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PO3POBKA CUCTEMM PO3II3BHABAHHS I'PA®ITOBUX BKIIIOYEHDb
P AHAJII31 MIKPOCTPYKTYPU YABYHY

MeTor0 I0CIiIKEeHHS € po3poOKa CHCTEMH aBTOMaTH30BAaHOTO MIKPOCTPYKTYPHOTO aHali3y AJis BUPILICHHS KOHKPET-
HUX 3371a4. CTBOpEHHS IUIAHy€eThesi B ()OpMATi OKPEMUX MOJYIIB MiJi KOHKPETHI 3a7adi MaTepialo3HaBCTBa, 10 103BOJIHUTH
MOJIOJMIM HAayKOBIISIM, sIKi I030aBiieHi (JiHAHCYBaHHsI, BUPIIIyBAaTH 3aadi, MOB's3aH1 3 IX MPO(EeCiHHUM CIpSMYBaHHSIM.

EnemenToM HaykoBOI HOBHM3HH € TIIMTaHHS PO3POOKH Cy4YacHOi BITYM3HSIHOI CHCTEMH aBTOMAaTH30BaHOTO
MIKpPOCTPYKTYPHOTO aHaJli3y Ha eTami aHanizy rpadiToBUX BKJIIOYEHb y YaByHi. BUKIageHO pe3ynbTaTH HPOBEICHHS
MIKPOCTPYKTYPHOTO aHaJi3y Ta 0OpPOOKH OTPHMAaHUX PE3yNIbTATIB, a TAKOXK MEPeIik BHKOPHCTAHOTO 00JIaJHAHHSI.

VY poGoti chopMyIHOBAHO aKTyalbHICTh MPOOJIEMH, TTOB’SI3aHOT 3 HEOOXIAHICTIO MMEPEXOay BiJl CTAHIAPTHHX METOIIB
MIKPOCTPYKTYPHOTO aHaJi3y 0 Cy4acHHUX, SIKi € OLIbII TOYHUMH 1 TOTPEOYIOTh MIHIMYM BTpYYaHHs JFOIUHU. J{OCITIKeHHS
NPOBOJHMIINCH HA 3pa3kax uiHapu4dHoi Gopmu. Marepian KU35-10. ¥V npoueci undpoBoi 06poOku oTprMaHux 300paXkeHb
BUKOpUCTAHO MeTox Beiipner ananizy. [nst ananmizy rpadiToBuX BKIIOYCHb ISl BU3HaueHHs BigHoureHHs Deput-Ilepiit
BCTaHOBITIOIOTBCSI MOPOTOBi PiBHI rpajgamii ciporo Tak, 00 HAa HETPABICHOMY 3pa3Ky MOXKHa OyJo BHSBUTH rpadirt.
I'paditHa ppakiiiss BUKOPHCTOBYETHCS IS PO3PI3HEHH MK TpadiToM i MepaiToM, TOMY IIO iX CX0XICTh B BiATIHKaX Ciporo
poOHTH iX MPAaKTUYHO HEBIAMITHUMH OOWH Bix omHoro Ilicnms 3aBeplneHHs aHami3y, MporpamMa aBTOMAaTHYHO OOYMCIIOE
BiZIcOTOK TpadiTHOI (pakmii, sika 30epiracTbest B IPOMDKHHMI 3BIT.

I[IpakTHyHa 3HAYUMICTH HOJSTac B TOMY, IO po3pobieHa mporpaMa B KOMOiHalii 3 MOXIIMBOCTSIMH CydacHOI
nuQpoBOI TEXHIKH U MIKPOCTPYKTYpPHOTO aHaJi3y JO3BOJS€ BU3HAYATH HMapaMeTpu rpadity TodHo i Oararopaszoso. IIpo-
TpaMHHH MakeT po3poOJIeH] BiAMOBIAHO 10 MikHapomHoro crangapTy ISO 945-1:2008. [lepenbaueHa MOXKIMBICTS aBTOMa-
THUYHOT'O T€HEePyBaHHs 3BiTy, 3aCHOBAaHOI'O Ha JAHKUX aHAJI3y.

Pe3yabsTaTn 10CiIipKeHHS OKa3ajy, 0 po3po0IeHa CHCTEMa € YHIBEPCAIBHOIO 1 MOXKe B3aEMOMIATH 3 Oy Ib-SIKUM OII-
TUYHUM OOJagHAaHHAM (KOMIIAKTHI HHU(POBI MeTamorpadidai MiKpOCKOIH, aHAJIOTOBI MIKPOCKONHU 3 HU(PPOBHUM OKYISPOM,
npodeciiini 1udpoBi MeTamorpadiuHi MiKPOCKOIH), aie sIKe, B CBOIO YEPry 3aJI0BOJIbHSIE BHMOTH, 1[0 BHCYBAOTHCS MPU
MIKPOCTPYKTYPHOMY aHaJIi3i.

KarouoBi cioBa: MiKpOCTpYKTYpHHI aHaii3, rpadiT, uaByH, CHUCTEeMa pO3Mi3HABAaHHs], MaTepialloO3HABCTBO,
cepoinusaris.

Ipobuema i ii 38’5130k 3 NpaKTHYHUMHM 3aaadamu. Y nabopartopii meranorpadii, 3aBIaHHS
aHamizy crymneHs cdepoimuzanii rpadiTy B YaByHi, WOro po3Mmipy, (GopMH i po3Mmomiay, a TaKoX
BimHomeHHss ®eput-IlepiiT, Mae BKkpail BaKIIMBE 3HAUCHHS 3 TOUKH 30pY KOHTPOIIO sSKOCTi [1-5]. Tak
SK 4YaBYyH BHKOPHCTOBYETHCS Yy BHUPOOHHITBI IIUPOKOTO CIEKTPY TNPENH3IHHUX BUPOOIB,
BepcTaroOyNiBHA IPOMUCIIOBICTE € SICKPaBUM MPHUKIAIOM TOTO, SIK KOHTPOJb SKOCTI YaBYHY I'pae
JKUTTEBO BAKIWUBY pOJh Yy BHTOTOBJICHHI JdeTalielf, IO BUMAararoTh IIABHINCHOI MIITHOCTI 1
3HOCOCTIHKOCTI: a3 1 KOPITyCH, CTAHMHHU BEpCTaTiB, 3y0UacTi KoJeca.

Kpim Toro, rpadit, mo MicTUTBbCS B YaBYHI JOMOMAarae MoracuTH BiOpawii i mIyM BiJ ABHTYHa.
Bucokominauii yaByH BHOMparOTh 32 MOTO yHIKaNbHI MEXaHI4HI BIACTHBOCTI, BiH B CBOK 4Yepry,
JIO3BOJISIE 3HU3WUTH piBEHb IMyMy 1 Bary, NpH OJHOYACHOMY 3HIDKCHHI coOiBapTocTi. MeToro
MIKpPOCTPYKTYpHOT'O aHANIi3y YaBYHY € OTPUMAaHHS HACTYTHUX BayKJIMBUX XapaKTEPUCTHK:

tun rpadury (hopma);

po3moais rpadury;

po3Mip rpadury;

CTyHeHb cdepoigusamii rpadiry;

MIPOTICHT BKJIIOYCHB TpadiTy;

BigHOImeHHS Oeput-Ilepir.

AHani3 pociaigkeHs Ta myoauikauiii. Jng omiHkd MiKpoCTpyKTypH rpadiTy B YaByHI BUKOPH-
CTOBYIOTh MikHapomHuii cranmapt ISO 945-1:2008 [3,5,6]. Lle#t cranmapT mpencraBieHUN TphOMa
napameTpamu: TUI (popma), po3moaia i po3mip rpadiry. Knacudikamis Gpopm rpadiTHUX BKITIOUYECHB,
3MiHoeThes Bif I 1o VI. Tun VI Bkazye Ha kynsicty ¢popMmy (BHCOKOMIITHMN 4aBYH - TpadiT y BUIIISIL
KyJib), Y TOW 4ac K TN | BigmoBimae kKoBKOoMy 4aByHy (rpadit y BUIIIsIII TuTacTiBIiB). BimcoTok
rpadiTy, GepuTy i HepiiTy BiAMOBITaE BEIMYHHI, 3aiiMaHIi KOXKHOIO CTPYKTYypOIO B Marepiam. Bu-
3HAYCHHSI TAaKMX MapaMeTpiB € KIIACHYHUM HPUKIIAJIOM OI[IHKH BiJJCOTKA IIJIOIII BKIIOUEHb.

IcTopuuHo ckianocs Tak, mo OUTBIIICT Ja00paTopiii KOHTPOIIO SIKOCTI 3MIHCHIOIOTH aHali3 ya-
BYHY 3a JOIIOMOTOIO aTJIaciB MeToJoM mopiBHsAHHS [7,8,13,14]. Ilpu mpoMy omeparop 3IiiCHIOE
Bi3yaJIbHY OIIIHKY IapaMeTpiB UUISIXOM MOPIBHSHHSA pPEaNTbHOrO 300paKeHHs TMiJ ONTHYHUM
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MikpockoroM (3a3Budaii mpu 100-kpatHOMY 301IbIIEHHI) 3 aTIaCOM MiKpO3HIMKiB. OCKUTEKHA YaBYH
3a3BHYail aHAI3y€ETHCS 32 KUIbKOMa MapaMeTpaMu, MOPiBHSHHS pi3HUX rpadikiB Moke 3aliHsATH Oara-
To yacy. OCKIIbKM pe3ylbTaTH iHTEPIPETYIOTHCS ONEPaTOpOM, Ll METOAOJIOTIS MOKE MPUBECTH 10
HETOYHHX 1 YaCTO HEBIATBOPIOBAHMX PE3yJBTATiB, MiXK Pi3HHUMH oreparopamu. Kpim Toro, omeparop
MMOBHWHEH BPYYHY BBECTH CBOI PEe3yJIBTATH B €IIEKTPOHHI TaOJIHIN a0o 3BiT, IO Beae 3a COO0I0 BUHUK-
HEHHSI HOBUX TIOMHIIOK.

Hnst cydacHoi nabopaTopii KOHTPOIIIO SIKOCTi, 3aBJaHHSM € CTBOPEHHS MOBHICTIO aBTOMaTH30Ba-
HOTO BUKOHAHHS MHKPOCTPYKTYPHOTO aHali3y YaBYHY 1 MOKyMEHTYBaHHS pe3yJbTaTiB, B TOBHii
BignoBigHocTi 3 ISO 945-1:2008 [6] a00 1HIIUM MIDKHAPOJHUM YU BITYM3HSHUM CTaHAAPTOM, yCY-
Barouu Oy/Ib-sKi MOTEHIIiHHI HETOYHOCTI [9-15].

Mera pociaimkeHb. MeTor OCTiDKEHHS € po3poOKa CHUCTEeMH aBTOMAaTH30BAaHOTO
MIKPOCTPYKTYPHOTO aHAJII3y IJIs BHpIMICHHS KOHKpeTHUX 3amad. CTBOPEHHS TUIaHYETHCS B (opmari
OKPEeMHUX MOJYJIB il KOHKPETHI 3aJla4i MaTepiajio3HaBCTBA, IO JO3BOJIUTH MOJIOJUM HAYKOBIISM, SIKi
no30aBieHi ¢iHaHCYBaHHS, BUPINTyBaTH 3a/1a4i, MOB'sA3aHi 3 iX mpodeciitHuM crpsimyBaHHsIM. Lle BUK-
JUKaHO TOTpeOo0 y mpumbaHHi NpodeCiHHUX aBTOMATH30BAaHUX KOMIUIEKCIB, SIKi 3BHYAWHO
BUPILIYIOTh IIUPOKHHU CIIEKTP 3aj1ay, ajie siKi IOTpeOyIOTh 3aHAITO BEJIMKUX KaIliTaJOBKIIAICHb.

Buknagennss martepiany Ta pe3yabTaTu. B naHomy AOCHiIKeHHI 3aBISKH NOCATHEHHSM B
o0acti dpoBoi MiKpOCKoMii, po3po0JIeHO CrelmiaTbHe MporpaMHe 3a0e3nedeHHs] B IPOTPaMHOMY
naketi Matlab Ha ocHOBI BeiiBner aHamizy Ui peKOHCTPYKIIi Ta MOJANBIIOTO aHANII3Y 300pa)KeHHs
BKJIIOUEHb IApOBHUAHOTO IpadiTy y cTpykTypi yaByHy. Matepian KU35-10. OnepaTop Moxe mpoBoO-
IUTH aHaji3 OTPUMaHHX 300paKEHb MIKPOCTPYKTYPH YaByHY, 3TiIHO 3 LIMPOKUM CHEKTPOM
MDKHApPOTHUX CTaHAapTiB. [IpoTATroM MekiTbKOX HATHCKaHb MHIII, HETPABICHHUH 3pa30K MOXe OyTH
MOBHICTIO MTPOaHAI30BaHO HA PO3Mip TpadiTy, popMy, CTyHiHb chepoinuzaltii i po3mnoin.

[Ipu posrmsani mutaHHs Ipo BUOIp MIKpOCKONa AJIs aHATi3y 4aBYyHY, OiIbII BayKIMBHUM, HiXK H(D-
pOBa PO3AUTbHA 3MATHICTE € PO3MIp IMIKCEIs, TOYHIIIE MUTBHICTE MKcemB. BukopuctoByemo 1udpo-
BUI KOMIIAKTHUI MIKPOCKOII 3 HACTYITHUMH XapPaKTEPUCTHKAMHU:

po3auTpHa 31aTHICTE: 2.0 Mpx;

MaKcHMaJbHa PO3IiibHA 3MaTHICTH: 1600%1200 px;

koedimieHT 30unbmenHs: 1X ~ 1000X (pyune);

MakcUMasbHa 4acToTa Kajpis: 30 kanp/c;

MOXJHMBICTH cTBOpeHHs 3HiMKiB (JPEG, BMP), 3amuc Bineo (AVI);

thoxyc: 0-40 mMm;

intepdetic: USB 2.0, USB 1.1;

kuBaeHHs: 5 B Big USB;

miacsiTka: 8 LED;

nosxkrHa USB-kabens: 1.45 m;

po3MipH Mikpockomna (noBxuHa i fiamerp): 140 MM Ta 40mm;
Puc. 1. LludpoBuii KoMIakTHUN MIKPOCKOII JUTsl IIPOBEIACHHS aHAITI3Y

Ieit MiKpOCKOIT Ma€ MOKJIMBICT 3MIHCHIOBATH Tepenady 300-
pPaKEHHS B Ipajalisx ciporo, mo OyJIo OJHHM 3 KpUTEpiiB BUOOPY
oOmagHaHHS UIA €KCIEPHUMEHTY, OCKUIBKH B PO3POOJIEHOMY MpO-
rpaMHOMY 3a0€3IeUYeHH] aHalli3 YaByHy MOXe OYTH HAJICKHUM YH-
HOM BHUKOHAHMH TUIBKHM B PEXHUMI Ipajailiid ciporo (ycTaHOBKa I10-
POTOBHUX MapaMeTpiB MPOCTIIlIe, Hi’K B KOJIbOPOBOMY PEXUMi).

[TocninoBHICTH IPOBEICHHS aHAII3Y.

Jmnsg  3miicHeHHS  aHalmizy MoOXe OyTH BUKOPHCTAaHHUH
KOMIT'IOTEep 3 MiHIMAJIbHUMH BUMOTaMHU TPOJIYKTUBHOCTI. B mepiny depry mpoBOAMTHCS 3aXOIICHHS
UG POBOT0 300payKEHHS MOBEPXHI 3a3/IaJIeTib IMiITOTOBIEHOTO MiKpoILTida, a MOoTiM HA OCHOBI 3a-
KJIAJICHUX B MPOrpPaMHOMY 3a0e3MeUeHHI aJTOPUTMIB IEPETBOPCHHS 300pa)KEHHS 3MIMCHIOIOTH I10-
JAJIBIINI aHaIi3.

Hnst aHanizy rpadiToBUX BKIIOYEHb BCTAHOBIIOIOTHCS MOPOTOBI PiBHI Ipajalii ciporo Tak, miod
Ha HETPaBJICHOMY 3pa3Ky MoxHa Oyio BusBuTH rpadit (puc. 2). [licas 3aBepiieHHs aHaTi3y, Mporpa-
Ma aBTOMATHYHO OOYHCIIIOE BiICOTOK TpadiTHOI (pakilii, sska 30epiraeTbcs B MPOMIKHHMA 3BIT. Ll
¢pakuis Oyae BUKOPUCTOBYBATHCS B MOJANBIIOMY IPH aHANi31 CHiBBIAHOIIEHHS MEPIiT-(GEepUT mpo-
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TpaBiieHOro 3paska. ['padiTHa ¢pakiiss BUKOPUCTOBYETHCA I PO3pi3HEHHS MK rpaditom i
MEPJIITOM, TOMY III0 iX CXOXICTh B BIATIHKAaX CIpOro poOWThH iX MPAKTHYHO HEBIIMITHHUMH OJHH Bij
OJTHOTO.
Jus Bu3HadeHHs BimHomeHHs @eput-IlepiiT BCTaHOBIIOIOTHECS MOPOTOBI PiBHI Tpafaii ciporo
U BUSIBIIEHHS (heputy (puc. 3).
Se :f‘ 8 " e

Puc. 2. Pesynprat MuKpocTpykTypHOro aHamizy Puc. 3. IlpoTpaBnenuii 3pa3ok, sl  BH3HAYCHHS
rpadiTOBHX BKIIOYCHb CHIBBiHOUICHHS (pepUT-IePIIiT

Ockinbku rpadiT i mepiiT MarTh CXO0XI 3HAYEHHSMH B BIATIHKAaX Ciporo, BiACOTOK TpadiTy
BpPaXOBYETHCS 3 TIOMIEPEAHHOTO aHAJII3Y Ha MPOIEHTHUH BMICT Tpadity. [l yHUKHEHHS TOMUIKOBOTO
BUSIBJICHHSI (DEPUTY 3aCTOCOBYETHCS MOP(OIOTIYHUI (QiNbTp Ui BUAUICHHS SCKPaBHX IYCTOT B
HEPIIUTI.

300pakeHHsI aHANI3YETHCSA BIiAMOBITHO 10 oOpaHoro craHmapty (puc. 4). Ilicis 3aBepricHHS
aHayi3y, BCl JaHI aBTOMaTHYHO 3aHOCSTHCS B TAOIUIIO pe3yJIbTaTiB Oe3Mocepe]HbO B IPOrPAMHOMY
3abe3nevyenHi. Ha migcraBi 3a3manerias BUBHAYCHOTO IIA0JIOHY, aBTOMAaTUYHO T'€HEPYETHCS 3BIT, IO
BKITIOYAE PE3yJIbTATH aHali3y 4aByHY (puc. 5). 3BiTH, 10 MICTATh BIAOBIIHI AaHi aHANI3Y 1 MOB'A3aHi
3 HUMH 300pakeHHS, TAKOXK MOKYTh OYTH OTpHUMaHi 3 MiHIMAJIbHUM PiBHEM ITiITOTOBKH.

n Figure 2 — [m] b u Figure 5 — O be
File Edit Yiew Insert Tools Desktop Window Help = Eile Edit View [nsert Tools Desktop Window Help
Nl k|REODEL- 2|0 » Dadde | AR UBDEL-S|0 »

Puc. 4. Anani3 300pakeHpb BiAMOBIIHO 10 0OPaHOTO CTaHAAPTY
e _ Poanoas seness gy Puc. 5. Pe3yipraT MiKpOCTPYKTYPHOTO aHATi3y

BinrBoproBaHicTh  JOCHIAIB  TepeBipsuiacs 3a
kpurepieM  Koxpena. Ilpm mpoMy  KiJBKicTh
MTOPIBHIOBAHNX BHOIPOK CTaHOBUIO m=4, KiIbKICTh
JIocaimiB B cepii - 35, oOcsar koxHOi BuOipku n=>50,
piBeHb 3HauyIoCTi OyB nMpuidHATHH Ha piBHI p=0,05.

Pesynbratn 0OpoOKM eKCIIepUMEHTAIbHUX TaHUX
HaBezeHi B Ta01. 1.

TyHIYA Big pagiycy

Rl | | L L L L L L L
p 2 3 1 14 16 18 2 2

{1} 2
Pagiye rpadbity (pixels)

Tabmus 1
PesynbTati cTaTuCTHYHOT 0OPOOKH CKCIIEPUMEHTAIBHUX JTAHHX

Jiama3oH paziyciB rpadity Kpurepiii Koxpena
G po3paxyHKOBUI G TabanyHui
R, 0,3567 0,3720
R, 0,3601 0,3720
R; 0,3496 0,3720
R4 0,3512 0,3720
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[Iponosxenns Tadu. 3

Rs 0,3385 0,3720
Re 0,3694 0,3720
R, 0,3478 0,3720
Ry 0,3639 0,3720
Ro 0,3534 0,3720
Ry 0,3686 0,3720

JInst yciX OTpMMAaHUX eKCIIEpUMEHTATIbHUX JaHHWX, PO3PAXyHKOBE 3HAa4eHHsS kpurepito Koxpena
MEHIIEe TaOJMYHUX 3HAYCHb.

TaxkuM yuHOM, pO3pOOIEHUI METON 1 eKCTIEpUMEHTAIbHUI MPOrpaMHO-anapaTHHi KOMIUIEKC 10
HOTO peali3oBy€ JO3BOJISTIOTH KOPEKTHO BiAHOBIIOBATH (YHKITIFO pO3ITOALUTY TpadiTOBUX BKIIFOUEHD 3a
po3MipaMu.

[ToxuOka BigHOBIEHHS (QYHKLIT pO3NOALTY rpadiTOBIX BKIIOYEHD 33 PO3MipaMH.

Pesynpratu qoCIimKeHHS OKA3ally, 0 PO3pO0OJIeHa CHCTEMA € YHIBEPCAIBHOIO 1 MPpUAATHA JUIs
poOOTH K 3 aHAJIOTOBUMH MIiKPOCKOIIAMH 3 ITH(DPOBUM OKYIISAPOM, Tak i 3 MpodeciiHuMu mudpoBr
MeTaxorpadgiuHIMU MiKPOCKOTIAMH.

BucnoBok. Po3po0GiieHa mporpama B KOMOiHAI] 3 MOXKIIUBOCTAMHU CydacHOi IH(PPOBOI TEXHIKU
JUIST MIKpOCTPYKTYPHOTO aHaIIi3y JO03BOJISIE BU3HAYATH TapaMeTpH TIpadiTy TodHO i Garatopa3oBo, a
BTPYYaHHS JIFOJWHHU 3BEJCHO J0 MiHIMyMY.

[IporpaMuuii makeT po3poOieHui BiINOBIAHO A0 Mi>KHapogHoro cranaapty 1SO 945-1:2008. Ile-
penbadeHa MOKIMBICTE aBTOMaTUYHOTO TeHEPYBaHHS 3BITY, 3aCHOBAHOTO HA JTAHUX aHAII3Y.

HanpsiMkoM moJanbImoro BIOCKOHAJEHHS METOJY, € CTBOPEHHsS 0a3u JaHUX A apXiBamii Ta
HIBUJKOTO 1 JIETKOT'O MOIIYKY 300pakeHb 1 MOB'SI3aHUX 3 HUMHU JaHHX, a TAKOX PO3MIMPEHHS MOKIIU-
BOCTEH CHCTeMH I OXOIUIEHHs OUIBII INMMPOKOTO CIEKTPYy MarepialliB (MeTajiiB, IMOpPOIIKIB,
MTOKPHTTIB).
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