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AnHotanms. [IpencraBieHo adropuTMHYecKoe oOOecleueHHe Ui TpeABApUTEIbHON 00paboTKM U
JANbHEHILEro aHajiu3a H300paKeHUIT MHUKPOCTPYKTYphl METAlUIOB, pealu3ylollee MeTajuiorpaduieckue
METO/Ibl: CPABHEHHE C ITAJIOHHBIMH LIKAIAMU; TIO/ICUET 3epeH HAa MUKPOILTH(E, KOTOPBIH HCIOIB3YETCSl TOJIBKO
JUI PaBHOOCHBIX 3€peH; IOJICUET MepecedeHusl TPAHUI] 3EpPeH, CBOOOAHBIA OT JAaHHOTO OTPaHUYCHUS;
u3MepeHusi Xopa. B kadecTBe MCXOIHBIX NAHHBIX MOXET HCIOJB30BAThCS 33JaHHOE KOJIMYECTBO IH(POBBIX
n3o0paxxennit twuda. I[lpenBaputenbHas 00pabOoTKa TPHUMEHSETCS UIS yAaJeHHs IIyMa, BBIPABHUBAHHS
SIPKOCTH, YJIYYIICHHS KOHTpAacTa C HCIOJNB30BAHUEM AITOPUTMA aJAaNTHBHOM HSKBAIU3AIMUA THCTOTPAMMBI
C OrpaHUYCHHEM KOHTPACTHOCTH, KOTOPBIM MO3BOJISIET yIyYIIUTh PE3yIbTATHBHOCTH JaJbHEUIICr0 aHaJIn3a.
Jlamee BBIMONHSACTCS CerMEHTAUUs 3epeH. J[ias 3TOro MCmonb3yercss KOMOWHAIMS METOJOB aJalTUBHOU
OWHApH3alUy, MUCTAHIIMOHHOTO TpeoOpa3oBaHUs W Bojaopasnena. lIpemycmoTpeHa QuiubTparms OWHAPHBIX
n300paKeHWT Ha OCHOBE Omepaluii marteMatwdeckoil Mopdomoruu. J[[ns ompenereHus TpaHHIl 3epeH
UCTONB3YyeTCsl KOHTYpPHBIH aHanmu3. I[IpencraBieHbl pe3yibTaThl HUCCICIOBAHUMN, KOTOPBIC IMPOBEICHBI Ha
M300paKEHHUSAX OTANOHHBIX IIKAJl, OTOOpPAXAIOIMX BECh [HMANa30H pPa3MepOB 3epeH, W Ha pealbHbIX
M300paKEeHUSIX MHUKPONUIH(OB. ODKCIEPUMEHTHl MOATBEPAMIN  BBICOKYIO PE3yJbTaTHBHOCTH  Pa0OTHI
aNropuTMUYecKoro oobecredenus. Ha OCHOBE NpEIOKEHHBIX alrOPUTMOB pa3paboTaHO IIPOrpaMMHOE
obecrieueHne, KOTOpPOE HMEET CIEAYIOIINe OCHOBHbIC (DYHKIMOHAIbHBIE BO3MOXKHOCTH: KalIMOpOBKa IS
BO3MOXHOCTH TIOJy4YEHHsS pEalbHBIX pa3MEpoOB 3epeH; TMpeaBapuTebHas o0paboTka H300paKeHUI
B aBTOMaTHYECKOM WM PYYHOM pEeXUMaX; aHalu3 Ul ONpeAeieHus 0aia 3epHa; COXpaHeHHe pe3yJIbTaToB B
Buze otyeTa B hopmate jpg. [lakeTHas 0OpabOTKa MPeIOCTaBIIET BO3MOXKHOCTD 3arpy3KH MOCICA0BATCIFHOCTH
n300pakeHUI 11 00paOOTKU OJHOTUITHBIM alITOPUTMOM.

KaroueBnie cioBa: 1udposas o0paborka n300pakeHHH, CErMEHTAalWsl YacTHL, aBTOMATHYECKUH aHaIM3
CTPYKTYD.

KondaukTt nHTepecoB. ABTOPHI 3asBISIOT 00 OTCYTCTBHU KOH(IIMKTA HHTEPECOB.

s mmruposanms. borym P.II., Anamosckuit E.P., Jlenncénok C.®. O6paboTka M aHaIM3 M300paKeHHH
MHUKPOCTPYKTYpBI METAJUIOB IS onpenesieHns 6ayuta 3epHa. JJokmanst BI'YUP. 2021; 19(4): 70-79.
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Abstract. An algorithmic support for metallographic images preprocessing and analysis is presented.
The software product implements metallographic methods for the grain size determination by comparison
of rating scales, counting beans, calculation of grain boundaries intersections for equiaxed and elongated grains,
measuring a chords length. Multiple digital images can be used as initial data. Pre-processing is used to remove
noise, sharpen and improve contrast using Adaptive Contrast-Limiting Histogram Equalization (CLAHE).
The next step is grain segmentation. A combination of distance transform and adaptive watershed binarization
is used. Binary images filtration based on the operations of mathematical morphology is provided. Contour
analysis is used to determine grain boundaries. The study’s results of the entire rating scales and on the real
metallographic images are presented. High efficiency of an algorithmic support is confirmed by the experiments.
The software implementation has the following main features: the ability to calibrate the actual grain size,
automatic or manual image preprocessing, grain size analysis with saving the results as a report in jpg format.
Batch processing provides the ability to download images for processing with the same type of algorithm.

Keywords: digital image processing, particle segmentation, automatic analysis of structures.
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BBenenne

Mertannorpadudeckue UCCleT0BaHUs IPUMEHSIIOTCS BO MHOTUX 00JIACTSIX MPOMBIIUICHHOCTH:
METAJUTypIusi, aBTOMOOWJIECTPOCHUE, aTOMHAas TPOMBIIUICHHOCTh, JHEPIeTHKA, adpPOKOCMHUYECKAs
MPOMBINUICHHOCTh,  HAayYHO-HUCCIICIOBATEIbCKUE,  HM3BICKATEIBCKHE  PA0OTHI B Pa3IMYHBIX
HCCIICIOBATEILCKUX U HAYYHBIX IEHTPax, YyHUBEPCUTETAX, JlabopaTtopusx [1]. B kadecTBe HCXOTHBIX
JAHHBIX UCIIONB3YETCS] MUKPONUIN(, UMEIONIHNA 0c000 MOATOTOBICHHYIO MOBEPXHOCTH (BBISBIISCTCS
CTPYKTypa TpH TOMOIIHM TPAaBICHHS, Cpe3a) [UIsi MUKpPOAHAIM3a, KOTOPBIH B HACTOSIIEEC BpeMs
mpencraBisiercss B Bujae mudposoro m3oOpaxenus. [IpoBeneHue aHammsa M300paKeHUN METaJIOB
TpeOyeT 3HAYWTENBHBIX BPEMEHHBIX 3aTpaT CIENUAINCTA, T[O3TOMY pPa3padaThIBAIOTCS W
WCTIONB3YIOTCS CTCIUANILHBIE alTOPUTMBI 00pabOTKH TM(POBBIX H300paKEHHH W TPOTrpaMMHBIC
cpenctBa [2—4]. 3agadya aBTOMAaTHYECKOTO KOJMYECTBEHHOTO aHAM3a MHUKPOCTPYKTYPHI METAILJIOB
TpeOyeT cerMeHTaIu 3epeH Ha N300pa)KkeHUH NMUTU(A ¥ CBOJUTCS K BBIJICICHUIO HA HEM 3aMKHYTBIX
o0JyiacTeld, COOTBETCTBYIONMX TpaHUIlaM 3epeH. CylIecTBYIOIIHE MPOrPaMMHBIC CHCTEMBI TPEOYIOT
JIOCTATOYHO XOPOIIET0 Ka4eCTBa MOJTOTOBKU OBEPXHOCTA MUKPOILIH(]A, OTHAKO MPUMEHEHHE JTaXKe
COBPEMEHHBIX aBTOMATHYECKHX CTAaHKOB HE TI03BOJSCT TOJIYYUTh IMOBEPXHOCTh MHUKpOULIHpa
C MOJIHBIM OTCYTCTBHEM MeENIAONNX (PAKTOPOB, HAIMYME KOTOPHIX M3-3a IUIOXOW TOATOTOBKH
oOpasia Wi HEPaBHOMEPHOCTH OCBEUICHHS MPHUBOIUT K CHIDKEHUIO TOYHOCTH aHAIIM3a Ha CIOXHOU
MUKPOCTPYKType u3o0paxkenus [5,6]. Llenpto cTaThu SBISETCS TOBBIMIEHUE JTOCTOBEPHOCTH
onpejeicHus Oajia 3¢pHa 3a CUET Pa3BUTHS AJITOPUTMHUCCKOTO OOecIedeHus sl 00pabOTKH U
aHam3a n300paKeHNH MUKPOCTPYKTYPhI METAJIIIOB.
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TeopeTuyeckuii aHaan3

IIpu wmeramiorpadpudeckom amammze wucnoisdyercs ['OCT 5639-82 «Cramu ©  CIUIaBHL
MeTonbl BBISIBICHHS M ONPENEIICHNS BEIMYHHBI 3€PHA», KOTOPBIH CONEPKHUT CIIEAYIOIUE METOJbI:
OTpE/ICIICHUE BEIMYUHBI 3€pHA CPABHEHHUEM C STAJOHHBIMHU IIKaJaMH;, MOJCYET KOJUYECTBA 3EPCH;
MOJICUET MEePEeceueHUd TPaHuIl 3ePeH; H3MEPEHUS JUTMH XOpJI. MeTo onpe/eNicHHs] BETUYUHbBI 3epHa
CpPaBHCHHEM C OJTAJIOHHBIMU IIKAJTaMH OCHOBaH Ha BH3YallbHOM COIOCTABJICHUM IEJIEBOIO
n300pakeHuss U Habopa 3TanoHOB, KoTophie npuBeaeHsl B ['OCT 5639-82. Meron moxcyera 3epeH,
MPUXOMANINXCS HA CIUHHIY MOBEPXHOCTH INUIU(a, 3aKIOYAaeTCS B IOJCYCTE BCEX BU3YaAIBHO
pa3sIMUMMBIX # 3epeH Ha numde, mpu 3TOM aNTOPUTM aBTOMATUYECKOW OOpaOOTKU JOJDKEH
YYHUTHIBATh HEOOXOJUMOCTh Pa3JICIICHUS 3€PECH MO0 KPUTEPHUIO NIEPECEUCHUS TPaHUIl U300paKeHUS Ha
BHYTpEHHHUE 7, W TPaHWUYHBIC H,, T.€. TEPECEKalole TpaHWIlbl u300pakeHus. Metoa mojcuera
MEPECCUCHHI TPAHUI] PAaBHOOCHBIX 3€PEH OTPE3KaMU IPSAMBIX C ONPEACICHHUEM CPEIHETO YCIOBHOTO
IaMeTpa TpelrojaracT H3MEpeHHE IyTeM MOCTPOCHUS JIBYX TEPICeHAMKYJSAPHBIX JIMHUA Ha
XapakTepHOM MecTe H300pakeHus nuiia u pa3dueHreM UX Ha OTPE3KH, OrpaHUYCHHBIC KOHTYpaMu
oOHapyXCHHBIX 3epeH. Jlanee HEOOXOIUM IMOJACYET CPEAHEr0 apU(PMETHUSCKOTO JITUH TOTYYCHHBIX
OTPE3KOB C TOCJICIYIOIUM CPABHCHHUEM C TAOJIMYHBIM MapaMeTPOM CPEIHETO YCIOBHOTO JHAaMETpa.
Merton mojcyera MepeceueHni TpaHuIl HEPABHOOCHBIX 3€pEH OTPE3KaMHU MPSIMBIX C ONpeeiICHUeM
KOJIMYECTBA 3€peH B | MM’ OTJIMYaeTcss OT METOJA, MPEIHA3HAYEHHOTO JUIS PABHOOCHBIX 3€PEH,
HEO0OXOIUMOCTBIO UCTIONIB30BAHUS JOMOIHUTEILHOTO N300paKEeHHUs, TIOTYYCHHOTO MMONEPEK TIIaBHOM
OCH CHMMETPHH. AHAaJIH3 MPOW3BOJUTCS ITyTEM BBIYUCICHHS KOJIUYECTBA TEPECEUCHHBIX 3EpeH
JMUHUEH B TiepecueTe Ha ee JUIMHY, PaBHYI0 | MM, UTO MO3BOJISET BBIYMCIHTH MX YUCIO HA CAMHUILY
o0BbEMa M CPaBHUTH PE3YJbTAT C MAPaMETPOM, KOTOPHI CTABUT B COOTBETCTBUE CPEJIHEE KOIHMUYECTBO
3epen Ha | MM 1 onipenenennslii 6amt 3epaa B TOCT 5639-82.

B pabGote [4] ommcaH aJrOpUTM CErMEHTAIlMM Ha OCHOBE BBIACICHMS KOHTYypa 3e¢pHa II0
MPU3HAKY Teperiaia SPKOCTH CMEXKHBIX IMUKCENeH U 00X0J1e HalICHHOM IpaHUIIbI 10 KpyTy. B kauecTBe
penoOpaboTKH MPOU3BOIUTCS CBEPTKA BXOIHOTO U300paKCHUS C SIAPOM, TIO3BOJISIONIMM BBIICIUTH
KOHTYphl OOBEKTOB, B JaHHOM ciiydae — ormepatop Jlaminaca (Takke MOTYT OBITh IMPHMEHCHBI
omepatopbel CoOenst unu Kouuu). PesynpTupyioriee u300pa)keHHE IOABEpPraeTcss OMHApPHU3AIUH.
ABTOp OTMEUAET, YTO BO3MOXKHBI CUTYalllH, KOTJa BCIeACTBHE Ae(eKToB Nutnuda rpaHulia 3epHa He
SIBIISICTCSI 3aMKHYTOM, a BO3HUKAIOIIUE Pa3phiBBI Oy IyT JOCTATOYHO OOJIBITUME. ITO MOXKET IPUBECTU
K TOMY, YTO OJTHO 3epHO OyJIET ONpeielieHo KaK HECKOIbKO 00heKTOB. B [5] mpencTaBnen moaxom s
MpeIBapUTeIbHON 00pabOTKU C HWCIOJIb30BaHUMEM OuHapu3anuu MetojgoMm OTcy, TpUMEHEHHEM
oreparyii 3aMbIKaHUSI W Pa3MbIKaHUS Ul (PIIBTpAMd OMHAPHOTO M300paXEeHUS U JAIbHEHIIETO
BBIICJICHUS Ha HEM KOHTYpoB. B pabore [7] mpencraBieHa oOmias cxema 00paOOTKH H300payKeHHUS
MUKPOCTPYKTYPHI C IPUMEHEHUEM alITOPUTMA <OKYKa» JUIS BBIJCICHUS KOHTYPOB Ha H300pa)KECHUM.
MeTtoastr u3 [S, 7] He TO3BOJISAIOT 00ECICUYNUTh KAUYECTBCHHOE BBHIICJICHHE KOHTYPOB Ha PEANTbHBIX
M300paKEHUSAX, YTO TIPUBENET K YXYALNICHWIO KadecTBa aHanmm3a. CrenoBaTenbHO, TpeOyercs
pa3paboTka anroOpUTMUYECKOro OOECTIeYCHHUs, KOTOpPOe 3a CYET YIIYYIICHHOW IpeIBapHTEIbHON
00pabOTKH BXOJHOTO H300paXEHUsI M MPUMEHEHUs 0oliee 3P PEKTUBHBIX TTOAXOIOB TIPU CETMEHTAIIUU
3epEH TO3BOJIUT MOBBICUTH TOYHOCTh ONpeie/IicHUs Oallia 3epHa.

AJroput™M 00padoTKH M aHAJIN3Aa H300paKeHHI MUKPOCTPYKTYPbI MeTAJJIOB

C y4eToM MOCTaBJICHHOH 3a/1a4M MOBBIIEHHUS JOCTOBEPHOCTH ONpeesieH s Oaa 3epHa Ipu
MeTajutorpaduueckoM aHaiu3e paspadoTaH anroput™ (puc. 1), KOTOpBIH A yOajieHHs rayccoBa U
HUMITYJIbCHOTO IyMa TPHUMEHSET JABYMEpPHYIO (HIBTPAIMI0O B TPOCTPAHCTBEHHOH o00iacTu
C COOTBETCTBYIONIMMHU THIIAMK (QUIBTPOB. M3BECTHO, YTO OJHUMHU M3 HauboOJiee YacTO BCTPEUAECMbIX
neQeKToB, KpOME UIYMOB, SBIAIOTCS HEOAHOPOOHAs SIPKOCTh W HHU3KHMHM KOHTpacTt [5].
B cymecTByromuyx cucteMax ompeneneHus Oalla 3epHa MCIONB3YeTCS METOJl BBIPABHUBAHHSA
rucrorpamMmbel. [Ipy HEOZHOPOAHOCTH pacIpeneNeHus] SpPKOCTed Ha BXOIHOM H300paKeHUH,
HanpuMep, OfHa [IOJIOBHHA €0 TeMHee (pHC. 2, @), aNTOPUTM BBIPABHUBAHHSI TUCTOTPaMMBI paboTaeT
HEJIOCTaTOYHO XOpOIIO, TaK KaK Ha Pe3yNbTHPYIOLUIeM W300pa)KeHHH MOCie JaHHOTo miara OyaeT
HaOIoIaThCsl YITyUllIeHHe KOHTpacTa, HO OJIHA YacTh Oy/IeT TeMHee, IPUIeM Tepena] SpKOCTH MOKET

72



Dokrapy BGUIR
V.19, No. 4 (2021)

Jlok1451 BI'YHP
T. 19, N4 (2021)

OBITh JTake Oosiee BBIpaXCHHBIM (puc. 2, b). TloaToMy mpemaraetcs Asl YIydIIeHHS pe3yibTara
MpeBapUTEIbHON 00pabOTKM HUCIIONIL30BAaHUE AITOPUTMA aJalTHBHON SKBATU3AIMH THCTOTPAMMEI
¢ orpanndenreM kontpacta (CLAHE) [8]. Ilpu TakoM momxome mM300pakeHHe oOpabaThiBaeTCs HE
IIEJIMKOM, a TI0 ()parMeHTaM, KOTOPBIC TOCIE KOPPEKIMH OOBEAUHSIIOTCS C TOMOINBI0 OMIIMHEHHOMN
WHTEPIOJISAIINN JUTS TIOJIABIICHUS PE3KUX TPAHUI ITepexoa Mexay dhparmenramu. CpaBHEHHE puC. 2, b
U 2, ¢ TIOKa3bIBACT, YTO IpH HcToiab3oBannu anroputMa CLAHE HepaBHOMEpPHOCTh OCBEIICHHOCTH
Ha BBIXOJHOM W300paXCHUU NMPAKTHUYECKU OTCYTCTBYET, B OTIMYUE OT M300PAXKCHHS, IMOIYICHHOTO
Ha OCHOBE BBHIPABHHUBAHUS THCTOTPAMMBEI.

M3oBpaxeHue meTannorpaduyeckoro wnuda
Image of a metallographic section

poTTTTTTTTTn T V---""""""""-""""""""“":

1

‘MpeaBaputenbHas obpaboTka PunsTpaumns > Yny4dleHWe KoHTpacTa X

:Preliminary processing Filtration Improving contrast '
1
1

'OBHapyxeHne sepeH
1Grain detection

CermeHTtauus Bogopasaenom

JucTaHuMoHHoe npeobpasosaHnie >
Watershed segmentation

Distance transform

LOunatauus
Dilation

1
‘Mopdonorueckasn obpabotka
'Morphological processing

Oposua

'Onsa MeToAa NoAcyeTa 3epeH

[Nl METOLIOR M3MEHEHMS ANMH XOPA i
1For the counting method |

1 nofcyeTa nepeceyeHnin rpaHuL, 3epeH
. 1

For changing chord lengths methods
and counting grain boundary crossings:

h 4

MocTpoeHWE ONOPHBIX TMHUIA
Drawing Reference Lines

Bbligenenne KOHTYpOB 1 NOKanNMa3auus 3epeH
Contours selection and grains localization

Knaccudumkauus sepeH
Grain classification

BblfeneHne oTpeskoB, NepecekaroLLmx 3epHa
Segments selecting that intersect the grains

v

v

KonuyecTBeHHbIN aHanns
Quantitative analysis

AHanua AnuMH 1 KoNM4ecTBa OTPe3KoB
Lengths analysis and lines number

CpasBHeHWe NonyYeHHbIX AaHHbIX ¢ TabnudHbIMM N3 cTangapTa
Received data comparison with tabular data from the standard

Puc. 1. O6mas cxema anropurMa o0pabOTKH M aHaIU3a ITUPPOBBIX N300pAKEHIUN MUKPOTILTU(HOB
Fig. 1. Scheme of algorithm for processing and analyzing digital microsection images

Puc. 2. [Ipumeps! yIydlIeHUst KOHTPACTa: @ — UCXOIHOE U300paxKeHHe; b — METOIOM BBIPABHUBAHUS
THCTOTPaMMBI; ¢ — METOJJOM aJallTHBHO SKBaIN3alUK TUCTOIPAMMBI ¢ OTPAaHHYCHUEM KOHTpAcTa
Fig. 2. Examples of contrast enhancement: a — the original image; b —based on adaptive histogram equalization;
¢ — by contrast limited adaptive histogram equalization
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Hdnsa  obHapyxeHuss obOnacteil Ha H300pakeHMH, KOTOPBIE COOTBETCTBYIOT 3€pHaM,
IPUMEHSIETCSl CEerMEHTALUsl BOAOPA3JENIOM K pe3yibTaTy AMCTAaHLMOHHOIO IpeoOpa3oBaHus,
MOJTYYCHHOMY TI0CJIE aIaNTUBHOM OMHapu3anuu. AnanThBHas OMHApH3AIMs MO3BOJIET YMEHBIINThH
BIIMSIHAE OCTaTOYHOH HEPAaBHOMEPHOCTH SIPKOCTH HM300pa’keHHMs MOCie NpeAbIyLIero 3Tama Ha
pe3ysbTaT cerMeHTanuu. JlicTaHIMoHHOe peoOpa3oBaHne BBHIYUCISIET HA OMHApHOM H300pakKeHHH
paccTostHue 10 OmKaimero nmukcemst poHa Ui KaKIOTo 3JIEMEeHTa M BO3BPAIIAeT pe3ysbTaT B BUAE
n300pakeHusT B TpajalMsix Cceporo, TI/€ YPOBEHb SIPKOCTH COOTBETCTBYET BBIYHUCICHHOMY
pacCTOSHUIO, 3aTeM INPUMEHsSETCd CEerMEHTalMs BoJopasfesaoM. Takod NOAXOA TO3BOJSAET
B 3HAQUUTEJILHOI Mepe MHHUMH3HPOBATH CIUSHHE OOBEKTOB IPU HUX B3aMMHOM II€PECEUEHHHU, YTO
OuU€Hb BAXKHO [UISl MOBBILICHUS TOYHOCTH AajbHEHINEro KOJIWYECTBEHHOro aHanusa. s ynaneHus
MEJIKHUX OOBEKTOB Ha MONYyYEHHOM OMHApHOM M300pa)KEHHH, KOTOpPHIE HE SABJSIIOTCA 3€pHAMHU TI0
KPHUTEPHIO pazMepa, MpUMeHIeTCsl GHIBTPALNS Ha OCHOBE ONEpaluii MaTeMaTHIecKoil MOP(OIOTHHL.
Ha nocnennem sTarne aHanu3 BBIIOIHIETCS B COOTBETCTBUU C IPUMEHSIEMbIMU METOIAMHU.

Jns Metoma mojacyera 3epeH Kaxkaoe OOHapyKEHHOE 3epHO ONMUCHIBACTCA KOOpAMHATAMHU U
TUIOIIAABIO, OTIPENEIeTCs KOMMUECTBO /1 U H2, BBIYUCIISAETCS 00lIee 3HaUeHHE # ¢ IOCIEeAYIOIINM €ro
IPUBEICHUEM K 4YHCIy 3€peH Ha eIuHMLy Iulomanu. I[lomyuyeHHBIH pe3yspTaT CpaBHUBAETCS
¢ nmapameTpoM m u3 ['OCT 5639-82, KOoTOpBINl CTAaBUT B COOTBETCTBHE AMAINIA30H 3HAYEHUN CPETHETO
yycnia 3epeH Ha 1 MM? M Onpe/IeNieH bl Galt 3epHa.

il MeToioB U3MepeHHUs JJIMH XOpA U IOoJicueTa MEepeceueHuid I'paHUll 3€PEH BBIOIHIETCS
[IOCTPOEHUE OIOPHBIX JMHUM, U3 KOTOPBIX BBIAEISIIOTCA OTPE3KM B 00JAcTAX HX IE€pecedeHust
C 36pHAMHM C MOCIEAYIOIMM aHAIU30M JJINHBL. [ MeToAa U3MEpPEHUs AJUH XOpA U MpH MOACUETe
[epeceyeHUii IpaHULl PABHOOCHBIX 3€PEH BBIUUCIIACTCSA CPEIHSS JUIMHA OTPE3KOB, AJI1 HEPAaBHOOCHBIX
3€peH I0JICUNTHIBACTCS KOJIMYECTBO OTPe3KOB. [loaydyeHHbIe 3HaUE€HHsI CPAaBHUBAIOTCS C TAOJIUYHBIMU
napamerpamu u3 'OCT 5639-82.

Pe3ynbTaThl 9KCIIEPHMEHTOB M 00CYKIeHHe

Ha ocHOBe paccMOTPEHHOTrO aITOPUTMHYECKOTO OOeCreueHUs pa3paboTaHO MPOrpaMMHOE
npwioxenne MGSoft. B  mnpunokeHnn peann3oBaHBl OAMHOYHAS MW TakeTHas o0paboTka
n300paKeHNH, UX aBTOMATU3UPOBAHHBIA aHAIN3, BBIBOJ| OTYETOB M KaJMOpPOBKA JAHHBIX. AHAJH3
M300paKCHUH MOXKET BBITIOTHATHCS C yYaCTHEM OIleparopa Ha BCEX 3Tarax oOpabOTKU M aHaim3a
00 TOJBKO HAa JTalle IpenBapuTeIbHOW 00paboTkh, b0 0e3 ydactusi orepatopa. Ha pwuc. 3
mpecTaBieHa popMa OTYETa aHaI|3a C IOMOIIBIO METO/1a TIOJICUETa 3EPEH.

(=]

Daitn  Mowmowe
Csomxa Wrorosoe usobpaxenne
MoacyeT sepen

OBrapyxero TR "2
Uncrio sepest sa 1mm™2, m wr
s v (5] [5]

HauBonbLwed ofulei -
nnowagsio:  16% 12% 12%

TabnuuHsle aaHHbIe

Horaep sepra, G
Cpeppui pravep sepra, dm: | 0.01105 | mm
S — 2

Vicxoproe isoBpaxetie

LlononHuTensHas rdopMalms TMerenna

EOLOISK Bera ZERAE] | owsmoc  |imneesee K IS
UNIVERSITY Oneparop He yrasar EEAEpP 2R EErssimEEN

Puc. 3. ®opma oTdyeTa MeTo1a ToIcYeTa 3epeH
Fig. 3. Grain counting method report form
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Jlys mpoBepKH anrOpPUTMHUYECKON U IPOTPAaMMHON peaau3allii METOI0B aHAIN3a BBITOJTHEHO
TECTUPOBAHHE HM3MEPEHHUS Pa3MEpPOB 3epeH Ha 0a30BbIX Ikamax npuwioxkerus 2 ['OCT 5639-82
B UCIIBITATENILHO-MCCIIEIOBATEILCKOM ~ [IEHTpe TpU  yupexneHun oOpasoBanus  «Ilomorkuit
TOCY/IapCTBCHHBIN  YHUBEPCUTET», COTPYJHUKH KOTOPOTO  BBITIONHSIOT — WCCICIOBAaHUSA IO
KOMILUICKCHOMY  TEXHHYECKOMY  JIMArHOCTHPOBAaHHIO  TEXHOJOTHYECKOTO 0o0opyoBaHUs
MPOU3BOJCTBEHHBIX mpennpusTuid. Tabim. 1 colmepkUT pe3ynbTaThl aHanm3a 18 OITalOHHBIX
M300paXKEeHUN, KAKIO0E U3 KOTOPBIX COACPKHUT CTPYKTYPY, COOTBETCTBYIONIYIO OJHOMY M3 HOMEPOB
3epeH, MPUMEPBI KOTOPBIX IMOKa3aHbI Ha puc. 4. B cBs3M ¢ TeM, 4TO B peamu3aiiuu MEeTOIOB 10 11. 3.5.3
u 1m. 3.6 TOCT 5639-82 wucmonp3yeTcs TEHEpaTOp CIyYalHBIX YHCEN, U3MEPEHUS C MX ITOMOIIBIO
MPOBENICHBI JIECATh Pa3, a pe3yIbTaThl yCpeaHEHBI. AHANH3 Ta0Jl. | TIOKa3bIBaeT, YTO peaT30BaHHbBIN
ABTOMATU3WPOBAHHBIA METO] TOJICYETa KOJMYECTBA 3€PEH IO3BOJSCT BBIYHMCIATH MPAKTUYCCKH Ha
BCEX TECTOBBIX H300paKECHHUSIX KOPPEKTHBIN Oaiia 3epHa. B pabore [3] mpencTaBiacHbl KOPPEKTHBIC
pe3yABTATHI IS ATAJOHHBIX IKaJ JJIsS OrpaHudeHHOro nuama3ona G = 1..10, T. e. mpeacTaBICHHBIH
MOJIXOJ] TIO3BOJISICT YIYUIIUTh PE3YyIbTATUBHOCTH ONpPEACIcHHs 0aTbHOCTH 3epHa. MeTos mojcuera
KOJIMYECTBA MEPECCUCHHUN MPU HEAOCTATOYHO OOJBIIIOM YHCIe 0OBEKTOB HAa M300paKCHUH 3aBHIIIACT
WIA 3aHWKAaeT HOMEp 3epHa Ha OJWH TYHKT Ha TPaHWYHBIX pa3Mepax, 4YTO JOMYCTHMO
B cootBetcTBrH ¢ ['OCT. HekoppekTHoe onpeeneHue 0asia 3epHa MPOUCXOIUT B CITydasx, KOrjaa Ha
M300paKCHUN TPUCYTCTBYET Majoe KOJHMYECTBO 3€PEH, WIH pa3Mepbl OOBCKTOB HAXOMATCS Ha
TPaHUIE ONPENEIEHHOro cTanaapToM auanasona (G, ,,G,, ,,), YTO IPUBOJMT K HEBO3MOKHOCTH

I/I,E[GHTI/I(I)I/ILII/II)OBaTL YaCTb U3 HUX, CIICAOBATCIIbHO, YMCHBIIACTCA KOJIMYCCTBO JAHHBIX JIS1 OLICHKU.

Ta6auna 1. Pe3ynbrars! anann3a n300paxeHUH 6a30BBIX IIKaI
Table 1. Results of analysis of images of basic scales

Howmep PesynbTarel ananmmsa (Analysis results), G
3epHa ITo metony noxcuera | Ilo metony nepeceuenust | Ilo merony usmepenus
(Grain KOJIMYECTBA 3epeH TPaHUIl 3epeH JUIMH XOpA
size), G (For the counting (For method of crossing (For method of
method ) grain boundaries) changing chord lengths)

=3 — -1 =2
-2 -2 -1 -1
-1 -1 0 -1
0 0 | 0

| | 2 |

2 2 3 2

3 3 4 4

4 4 4 4

5 5 5 5

6 6 6 6

7 7 7 7

8 8 8 8

9 9 9 9

10 10 10 10
11 11 11 10
12 12 12 11
13 13 12 12
14 14 13 13

Fig. 4. Test image examples

75



JoKi14si61 BIYUP Dokrapy BGUIR
T 19, Ne4(2021) V.19, No. 4 (2021)

B Tabnm. 2 mpencraBieHbl pPe3yNbTaThl JKCHEPHMEHTOB JUIs PEAITbHBIX HW300paXKCHUIA,
MMEIOIINX Pa3IMYHbIe pa3Mepsl U GOpMy 3epeH, CTPYKTYpPhI X pacipezneneHus (cM. puc. 5). Kaxmnoe
n3o0paxkeHne 00padaThIBANIOCH MPH TPEX PA3NUYHBIX pa3pelieHHsX ¢ Iarom B 4 0Oamia 3epHa.
B kayecTBe OOPHOI0 METO/IA IPUMEHEH BU3YyallbHbIM aHAJIU3.

Ta6auma 2. Pe3ynpTaThl aHAIN3a pEANTBHBIX H300paKEHU MUKPOILTU(OB
Table 2. Results of analysis of real metals microstructure images

. Howmepa 3epeH mo pe3ynbTaTtaM aHainsa
I/I3(EI6r1:laa>K:)H e PaSpiE;I;II;Ii ER;S/OIXH)UOII)’ (Grain size based on analysis results), G
8 Hvp n.33 | n.34 | n.353 | 036

1 6 6 6 6
puc. 5, a 0,25 10 10 10 10
0,06 14 14 13 14

3 5 5 5 5

puc. 5, b 0,8 9 9 9 9
0,2 13 13 12 12

3,5 4 4 4 4

puc. 5, ¢ 0,9 8 8 8 8
0,2 12 12 12 12

3,5 3 3 3 3

puc. 5, d 0,9 7 7 7 7
0,25 11 11 11 10

8 2 2 2 2

puc. 5, e 2 6 6 6 6
0,5 10 10 10 10

5 1 1 1 1

puc. 5, f 1,25 5 5 6 6
0,35 9 9 9 9

6 0 0 1 1

puc. 5, g 1,3 4 4 5 5
0,3 8 8 8 8

9 -1 -2 0 -1

puc. 5, h 2 3 2 3 4
0,5 7 6 7 7

i

Puc. 5. M300paxkeHus Ui NPOBEPKHA METO/IOB aHAIH3A
Fig. 5. Microstructure images of metal
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AHanu3 Tabi. 2 MOKa3bIBacT, YTO HAa KAYECTBO BBIUMCIICHUS Oajia 3epHa TPEIOKCHHBIM
QITOPUTMHYECKIM O0ECTicUeHHEM BIHSET HECKONbKOo (akropoB. CorjacHO craHIapry, 3epHa
METAJUIOB — 3TO KPHUCTAJUIBI, pa3/Ie]IeHHbIE CMEKHBIMU TOBEPXHOCTSMH, T. €. TOIIIMHA TPaHHIII
MEXIy HUMH MPUHUMACTCS MHUHMMAaJIbHO BO3MOXKHOW. CIeI0BaTEeNbHO, NMPU HAJUYUU CBOOOIHOTO
MIPOCTPAHCTBA MEXIy 00beKTaMH (pHcC. 5, h) Oall 3epHAa MOXKET OBITh BBIUMCIICH HETOYHO METOIOM
MoJICYeTa 3epeH. B COOTBETCTBUM ¢ METOJIOM TIepeCceUCHHUsT TPAHUI] 3ePEeH ISl aHANN3a HEOOXOIMMO
WCTIONIb30BaTh N300paKCHHE, HA KOTOPOM JIOJKHO MPUCYTCTBOBATh He MeHee 50 3epeH (puc. 5, £, g, h).
CrnenoBaTellbHO, €CITM Ha M300paKEHUHM aJrOPUTMOM OOHApPYKEHHO MEHbBINECE KOJUYECTBO 3€PEH U
MPUCYTCTBYIOT 3HAYWTENbHBIC IIYMOBBIE OOJNACTH, TO 3TO TMPHBOJUT K JIOTOJHUTEIHHOMN
nmorpemHoctd. Hanuuue Ha u300pakeHMH 3epeH ¢ OaioM 3epHa G > 11 win G <0 npuBOIUT
K OIIMOKaM TIpY aBTOMATHUYECKON KIIaCCH(UKAIIMH, BCICJACTBUE YETO BHIYUCIICHHOE 3HAYCHHE MOMKET
OBITH MCHBIIIE U OOJBIIIE PEATHHOTO.

CpaBHeHUE pe3ylbTaTOB pabOThl MPEUIOKEHHOTO ajropuT™Ma ¢  CYIIECTBYIOIIMMH
(cM. Tabm. 3.) Ha pealbHBIX N300PAKCHUAX TOATBEPKAACT MOBEIINICHUE TOYHOCTH U TTOBTOPSIEMOCTH
PE3YJIBTATOB aHAIM3a Pa3IMYHBIMUA METOAMH.

Tadanuna 3. CpaBHeHNE alrOpUTMOB 00pab0TKN M300paKESHUIT 11 aHAIN3a
Table 3. Comparison of image processing algorithms for analysis

Meron ananusa Pa3mep 3epna
Anroput™m 06paboTKH (Analysis method) (Grain size)
(Processing algorithm) Cpennee M3BecTHbIN
m33|m34 | m3s3 &ean) (Known)

[IpennoxxeHHbIH 8 8 8 8

Anroputm u3 [5] 8 8 8 8 8

Anroputm u3 [3] 8 7 7 7,7

[IpennoxxeHHbIH 7 7 7 7

Anroputm u3 [5] 7 7 8 7,3 7

Anroputm u3 [3] 7 6 6 6,6

[IpennoxxeHHbIH 5 5 5 5

Anroputm u3 [5] 5 5 6 53 5

Anroputm u3 [3] 5 4 5 4,7

[IpennoxxeHHbIH 3 3 3 3

Anroputm u3 [5] 3 2 3 2,7 3

Anroputm u3 [3] 3 3 3 2,7

[IpennoxxeHHbIH 1 1 2 1,3

Anroputm u3 [5] 1 0 1 0,7 1

Anroputm u3 [3] 1 0 1 0,7

AZIeKBaTHOCTh PE3yJIbTATOB ONPEIEICHHUS HOMEpa 3epHa C MCHOIb30BAHUEM MTPEATI0KEHHOTO
AJITOPUTMUYECKOTO O0ECIICUCHUST TIOATBEP)KAACTCS YCIEIIHBIM IPOXOXKICHUEM MPOTPaMMHOTO
obecrieuenusi MGSoft, pa3paboTaHHOIO Ha €ro OCHOBE, MEXJIAaO0OpaTOPHBIX CIMYCHHH Cpean
aKKpPEeIUTOBAaHHBIX Jlaboparopuii B Type mpoBepku kBanmudukammu BelGIM-PT-T-28-3-2020/2020
(ompeneneHne  BENMYMHBI  3€pHA),  NPOBOAMMOM  HAyYHO-HCCIEIOBATEIbCKUH  OTIEIIOM
MexJabopaTopHbIX — ciauueHnd PecmyOnmkanckoro yHurapHoro mnpeanpustusi  «bemopycckuii
TOCYJapCTBEHHBIH HHCTUTYT METPOJIOTHUIY.

3akiarouenne

[IpencraBneno anropuTMHIecKoe oOecrieueHIe Ul aHaIn3a H300paXKeHUH MUKPOCTPYKTYPBI
METAJUIOB, peaiN3yIoliee MeTaiorpaduuecKiue METOIbl: ONIPE/IeIICHHS BEJMYHHbI 3¢pHa CPaBHECHUEM
C ATAJIOHHBIMH IIKAJIaMH; TMOJICYETa 3€PEH HAa MUKpOUUTH(]E, KOTOPBIA HCIOJIB3YETCS TOJIBKO IS
PaBHOOCHBIX 3€peH; MOJCUYETa MEPECCUCHHs TPaHUI] 3epeH, CBOOOTHOTO OT JAHHOTO OTPaHHYCHUS;
nu3MepeHust xop. J{ist oOHapykeHHs 3epeH Ha N300paKEHUH UCTIOIB3YETCS aalTHBHAS DKBATA3AIHSI
TUCTOTPaMMBl C OrpaHHYCHHEM KOHTpacTa Ha J3Tale NpeJBApUTENBHON 00paboTKH, 3aTeM
MPUMEHSCTCS alaliTHBHAsI OMHAPU3AIKs, AUCTAHIIMOHHOE TIPpeoOpa3oBaHKue M arOPUTM BOJOpa3IeIa
¢ mocienyroield Mopdoaoruueckoii o0paboTKoi mas (GUIbTpald OOBEKTOB, pa3MEpbl KOTOPBIX
HE MOTYT COOTBETCTBOBaTh pa3MepaM 3epeH. CpaBHEHHE pe3yJbTaTOB pabOThI MPEIIIOKEHHOTO
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aNIropuTMa C CYIISCTBYIOIIMMH W Ha JTAJIOHHBIX, M Ha PEAlbHBIX W300paKCHUSX IMOATBEPKIACT
MOBBIIIIEHNE TOYHOCTH M MTOBTOPSIEMOCTH PE3yIbTATOB aHAIN3a PA3IMIHBIMI METOIaMH.

Ha ocHOBe mipeicTaBIEHHOTO aNropuT™Ma pa3paboTaHO TMPOrpaMMHOE OOeclieueHHe,
peanm3yroniee yKa3aHHbIE METOJBI aHaIMW3a, KOTOPOE TaKXKe TMPEIOCTABISCT BO3MOKHOCTH:
KaJTMOPOBKY JJI1 BOZMOKHOCTH TTOJTYYEHUS PEabHBIX pa3MEpOB 3epeH; MPeaBAPUTEIHHON 00pabOTKH
M300paXeHUH B aBTOMATHMYECKOM WJIM PYYHOM pEXXHMMax; COXpaHEHHS Pe3yJbTaTOB B BUIE OTYETa
B opmare jpg. [lakerHas oOpabOTKa MPEAOCTABIACT BO3MOXKHOCTh 3arpy3KH IOCIIEIOBATEIHBHOCTH
M300pakeHU 711 00pabOTKH OJTHOTHITHBIM AT OPUTMOM.
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