibHa JHArHOCTHKa
paHHEH MeJTaHOMBI.

Hcnonp3yemple B HACTOSIIEE BpeMsl OOIIEH3-
BECTHBIE KIIMHUYECKUE TECTOBBIE CHCTEMBI TNarHOCTHKA
Mmenanomsel (cuctema ABCDE[1];[2], I'masroBckast 7-mu
TOYEYHasi CHCTeMa W Jp.) HEe BCerja I03BOJIAIOT pac-
M03HABATh HayallbHbIC MPU3HAKH MEJIAHOMBI, 0COOCHHO
IIpU ee pa3BUTUHM B HEOONBIINX 10 pa3MepaM MeJlaHo-
IUTapHBIX HeBycax [3]. HoBble BOZMOXKHOCTH ISt YiTyd-
meHus AndepeHnaIbHON THarHOCTUKN THTMEHTHBIX
00pa3zoBaHUil KOXKM U CBOEBPEMEHHOTO PaclO3HABaHMs
MCJIAaHOMBI OTKPBIBACT BKIIOYCHUC B JUATHOCTHYCCKHUC
AJIITOPUTMBI METOJIOB JIEPMATOCKOITUH, B TOM YHCJIE C UC-
MIOJTE30BaHUEM pa3padaTbiBaeMbIX aBTOMAaTH3NPOBAHHBIX
cucTeM pacnosHaBaHus omyxonu [4]. Ilpm nuHammde-
CKOM HaOIIOIeHUHN MENaHOIIUTAPHBIX HOBOOOPa30BaHMIA
KOXKH 0C000€ 3HaueHUe MPUOOPETAIOT HHCTPYMEHTHI
JUIs. CPaBHEHHMsI JIEPMATOCKOIIMYECKUX HW300pakeHuH,
C/ICNIaHHBIX B pa3sHOE BpPEMsl, BBISBJICHUE CTPYKTYpPHBIX
OTIIMYUI B HUX, U3MEHEHUH (OpMBI U pa3Mepa HOBOO-
OpazoBaHUsI.

CTpyKTYpHBIMH WM3MEHEHHUSIMH HAa3bIBAIOT H3-
MeHeHUs! GOpPMBI U pasMepa IJIEMEHTOB M300paKEHHUS,

JUTSL. MX BBISBJIICHUS CYIIECTBYIOT PAa3JIMYHbIC MCTOIUKH,
HCTIONB3YyEeMBIC TSl aHAIH3a KaK MEAMIIMHCKUX H300pa-
JKEHUI, TaK U CIyTHUKOBBIX CHUMKOB, KOTOPBIC BBISIB-
JISIFOT CTPYKTYPHbBIE U3MEHEHUSI TaKe ISl H300pakeHHH,
CYIIECTBEHHO OTIMYAIOIIUXCS [0 YPOBHSIM SIPKOCTH U
KOHTPaCTHOCTH.

[Ipu 3TOM OOBIYHO ITH METOIMKH ISl [TOJyYe-
HUSI KOPPEKTHOTO pe3ylibTaTta TPEOYT TOYHOTO COBME-
LICHUs] CPABHUBAEMbBIX M300paXKEHHU, YTO MOXKET BbI-
3bIBaTh MPOOJIEMBbI, TAK KaK MOJOKEHUE M OPUEHTAIHS
HCCIICAYeMbIX OObEKTOB Ha M300PaKEHUSX, CICITaHHBIX
B Pa3HOC BPEMsI, MOXKET CYIIICCTBCHHO OTJIHYATHCS.

[To3aToMy J71si BBISIBICHHUST M3MEHCHHI B HOBO-
00pa30BaHMUAX KOXKH IOTPEOyeTCsl CO3MaHUE allrTOpUTMa
[OUCKA CTPYKTYPHBIX OTIIMYUII B U300paXKeHUSX, a TaK-
)K€ COBMEIICHUE HCXOIHBIX U300paXKeHUH IUIs Moyye-
HUST KOPPEKTHOTO PE3yJIbTara.

MeTonuka BbISIBJIeHHS] CTPYKTYPHBIX OTJIMYHIA B
U300paKeHUusIX

[Ipennaraem MCIOIB30BATH AITOPUTM HA OCHO-
B€ MOP(OJIOTHYECKOTO MPOEKTOPA, MO3BOJISIONINH BBISB-
JISITh CTPYKTYPHBIC Pa3fiuuusl TIPH HaJIUYUU CYIIECTBEH-
HbIX OTIMYUN B SIPKOCTU KOHTPACTHOCTU U LBETOBOH
raMMme U300paskeHuil. AITOPUTM paHee IPUMEHSIICS JUIs
aHaIn3a CIIyTHUKOBBIX CHUMKOB [5]. CpaBHUBAIOTCS 1B
n300paskeHus, KOTopble 0003HaYMM f 1 g. 11 KOppeKT-
HOW paboTHI anropuT™Ma H300pakKeHUS TOIDKHBI WMEThH
OZIMHAKOBBIA pa3mep. [locnenoBarebHOCTH MOUCKA CO-
CTOMT U3 6 I1aroB:
1. O6a u300paxkeHus MPeodpazyroTCcsi B N300pakeHHs C
OTTEHKaMH CEporo.
2. Jnst KaXk10ro M300paskeHus! co31aeTcst GyHKIUs Tpe-
00pa3oBaHUs IPKOCTH F, uF, Jse ¢byHKINN HEOOXO-
JIMMBI, YTOOBI CpaBHEHHE OBbUIO CHMMETPHUYHBIM, M pe-
3yJIBTaThI
3. Ha ocHoBe (hyHKIMH CTPOSITCS HOBBIE M300pasKeHHUS
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f=F fg(ﬂ u g'=F (g). llonyuennoe usobpakenue [ He
OTJIMYAETCS 110 CTPYKTYPE OT UCXOIHOTO f, IMEeT aHaJlo-
THYHOE paclipe/ielieHie IPKOCTH, Kak g.9TO CrpaBeIH-
BOM VIS g .

4. I3 momydeHHBIX Ha TIPENBIAYIIeM IIare n300pake-
HUW CTPOSITCS Pa3HOCTHBIE U300paKCHUS R/g(x) = f(x)
—g(x)| u R [x) = lg'(x) — f(x)|. DT u300pakeHus co-
Jiepkar HHQOPMAIUIO 0 CTPYKTYPHBIX pa3inuuusx. Yem
spye TOYKa B Pa3sHOCTHOM M300pa)kKeHHH, TeM OoJblie
BEPOATHOCTbD, YTO 3[€Ch MMEETCS CTPYKTypHOE pa3iu-
gHe MEX/Ty N300paKCHUSIMH.

5. KapTuna cTpyKTypHBIX pa3iauyuii, HOJdyYeHHas B pas-
HOCTHBIX I/I306pa)KeHI/ISIX MOXET OTJIMYAThCsA, IMO3TOMY
CO3/1aeTCsl CyMMapHO€ pa3HOCTHOE M300pakeHue, ¢ nuc-
MOJIb30BAHUEM OMPE/ICICHUS MaKCUMaIbHOU SIPKOCTH
TOYKH U3 IBYX H300paskeHud R(x) = max(R fg(x), R g/(x)).
6. IlomydyeHHOE Ha TIPEOBIAYIIEM Iare HW300pa’keHHE
MOJIBEPTaeTCsi TIOPOroBoii 00padoTke. BriOupaercst mo-
poroBblii ypoBeHb 7. Touku, UMEIOIIUe SIPKOCTh BbIlIE 7,
OeJble, a UMEIoIIHe SIPKOCTh HIKe T — uepHble. B momy-
YEHHOM MTOTOBOM M300pa’KeHNUH MUKCEH OEJIoro 1BeTa
MOKA3bIBAIOT HAINYME CTPYKTYPHBIX OTIMYUI B 3a/1aH-
HOM 00IIacTH.

W3obpaxkenne, moaydeHHOe Ha Imare 6, 9acTo
TpeOyeT IOMOJIHUTENLHONH 00paboTKU. DTO CBSI3aHO C
TEM, YTO B YHCTOM BH/IE TTOJIXO/I OKa3bIBACTCS UIIUIIHE
YyBCTBUTEIBHBIM K HIYMy W HQJIMYUIO MEJIKUX IIOCTO-
POHHHX 3JIEMEHTOB Ha n300pakeHuu. J{i1st 1epmMarocko-
MTUYECKUX N300paKeHNUH STO 0COOCHHO BaKHO M3-3a BO3-
MOKHOTO HaJIM4Hsl BOJIOC HA CHUMAEMOM Y4acTKe KOXKH,
a TaKk)Ke METOK Ha ONTHKE JIePMaTOCKOIa, KOTOPbIE MO-
T'YT HE COBMAJarh Ha Pa3HbIX CHUMKAX M MOKa3bIBAIOTCS
KaK CTPYKTYpHBIEC Pa3IHUHS.

Jlist perieHust 3TON 3a7a4yd MOXKHO HCHOJB30-
BaTh METOJ CKOJIB3SIIETO OKHA, KOTAA C MMOPOTOM CpaB-
HHUBAeTCs HE SIPKOCTh B YKA3aHHOW TOUYKE, a APKOCTb B
OKHE 33JIaHHOTO pa3Mepa, LIEHTPOM KOTOPOTO SIBIISIETCS

BbIOpaHHas TOukKa. B pe3ysbTrare KOHTYPBHI BBISBICHHBIX
obnacTeil CTPYKTYPHBIX pa3iMuuii CIIaXKMBAIOTCSI, 3HA-
YUTEIbHO YMEHBIIAIOTCS MNPOSIBICHUS IIyMa, Hcue3a-
€T 3HAUUTeIbHAs 4acTh IMOCTOPOHHUX dIeMeHTOB. [Ipu
9TOM HEOOXOIMMO YYHTHIBATH, YTO MOTYT MpOINAaaTh
MEJKHE CTPYKTYPHBIE OTJINYHS.

@yHKINHU NPeodpa3oBaHUs IPKOCTH

YToObI OJIyYUTh N300PAKEHHUS C TPUBEICHHON
SIPKOCTBIO, MOT'YT HCIIOJIb30BAThCS Pa3INuHbIC (DYHKIIHH.
B pabore [5] ycTaHOBIIEHO, YTO JUISA TIOMCKA CTPYKTYp-
HBIX Pa3NW4uil OFHOW M3 JNy4mnX (pyHKIHN SBISETCS
Mopdororuaeckuit mpoextop (1).

Txrex 9enx; (x1) f
P =), ==="" "t ¥ (x
roe = LTy e 1), 1
f(x) _ {1, ecauf (x) = i} (M
Xi 0, uHaue ’

rae X - MHO)KECTBO BCEX TOYCK N300paKeHUsI, i - yPOB-
HU SPKOCTH M300paKEeHHH.

[Tpn 3TOM TMOKa3aHO, YTO TIABHBIM HEIOCTAT-
KOM MOP(]OTOTHYECKOTO MPOEKTOPA SIBISIETCSI TOBBIIICH-
Hasl YyBCTBHUTENIBLHOCTD K LIYMY, YTO MOXXHO KOMIICHCH-
POBaTh ONMHMCAHHBIM paHEe METOJIOM CKOJIB3AIIETO OKHA.

JlOCTOMHCTBaMU SIBIISIFOTCSL TOCTATOUHO BBICO-
KO€ OBICTPO/ICHCTBHE M TOYHOCTD ITOJYy4aeMOTO Pe3yiib-
Tara.

ITouck CTPYKTYPHBIX pa3Iu4uii HA TECTOBBIX
JePMAaTOCKONMMYeCKUX U300paskeHUusIX
Jlanee moka3aHo cpaBHEHHE IBYX JEPMATOCKO-
MTUYECKUX M300paKeHUH C MCIIOIb30BAHUEM ONHCAHHO-
ro BBIIIE MeTona. McxomHbple N300paskeHnsi, IPUBEICH-
HBIE K TPa/IaliusM CEpOTo, MMOKa3aHbl HA PUCYHKE 1.

Pucynox 1. UcxonHbie m300pakeHHsI B TpaalisIX CEPOro

06a n3o0paxenus umerot pazmep 1200 ua 800 Touek.
N300paxkeHns] OTIIMYAIOTCSI YPOBHIMH SIPKOCTH, HOBOOOpa30BaHHE MMEET HEKOTOpbIe OTIHYHsS B (opMe U

pasmepe.

Ha pucynke 2 moka3aHsl H300pakeHUs ¢ IPUBEACHHBIMU YPOBHSAMHE SIPKOCTH, OTy4YCHHBIC Ha 1are 3.
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Pucynok 2. M300pakeHus ¢ MPUBEICHHBIMU YPOBHIMU SIPKOCTH

[TepBoe M300parkeHHE IOMYYMIO 3aMEHTO Oojee CBemIbld ()OH, YTO COOTBETCTBYET YPOBHSM BTOPOTO

HUCXOOHOIo 1/1306pa>1<eH1/191, a BTOpO€ CTaJIO 0o0J1e€ TEMHBIM.

PasnocTHEIe I/I306pa>KCHI/I$[, MOJYYCHHBIC B pC-3YyJIbTATC pCain3allly 1I1ara 4, IMOKa3aHbl HA PUCYHKC 3.

Pucynoxk 3. PaszHOCTHBIE H300paKeHHS

[ocne cymmupoBaHus pa3HOCTHBIX M300payKeHUH Ha I1are 5 U MX IOpOroBoi 00pabOTKH Ha HIare 6 MoTy4eHb

n300paKeHHs, TOKa3aHHbIE Ha PUCYHKE 4.

Pucynox 4. O6paboTaHHbIe pa3HOCTHBIE H300paKeHUs

O6a
[OPOTOBBIM YPOBHEM, OIHAKO JUIS IOJYYEHHS JIEBOTO

1/1306pa)KCHI/1$[ IMOJIYYCHBI C OJHUM
M300paKCHHUS WCIIONB30BANCS METOA  CKOJB3SIIETO
OKHa, pa3mepoM 10 Toyek, a I MOJIYYEHHUS IPaBOroO
n300pakeHNs — MPOCTOE TTOMUKCETHHOE CPaBHEHHE.

371ech  XOpOIIO BHAHO, YTO HCHOJb30BaHHE
CKOJIB3AIIEr0 OKHa IIO3BOJIACT YCIICHIHO n30aBUTHCS
OT MHOTHX MEJKHX 3JEMEHTOB, TAaKHX KaK BOJIOCHI Ha
JICPMATOCKOIIMYECKOM CHUMKE W MHHHMH3HPOBATH
BIMSHUE ImyMa. [Ipum 3TOM OCHOBHBIE OONACTH CTPYK-
TYPHBIX UBMECHEHHSA OCTAIOTCA XOPOIIO BUAHBI.

Bausinue pacCHHXpPOHU3AMU CPABHUBAEMBIX
H300pakeHUil HA pe3y/IbTAThl MOUCKA CTPYKTYPHBIX
OTIMYHI

B 3amavax moWcKa CTPYKTYPHBIX OTIAYHA
paccHHXpOHHU3AINEeH M300paKeHUI Ha3BIBAlOT CMeEIIle-
HUE W300paXCHWH OTHOCHUTEIBHO TOJOXKECHHS, TPH
KOTOPOM TIPOMCXOTUT TOYHOE COBIajeHue. B kadecTe
KpUTEpUs NIl OLICHKH BIMSHUS PACCUHXPOHM3AIMH Ha
pe3yabpTaT MOXKHO MCIIOJIb30BaTh IUIOIIAIb HAMJIEHHBIX
CTPYKTYPHBIX Pa3InIHidl MEKIY U300paKCHUSIMH.
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VYBenuueHne TIUIOMAAM HAWJICHHBIX CTPYK-
TYPHBIX pa3NIM4uii O3HA4YaeT TIOSIBICHUE JIOKHBIX
cpabaThiBaHUi, M, COOTBETCTBEHHO, YeM OOJbIlle Hai-
JICHHAsI TUIOIIA/(b, TEM OOJIbILIE JIOKHBIX CpadaThIBAHUIM
MIPOUCXOJTUT.

Jlanee paccMaTpuBalOTCS BEIUYUHBI ILIONIA-
I JUIS M300paKEeHWH, OJHO M3 KOTOPBIX CMEIICHO
OTHOCUTENBHO zpyroro. Ha pucyHke 5 nokasaHsl Irpa-
(hUKH 3aBUCHMOCTH IUIOMIAAN OT BEITMUUHBI CMEIIEHHS.
O06a mapameTpa MpPUBEICHBI B MUKCENaX.

300000
250000
200000
150000
100000

50000

0

Mnowaab CTPYKTYPHLIX pasnuymid, px

Bepxuuii rpaduk mMmoxaspIBacT 3aBHCHMOCTH
JUTS anropuTMa 0e3 MCIOIB30BaHUS CKOJB3SIICTO OKHA,
HIDKHUH TIOKa3bIBAET PE3yAbTaThl I aJIropuTMa co
CKOJIB3SIIIINM OKHOM BeIUUHHON B 10 TOUek.

W3 nonydeHHBIX TpaHUKOB MOXHO YBHICTb,
YTO alrOpUTM 03 UCIONB30BAaHHUSA  CKOJB3SIIETO
OKHa SBIACTCS BEChbMa UYBCTBUTCIFHBIM K pac-
CHHXPOHHM3AIIMH W WMEET TMPAKTHYSCKH JIHHEHHYIO
3aBUCUMOCTD TUIOIIAN OOHAPYKEHHBIX CTPYKTYPHBIX
pa3IuUMii OT BETUYMHBI CMEILIEHUSI.

e OKHO 10pX

= OKHO OpX

0 5 10 15 20 25 30 35 40 45 50

PaccuHxpoHusaums, px

Pucynok 5. ['paduiky 3aBUCHMOCTH IIIOMIATN CTPYKTYPHBIX Pa3INdUi OT BETMIUHBI PAaCCUHXPOHU3AIINN

AIITOPUTM C HCIIONB30BAHHEM CKOJIB3SIIETO
OKHa B CBOI OuYepelb MOKET KOMIICHCHPOBAaTh He-
OoJbIlKe BEJIMYUHBI PACCHHXPOHHM3AINH, KOTOPBIC HE
[PEBBILIAIOT pPa3Mep HCIOIB3yEeMOro OKHA, 4YTO yKa-
3BIBACT Ha IIPEIIIOYTHTEIFHOCTD HCIIOIb30BAHHS HIMEHHO
9TOTO BapHaHTa aJrOpUTMa B CIydasx, €CIIH BO3MOMKHBI
HeOOJIbLINEe PACCUHXPOHHU3AIINH.

350000
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250000
200000

PHbIX pa3nn4nia
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50000
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Mnowaap cTpy

I'paduku Ha pucCyHKEe 6 NMOKA3bIBAIOT 3aBUCH-
MOCTb M3MEHEHHS IUIOIIAJN HAWJCHHBIX CTPYKTYpPHBIX
OTIIMYUIM OT PACCHMHXPOHM3ALUH, BCIEICTBUE HECOB-
MaIafoIIel OprueHTAIH n300pakeHni. [l momydeHns
9THX TpaUKOB OTHO W3 H300pakEHUH TTOBOPAIMBAIOCH
OTHOCHUTENBHO COOCTBEHHOTro IeHTpa. Och opauHaTr -
YTOJI IOBOPOTA U300pasKeHHS.

e OKHO 0

= OKHO 10pX

0 2 4 6 8 1012 14 16 18

PaCCVIHXpOHVIE!aLlVIFI rpag.

Pucynok 6. I'paduku 3aBUCHMOCTH TUIOLIAIU CTPYKTYPHBIX Pa3Inunil OT BETUYMHBI PACCUHXPOHU3ALUH

Bepxuuii rpaduk IOKa3bIBacT 3aBHCHMOCTH
aIropuT™Ma OTCYTCTBYIOIIUM (HYJIEBBIM) OKHOM, HYKHHH
- ¢ OkHOM pa3mepoM 10 Touexk.

W3 sTuxX TpadmKoB MOKHO CIENaTh BBIBOJ,
YTO WCIONB30BaHUE CKOJB3SMIETO OKHA TaKKe KOM-
MEHCUPYET PACCHHXPOHM3ALHNIO, BBI3BAHHYIO IOBO-
POTOM M300pa’keHHs, OTHAKO B MEHBINEH CTETEeHHU, YeM
paCcCUHXPOHU3AIINIO, BBI3BAHHYIO CABUT'OM.

MeToMKH KOPPEKTHPOBKH PACCHHXPOHU3AIUHU
u3o0paxKeHu

Paccuaxponn3atisg n300pakeHUit MOXKET HMEThb
pa3sHOE TPOMCXOXKICHNE: HCIIONb30BAHUE PA3IMYHOIO 000-
PYIOBaHUsI TIPH TOMyYEHWH W300paxeHHH, aedopmarus
CHMMAEeMOT0 00bEKTa, N3MEHEHHE MOJIOKEHHUS] M OPHEHTAITN
KaMepbl U T. . OT 3TOr0 MOTyT 3aBHCETh MHCTPYMEHTHI,
TIPEMEHSIEMBIE JJIs Oy YEHHUsI TOUHOTO COBMEIIICHHS.
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MeTtonuku CUHXPOHU3AIINN I/1306pa)KCHI/If/II 00bIU-
HO COCTOAT M3 TPEX YacTeu: MOACIN npeo6pa3OBaH1/m,
MCTPUKHN HO,Z[O6I/I${, 1 OONTUMU3AUOHHOTO aJIrOpUTMa [6]

Mopnens npeodpa3oBanusi
B ciryqae nepMaToCKOIMYECKUX M300pasKeHHH,
n300paXeHUs MOTYyYaroTCs C UCIOIb30BAaHUEM OIHOIO
obopynoBanusi, jaedopManyeil CHUMaeMoro oOBbEKTa
MOXKHO ITPeHeOpedb n3-3a OTHOCUTEIILHO MaJIoro pa3Mepa
paccMaTpuBaeMbIX HOBOoOpaszoBaHmid. CiemoBaTeibHO,

BOKHOW MNPUYMHOM  PACCUHXPOHU3ALMHU  SIBISETCS
OTJIMYUA B MOJIOKECHHWU W OpHUCHTAUW JAEPMATOCKOIIA.
ITorToMy Momens TpeoOpa3oBaHUS  OMHCHIBAETCS
Marpuueid M (2)
cos(@) -—sin(@) x
M =|sin(@) cos(®) vy|. 2)
0 0 1

rac x u y — CMCUICHUA OJHOI0 1/1306pa>1<eHI/1$1 OTHOCH-
TEJIBHO APYToro u O - yroj noBoporTa.

Metpuka nogooust

CymecTByeT 60BII0E KOTHIECTBO METPHUK I10-
J00us1 17151 ©300paXKEH U, U BHIOOP KOHKPETHOW METPHKH
OOBIYHO CBSI3aH C OCOOEHHOCTSIMH CPaBHUBAEMBIX H30-
OpaKeHUH, OBICTPOJCHCTBHEM IIOJIY4aeMOIo aJlrOpHUT-
Ma. B gacTHOCTH B KauecTBE METPHUKH MOTOOUS MOXKHO
HCTIOB30BaTh ONMHMCAHHYIO BEIMIE TUTOMIAb HAICHHBIX
CTPYKTYPHBIX pa3nuuuii y m3o0paxenuii. Kak BugHo u3
rpaukoB Ha pUCYHKax 5 W 6, 3aBUCUMOCTH IUIOIIAIN
OT BEJIMYMHBI CMELIEHHs AJIA aJropuTMa 0e3 CKONb3s-
[IEro0 OKHA ONM3Ka K JIMHEHHOM, YTO IOJLDKHO obecre-
YUTH XOPOIIYIO CXOAMMOCTh aJTOPUTMOB ONTHMHU3ALINH.
[Ipobnemoii mpu 3TOM SBISAETCSA JTOCTATOYHO OOJBIIOE
BpeMsI, HEOOXOMMOE TSI BEIYMCIICHHSI METPUKHU, B KaK
CIIEZICTBHE MMEET CMBICT BOCIOJIB30BaThCAd METPUKAMH,
TpeOyIOLIMMHU MEHBIINX BEIYUCIUTEIBHBIX 3aTpPaTt.

OnHOIl W3 pacnpoCTPaHEHHBIX METPHK IS
STHX 3alad SBISICTCS WHIEKC CTPYKTYPHOTO CXOICTBA
(SSIM ot anrn. structure similarity) [7], KOTOpBIii BBI-
YHUCISETCS CIEAYIONIM 00pa3oM:

(2uxpy + 1)(205y + ¢2) 3)

SSIM(x,y) = )
*) (u,% +p2 + cl)(a,? +0f+ c2)

TJIe /i — MATEMaTH4EeCKOE OKUIAHHE X;
/4, — MaTeMaTHYECKOE OKHUIAHUE ),

0’ — IUCTIEPCHsl X,

azy — UCTIEPCHS ),

0,, — KOBAPHALMS X U Y;

¢, = (kLY
¢, = (kLY
k,=0.01;
k,= 0.03;

L — nuHaMuYecKuM auara3oH 3HAYEHUH ITHKCeJIeH.
PaccmoTpenHast MeTpuKa Modydmiia OONBIIYIO
TOTTYISIPHOCTH MPOCTOTHl U

H3-3a HEBBICOKOM

BBIUUCIIUTCIILHON CJIOKHOCTH. Ee 3HaYeHUs MOTyT
BapbUPOBAThCs OT | — MaKCHMajbHas CXOXKECThb, JOC-
THTAETCS, €CITU N300pakeHUsT UACHTUYHBI, TO 10 -1.

OnTUMH3AUMOHHBIN AJITOPUTM

B kauecTBe ONTHUMH3AIMOHHOTO aJITOPUTMA
HCIIOJIb30BaH aJTOPUTM CHHYCOB-KOCHHYCOB.

DTO CPaBHUTEIBHO HENABHO IMPEIJIOKCHHBIN
[8] anropuT™m W3 KaTeTOpHU TOMYJISIIHOHHBIX METOIOB
ONTUMU3AINH, HAOUPAIOIIHN TIOMYISIPHOCTb.

Jis Hero hopMupyeTCsS Ha4aIbHOE MHOKECTBO
pCIICHUIA, JUIS KaXIOr0 U3 KOTOPBIX BBIYUCISCTCS
MeTpuKa. Jlanee 13 MHO)KECTBA BEIOMPACTCS HAMITYYIIICE
U3 pelieHui (B HalleM cilyyae ¢ METPUKOil, Haubosee
Oomuskoit k 1). Pemenue 3amomunaercs kak P, koropoe
Ha3bIBAETCS TOYKOM Ha3HAYEHHUS. 3aTeM, Ha KaKIOH
UTEepAIH IS KaXKIOTO PEIICHUS IOIy4aeTcsi HOBOE
3HaucHHe, 10 Gpopmyie (4).

g+ X!+ 1 x sin(ry) X |r3Pf — Xf|, 7, < 0.5 @
: Xt + 1 X cos(r,) x |rsPf — X}, 70 > 0.5

e X/ — 3HaueHue mapamMeTpa Ha HOBOM IITare;
X,-’ — 3HaUYEHUE NIapaMeTpa Ha IpeblIylIeM 1iare;
P,-’ — IIeJIEBOC 3HAYCHNE HAa HOBOM IIIare;

7, — CIy4aiinoe 3naueHue ot 0 1o 2;

7, — cay4aiinoe 3Hadenue ot 0 1o 27;

¥, M 1, — CIly4YaliHble 3HAYEHHUS OT 0mo 1.

[Tocne BBIYHMCIEHUST HOBOTO MHOXKECTBA pellie-
HI/Iﬁ JJIsI HUX BBIYUCIIIKOTCA HOBOC LICJICBOC pemeHHe, nu
IIUKJT TOBTOPSICTCS.

[Towuck penreHUst MOXKET OBITH OCTAHOBIICH JIN0O
TOCIIE JIOCTHKEHUS IPEACTHHOTO KOIMIESCTBA HTEPAITHii,
1100, €CII METPHUKA IS O4EPETHOTO I[EJIEBOTO PETICHHS
OKa)KETCS IOCTATOYHO Onm3Kka K 1.

21.]'[5[ yJ'Iy‘-IIHCHI/IH CXOOUMOCTH aJ'IFOpI/ITMa
3Ha4YEHHE 7, MOXET BBIYUCIATECA 1O (opmyne (5),
YTO YMCHBIIUT Pa30opOC IMOTydyacMbIX HA HOBOM IIIare
3HAUCHWUH, MpH TMPHUOIMKEHUH K IPEIeTbHOMY KOJIH-
YECTBY UTEpALM.

at
—q—-— > )
n=a-—

I7ie @ — KOHCTaHTa;
t — HOMEp TeKyllel uTepanuy,
T — npenen KoJu4ecTBa UTepaLmi.

PaccmoTpeHHBII anropuT™M OBUT peann3oBaH C
Unonbp30BaHNeM 1iatdopmsl Java [9], odecieunBaromieit
MaKCUMAJIbHYIO TIEPEHOCHMOCTh MOIyYEHHOTO KOfa U
BO3MOXXHOCTH HCIHOJB30BaHMUSI Ha Pa3HBIX IUTaTopMax
OT CEpBEpOB 10 MOOWIBHBIX YyCTpoitcTB. [IpoBemeHo
TECTHPOBAHUE JAHHOTO AJITOPHUTMA HAa CMEUICHHBIX H
MOBEPHYTHIX APYT OTHOCHTEIBHO APYra M300paskeHUIX
HOBOOOpa30BaHUs KOXH. [IpoBeeHHOE TecTHpOBaHME
MOKA3aJI0, YTO TOYHOCTH MOTyYaEMBIX C TIOMOIIBIO J1aH-
HOTO aJITOPUTMa PE3yJIbTaTOB JOCTAaTOYHA, IS JadbHEH-
IIETO BBISIBICHUS CTPYKTYPHBIX OTIINYNI B H300paKeHH-
SX C MCHOJIb30BAHMEM CKOJB3SIIETO OKHA.
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Fpa(l)I/IKI/I N3MCHCHUA MCTPHUKH IIPU BBITIOJIHEHUHU HECKOJIBKHUX BBIYMCJICHHUM MTOKa3aHbl Ha PUCYHKE 7.
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uTepauus

PucyHoxk 7. I3MeHeHHe METPUKH IIPU HECKOJIbKUX BBIYMCIICHUSX

ITo npuBeneHHBIM rpaduKaM BUIHO, YTO M3-3a
ClTy4aifHOTO XapakTepa BbI0Opa HOBBIX 3HAUCHUIT Ha oue-
penHON uTepauu, XapakTep CX0KACHHUS OTINYaeTCs pU
Ka)JIOM HOBOM 3amycke ainroputma. Kpome Ttoro, n3-3a
CIlyJafHOTO XapakTepa, €CTh HeOOoJbIIas BEpOSTHOCTH
CXOJKACHUSI aJITOPUTMA K JIOKAJTBHOMY, @ HE ITI00aTbHOMY
MaKCUMyMy MeTpuku nogobdus. Tem He MeHee, B HAIIUX
UCTIBITAaHUSA QJTOPUTM IPOAEMOHCTPUPOBAT JOCTATOY-
HYIO HaJIeXHOCTb.

3akarouenne
PaccmoTpenHbie B paboTe METOAUKH PETUCTpa-

MU JCPMATOCKOMIMYCCKUX H300PaKECHUI ITO3BOJISIFOT
MPOBECTH KOPPEKTUPOBKY PACCHHXPOHU3AIUU H300pa-
JKCHUH HOBOOOPA30BaHUI KOXKHU, CHICITAHHBIX B Pa3HOC
BpeMsl, IS JajJbHEUIICTO BBIABICHUS CTPYKTYPHBIX
paznuuuii B u300pakeHusix. HaxoxieHue CTpyKTYpHBIX
pas3nuuuii MO3BOJUT TOYHEE JHATHOCTUPOBATDH 3JI0Kave-
CTBEHHBIC HOBOOOPA30BaHUS KOXKH y HAOMONAaEeMBIX Ta-
IIUCHTOB. OHI/ICLIBaeMaﬂ B CTAaThC METOAMKA HAXOXKICHU S
CTPYKTYPHBIX Pa3InYuii TO3BOJIICT HE YYUTHIBATH MEJI-
KHE ¥ HECYIICCTBCHHBIC ICTAJIN U BBISIBIISTH TOJIBKO pa3-
JIMYUsI, YKA3bIBAIOIINE HAa U3MEeHeHne (GOpMBI U pazmepa
HOBOOOPA30BaHMUA.
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SMALIUK A. F., ZHUKOVETS A. G., TRIZNA N. M.

REGISTRATION OF DERMATOSCOPIC IMAGES OF SKIN NEOPLASMS AND
DETECTION OF STRUCTURAL DIFFERENCES

Belarusian National Technical University
N. N. Alexandrov National Cancer Centre of Belarus
Belarusian Medical Academy of Postgraduate Education

The paper considers the application of an algorithm based on a morphological projector for determining
structural differences for comparing dermoscopic images. This will allow to identify changes that have occurred in
skin lesions over time, for a more accurate diagnosis of their malignancy. The proposed algorithm makes it possible to
detect differences in images even if there is a significant difference in the brightness and color levels of the compared
images, and also ignores small insignificant details, such as noise, dermatoscope optics marks, hair, etc. A method for
correcting the desynchronization of images using the structural similarity index as a similarity metric, and the sine-
cosine algorithm as an optimization algorithm is proposed. The proposed algorithms were tested on dermatoscopic
images and the possibility of their application was demonstrated.

Keywords: melanoma, skin lesion; dermatoscope; structural differences; morphological projector; similarity
metric; optimization algorithm.
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