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AnHoTamusi. B craThe npencraBieH onbIT 00pab0OTKU Pe3ybTaTOB Te0pagapHOro 30HAUPOBAHUS MEIO-
BOTO Kaphepa METOaMH HEYETKOH JIOTHKH JUTS BBIICICHUS TAKNX MTPU3HAKOB CHT'HAJIOB, KOTOPBIE TPYAHO
OCYIIECTBIIATh CTAHJAPTHBIMUA METOaMHU B CHITY «Pa3MBITOCTID WM HEYETKOCTH 3TUX NPHU3HAKOB. JlaH-
Has METOJMKA ITO3BOJIACT BBIJACIIUTE JOTIOIHUTEIBHYIO TOJIE3HYI0 WH(POPMAIIUIO, TPOrHO3UPOBATh Kade-
CTBO M 00JIEE TOYHO OIICHUTH COCTOSIHME IOJIOBEPXHOCTHON CTPYKTYpHI y4acTKa, B JaHHOM cliydae,
CTETIeHb OeNM3HEI Mella. B 0CHOBE TpeuiaraeMoro CIieHapHs JISKHUT pa3paboTka MofeNieil 1 METO/IOB BbI-
JIeJICHUsT TIapaMeTPOB T€OpaJapHbIX CHUTHAJIOB, B YACTHOCTH, WX (pa30-4aCTOTHBIX CIIEKTPOB, ITO3BOJISIO-
IUX YCTAaHOBUTH NPUYMHHO-CIICICTBCHHBIE CBSI3H, BIUSIONIME HA KAYECTBO MPHUHATHS PEUICHUS TIPH
HaJIMYUHN COBOKYITHOCTH MEMIAIONNX (PaKTOPOB, HA OCHOBE HCITOJIb30BaHUS alreOphl HEUETKOW JIOTHKH.
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Abstract. A theoretical justification for the development of a scenario for the subsurface structure state
estimation of a chalk quarry site based on the results of GPR sounding is proposed, which allows predict-
ing its quality, namely, the degree of whiteness. The proposed scenario is based on the development of
models and methods for identifying parameters of GPR signals, in particular, their phase-frequency spec-
tra, which make it possible to establish causal relationships that affect the quality of decision making in
the presence of a combination of interfering factors. In this paper, for the first time, data on GPR sound-
ing of a chalk quarry were obtained, showing the presence of stable signs for the selection of chalk areas
with increased whiteness. Such a feature is the phase fluctuations of the reflected signals obtained at the
cross-section with respect to the radiated polarization of the received signals. This requires a special an-
tenna, in which the radiation of signals is carried out on the main polarization, and the reception is or-
thogonal to the radiated one. To obtain a clear conclusion about the probability of attributing the chalk
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layer on the studied area of the chalk quarry to the categories of high, medium or ordinary whiteness, it is
proposed to use an algorithm based on the theory of fuzzy logic.

Key words: georadar, phase-frequency spectrum, chalk quarry, fuzzy logic, chalk pit.
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BBenenune

Pa3Butre nH)OpMALIMOHHBIX TEXHOJOTUII HA COBPEMEHHOM 3Tarle MO3BOJISIET U3BIEKATh
CYIIECTBEHHO OO0JIbIIe HH(POPMAITUH U3 TaHHBIX U3MEPEHUH, TIOTYYEHHBIX TIPH MPOBEICHUH BCe-
BO3MOXKHBIX M3bICKaHUN B reou3uKe, 4eM 3TO ObLJIO paHee BO BpeMEHa, KOrja COOTBETCTBYIO-
Iasi annaparypa, METOAMKAa IPOBEJIEHUS U3MEPEHUN U MHTEPIPETALUU PE3YJIbTAaTOB TOJBKO
pa3pabaTbIBaINCh.

Heo0xoauMocTh BBIICICHUS JONMOJHUTEIBHON MONIE3HON HH(DOPMAIMK U3 JTaHHBIX T'e0-
(bu3MYECKUX U3MEPEHUI TUKTYEeT HEOOXOAUMOCTh YCIOKHITH METOIbI 00pabOTKU MOTydaeMbIX
CUTHAJIOB JJISl BBIACJIEHUS B HUX TaKUX MPU3HAKOB, OOYCIIOBIEHHBIX BO3ACHCTBUEM HCCIEaYye-
MBIX O0BEKTOB, KOTOPHIE TPYIHO OCYLIECTBISITh CTAHAAPTHBIMH METOJAMU B CHUIIY UX «Pa3Mbl-
TOCTH» WK HeueTkocTH [3amstun, 2006].

B uvactHOCTH, B Takoil o0nactu reodu3uky, Kak reopagapHoe 30HIUPOBAHUE, YACTO BO3-
HUKAeT HEOOXOJUMOCTh OLIEHUBATh BO3MYILEHHUS [1apaMETPOB OTPAKEHHBIX CUTHAJIOB, BBI3BAH-
HbIE BO3JCMCTBHEM HCCIEAYEMBIX OOBEKTOB, HAXOJISAIIMXCA B MOJMNOBEPXHOCTHOM IPOCTPAH-
CTBE, KOTOpBIC SIBISIOTCS JHOO0 €1a00 BBIPAXKEHHBIMH, JTUOO COMPOBOXKIAIOTCS COMYTCTBYIOIIN-
MU JOTOJHUTEIbHBIMU (DAaKTOPaMHU, CBS3aHHBIMU C BO3JCUCTBUEM PA3IMYHOTO POJia aHOMAIUM
CTPYKTYpbI rpyHTa [3010Tapes, 2017, 2].

PaccmoTpum ykazanHble 0COOEHHOCTH 00paOOTKH U BBIACJICHUS MOJE3HOM nH(pOpManuu
Ha MpUMepe MPUMEHEHMs Te0paJapHOTo 30HAUPOBAaHUS JUIsl OOHApYKEHHsI aHOMaJHil, CBA3aH-
HBIX CO CTEMEHbI0 OETU3HBbI MPUPOJHOrO KapOOHAaTa KalbLUS MM MEJla, B MEJIOBOM Kapbepe
«Menctpomy, r. benropo.

Hcnonp3oBaHne Mella B IPOM3BOJCTBE B KAUECTBE HAIOJIHUTENS MO3BOJISET CYIIECTBEH-
HO CHM3UTh Ce0ECTOMMOCTh TOTOBOM MPOAYKIMM U YIy4IIUTh ee kKadecTBo [I'ypoa, Kopanen-
KO]. YpoBeHb O€IM3HbI MPUPOJHOTO KapOOHATa KaJbIHsL, HCIOIb3YEMOTrO 3a pyOeKOM B KauecTBe
nmurMenTa, coctabisier 90-95 % (o Dnbpedo). st HamomHuTest OyMaru NPUMEHSFOT TPUPOIHBIA
KapOoHatr Kanblys ¢ Oermn3Hoi 85-95 % u Bbimie. B OymMa)kHON MPOMBIIITIEHHOCTH UCIIONb3YeTCs
M3MEJTbUYCHHBIA MPUPOIHBIN KapOOHAT KaJIbIHMS BBHICOKOW CTETNEHU AMCIEPCHOCTH [MackaiikuH,
®enoros, Kuprommn, Macnses, 2019].

[ToaTOMy KOHTPOJIb CTENEHH OETU3HBI Mella IPH pa3pabOTKe MEIOBBIX KApbEPOB SIBIISIET-
Csl OYEHD aKTyaJIbHOM U BAXKHOU 3aJa4yeH.

MeTtoauka

B paGore BmepBble OLIEHUBAECTCS BO3MOXHOCTHh MCIOJIb30BAHUS CIEHUATU3UPOBAHHOTO
reopazapa JJis OINpe/eeHHs] KauecTBa Mejla, a UMEHHO CTENEeHU ero OENU3HbI, B CJIO€ OT IOo-
BEPXHOCTH BBIPAOOTKM 10 IIIyOMHBI B HECKOJIBKO METPOB Ha INpHMEpPE MENOBOr0 Kaphepa
«Menctpomy, . benropoa. J[aHHBIN METOBON Kapbep ABIISIETCS TUIOBBIM JUIsI MHOTUX PETMOHOB
Poccun [Ceprees, Cunoposa, 1950, Momanckwii, 1975, Sugak, Dubovitsky, 2018]. B kauectBe
reopajzapa HCIOJIb30BAJCS OSKCIEPUMEHTAIBHBIII MakeT paauojioKaTopa IMOANOBEPXHOCTHOTO
30HJIMPOBAHUsl CO CTYNEHUYAThIM M3MEHEHUEM Hecylled dactoTel B auana3zoHe 150-300 ml'w,
paspaboTaHHbIi Kommanueh «["eoskcrepty», r. benroposa [Sugak, Sugak, 2010]. Autenna reopa-
Japa MO3BOJISIET M3JIyyaTh CHUTHAJIBI C BBIOpAaHHOW MoJisspu3alMedl W MPUHUMATh MOOYEPEIHO
CUTHAJIBI HA COTVIACOBAHHOM M OPTOTOHAJIBHOW K M3JydyaeMOM noJisipu3anusax. B ykasaHHoU aH-
TEHHE HCIOJIb30BAHO AJIEKTPOHHOE MEPEKIIOUEHHE JBYX B3aWMHO NEPHEHIUKYISPHBIX Ienen
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TPEeYrojbHOW (HOPMBI, MPOPE3aHHBIX B METAIMYECKOM KOPIIyCe C MOMOUIBIO AJIEKTPOHHOIO
KOMMYTaTopa, OCYLIECTBISIONIETO COrJIaCOBaHUE BOJIHOBOI'O MMIIEIAaHCA AaHTEHH C KaleleM H
NEPeKIII0UYeHNE IIelel aHTeHHbl Ha MpHUEeM WM Tepefady. B pe3ynprare aHTEHHA MO3BOJISET
MPUHUMATh U MOCEe 00pabOTKM OTPaKEHHBIX CUTHAJIOB MOJIyYaTh WX MOJHYIO MOJSPHU3AIHOH-
HYIO MaTpUILy.

Tak kak B TuTepaType OTCYTCTBYET Kakas-11u00 nHdopmanus o0 onbITe IPUMEHEHUS Tre-
opazapa Jjs pelieHus] yKa3aHHOW 3a/Ja4H, TO METOJMKA MU3BICKaHUI U MeTo/abl 00paboTKH CHUT-
HaJIOB pa3palaThIBAIUCh TPAKTHUUECKU C HYJIS.

W3pickanust IPOBOAMIIMCH Ha HECKOJIBKUX IUIOIIAJIKAX MEIOBOTO Kapbepa «MeicTpom»,
r. benropon (puc. 1) pazmepamu nopsiaka 20x10 M, KoTopble ObUTH OTOOPAHBI €r0 COTPYTHUKAMU
0 pe3ysbTaTraM J1adOpaTOPHBIX n3MepeHuid. Beero 6pu10 BeIOpaHo 4 miomaaxu (2 ydacTka ¢ Me-
JIOM TIOBBIIIEHHOU Oenu3Hbl, | y4acTok ¢ MeoM cpefHel O0enu3Hbl U 1 y4acTOK ¢ OOBIYHBIM Me-
JIOM), MpeICTaBJICHHbIC HAa KapTe Kapbepa (puc. 1).

" Vuactok ¢ MeroM =
" HOPMAJIbHOM GeynmHEl - V4acToK ¢ MenoM VyacTok ¢ MenoM

VuacTok ¢
OBEIHEIM MeJIoM 3 &Y

WA\ =)
Puc. 1. Kapra MenoBoro xapbepa
Fig. 1. Chalk pit map

JlanHble 30HAMPOBAHMS, MOJYYEHHbIE HAa YKa3aHHBIX BBILIE Yy4YacTKaX, CPaBHUBAJINCH
MEXJy COO0H M ¢ JaHHBIMH, MOJTYYEHHBIMU B JIAOOPATOPUHU MEJIOBOIO Kapbepa 1o olOpasiam,
B3STHIM B KaXK/IOM HCCJIEIyeMOM Y4YacTKe, JIJIsl BBIBJICHUS XapaKTEpHbIX IMPU3HAKOB B reopa-
JApHBIX CUTHaJIaX, KOTOPbIe MOTJIM Obl B Oy/yIlleM JIedb B OCHOBY TE€XHOJIOTHH BBISBJICHUS Mela
MOBBILIEHHON OENIN3HBI.

Ha xaxoil muiomanke 30HAMPOBAHKME MPOBOAUIIOCH B CPEIHEM IO 4-M NapauleIbHBIM
npodusM IBUKEHUS reopaaapa. B pesynbpraTe mosydaanch pajnosIoKalllOHHbIE U300payKeHUs
CeueHMsI TPyHTa MO KaXAoMy U3 npoduield. B nanpHeleM /Ui aHanu3a UCIOJIb30BAINCh Pa-
JMOJIOKAIIMOHHBIE M300pakeHns (a30BOIl CTPYKTYpbl CUTHANOB (puc. 1) Mo KakaoMy U3 yKa-
3aHHBIX TpoQuiel, Tak Kak TOJIbKO HAa HUX YAaBaJOCh OOHAPYXUTh MPHU3HAKH, ITO3BOJISIOLINE
OTJIMYUTh YYAaCTKU C MEJIOM IOBBIIIEHHOW OENM3HBI OT APYTUX YYAaCTKOB C HOPMAJbHOH M
OOBIYHOM OeNU3HOIA.

OueHka BO3MOKHOCTH NIPMMEHEHHU CIIellHaTU3UPOBAHHOIO reopagapa
JJISL OMpe/iesIeHUsl CTeneHn 0eTU3HbI MeJia
Haubonpimme oTauuuTensHble TPU3HAKK MPUCYTCTBUS Ha HCCIEAYEeMOM ydYacTKe Mena
MOBBIIIEHHOW OENM3HBI BBIIEISIIOTCS Ha H300pakeHUsX (a30BOM CTPYKTYpPHI OTPAKEHHBIX CHUT-
HaJoB (()a30-4aCTOTHBIX CIIEKTPOB) — U TOJIBKO Ha OPTOTOHAIBHON K M3IYyYEHHOU MOSpHU3aIIN
3TUX cUTHaNOB. M300pakenus pa3oBoi CTPYKTYpbl CUTHAJIOB OIMMCHIBAIOT TOBEICHUE U30JIMHUN
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(ha30-4aCTOTHOTO CIIEKTpa OTPaKEHHBIX CUTHAIOB [fxbseBa, 2012], B KOTOPBIX OCh OpAWHAT
COOTBETCTBYET TTTyOMHE OT TIOBEPXHOCTH IPYHTA, OCh a0CIUCC — AWCTAHIIUU, TIPOUICHHON T'eo-
pazapoM Mpu JBHKEHUU IO MOBEPXHOCTU BJIOJIb BEIOPAHHOTO HANpaBICHUS, a Psiji KBa3umapai-
JICIBHBIX KPUBBIX — U30JIMHUN (PA30BOM CTPYKTYPHI CUTHAJIOB, COOTBETCTBYIOIIHUX MEPECEUCHUIO
(ha30-4aCTOTHOTO CHEKTPa OTPaXECHHBIX CUTHAJIOB HYyJeBOro 3HadeHus ¢asbl. [lo paccTosnuio
MEXITY U30JUHUSAMH U UX (QIIYKTyalUsIMHA MOXKHO CYIUTh O (PU3NIECKUX CBOMCTBAX CpeIbl 30H-
JMPOBAaHUS U aHOMaJIMii B Hel [SIxbseBa, 2012].

MeonuHMM (asSOBOHM CTPYKTYPH MsonmumMM $asSOBOH CTPYKTYDH

e " oy y =
CMELWEHWE WZ0AMHKMIA No rAyOlHe Ha 2-%  yYacTHax ©

3r PazHLIM KaHecTEOM MEna —_
P e e e e =

TyBima, M
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0.5 1 1.5 2 25 3 35 4 45 ! 2 3 4 5 &
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Puc. 2. N300pakenus (pa3zoBbIX CTPYKTYp Ha YIaCTKE C MEIIOM OOBIYHOM OENTM3HBI (JIEBBIH PUCYHOK)
Y C MEJIOM TOBBIIIIEHHOW OeNMM3HBI (TTPaBhIil PUCYHOK)
Fig. 2. Images of phase structures in an area with chalk of normal whiteness (left figure)
and with chalk of increased whiteness (right figure)

Ha ocHoBe mosiydeHHBIX NpeBapUTEIbHBIX PE3YJIbTaTOB, HE BJIABasCh B JIeTaIU O0Opa-
OOTKHM CUTHAJIOB, TaK KaK 3TOT MaTepuall IOCTYNEH B OOJbIIECH CTeNeHu crnenuaiicTaM B ooia-
CTH Te0paJlapHOTO 30HAMPOBAHMS, YAAJIOCH ClIEJaTh CIEAYIOIUE BBIBOJbI: BO-TIEPBBIX, HAOIIO-
Jal0TCs OTINYUSA B (Pa30BBIX CTPYKTYpax CUTHAJIOB, MPOSBIISIOIINECS B TOM, YTO HAaJIH4YUE Ppak-
U IpUMecel MaTepUaoB, OTIMYHBIX OT YHCTOTO MeJla Ha y4acTKax ¢ MeJIoM OObIYHOM Oenu3-
HBI, IPUBOJIAT K YBEJIMYECHUIO (piykTyanuit ¢azpl curHainoB ((QayKTyaluuu TiyOrMHbI U30JUHUN) B
pa3HbIX AJIEMEHTax 00beMa Mejla IO Mepe JABM)KEHUS reopajapa BIOJb BHIOPAHHOTO MPOQUIISL.
[Tpuyem 3TOT 3PPeKT MmposBIsIeTCs Ha KPOCCOBOW K W3IYYEHHOM MOJSPU3ALUU OTPAKEHHBIX
CUTHAJIOB, YTO TpeOyeT MPUMEHEHMsI ClIeUaIbHbIX aHTEHH, O KOTOPBIX CKa3aHO BhIIIE. BriBOJ
WUTIOCTPUPYET pUC. 2, HA KOTOPOM NPHUBEAEHBI M30JIMHUM (DAa30BOM CTPYKTYPHI OTPa)KEHHBIX
CUTHAJIOB (PUCYHKHU IPEJCTAaBISIIOT U300pakeHus, OJyYeHHbIe Ha 2-X pa3HbIX npoduisax). 1o
Mepe pocTa TIyOMHbI HabIroAaeTcsl yBeauueHue QuyKTyanuil ¢pa3bl OTpaKeHHbIX CUTHAJIOB, CO-
OTBETCTBYIOIIMX BTOPOMY Y4acTKy ¢ MeJIOM 0ObIYHOro kadectBa. Och abcuucc COOTBETCTBYET
TOYKaM 30HJIMPOBaHMS BJIOJb MPOQUIIS IBUXKEHUS reopanapa (Bcero ObUIO MPONHAECHO paccTos-
Hue okojo 15-20 m). BugHo, uto ¢uykryanuu ¢a3bl CUTHAIOB HAKATIUBAIOTCS C TIYOMHOU U
OTJIMYHUS HAUYMHAIOT MPOSBIATHCS YK€ Ha IIyOuHe oKkojio 2—3 M. Bo-BTOpBIX, yKa3aHHBIH 3¢-
ekt HaOdIOAANCS MPaKTHYECKH MO BCeM MNPOQWISM JABHKEHUS Treopajapa Ha BbIOpaHHBIX
y4acTKax, 4TO MO3BOJISIET XapaKTepU30BaTh €r0 KaK YCTOMUUBBIN MPHU3HAK, 10 KOTOPOMY MOXKHO
oOHapyXHBaTh U OTJIMYATh YUYaCTKU Kapbepa C MEJIOM pa3HOM cTeneHu OenusHbl. CpeqHeKBa-
paTtuyHble 3HaYeHUs QUIYKTyaruil (as3bl, COOTBETCTBYIOIINE TPEThEH M0 cUeTy U30JUHUM (a3o-
BOI CTPYKTYpPBI CUTHAJIOB OT MOBEPXHOCTHU MO BCEM MPOPMISIM JIBUKEHUS HA YUACTKE C MEJIOM
MOBBIIIEHHON O€NM3HBI (JIEBbIE TUCTOTPAMMBbI) M Y4acTKe ¢ OOBIYHOIN Oenu3HOMN (IIpaBble THCTO-
rpaMMbl), ipuBeaeHbl B Tabaume 1. Bunno, uro HaOmrogaroTes cymecTBeHHO Oonbiive (Ha 20—
30 %) 3HayeHUs CpPeAHEKBAJPATUYHBIX OTKJIOHEHUH, COOTBETCTBYIOIIMX YYaCTKy C MEJIOM
0OBbIYHOM O6enn3Hbl. DTOT 3P PEKT MOKHO HCIONB30BaTh Ul Pa3pabOTKH alropuTMa aBTOMaTH-
YeCKOro 0OHapy)KEHHUSI yUaCTKOB C MEJIOM TOBBIIIEHHON Oenn3Hbl 0€3 MCIOIb30BaHUs SKCIIEePT-
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HBIX OILICHOK, IPOBOJAMMBIX orepaTopoM. B Tabnuiie 2 mpuBeaeHbl HAMOOIBIINE CPETHEKBAIPa-
TUYHbIE 3HaYeHHU (PraykTyauuid ¢aszbl 4-X NEPBBIX OT MOBEPXHOCTU W3OJUHHIA, HAUMHAS C TITY-
ounbl 1,3 M. BusHO, 9TO B 11€7I0M HAOIOAAIOTCS CYHIECTBEHHO OOJbIue (DIyKTyaIruu 3Toi ¢a-
3bI Ha Y4aCTKax C MEJIOM OOBIUHOM U cpeaHei Oenu3ubl. OHAKO CYIIECTBYIOT OTACIbHbIC MPO-
(1)I/IJII/I Ha ydacCTKax McCJja C MOBBIIIECHHON 6CHH3HOﬁ, Ha KOTOPLIX 3TOT BBIBOJ HC MMOATBCPIKAACT-
cst. SIBASieTCst JIM ATO CICACTBHEM TOTO, YTO Ha THX MPO(UISX HAOIIOMAITCS CYIICCTBEHHbIC
OTKJIOHCHHA YKAa3aHHBIX IPHU3HAKOB OT HNPCANOJIAaracMbIX HJIM HA 3THUX YYAaCTKaX CYUICCTBYIOT
TOJIBKO JIOKAJIbHBIC 30HBI C MEJIOM MOBBIIICHHOW OEIM3HBI, OKA BBIACHUTH HE yIaJOCh BCICII-
CTBHE OTCYTCTBUS allpHOPHOI HH(OPMAITHH.

Tabmuma 1
Table 1

CpenHexBaipaTHUHbIC 3HAUCHUN (IIYKTYyalluid TPeTbel H30IMHIH
(a30BoOIl CTPYKTYpPBI CUTHAJIOB 110 TITyOnHE
Root mean square values of fluctuations of the third isoline
of the phase structure of signals over depth

Howmep npoduns 3HaueHue o, [M]
IBIDKCHHS Ieopagapa | YdYacTOK ¢ MEJIOM MOBBINIEHHOMH Oe- .
YyacTok ¢ MenroM 0OBIYHOM OEITM3HEI
Ha y4aCTKe JIN3HBI
1 0,076 01
2 0,087 0,1
3 0,083 0,104
4 0,089 0,11
Tabnuma 2
Table 2
Hawnbonpimme cpegaekBaapaTndHbie 3HaYeHUS (QIyKTyanuid (asel 4-X IepBhIX W30JIUHUN
The largest root mean square values of phase fluctuations of the first 4 isolines
Howmep 3HaueHue G, [M]
npoQut Y4acTok ¢ METIOM TOBBITICH- Y4acTok ¢ MeJIoM cpenHei Oe- Y4acTok ¢ MejIoM
JIBUKCHUS . N
HOH OeTn3HBI JIU3HBI OOBIYHOM OEITM3HBI
reopazuapa
1 0,270 0,025 0,200 0,037
2 0,030 0,037 0,025 0,039
3 0,055 0,500 0,040 2,000
4 0,045 0,020 0,500 0,045

B-tpetbux, HaOmr01a€TCs Takke cTabmibHOE HeOobIoe, nopsaka 10-20 cMm, cmenieHue
0 TIyOMHE M30JMHUN (Pa30BOM CTPYKTYpPHI HA KPOCCOBOM K M3JTydaeMOW MOJSPU3AIMKA CUTHAJIA
Ha Y4acTKe C MEJOM cpeaHel M OObIYHOM OeMu3HbI B CTOPOHY OOJIBIIMX 3HAUYEHUIl 10 cpaBHE-
HUIO C YYAaCTKOM C MEJIOM MOBBIIIEHHON O€U3HbI. DTOT pe3yibTaT TaKKe TOBOPUT B MOJIb3Y MO-
JIeN, B KOTOPOH MPEAIOoJIaraercsi, YTo B CTPYKTYpe Mena OObIYHON OeIM3HBI MPUCYTCTBYIOT
MIPUMECH, KOTOPBIE CJIErKa YBEJIMYUBAIOT JUAIEKTPUUYECKYIO POHUIIAEMOCTh, YTO M IPUBOJUT K
CMELICHUIO U30JMHUHN (ha30BOM CTPYKTYpHI MO ITyOWHE Ha COOTBETCTBYIOLIEM ydacTke. Ha puc.
2 mokaszaH 3TOT 3(PQeKT U yKa3zaHbl W30JMHUHU, Ha KOTOPHIX MaKCHUMaJbHO HAOIIOAAETCs ITO
cmenienne. Kpome Toro, BUIHO Takke, yTO (IyKTyaluu (a3bl H30JUHUU HA YY4aCTKE C MEJIOM
OOBIUHOM OeNn3HbI 00JIbIIIE COOTBETCTBYIOMIUX (PIYKTyallid Ha y4acTKe C MEJIOM IOBBIIIEHHOMN
OEM3HBI.

Takum oOpa3om, pe3yabTaThl 30HAUPOBAHUI XOTS U MMOKA3bIBAIOT MOJIOKUTEIbHBIE TEH-
JCHIIMM B TOSIBJICHUM TaKUX XapaKTEPUCTUK CUTHAJIOB, KOTOPHIE MOXHO HCIOJB30BaTh MAJIS
UACHTU(DUKAIMY HYKHBIX aHOMAJIMHA CTPYKTYpPbI MeJa Mo TITyOuHe, HO UX MPOSBICHUS SBISIOTCS
HEYETKUMH. BBIIENsITh Takue CTPYKTYypHbIE MPU3HAKK KIACCHUECKUMH MeToJamMHu oO0paboTKu
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CUT'HAJIOB, OCHOBAaHHBIMH, HAaIIpUMep, Ha MIPUMEHEHHH METO/1a MAaKCHMAJILHOTO TPaBI0Iox00us,
HE MPEJICTABIISACTCS BO3MOKHBIM.

[TosToMy mpencTaBisieT HHTEPEC NPUMEHUTHh METOABI 00pabOTKM TaKMX CHTHAJIOB, OCHO-
BaHHBIC Ha AITOPUTMAax HedeTkou joruku [Ilerar, 2009].

Hcnoan3oBanue 3J1eMEeHTOB TCOPUH HCUCTKHX MHOYKECTB J1JIsA 000CHOBaAHHUA BbIBOJA
0 CTeNneHHu 0eJIM3HbI MeJjia 0 AAHHBIM IreopagapHoro 30HAUPOBaHUA

ba3oBble MOHATHS B TEOPUM HEUYETKUX MHOXKECTB KpPaTKO CBOJSTCS K CIEIYIOIIMM
[[puropsesa, 'apeesa, bacwipos, 2018]. Ilycte £ — yHUBepcaabHOE MHOXKECTBO, X-3JeMeHT £,
a R — Hexoropoe cBoiicTBo. OObIYHOE (YETKOE) MOJAMHOKECTBO A YHHUBEPCAIBHOIO MHOXKECTBA
E, »1eMeHTbI KOTOPOTO YAOBJIETBOPSAIOT CBOMCTBY R, ompezaemnsiercs Kak MHOXECTBO YIOPSIO-
yennbIx map A = {uA(x)Ix}, rue uA(x) — xapakrepuctudyeckas GyHKIUSA MPHHAIICKHOCTH (HIIH
mpocTo (PYHKIUS MPUHAATIC)KHOCTH ), TPHHUMAIOIIAST 3HAYCHHUS B HEKOTOPOM BIIOJIHE YIIOPSIIO-
yeHHOM MHOkectBe M (Hampumep, M = [0,1]). OyHKIMS MPUHATICKHOCTH A (X) yKa3bIBaeT
cTeneHb (YpOBEHb) MPUHAJICKHOCTH d1eMeHTa X moaMHoxkecTBY A. Ecmu M = {0,1}, To HeueT-
KO€ MOJAMHOXKECTBO A MOXKET paccMaTpHUBAThCs Kak OOBIYHOE MJIM YeTKoe MHOXecTBo. HeueTkoe
MHOKECTBO OTJIIMYACTCSI OT OOBIYHOTO TEM, YTO JIIsl JIEMEHTOB X U3 TIOJMHOXKECTBAa £ HET OJIHO-
3HAYHOTO OTBETA (72 — HET) OTHOCHUTENILHO CBOMCTBA R. B CBSI3M € 3THM HedeTKoe MOAMHOXKECTBO
A yHUBEPCATHLHOTO MHOXKECTBA E OIpeIessieTcs] Kak MHOYKECTBO YIOPSIOUYSHHBIX TIap.

Ecnu nomHoe mHOXecTBO, Hampumep, U, COCTOMT M3 KOHEYHOTO 4YHCIa SJIEMEHTOB Ui,
i=1,2,..,n TO HEYETKOE MHOKECTBO F MOXHO MPEICTaBUTh B CICAYIOIIEM BUJIC:

F=pus(X) /X1 + ua(X2) /X5 + -+ ua(Xn) /X, 1)

rae "+" 0o3Ha4YaeT He CIIOXKEHHE, a, CKopee, O0beIMHEeHUE: CUMBOI "/" TIOKA3bIBACT, YTO 3HAUCHUE
OTHOCHTCS K DJIEMEHTY, CIEAYIOLIEMY 32 HUM (@ He 03HAYAET JICTICHUE).

Han HedeTkuMu MHOXKECTBaMU, Kak W HaJ OOBIYHBIMHM, MOKHO BBITIOJHATH MaTeMaTHye-
CKHE Omepallid, HapuMep, TaKue Kak JOMOJHEHHE MHOXKECTBA, 0ObEIUHEHHE U MEpeceUeHHe
MHOECTB.

OcHOBOM 1711 TIPOBEJICHUSI OMEpPAlMKd HEYETKOTO JIOTMYECKOro BBIBOAA SIBIsETCS 0Oasza
MpaBUJI, COJEPIKaIasi HEUYETKUE BHICKA3bIBAaHUS B (JOPME «ECIIM TO» U (QYHKIIUS TPUHAIIEHKHO-
CTH JJIl COOTBETCTBYIOIIMX JTHHTBUCTUYECKUX TePMHUHOB. [Ipu 3TOM MOMKHBI cOOTIOAATHCS Clie-
JYIOIME YCIOBHUS:

1. CymectByeT XOTs ObI OJJHO MPABHUIIO JIJIS KAXKI0M JTUHTBUCTUYECKON BBIXOTHOM Tie-
PEMEHHOI.

2. Jlns moGoro Tepma BBIXOAHOW MEpEeMEHHOM MMEETCsl XOTs Obl OJTHO MPaBHIIO, B KO-
TOPOM ATOT TEPMUH UCTIONB3YETCS B KAUECTBE 11€JIE€BOM YaCTH MpaBHIIA.

3. B mnpoTtuBHOM ciy4yae UMeeT MeCTo 0a3a HEUETKHUX MpPaBUIL.

B nanHoif paboTe cnonabp30Bacs HEUYETKUH JIOTMYECKU BBIBOJI IO anroputMy Mamaanu
[14] mo HeueTkoM 6a3e 3HAHUIT 1O hopMmyIe:

F=pa(X1) /X1 + ua(X3) /X5 + -+ ua (X)) /X, (2)

B KOTOPOW 3HAYEHMs] BXOJHBIX M BBIXOJHOM MEPEMEHHBIX 3aJlaHbl HEUETKUMHU MHOXeE-
ctBamu. Torna QyHKIMIO TIPHHAIIEKHOCTH [, (X;) BXOJa HEUETKOMY TEPMY MOJKHO OHpese-
JIUTH TIO CIIEAYIOIIEeH popMyie

Ximax
Ai iy = ’ = (x: )\ x;. 3
i,jp fxi‘min .u]p( l)\ i ( )

B xone 06paboTku pe3ynbTaTOB 30HIMPOBAHUS PACCMATPUBAICS KOMITJIEKCHBIN MOIXO0/
K (hopMUpOBaHUIO KOJUYECTBEHHBIX MOKA3aTeNICH, XapaKTEePHU3YIOIINX OOBEKT M3BICKaHHH, 3a-
KITFOYAIOIIUIICS B UCTIOJB30BAaHUU METO/Ia M MPAaBWJI HEUETKON JOTUKU. VIHBIMU clioBamu, HEOO-
XOJIUMO OBIJIO PUHUMATH PEIICHUS TPH JeU(PUPOBAHIN aHATU3UPYEMBIX AHHBIX C y4€TOM
KOCBEHHBIX NMpPHU3HAKOB. /[aHHas 3ajaya CBOJUTCS K ONTHUMAJIbHOMY MOUCKY PaclO3HABaeMbIX
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AJIEMEHTOB Ha M300paXXEHUH, UX MPEIBAPUTEIbHON KilacCU(UKALUN C 1IEIbI0 U3BICUCHUS MaK-
CHUMAJIbHOTO KOJIMYECTBA JENMIM(PPOBOUHBIX MPHU3HAKOB M OMPEICICHUS COOTBETCTBYIOIIUX UM
KOJIMYECTBEHHBIX OICHOK. [IpWHsSITHE €IUHCTBEHHO MPAaBWJIBHOTO pemieHusi 00 oOHapyKuBae-
MOM O00BEKTE BO3MOKHO, €CJIM B OCHOBE MOJIEJIel MPU OMHCAHUU CBOWCTB 0OBEKTA HCIOIb3YET-
cs1 000CHOBaHHBIN BBIOOP (PAKTOPOB BO3MYIIIEHUH C OLIEHKON CHJIBI X MaKCHMAaJIbHOTO BO3JICH-
cTBUS Ha 00BeKT. [Ipu aHanu3e CBOMCTB U CTPYKTYPbl aHOMAJIMU MHOT/Ia HEOOXOAUMO JI0IOJTHU-
TEIHHO YUUTHIBAThH BIUSHHUE COBOKYITHOCTH (JAKTOPOB, CBS3AHHBIX C Pa3HBIMH OTPACIISIMHU HAYK,
TakKUMH Kak reodusuka, Ouonorus, xumus u np. Bce 3Tu ¢akTopbl onuceiBaroTcs: O0NbIINM
YUCJIOM TPYIHO ONpENEsieMbIX MEPEMEHHBIX, B3aUMOCBSI3H MEXKJY KOTOPHIMU YCTaHOBUTH HE
Bcerza npocto. g pemieHus Takux 3a7ad NPUXOJUTCS JeNaTh JOBOJIBHO CHIIBHBIE YIIPOILAt0-
e TOMyIIeHUs, (GOPMYITHPyEeMbIE B YKa3aHHBIX BBIIIC MATEMAaTUICCKUX TEPMUHAX.

B xoxe 00paboTku pe3ynbTaToB 30HIMPOBAHUS ObUIO OOHAPYKEHO BIUSHUE CpPEIHE-
KBaJIPAaTHYHBIX 3HAYCHHI (DIyKTyaruil ¢a3sl U3 4-X MEPBBIX OT MOBEPXHOCTH W30JIMHHMA, HAUH-
Has ¢ TiyouHs! 1,3 M Ha BBIBOJI O HAJIWYHME YJacTKa Meja ¢ MOBBIIICHHOW Oenu3Hoi. Kaxmaomy
9KCIIEPTY B IPOLIECCE OIpoca Mpeiarajlioch OLEHUTh C MO3MIMM UCCIIENOBATENs MPUHAIICK-
HOCTb CPEIHEKBAAPATUYHOTO 3HAYCHUS (IIYKTyalli U30JUHUI (a30BOM CTPYKTYpPbI CUTHAJIOB K
TOMY WJIM WHOMY KJIacCy KadecTBa Mejia B OTHOIICHHH €ro OeMW3HBI. DKCIEPTHI JaBalld CBOIO
OLEHKY JUIS Ka&XIOro Takoro kiacca mo 10-6auteHoi mikane (rme 1 —  min,
10 — max). [lnst mepexona kK yHuBepcanbHou mikaine [0,1], Bce 3HaueHust 10-0a/uibHOM MIKATBI
OLICHKH LIEHHOCTH OBbLIN pa3/elieHbl Ha MaKCUMaibHYI0 OlleHKY 10. BrnusHue Hanuuus cmere-
HUS 10 TIIyOMHE U30JIMHUN (Pa30BOM CTPYKTYpbl CUTHAJIOB, COOTBETCTBYIOLIMX KPOCCOBOM MOJISA-
pHU3allMy CUTHAJIAa HA YYacTKE C MEJIOM MOBBIIIEHHOW OEIM3HBI, MOKa HE MU3yYEHO MOJIHOCTHIO,
MIO3TOMY Ha JIAaHHOM 3Talle 3TOT MPU3HAK TO0KA HE BBEJCH B (PYHKIIMIO MIPUHAIIICKHOCTH.

B HeweTkoM joruueckoM BbIBOJAE IO anroputmy Mampaanu [I'puropsesa, I'apeesa, ba-
ceipoB, 2018] m1s mepexosa OT HEUETKOr0 MHOXKECTBA, 33JJaHHOTO Ha YHHUBEPCAIIBHOM MHOXeE-
cTBe HeyeTKkuX TepmoB {d1,d2,...dm } k HEYETKOMY MHOXECTBY, HEOOXOAUMO:

1. «Cpesatb» QyHKUMM IPUHAIEKHOCTH [gj(y) HA YPOBHE Ug(x);

2. OO0beIuHUTH (arperupoBaTh) MOTYYCHHBIE HEUETKHE MHOKECTBA. MaTeMaTH4ecK 3TO
3aMHChIBACTCS CIAEAYIOLUIUM 00pa3oM:

Y = aggjerm (fpm min (pa; (X, 1a; ), (4)

rze agg — arperupoBaHUe HEUETKUX MHOXKECTB, KOTOpOe HauboJiee 4acTo peau3yeTcs onepalu-
€l HaXOXKJEHUSI MaKCUMyMa.

Yerkoe 3HaYCHHE BBIXOJA Y, COOTBETCTBYIOIIEE BXOJHOMY BEKTOpY X*, ompenenseTcs B
pesyabTare Aedaszzupukanuy HeyeTkoro MHo)kecTBa. Hanbonee yacto npumensercs nedassu-
¢uKanys Mo METoAy LEHTpa TSHKECTH:

Y
Sy " ypq ()
min

Ymax
fymin

y = )

Haj»)
Ha puc. 3 moka3aHa rpa(bI/I‘-ICCKaH peam3anus ajJlropuTMa OIPCACIICHUA BCPOATHOCTH
BBISIBIICHUSI YYaCTKa C MEJIOM TTOBBIIICHHON OCM3HBI MPU MOTYYEHHOM B PE3YJIBTaTE H3MEPEHUHN
CpPEeIHEKBAIPATHYHON BeaH4InHb (aykTyanuii ¢aser paBaoit 0,056 (mpeamonaraiock, 4To 3Ta
BEJIMYMHA COOTBETCTBYET YYaCTKy Kaphepa C MeJIOM ITOBBIIICHHON Oenn3nbl). B pesynbrare sTa
BEPOSATHOCTH (LICHTP TSHKECTH pe3yibTarta aedas3udukaiun) moayuunacs paBaoii 0,73, uro gaet
OCHOBaHHE TOJITBEPUTH BHIBOJIBI O HATMYUHU MeJa MOBBIIIEHHON OTM3HBI HA ’TOM YJYacTKe.
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DOYHKUWUKW NPUHAANEKHOCTH

/"\‘

Puc. 3 I'padudeckas naTepIpeTaus airopurMa MamaaHu MOJIy4eHUsT BEPOSTHOCTH OTHECCHUS
HCCIICyeMOro y4acTKa K Melly, 00JIaarolieMy MOBBIIICHHOH Oemr3HON
Fig. 3. Graphical interpretation of the Mamdani algorithm of obtaining the probability of assigning
the studied area to a chalk with increased whiteness

BrIBOaBI

B paGote BiepBble MOJIy4eHbl JaHHbIE 110 I€OpajlapHOMY 30HAMPOBAHUIO MEJIOBOIO Ka-
pbepa, MOKa3bIBAIOIINE HATMYNE YCTOMYUBBIX TPU3HAKOB ISl BBIJICICHUS! y4aCTKOB Mena, 00ia-
JAIOIUX TOBBIICHHON Oenn3HoN. B kauecTBe Takoro mpu3Haka BBICTYHAOT (GIyKTyauuu (asbl
OTPa)KEHHBIX CUTHAJIOB, ITOJYYEHHbIE HA KPOCCOBOM 110 OTHOILIECHUIO K M3JIy4aeMOW IOJIsApU3a-
LIUM IPUHUMAEMbIX CUTHAJ0B. [l 3TOro TpebyeTcs cnennanbHas aHTeHHA, B KOTOPOil n3imyde-
HHE€ CUTHAJIOB OCYILECTBIIAECTCS HA OCHOBHOM IOJIIpU3alUH, a IPUEM — HAa OPTOIOHAJIBHOM K U3-
JIy4EHHOM.

JI1s1 momy4eHus: 4eTKOro BBIBOAA O BEJIMYMHE BEPOSTHOCTH OTHECEHUS CIIOSl MEJIa Ha HC-
CJIeZIyeMOM y4yacTKe MEJIOBOT0 Kapbepa K KaTeropusiM MOBBIIIEHHOH, cpeiHel min 0ObIYHOM Oe-
JIM3HBI, IPEIIAracTCsl UCIO0JIb30BaTh AITOPUTM, OCHOBAaHHBIN Ha TEOPUU HEYETKOM JIOTHKHU.
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