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OIIMCAHHUE 3EPHA MOJEJIbIO CJIYYAMHO-HEOJHOPO/JHOM
ONTUYECKOH CPEJbI C HEJbIO MEKJABOPATOPHOI'O
COI'TACOBAHMA U3MEPEHHUU ITOKA3ATEJIA CTEKJIOBUJIHOCTH

B Hacrosmee BpeMs 3a CUET MOSIBICHNSI HHCTPYMEHTAJIBHBIX OOBbEKTHBHBIX METO/I0B ONpPEAETICHNUS CTCKIOBUIHOCTH
3epHa BO3HMKAET BO3MOXKHOCTh OOECHEUUTh €IMHCTBO M3MEPEHMH JAHHOIO MOKA3aTels B Pa3HBIX Ja0OpaTOpHsIX.
B crartee npemaraercss Mozeb ONMMCAHUS 3€pHA KaK HEOJHOPOAHON ONTHYECKOH CpPeabl M MHTEPIPETAINS MT0Ka3a-
TeJsl CTEKIIOBUIHOCTH KaK XapaKTePUCTHUKU paccesHus cBeTa. [IpuBoauTcs crocod BEIYHUCICHHS TapaMETPOB MaTe-
MaTHYEeCKOW MOJIENU U OlleHKH KoddduireHTa paccesaus ¢ ucnoib3oBanneM RGB-kamepsl. [lokaszano, uto pea-
JM3alHs OLCHKH CTEKJIOBUIHOCTH 3€pHA Ha OCHOBE KOd((HUIMEHTa paccesHHs O3BOMSET MOTy4YaTh yJOBJIETBOPU-
TENBHBIA PE3YIbTAT COIIACOBAHMS IIPH U3MEPEHUSIX B Pa3HbIX J1a00paTOpHsX.

K. cn.: aBTOMaTH3anus H3MepeHPII>'I, corjzaCoBaHHUE HBMQPQHHﬁ, CTEKJIOBUJIHOCTh, MATEMAaTHYCCKOC

MOJIETUPOBaHUE, ONITHYECKUE CBOWCTBA 3epHA

BBEJIEHUE

Bonpocam aBroMaTH3anmMu  OpraHOJIENTUYECKUX
M3MEpeHni ceidac yzensieTcss OoJbIIoe BHUMAaHMUE.
B uactHOCTH, MyOJIMKYIOTCS HMCCIEAOBAaHUS O BO3-
MOXHOCTSIX Pa3JIMYHBIX METONIOB OLIEHKH CTEKIOBUI-
HOCTH 3€pHa. ABTOpHI pabOT MOJIyYarOT PE3yJIbTaThl,
MOKAa3bIBAIOIINE TEXHUYECKYIO BO3MOXHOCTh OIpere-
JATH CTEKIOBUAHOCTE MeTonaMu MK crektpockonuu
[1], Texandyeckum 3peHueM [2], pertrerorpadmeii [3],
CHEKTPOCKOIUY B BUAMMOHN oOnact [4]. Kommannei
"OkaH", B CBOIO O04Yepelb, Mpeiaraercs MeTo]| ONTH-
KO-KOMITBIOTEPHOM JUArHOCTUKH, Peajli30BaHHbBIN Ha
0aze muadanockona "SHTaps". Meron qoKa3an CBOIO
COCTOSITETIBHOCTD B 3a/laue PyTUHHOTO aHajIM3a CTeK-
TOBHIHOCTH B tabopatopusix [5]. T.e. 3amady aBroma-
THU3alUKM NPOLEAYphl aHAIM3a Ha JAaHHBIA MOMEHT
MOXHO CUMTaTh pemeHHod. Crenyromas akTyajlbHas
npobieMa, KOTOpasi BO3HUKAET IPU HCIIOIb30BAHUH
WHCTPYMEHTaIbHOH OOBEKTUBHOW OIEHKH CTEKIIO-
BUJHOCTH, 3aKJIIOYaeTrcsi B OOECIEYeHHWH EINHCTBA
W3MEpPEHHH B Pa3HBIX JJa0OpaTOpUsX.

TEOPETUYECKAS YACTb

Jns perieHuss TpaKTHYeCKOW 3afadd IIeJIecoo00-
pa3HO JaTh OIpEAEICHUE CTEKIOBHIHOCTH B TEXHU-
YEeCKUX TEPMUHAX, T.K. CYLIECTBYIOLIEE ONpenecHue
JaHO JUTS 3pUTENFHOTO BOCIpHUATHA denoBeka [6]. Ko-
rZla TOBOPAT O CTEKJIOBUAHOCTH, UMEIOT B BUIY COOT-
HOLIEHHUE MYYHHCTOI'0 M CTEKJIOBHIHOTO SHAOCIEPMa
3epHa. VIMEHHO KOJIMYECTBO MYYHUCTBIX BKPAIUICHUN
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B 3HAYUTENIFHOM CTENEHH ONpeNeNsieT TeXHOIOTHYe-
ckue cBoiicTBa 3epHa. C TOYKM 3pEHHS ONTHKU CTEK-
JIOBHJTHBIM 3HIOCTIEPM MOXKHO OIHCATh KaK OJHOPOJ-
HYI0 TIPO3PAYHYIO Cpely C MOCTOSHHBIM KO3 QuIn-
SHTOM TIPETOMJICHHUS. DHAOCIEPM MYYHHCTOTO 3epHa
MO>KHO CMOJIEITHPOBATH MOPOIIKOM C YaCTHUIIAMU CITy-
qaitHoil opmbl. T.e. B CTEKIIOBUIAHOM 3epHE ociad-
JIeHHE TTOTOKA TTaJafolIero CBeTa MPOUCXOINUT TOIBKO
3a cYer mpolecca MOTJIOMEHUs, @ B MyYHHCTOM —
3a CYET IMPOIECCOB PACCESHHS M TIOrJIOMEeHHs. Takium
00pa3oM, CTEKIOBUIHOCTH 3€pHA MPEAIONAraercs ore-
HUBATh C IIOMOIIBIO XapaKTEPUCTHKN paccestHus (00mb-
IIIe pacCesHuEe — MEHBIIIE CTEKIOBHHOCTD, CM. PHC.).
JIIsl OLIEHKHM XapaKTEePHCTHKH PACCESHHS HYXKHO
OTMETHTh, YTO B JJAHHOM CIIydae pedb Uaer o0 00b-
eMHOH Joie pacceuBarommx vactun or 0% (abco-
JOTHO cTekiIoBHIHOE 3epHO) m0 100% (abcomoTHO
MYyYHHUCTOE 3€pHO0); OCBelleHrne o0pas3ia 3epHa MpH-
MeHsiercs auddysHoe. B Takux ycrmoBusX Ans dHC-
JICHHON OleHKH KOX(p(UIIMEHTa pacCcesHUs paimo-
HaJbHO TpUMEHUTHh Teoputo Kybenkm m Mynka [7];
[8]. B manHOW TeopuH MOTOK MPOXOJAIIETO H3ITyde-
HUSL JUTS1 KOHEYHOM Cpeibl OITUCHIBACTCS YpaBHEHUEM:

F(r)=Ce" +C,e™, (1)

rae F — MOTOK W3JIYYeHUs, T — ONTHYECKas JJIMHA,
C}, C; — nocTostHHBIE KO3 (D PHUITHEHTHI.

a=,K(K+25), 2)

rae K — xodddunment mornomenus, S — xkodpdu-
IIUEHT PACCESTHHUS.
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PacceuBatomue MYYHHUCTBIEC YaCTULBI B 3€PHE MIIICHUIIBL

Koadpdpuuuenter C;, C; BBIUUCIAIOTCA 3KCIIEpU-
MEHTaJIbHO ONUH pa3. [Ipu onpeneneHun CTEKIOBUI-
HOCTH MPOOBI (haKTHUECKH HEOOXOIUMO BBIYHCIUTD K
u S. Jlns OUEHKH CTENEHU CTEKJIOBHIHOCTU Ka)I0ro
3epHA MPHU aHAJM3e Ha HECKONBKUX JUIMHAX BOJH (4,

A2, ..., Ay) MOXHO 3aICaTh CUCTEMY YpaBHEHHH
F (T) _ Clleu/Kl(KlJrzs) n CZIe—T,/Kl(K1+2S)’
F,z (T) _ Clzen[Kz(KﬁZS) n sze—r,le(KﬁZS)’ (3)
FN (T) _ ClNer,/KN(KN+2S) n CZNe—rJKN(KN+2S)’

rae Ky, K, ..., Ky — ko3¢ duUnreHTs TOoTIomeHs

Ha JUIMHAX BOJH A, Ay, ..., Ay,

[Ipu 3TOM ecny AJIMHBI BOJH MAJAIOLIEr0 H3IIyde-
HuSl ONMM3KM U MHOTO MEHBILIE pa3Mepa paccerBalo-
LOIMX YacTHL, TO MOXHO CAENaTh JONYLIEHHE, YTO
ko3 unmeHt paccesHus S OAMHAKOB sl BCEX JIMH
BOJIH.

Ilpeononazaemcs, 4mo CMeKI08UOHOCMb 3EPHA
nponopyuoHanvra S.

Bropoe nomymieHne cocTouT B TOM, 4TO BCE 3€pHA
OITHOM TIPOOBI UMEIOT ONMWHAKOBBIA K03 ummeHT mo-
TJIOMeHnsT Ha N-W JIuHE BOJNHBI  (OXWHAKOBEIH
"]_IBCT").

[lonp3ysch BTOPHIM JONMYLIEHHEM, MOXHO 3aIlH-
caTh OOIIYI0 CHUCTEMY YpaBHEHHU Ui BCEH MPOOBI
u3 M 3epeH:
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_ Ty K (K +28) —ri K (K +285))
El(rl)_clle +Cye )

71y Ky (Ky+25;) e‘Tl Ky(Ky+25))

Fy (71) =Cye
4)

_ T K1 (Ki+2Sy) ~ K1 (Ki+25))
F, (rM ) =C,e +C,e ,

Ty K (Kn+28y)

e‘TM Ky(Ky+2Sy) )

FMN(rM):ClN

[Ipu pemennn cuctempl ypaBHEHWH (4) BBIUHC-
msitoTess  KodpduuueHntsr Sy, Sy, ..., Sy, XapakTepusy-
FOIINEe CTEKIIOBUTHOCTE 3epeH 1, 2, ..., M.

s Toro yToOBI corjacoBaTh M3MEPEHUs HA He-
CKOJIBKHX TIprOOpax, HeoOXOIUMO H3MEPUTH Hadallhb-
HBI cBeToBOM NOTOK F(0) = Fy (pa3HbIif AN KaxI0-
ro nmpubopa). [Ipsmoe u3mepenHne He BCeraa BO3MOXK-
HO, T.K. BEINYMHA [, TPEBBIMIAET CBETOBOH IOTOK
MOCJIe MPOXOXKAEHHUs 3epHa Oojee 4eM Ha IOpPSIOK.
[Toatomy g usmepenus £ npennaraercst npenBapu-
TEIBHO OCJIa0UTh CBETOBOW IOTOK C MOMOILBIO 3Ta-
JIOHHBIX O00pa3loOB C HYJEBBIM paccesHueMm. llpu
HAJIMYMU JBYX TaKUX JTaJOHOB Pa3HOW TOJIIMHBI ¢ U
t, ¢ OOMHAKOBBHIM Kod(dummenToM mornomeHus K,
MOJB3YSACh  3aKOHOM  morjomeHus  byrepa—
Jlambepra—Dbepa, MOXXHO 3amucaTh CUCTEMY ypaBHE-
HUl

— ~K1
FRl _E)e s

5
F,,=Fe™*". ©)
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Torma

K :_M’ (6)
tz _tl

F, F,
F, = Rl _ T'Rr2 (7)

e—Kt, e—Ktz ’

rae Fri — CBETOBOM MOTOK HOCIIE MPOXOXKIEHUS Tep-
BOrO 3TalOHA, Fry — CBETOBOM MOTOK IOCIE MPO-
XOXKJIEHUSI BTOPOTO dTaoHa, K — KO3 UIMEHT TI0-
TJIOLIEHUS 3TAJIOHOB.

Jns ydera pasHOro Ha4aJIbHOI'O CBETOBOI'O MTOTOKA
MpuOOpPOB TpEroNaraercs HaWTH CBI3b MEXIy F)
n koxdp¢unmentamu C;, C, TakuM 00pa3oM, YTOOBI
BBIYHCIICHHBIE Ha Pa3HBIX MPUOOpax 3Ha4eHUus S, Sy,
..., Sy 13 cUCTEMEI (4) OBLITM OMMHAKOBEI.

ITPAKTHYECKAS PEAJIM3ALINA

[IpakTnyeckass peanuzanys IpoBoAniIack Ha 0Oase
mnadanockorma  "SHTaps" Tpom3BoxcTBa  (pUpPMEI
"Okan". [lpuann paboThl AnadaHOCKOIa 3aKIroYa-
ercsi B IPOCBEUMBAHMU NPOOBI 3epHA PAaBHOMEPHBIM
¢ Gy3HBIM CBETOBBIM TTOTOKOM B BHAUMOW 00IacTH
CIEKTpa C JaJbHEHIIMM THOIydYeHHeM Lu(POBOro
M300pakeHus1, ero MPorpaMMHON 0O0pabOTKON W BBI-
Jaded pes3ynbTaTa ONpeNeNieHHs] CTEKIOBHUAHOCTH.
CyTh mpenBapuTeIbHONH MPOTPaMMHON 00paboTKH,
CBSI3aHHAsI C CETMEHTHPOBAHUEM U KOPPEKLHEH SIPKO-
CTH M300paKeHHs, U3JI0XkKeHa B [5].

B kauecTtBe Mepbl CBETOBOrO MOTOKA F, MpoIIEa-
LIEr0 4epe3 3epHO, UCIOIb3YETCsl €ro CPenHsisl CKOp-
peKTHpOBaHHas SPKOCTH [5]. B xadecTBe OIeHKH OII-
TUYECKON JJIMHBI T NPUHUMAETCS HIMPHHA IPOEKLIUN
n300paXkeHusl 3epHa, T.K. CYLIECTBYET CBSI3b MEXKIY
TUHEHHBIMHU pa3MepaMu 3epHa. [ omenkn ko3ddu-
nueHToB C;, C, OBUT MOCTAaBJIEH HKCIEPUMEHT. bputn
B3sATHl 20 00pa3IoB 3epHa C Pa3HON CTEKIOBHIHO-
CTBIO, Pa3HbBIX COPTOB, PETHOHOB IIpou3pacTanus. s
Ka)KJI0H TPOoOBI OBLIO 3alMCaHO M YMCIEHHO PEIIeHO
ypaBHeHue (4). AHamm3 pe3yNbTaTOB BBIYHCICHUS

JK (K +28
1oKasai, 4ro ciaraemoe Ce’ (K29 puocur necy-

LIECTBEHHBIN BKJIaJ B OLIEHUBAEMBIN CBETOBOW MOTOK
F. TToaToMy [1sl MPaKTUYECKOI'0 IPUMEHEHUS palto-
HaJBHO YIPOCTHTH Mofenb 1 cuntath C; = 0. Torma

F(0)=C,=F, 8)
F(T) _ E)e_TJK(KﬂS). (9)

Taxoxe pacder mokasal, 4To JUId OIEeHKH Kod(hdu-
LMEHTAa PACCEesHUs 11eJIeco00pa3HO UCIOJIb30BaTh SIp-
KOCTh KPacHOTO M 3eneHoro kaHaimoB RGB-kamepsr.
Koaddumnment mornomenus 3epHa il CHHETO I[BETa
3HAYUTENHHO OobIe Ko3(pQuImenHTa paccesHus, mo-

3TOMY BKIIIOYEHHE JOMOJHUTEIBHBIX YpaBHEHHH JUIs
CHHETO IIBETa He YITydlIaeT Pe3yabTaT BEIYMCICHHH.

Taxkum oOpas3om, cucTtema ypaBHEHWH (4) MpHHH-
MaeT BH]

_ -w KR(KR+ZSI)
R, (wl) =Rye ,
- K (Kg+25))

GI(WI):GOe 5

(10)

~wyy [ Kp (Kp+28y)

Ry (WM):ROe s

~wy Kc(Kg+28))

Gy (WM):GOe s

rae R, G;, i =1, 2, ..., M — OlIEHEHHBII CBETOBOM
MOTOK, MPOLIEAIINN Yepe3 i-€ 3epHO i1 KPacHOIro
M 3€JICHOT0 KaHaJIOB COOTBETCTBEHHO, w;, [ = 1,2, ...,
M — mmpuHa npoekuuu i-To 3epHa; Ry, Gy — ole-
HEHHBII HAayaJdbHBIA CBETOBOW IOTOK JUIsI KPacHOro
1 3€JIEHOT0 KaHaJIOB COOTBETCTBEHHO.

Onenka k03¢ (HUIIMEHTOB paccessHUs 3epHa Ha KOH-
KPETHOM INIpuOOpe CBOIUTCA K HM3MEPEHHUIO0 Hayallb-
HBIX CBETOBBIX IOTOKOB R, (Gy ¥ YMCICHHOMY pelle-
HUto cucteMbl ypaBHeHU# (10). duswmueckuii cMbIch
WCIIOJIb30BaHMS YPAaBHEHHUH Ul JIBYX AJIMH BOJH 3a-
KJII04aercs B KOMIIEHCALlMM Pa3HOrO IIBETa 3€pHa.
Hanpumep, onuHaxoByl0 MaTeMaTH4ECKYH MOJEINb
MOXHO HCIHOJIB30BaTh Ul OLEHKH CTEKJIOBHIHOCTU
KaK KPacHO3EpHOM, TaK 1 OEI03EePHOI MIIICHHIIHI.

Jns n3mepenns £y Ha pa3HBIX MPUOOpPAX HMCIIONb-
3YIOTCS STAJIOHBI Ha OCHOBE IBYX HEWTpPaJbHBIX CBe-
ToQmIbTpoB. Bce cBeTOOUIBTPHI  WM3TOTOBIEHBI
W3 OJHOM IUIACTHHBI, MOXTOMY HMMEKT OJUHAKOBBII
ko3 durnuenT moriomienns. llepmomudeckn 3TajioH
yCTaHaBIMBAeTCsl B NMPUOOp, M HpOorpaMmMa OLEHKH
COXpaHsieT 3HaueHue £ I KpPacHOro M 3EJIEHOr0
kananoB. Jlamee B xome paboOTHl I MPOOBI 3epHa
cTpoutcs cucrema ypaBaenuit (10). B xome pemenus
BBIYHCISIOTCS S, Sy, ..., Sy, XapaKTEPU3YIOIINE CTEK-
JIOBUAHOCTB 3€peH 1, 2, ..., M.

ANIPOBALIUS

Briepssie Takoii momxo ObLT aripoOupoBaH Ha 0aze
®I'BI'Y "PoccenpxostieHTp". B coctaBe opraHn3anuu
HaxogsTes 14 gummanoB, ocHAMIEHHBIX AnadaHOCKO-
mamu "SHTapp". OUIMANBl PACIIONIOKEHBI Ha OOIb-
IOM yAaJEHUH APYT OT Jpyra, MO3TOMY HJes COorja-
COBAaHUS U3MEPEHHH CTEKJIOBUIHOCTU 0€3 TpaHCIIop-
THPOBKH KaTHOPOBOYHBIX 00pPa3IOB 3epHa aKTyaabHa.
Jnadanockons! ObUTH OCHAIIEHBI HIACHTUYHBIMHU JTa-
JIOHAMH ¥ TIPOrPaMMHBIM OOECIIeueHHEeM, Pean3yro-
UM OLIEHKY CTEKJIOBUIHOCTH OITMCAHHBIM CIIOCOOOM.
Jlamee ObUTH TIPOBENEHBI MEXKIA00pAaTOPHBIE CITUYH-
tenbHEBIe uenbiTanng (MCH). B kadecTBe KpuTepus

HAVYYHOE ITPUBOPOCTPOEHME, 2021, Tom 31, Ne 2
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Pesynerater MCHU
Howep yuaca | Z (resaopuioem) | 2 (momanoen) on | Onengs pearon
1 1.0 -0.5 VY nosi.
2 -1.5 0.9 VY nosi.
3 0.8 0.7 VY nosi.
4 -1.2 0.4 VY nosi.
5 -1.3 1.0 VY nosi.
6 1.2 1.1 VY nosi.
7 0.4 0.8 VY nosi.
8 0.9 04 VY nosi.
9 0.2 -1.3 VY nosi.
10 0.4 -1.7 VY nosi.
11 0.9 -0.1 VY nosi.
12 -1.3 -0.9 VY nosi.
13 0.4 0.1 VY nosi.
14 0.8 1.5 VY nosi.

UIA orleHWBaHuS pe3ynbtatoB MCU Oput BBIOpaH
Z-UHJIEKC

(11

rae: x; — pe3yjiabTaT M3MepeHuil yabopatopuu, %;
X, — NPUIMCAHHOE 3HaYeHue, %; 0, — CTaHJapTHOE
OTKJIOHEHHE JUISI OLICHKH KBaJlU(pHUKALNHU, PAaCCUUTaH-
Hoe B cootBeTcTBUU ¢ 'OCT P 50779.60-2017 [9].

KauecTtBO pe3ynbTaToB H3MEpEHUH MOKa3aTenen
oueHuBagoce B coorBerctBuM ¢ HMCO/M3BK
17043:2010 [10] u I'OCT P 50779.60-2017 [9] myTem
CpPaBHEHMS 3HAYEHMs Zz-MHIEKCAa C YCTAaHOBJIEHHBIM
HOPMAaTHUBOM KOHTPOJIS:

1) 1npwm |z| < 2.0 — pe3ynbTaThl U3MEPEHUN NPH-
3HAIOT YJOBJIETBOPUTENBHBIMH U HE TPEOyIOIINMHU
BBITIOJTHEHHS JICHCTBHIA;

2) mpum 2.0 <|z] < 3.0 — pe3ynbTaThl U3MEPEHNH
MPU3HAIOT COMHUTEIBHBIMU U TPEOYIOLIMMHU BBINOJI-
HEHUS MPEeIyNpeKIAoNX AeHCTBUI (CUTHAT TIPpey-
MIPEeXACHNA);

3) mpu |z| = 3.0 — pe3ynapTaT U3MEpPEHUN NpH-
3HAIOT HEYJOBIIETBOPUTENHHBIM  (HETIPHUEMIIEMBIM)

Zz(x,. —xm)/am,

HAVYYHOE ITPUBOPOCTPOEHME, 2021, Tom 31, Ne 2

U TpeOYIOIIUM BBITIOHEHHSI KOPPEKTHPYIONIHUX JIeH-
CTBUH (CHUTHAI K IEHCTBHUAM).

Takum o0pa3zom, Bce ydacTBYMOIIME J1a00OpaTopun
MOKa3aJ¥ YIOBJIETBOPUTENBHBIN pe3yabTaT Kak st
TBEPIOW, TaK U JIJIs1 MSITKOW MILIEHUIIBI.

BbIBO/IbI

B xome paboTsl ObUTH TTOMy4YEHBI CIAEAYIOIIHE pe-
3yJIbTATHI.

1. Tlomobpana maremaTtwdecKash MOZAENTb, OMHCHI-
BaIoLIas IPOXOXK/IEHUE CBETA B 3€pPHE.

2. JlaHo ompeneneHue MOKa3aTes CTEKIOBHIHO-
CTH KaK XapaKTepHCTUKU PAacCesHHS CBETa B 3€pHE
W TpHUBEIEH CIIOCO0 ompeneneHus KodpduiuenTa
paccesiHusL.

3. IlomoOpaH cHeKTpaldbHBIN COCTaB H3ITyYEHUS,
HauOojee MOOXOMALIMKA Ui OIpENeNeHNus CTEeKIIO-
BHUIHOCTH.

4. Ha ocHOBE MaTeMaTH4YeCKOr0 OMHCAHHS CTEK-
JIOBHJTHOCTH OBLI TIPEIJIOKEH W peain30BaH Crocod
COIJIacOBaHMs M3MEPEHUI CTEKIOBHAHOCTH B Pa3sHBIX
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71a00paTOpUsAX C MCIONB30BAHUEM ONTHYECKOTrO dTa-
JIOHHOTO 00pasIia.

5. IlpoBenena ampobanus crocoba COrIacoBaHUS

WU3MEPEHUN, KOTOPBIA MOKa3aJl yJOBJIETBOPHUTENbHBIN
pe3ynbTaT, NO3BOJIIONINNA PEKOMEHI0BAaTh €ro K Hc-
M10JIb30BAHUIO.
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GRAIN DESCRIPTION BY A RANDOMLY INHOMOGENEOUS
OPTICAL MEDIUM MODEL FOR THE INTERLABORATORY
MATCHING OF VITREOUSNESS MEASUREMENTS

R. Yu. Antonov

Ekan Ltd, Saint Petersburg, Russia

Currently, due to the appearance of instrumental objective methods for determining grain vitreousness, it is
possible to ensure the uniformity of measurements of this indicator in a number of laboratories. The article pro-
poses a model for describing grain as an inhomogeneous optical medium and an interpretation of the vitreous-
ness index as a characteristic of light scattering. A method for calculating the parameters of mathematical model
and estimating the scattering coefficient using an RGB camera is presented. It is shown that the implementation
of the grain vitreousness measurements based on the scattering coefficient makes possible to obtain a satisfacto-

ry reproducibility in between-lab measurements.

Keywords: measurement automation, measurement matching, vitreousness, math simulation, optical properties of grain

INTRODUCTION

Much attention is now paid to the automation of
organoleptic measurements. In particular, studies on
the possibilities of various methods for assessing the
vitreousness of grain are published. The authors of the
works obtain results showing the technical ability to
determine the vitreousness degree by means of IR
spectroscopy [1], technical vision [2], X-ray diffrac-
tion [3], spectroscopy in the visible region [4]. The
Ekan company offers a method of optical-computer
diagnostics on the basis of the Yantar diaphanoscope.
The method has proven its worth in the cases of rou-
tine vitreousness analysis in laboratories [5]. So, the
task of automating the analysis procedure can be con-
sidered solved at the moment. The next actual prob-
lem that arises when using an instrumental objective
assessment of vitreousness is to ensure the uniformity
of measurements in different laboratories.

THEORETICAL PART

To solve a practical problem, it is reasonable to
give a definition of vitreousness in technical terms,
since the existing definition is given for human visual
perception [6]. When talking about vitreousness, they
mean the ratio of the mealy and vitreous endosperm of
the grain. It is the amount of mealy inclusions that
largely determines the technological properties of
grain. From the point of view of optics, the vitreous
endosperm can be described as a homogeneous trans-
parent medium with a constant refractive index.
The endosperm of a mealy grain can be modeled with

89

a randomly shaped powder. So, in a vitreous grain,
the weakening of the flux of incident light occurs only
due to the absorption process, and in a mealy grain —
due to scattering and absorption processes. Thus, the
vitreousness of a grain is supposed to be estimated
using the scattering characteristic (more scattering —
less vitreousness, see Fig. "Scattering mealy particles in
wheat grain").

To assess the scattering characteristics, it should be
noted that in this case we are talking about the volume
fraction of scattering particles from 0% (absolutely
vitreous grain) to 100% (absolutely mealy grain); the
applied lighting of the grain sample is diffuse. Under
such conditions, it is reasonable to apply the Kubel-
ka—Munk theory [7], [8] to numerically estimate the
scattering coefficient. In this theory, the flux of trans-
mitted light for a finite medium is described by the
equation:

F(r)=Ce" +C,e™, (1)
where F'is the light flux, 7 is the optical length, C;, C;
are the constant coefficients.

a=,K(K+25), 2)

where K is the absorption coefficient, S is the scatter-
ing coefficient.

Coefficients Cy, C, are calculated experimentally
once. When determining the vitreousness of a sample,
it is actually necessary to calculate K and S. To assess
the degree of vitreousness of each grain when analyz-
ing at several wavelengths (4;, 4, ..., Ay), one can
write a system of equations
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E (T) — ClleTJKI(KI-#ZS) + C21€_T1 KI(K|+ZS),
F,z (T) _ ClzeTJKZ(KﬁZS) n sze—r,le(K2+2S)

’ (3)
FN (’L’) _ ClNer [Ky(Ky+2S) 4 CZNe_T”/K"V(K"VﬂS) ,

where K, K, ..., Ky are the absorption coefficients
at the wavelengths 4, Z,, ..., Ay

In this case, if the wavelengths of the incident light
are close and much smaller than the size of the scatter-
ing particles, then it can be assumed that the scattering
coefficient S is the same for all wavelengths. It is as-
sumed that the vitreousness of the grain is proportion-
alto S.

The second assumption is that all grains of one
sample have the same absorption coefficient at N-th
wavelength (the same "color").

Using the second assumption, one can write a gen-
eral system of equations for the entire grain sample of
M quantity of grains:

K (K +25)) C.e™ K (K +28)
1 5

El(‘[l)zcnerI

JK(Ky+25, o JKy (Ky 425
EN(TI):CINeTI v(Has) +C,ye Vv .),

4)

leTM K (K +28)) C le‘TM K (K +28))

F(t,)=C

M KN(KN +28)y ) e‘TM K;\V(KA\"*'ZSM )

E (‘L’M ) =Cve

When solving the system of equations (4), the co-
efficients S;, S, ..., Sy, are calculated to characterize
the vitreousness of grains 1, 2, ..., M.

In order to match measurements on several devic-
es, it is necessary to measure the initial luminous flux
F(0) = Fy (different for each device). Direct meas-
urement is not always possible because the value F
exceeds the luminous flux after passing through the
grain by more than an order of magnitude. Therefore,
for measurement Fy, it is proposed to preliminarily
attenuate the luminous flux using reference samples
with zero scattering. Considering two such standards
of different thicknesses ¢, and #, with the same absorp-
tion coefficient K and using the Beer—Lambert—
Bouguer absorption law, one can write the system of
equations

{FRI o )
F,=Fe™*".

Then
. _ (A, /Fy) ©
L4
F F
F — R1 — R2 , 7
0 e—Kt, e—Ktz ( )

where Fg, is the luminous flux after passing the first
standard, Fpy, is the luminous flux after passing the
second standard, K is the absorption coefficient of the
standards.

To take into account different initial luminous flux
of devices, it is supposed to find a relationship be-
tween F, and the coefficients C,, C, so that the values
S, Sz, ..., S from system (4) calculated on different
devices would be the same.

PRACTICAL IMPLEMENTATION

The practical implementation was carried out on
the basis of the Yantar diaphanoscope, manufactured
by the Ekan company. The principle of operation of
the diaphanoscope is to transilluminate a grain sam-
ple with a uniform diffuse light beam in the visible
region of the spectrum with the further acquisition of
a digital image, its software processing and the issu-
ance of the result of determining the vitreousness de-
gree. The essence of preliminary software processing
associated with segmentation and image brightness
correction is described in [5].

As a measure of the luminous flux F that has
passed through the grain, we will use its average cor-
rected brightness [5]. As an estimate of the optical
length 7, we will use the projection width of the grain
image, since there is a relationship between the linear
dimensions of the grain. An experiment was carried
out to estimate the coefficients C;, C,. 20 samples of
grain with different vitreousness degrees, of different
types and regions of growth were taken. For each
sample, equation (4) was recorded and solved numeri-
cally. Analysis of the calculation results showed that

the term Ce™V* (259 makes an insignificant contri-

bution into the estimated luminous flux F. Therefore,
for practical use, it is sensible to simplify the model
and consider C; = 0. Then

F(0)=C,=F, (8)
F(T) _ E)e_TJK(KﬂS). (9)

The calculation also showed that to estimate the
scattering coefficient, it is advisable to use the bright-
ness of the red and green channels of an RGB camera.
The grain absorption coefficient for the blue color is
significantly greater than the scattering coefficient, so
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the inclusion of additional equations for the blue color
does not improve the calculation result.
Thus, the system of equations (4) takes the form

Rl (Wl) _ Roe—w, KR(KR+ZS,),
Gl (Wl) _ Goe—w, Kg(Kg+2S)) ,
(10)
RM (WM ) — Roe‘WM Kp(Kg+25)y) ,
GM (WM ) — Goe‘WM Kg(Kg+2Sy ) ,
where R, G;, i = 1,2, ..., M is the estimated luminous
flux that has passed through the i-th grain, for the red
and green channels, respectively; w, i=1,2, ..., M —

projection width of the i-th grain; Ry, Gy — estimated
initial luminous flux for red and green channels, re-
spectively.

Estimation of the grain scattering coefficients on a
specific device is reduced to measuring the initial light
fluxes Ry, Gy and numerically solving the system of
equations (10). The physical meaning of using equa-
tions for two wavelengths is to compensate for differ-
ent grain colors. For example, the same mathematical
model can be used to assess the vitreousness of both
red and white wheat.

To measure F on different instruments, standards
based on two neutral light filters are used. All light
filters are made of one plate and therefore have the
same absorption coefficient. Periodically, the refer-
ence is installed in the instrument, and the evaluation
software program stores the F value for the red and
green channels. Further, in the course of work, a sys-
tem of equations (10) is constructed for a grain sam-
ple. When solving the above equations, S, S, ..., Sus,
characterizing the vitreousness of grains, are being
calculated.

APPROBATION

For the first time, this approach was tested on the
basis of the Federal State Budgetary Institution Ros-

Results of between-lab tests

91

selkhoztsentr. The organization includes 14 branches
equipped with Yantar diaphanoscopes. Branches are
located at a great distance from each other, so the idea
of coordinating vitreousness measurements without
transporting calibration grain samples is relevant. The
diaphanoscopes were equipped with identical stand-
ards and software, realizing the assessment of vitre-
ousness in the described way. Further, interlaboratory
comparison tests were carried out (see Tab.). The z-
index was chosen as a criterion for evaluating the re-
sults of these tests.

(11

where: x; is the result of laboratory measurements,%;
X, — assigned value,%; o,, is the standard deviation
for qualification assessment, calculated in accordance
with GOST/State Standard R 50779.60-2017 [9].

The quality of the results of measurements of indi-
cators was assessed in accordance with ISO/IEC
17043: 2010 [10] and GOST/State Standard R
50779.60-2017 [9] by comparing the z-index value
with the established control standard:

1) for |z | < 2.0 — the measurement results are con-
sidered satisfactory and do not require action;

2) for 2.0 <|z | <3.0 — the measurement results are
considered doubtful and require preventive action
(warning signal);

3) for |z | = 3.0 — the measurement result is con-
sidered unsatisfactory (unacceptable) and requiring
corrective action (signal to action).

Thus, all participating laboratories showed satis-
factory results for both durum and soft wheat.

Zz(x,. —xm)/am,

CONCLUSIONS

Thus, in the course of the work, the following re
sults were obtained:

1. A mathematical model has been selected that
describes the passage of light through grain.

2. A definition of the vitreous index as a character-
istic of light scattering in grain as well as a method for
determining the scattering coefficient are given.

Number of lab Z (vitreousness) for durum | Z (vitreousness) for soft Evaluation of
wheat wheat measurement results

1 1.0 0.5 satisfactorily

14 0.8 1.5 satisfactorily
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3. The spectral composition of the light emission,

that is the most suitable for determining the vitreous-
ness, is selected.

4. On the basis of the mathematical description of

vitreousness, a method was proposed and implement-

ed

for matching vitreous measurements in various la-

boratories using an optical reference sample.

5. The approbation of the measurement matching

method was carried out, which showed a satisfactory
result to be recommended for use.

L.
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