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Estimating Internal Distribution of
Eating Quality of Fruit using
Spectroscopy and Scattering Surface Model

for Quality Evaluation®

Takafumi Iwaguchi

Abstract

Some of farmers are trying to add value to their products by measuring the
internal quality. The quality is evaluated by measuring sugar content. This
evaluation is still insufficient because the content is measured only at a single
point although the distribution of sugar content in fruit is not uniform. Another
problem is that the sugar content is no more than an aspect of evaluation of
eating quality.

In this study, I adopt eating quality itself as a measure, and I aim to estimate
the distribution of eating quality in the fruit. I propose a method of measuring a
eating quality via spectroscopy. When the eating quality is evaluated by human,
measures of evaluation are different among indivisuals. In contrast, evaluation
of the proposed method is objective because eating quality is evaluated via
physical quantity. In the experiment, the eating quality of a fruit is measured
and distribution of the eating quality is visualized.

I also propose a scattering surface model to estimate three-dimensional inter-
nal distribution for translucent object. The conventional estimation methods
rely on the assumption that light paths are parallel in the object. They cannot
be used for measurement of a translucent object where light is scattered. In

the proposed method, the scattering light path is taken into account in order

*Master’s Thesis, Department of Information Science, Graduate School of Information Science,
Nara Institute of Science and Technology, NAIST-IS-MT1451014, March 14, 2016.
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to measure the inside of the translucent object. The accuracy of this method is
evaluated using synthetic data.

Finally, I propose an estimation method of internal distribution of eating
quality in fruits using two proposed methods described above. I show that
estimation can be performed in two ways. In the experiment, the real object is

measured, and the method is validated from the result.
Keywords:

Spectroscopy, Scattering surface model, Quality measurement, Estimation of

internal distribution, Fruit
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B4E HELABORERETA

4.1 PBEEMAZE
4.1.1 FENFHFE

PIMADNEREHINE, JRBEICIBI 2 NMEADZE, TEEFEICHI S REaOFR R D2
BHICB B RHBIARGRAERE, SEIEETHTHEEINTVEHHTSH 3.
FRIC, BREEIESERE (MRI) % CT &EYMAD 3 JotiaCIREs I T E %728,
RIS E ETIHHENTWA. MRILIZ, §FEGHOYRITN U TR =
IS %2 C LICK D RFEDR TR B S, oI —HARDOEZIA % ki
K o THTOZEMSHZAEE T S [10]. MRI X, W% HW 3 batllgic b 2
BRCBNNSWFIETED, BAICEHITZ 2R FAKER EICEENS T8, £<
DG, KR EDKEZER 2T 0 TO M UNEHIIE ARV, oy, o
DAL AIE 2 51T 2 DICIEF AR ETH 5.

CT &, BeAKETMND X 0 & OB S IR & YA UTHRSHL
Je & ZOYMKIC X W ZEHAIL, EHERZ O Tl ORI R 2 HEE S %
FETHS [11). EEH TRE —RNE CT &, EREEE LT X BRzHv5s X
M CT Thbo, KEFTFEMIET S MRI TRIRE TERWVER ELIRENAIHEIC
%, LU, fEkD X CT TIHMEAIE DRV ZHRITEaWiesd, (LEHE
SEFEITE RV, BT 3 X O3V F—S 234 5 2 & TeEE
T BT A NI T 4 T CT DRI NTVED, FER EOHHTH
%. Fiz, XHRIBEHRTH 2720, ROV X 7HHH, ZRIGHIT 57280
RIFRENRE LI %.

4.1.2 HENFE

)t CT 1F, &R L UTRIH - BRI Z WS CT THO, X RO K S ICHE
U AT WIEWVERIFEHIIFLEE U GEFEFEH SN TWS. £, tzHwS T &
T, FPEDLEYEICHH LINEREHZITS TR TES. LL, XHRIEE
A EDYMANTELES 2 DI L, SIS FBEIHYIAN TIE R 25 0 X UM R
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B2 BHEELE WO HRNEC S, TOEELOzSIC, X CT OFEZHWS C
LIETERNT END, JECT HMEDGH - NEHEEDHZEEN TV,

IBOE N EY 27 01F, FIEROFZ BIIICHZEMTDONTWEIE CT £
MTHs [12]. HBOCNET T T 1 Tl&, YeWFEHNCHELT 2IL8nETH S &
L Otz ETIVEL, RN TOMEREZY I 2L—2 3> 9%, LT, H
BRIC 1 i B AGT LTe & JICHEERKRAI TRt E N B MaPsg e, ¥ Ialb—
2 a K BERD—ET B K BMERDONE 2R 5. £z, FFEDORHEI
HEHUINEZ O V2T 5 2 & T, MmOt e L x5, K
SRERHAREZ, BV VAN A Utz & & OIS E 2511 % T & T2 R
@b lFETHO, NOLBOMAOES) [13] R E N OBEES [14] 7% £ DFHH
B 5. HLEOC €T T T 4 TIE, FARNTIEBELD RN T2 HIEDE T IS HEL
T5ERELTVBD, FHIROBGELIC A MMEND 55813 E R ENTVR.

—7, NEUEOEELOMEZEE LI CT OFiEE LT, BEENET S
T4 DHFEEN TS, Tamaki b [15] (&, ¥AZYEOMETT 510 & BEE I L=
5%2EDE LT, YD BIEDED D RDFNHET & ZICHELR T 2 & ETIV
LU= HEE Pz iRR Lz, CTOETIVTIE, BEEZIET 5 & THELE
FHEXE UTERHTES 0SSN H 5. Ishii b [16] 1, BYONEZ T
%Fi: & LT Monte Carlo Voting 225 L7z, TDFLTIE, Monte Carlo LA
L=y U & o TERENIERRICOWT, BN an & & O HaHemE & &
HE NG RO I K D, Yol FICEYIDEET B EIG 2R L, ZEE0fh
FIcEFEZITS T TRYIOMNEZHET S, TOFETIE, EMEZHWZIER
KD, HEDEZEE LU RWFEICHER L TIEICE Y OMEZHEETE 52 2N
IRENTWVD. EHIC, BEDENEST T 7 2 2179 I ORHIIF LD 17N
TW5. Akashi 5 [17] &, HBHEEZAWZFHITEZIERZL TS, TOFET
&, PR EKEN R U CHEL O 2EEHID ARETH 5.

4.2 HBOETIVL

WES A, JCRRDIAZ B S 5 & DY EOWDEEZticstREE NS, C
DI, FHIE NS IEROUEANIC BT %72 ETILT 208 D H 5. RHED
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X 2 R DR T DN S OBELA T, ZEHEL & W 5 8#ER OB
D, REPEBICO DI NG T ENHLEN TV, TOFITIE, ZEMELC K SR
BT BN ET NV ERET 5.

— 7R X AR CT TERHEN TV AIKET IV, K4.1(a) ITRT KD 7%, F
ITEBREETIVTH S, PRI A LTI, WERICB W TEEEL, Z0% %
FHMZZEZSTICHST 5. Dk, R OMER RN SYANIC T 2
WD BEAFFETEZ 0I5 HELD S, SR TH B X FRiE, ExEENEL,
MNED X 5 ifHIR RN TIEEELNIZ E A ER T B ied, TOETIVIEERNT
H3. —F, AT, BIENTBOTHHE - DRV EELEELC 728, T
DETIVIZEE R0,

ZEAGELZEZBLETTIVE LT, K4.1(b) ITRTXIBNEET NV EEZ ST
EMTES. TOETIVIFHED ORI ZEFICHB L TEO, FHEIC4.1.2 T
AT UTBELDE €Y T 7 2 ICBT 225 TID AN TWVWS. LML, TOE
TV 72 O T NERHEE TIEBELREDRE CH 2 08D H 5. Ko, NERMDEMT
B % e ONEHEE FIEDVATEREE TOVIC I U CHEHME T, FHEaAX NP Eng
DEIxB.

ZCT T, AWIZETIEZ, ThH5D2DOETIVORBMNEETIVEDH S, RFTRE
DOEEDCDH 2 ERE UIRET IV ERET S, D5 1 KON ART B L&, Ok
FUIZEEELZE S LEBORIKIC N, RHDOH5D 55 HHENS. K
fRiE, ASRE M RZSD 5 B2 HERTEH D, K 4.1(c) DX, ZD
2 KRS AT IERRIIEELD CORIED 1 DO EEZZ T ENTES. TOETIV
X, YWEERRCOREEIET O, WNEBBHYIETH a0 AR L TV
ZLERADNSID, 5%, REAMELETIVEES.

ZHHELET IV ERCS &, MANTIOEDEEZE L TWa 28, FIrsiH
MHETIWVOWNEHEEFEZICHTE S, — /4T, BELDHROWIIATIE, ZEEGELC
FOZL DN EVRIEEES L EZONS. TOX D R ERBOIEE T
PgsC ickb, NEHEEDREMETT % L TIN5,
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(a) HATEEICET IV (b) ZEHHBELET IV (c) RIEHELET IV

4.1: H&ETIV

4.3 RAFREBOREDHEEFE
4.3.1 CTiHREYA /TS A

COITIE, OT OFFITE LT —ZIcDVW TS, T, Hi5E
HETF VRV L X OFHE BB, EfEELET V2RV O
REREGH LR, TATEBHIOMAMER 4.2 1R, HEE A XT3N
HICENN, ZORICED N R EE S S50 5 BREEFNT 5. HATO
PRI & —L TW%. D S HHE N2 R TATHTH S
7%, HEERb3T e, ZOERORLETRINENS. CT T, &
WENBBERGET A/ F5LCEHT B, YA/ 75N, FHIlENE6Eh
5 Wiif 22 FERERR L 72 X OB 20 L, IR f EEIEICHEC R T2 6 D TH
5. fle LT, M44(a) ISRTRIURE S A% CT 3Rl L7 8 20V A/ 55 L%
[ 4.4(b) 1S9

W, EHEEEEHIOBRRZR 4.3 10737, HEE B AT EWkO LR <
KO ICRBEEN, WREEESEASSFHNEITS . YD B I AR <
N%. REEETFLTE, FHRIIEREO AN S TEEIC X D HzEz %, W
HAEIMEL, HORMCHETS. RIBETE, YRIEREd 3 £z Hd 5 c
YIcH D, EREEEHICEWTE, HIE N7BEE & S Wiz B L0
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TOES IO L, YMADAENEICHOC T2 A 75 LEERT 5.

4.3.2 MREDFETE

AT & R EELR T TSRO M EN R B 120, BikbAY A T T L
MEoN%. LhL, HTEENTT IV EREHRETT IV, WINEYHANTET
WEENEFRTH B T L ZINTE L TWS T8, YOS mOMGREERT ST Lick
O, PATEEEH & REEBELEHIOY 1/ 75 LSHEICEHARETH 5. K
SEHTCE SN 1/ 7T L HriEEs oY« /75 LcEc 2L, 1K€
KOBREKFIEEH NS LN TES. COFiITIE, RHEEEEHITHESNEY A
J 05 LWEATERFHOY A 55 NS E#T 5, PAHEOFiE#SINT 5. LU
TOMGRTE, BHOD A TIEHTREETIVICHE:, FHIMIAREGHIETH %
EARET .

YA/ 7L, MRZEET 22U T 5 EHASTENTES. X
T, HHEREHNTEONE T A/ T T L g,(X,0) ICDWT, YA/ 7T L EDJE
R HRORER DR ZEZ 5. K 4.5, FATEEFHINC I 2 %M 22 (R A
RY. TR, AATOREHODEDEIEHFLIICIENS L TWESEDE L, &
oz X o, PHADRIEEA Z 0, TEXT. ALV IETERINZBRETFHD X,
ICBVTEHIIE N YERRIE, I/ 7T LICBOT g,(X,,0,) ICHME NS, <
T, Yk B HTRRONLE, FnzERET 27D, RPITRT X5 7&K y bt
FRICFATT, o, y A e &ICYMARDEREHLEZES vy FHiZERT 5. it
e DR MO v, £ 2L, o, VAT S OIROEN ZEK®KT 5. X
7z, MhOREOEUIMIADIME 2EKT. FREOFIERE ¢ #iH 3 M 0, 2Pk
IR BNRRD T E LTEET . TNHDOEREMS &, kb 5 IR0
fiiE « M (z,,0,) ERBTE S, FrEEalTlE, z i =0D& DY)
RDOIEIC—E T 3D

91" - gp (41)
THY, ziihie X WX VFIrchHs7d

zr =X, (4.2)
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DR K D 37D,

RS, RRBEEHITELONE YA/ TS5 L go(X,0) I2DWT, A/ 75 LE
DFERE & RRORIE DG EE 2 . K 4.6 1, REBELFHINC 3BT 2 81
RERT. HRASOMBIZETEN, YFIEA X SOERDS 0, FNIAiEIC A E
T30 L, MADREEMIZ 0, THB LTS, ALUIODRAN, Y1/
55 1D ga(Xg, 0q) ICHIE NBDIERROREIR 2R L TWA. ABUIERuIE, B
IS K O REDAB L THIAD ¢ TN, WEREERELLE, BOXRmECEREL, A
A VEHIlE NS, FITEBFHNOL X LRL oy FHZERL, PAND
RORIE « 7% (z,,0,) 1K OERBT S &, BITANERED,

0.=04+0,—¢ (43)
Thd. T, HO¥REZr LI 5L,

Xg=rcos(h —2¢+ ) (4.4)

Ty = TSsing

X0,

Xgsin ¢

~cos(0; — 2¢) (46)

Ty =

MMIons.

PLEX D, “HT@EEEH & REHBEETICDOWT, ZNThT A/ 7T L LD
FR&, PMANEIOIERROMLE « 710 & DBIRMI L MNICE >z, TNbh b, AT
FEH & RBELEHIOY 1/ 75 L EOEEZEROBMGRZE. X 4.1-4.6
no x,, 6, ZIHET S L,

9p =04+ 0, — 10) (47)
B Xgsin ¢
X = ~ cos(6; — 2¢) (48)

LB T s, HTEEGHNOY A/ 7T I g,(X,0) ERAEEELEHNOY A/ 7
S I ga(X,0) ERKCEMTE B

X sing

gp(X,H) = 9d <—m

,9+m—¢). (4.9)
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4.3.3 MEMESHNGENSZ 2 HEORIT

ZHHELET IV TR, ABNRICHBT ZHELD AN —TH 5 LIEL TS
172, HERIMAEOEERICEEST . L L, HATHLIEIYMAICRENS XX
Ww TERWVWeY, RBNEEmICENEUERIZEHIE sy, REaELEH o b
AT L HHE L TR BN A/ 75 LT, fHcd 2060w
BOERFIC OV TII A E NR N T &Ida 5. JRDENET % Ll L fU3 e
BICKAFT 5. 22T, TOMTIERNEE kIt 1 /75 LOFEER
DORRICDONTELRT .

X9, dama BMICT B0 THEENIY A/ T LORFEICONWTEZ S.
YA @S 25 % 1 AORROWEX, [F) UREHESZ2 Wi X 1R g 2 YRk
EHFELWV. O, YA/ T LOFLE X =083 5L,

gp(X,0) = gp(—X,0 +7) (4.10)

WD LD, YA/ TS5 LOKNnE, YA/ 75 LA O EE S
Nicb DAL 75 5.

RIS, PHADERE 1 OMIETH 2 LIREL, JERN A X T DIERFHNS 6, 3
NINEICH B & EIC, FHIIENZ T OVWTERS. WATHETRETH S
ERET D E, AATDLIEYMAD I AZHED UM R TERNC &ICES. X
4.7(a) 1&, 0° < 6; < 90° DA DOFHHIPH ZBIXNTRL TWa. PR m Ok
BOFHDEA AT TIRE S NZHPATH D, ZTNLNOREICEE L 7R IEEH
TNEV. TORER, fRETRITYRTLZ ST NIEES Z i 2 R
Nzm, ZNLUNONFE ORI RN Ebh . miffiic Bl %%
D, HATEEERIOY A TS LOKEE, PikduOm b Bz & EOFEHROZ
MZEEKLTWS. £k, YA/ TS LDOEEONMEZEZ S L, YA/ 7T A
Okl 2 FEEE NAHEPAE, Poikro & FHIE N2 ERROZ M ORHE, 3
bhbiED) SROEND T ENDN D, FHINRER R S MO R & Yk dun o
PEEE prax (&

Pmax = COS (% - %) (411)

THAENS. T, FHIATEEGR RS NRIDYERR & VIAHUO O EEE pri, X, Pk
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HULZ2 i8S 2 Y RMFIET 2728 0 THS. K 4.7(b) I, 90° <6, <180° D&
T OFRHUEPRZFRXIITRT. 00 < 6, < 90° DEE LI, ki T/RdFHlEHE
Ik mi A AREE IS N B DY, Z LIS ORIz E 8 NIIRE O YEARIEET
REnxnT bbb s, FHIMTHER RS NRIOYERR & PHATUOOBEEE pim (&

0
Pmin = Sin (é — Z) (4.12)

THALNS. &z, FHATRER S MU DYERR & VAHUO D EREE priax & 1 TH
5. TNHXD, SeReYEODmEE p £ 5 L&, FHIIRTRERERRE,

Pmin S p S Pmax (413)

TRITENTES.

T T, VrEEEHOY A FS LB WA RER OB & Z FetaR b
EFKT B, REREY A/ TI L ETAREINSHEEOMGZRZX 4.8 1ITRT. Yo
TS LORIEZRNT, Y4/ T5LD X <0 DEBEZEFEZ S L, Y1/
75 LOWEYADYREET 1 THO, AREINBMEE, pmax — Pmin TH5.
DY, FAHEFRX ppax — Pmin CatBINS. K 4.9 IEHRME & FREE pay
BXU poin DERERT. 7770561, FRERIZ0° <0, <90° DEE prax I
OB, 90° < 60 < 180° D& E puiy ICEHEZRZIT 2 T EDNFHHAMNS. TE
HRIE, HEDARATOEMMIEICHS 6, =0° T 0.71 THO, 0 HEINT 3 &
1 XTHEINT 2D, 6, =90° ZHBA % EWACHZT, 6, = 180° TiF 0.29 &£75%.
DLEDERKD, Rl R EETAEREN R EE5 0, = 90° THAHT &b
Mok,

4.3.4 RIVREDHDHETE

C OHITIE, WANGREBOM 72 HEE 2 WEHEE FIEICDOWTEHINT 2. X9, ¥
ROWITZ X 4.10 DK S I FIRICKYI D #ERUES 5. TnZ o)l Z2RKTH
A% j, SRIVOWRINREZ «; £ 5. £, sHilfEZ, I &I 1 DOBMI
ELUTHS. i HEOBMNCET 5 HEHEOME%Z I;, ASHEOmMEZ I, BXUT
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RO EEIVNTOREREZR d;; £ % L, Lambert-beer OIEHIDK 2.1 5,

Iz' = IOHexp(—xjdij) (414)
J

MDD, WHADMEE LD, BLEDEH a; = 1+ ZAVTHEHT L,

J (4.16)

MEoN%. TORZIXTORRICONTEN TS L, XADHFENS:

a =Dx. (4.17)
zrZL,
ap doo dor ... don T
ai dio din ... din T
a= ,D = : _ , T = , . (4.18)
Qm, dmO dml s dmn T

D BEHITH 578, X417 2R T &I X D YHEADOWIURE i « ZHEE T S
TEMTES.

4.4 IZalb—ravIick3HEREDRE

HIETCIERTz K 1S, AFETE ORI GHIT E /e, FiriditEstil
EHE LAREREDENY 1/ 7T LW THEEEZITD RN A5 RN, &
DL ZTOHEEREEICDWT, Filtered Back Projection(FBP)[18], Simultaneous
Algebraic Reconstruction Technique(SART)[19] 8 X CIEAHIKI FIC I 55/
— 3k (NNLS) O 3 DOFAERT VIV XL DWT 2175 . REERTIE,
411ITRT &S ORI Z30E U, A OB OWIREIE T2 h 10,
20 £9%.

X9, VA /7T LTREDIZOGEONEBHEEREOERZ1TS. K 4.12 &
HTEEFHI TR BN D RIEDIENY A/ T I LTH 5.
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%9, FBPICX2ZNEHEER RSB X URAEZK 4.13 1R . IggiioHtE i)
LDRZEMN D ML, & OISV T E IEMHICIURE S A HEE SN TVS T
EMbMB. R, SART IC K5 NEMHEER KRB K TiRAZ KX 4.14 ISRT. gl
EOHEEIT D L DFRAEND D, FEHOWRIBICEET 2 X5 RICHIRD T —T 4 T 7
FRRENZEDD, FEMHNTIREMICINEBD N ES N TV, RIZIC,
NNLS I & 5 NFHEER R KU REZ K 4.15 1RT . BUEERAE 2R E 527
WUURE D E S NIz, LULEND, A/ 7T LIREDEWEGEIENT IO
FIETE, EHEICNEHEEMTA S 2 b o

BT, YA/ 7T LNCREND 555 ONHHEERE O 2175 . T T T,
X 4.161C/R9°0;, = 0° DY A/ 75 Lfn5.

X9, FBPICKXZWHHEEMRB X URAEZK 417 I1TRT. RIEDFEICKD
MEDT =74 777 BN TED, MHOMNITIEBRIREDFERK /T HE
EINTWVART ENDLS. MONMDFAZIMINC LN WD, FEfIORS R
WX, MEBO7—7 1777 FFEIATHRIUGFENFRI O mHEETN TN S.
KIZ, SART I K2 NEHEER RIB X URRAZ K 4.18 I/RT. FBP D& X LA
FACHIED T —7 4 7 7 7 EHBENTWVS. HOMNMITIZERESAIE U, AMEEIHIC
o TWBNEAEE FBP X0/NEL k> TW05. HONMIOEZZIMIN FE/)
WD, MEDT —T 1 7 7 7 FMEATHRIUREMNFE L O D U HEEET N TY
%. mIRIC, NNLSIC K5 NEHEEARB K TRAEZK 4.19 IR, fioFike
FREICFIED T —T 4 7 7 7 FHBHNTWS. HOSMITIE, TR O
MR ZWVFHENZOD, MOTFEI NGO TH 5. HONMITIED
AT IMINC LA/ NE WD, ERIOEHGES T, MO —7 47 7 7 AT
AR R L O @< HEESNTE D, FBP EE CEAMA RSN D, fHETIE
FBP 4 %.

LLEDD, A/ 77 LNIREDEDHERRIOWINOFETE, 7¢I
DOHETINEETH 2 eNbh o7 WINDEEE, REFEOEECLIOHED
T—=T4 777 ENBD, TONMOHEDN RS EHEEZDIE FBP Th->7. M
Ol OHEE T, SART Nrbiiah/hE {, NNLS B & En it ch %
EWVDEERME SN
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BHE mMBEETHOETE

5.1 mEENHOEEFE

SETHEALMERICOWT, YARNOMERMIZHEE T %5 THEIC DOV T

T 5.
X 41T IEDOVTHNEEZ B L, WE X T,
a;(A) =) w;(\)dy (5.1)
J
MK OID. SEEORE c(\) ZHVA &, KEICHET 28EMI,
D eNan) =D (V) wi(N)di (5.2)
A A J
LD, TORELERTSE,
}:dmanz§:<2}unﬂm>¢j (5.3)
A 7 A

MEEN%. COXROELOFEMOFEE, K 3.7 CEBINHERZDEDT
b5, Fl, HAFFHIE NIEROBLEE ¢ CDWTRIBRIZR- 726 D TH
%. ZTT, WHED clcfd 2887z

bj = e(Na(N) (5.4)

A
EREFET D, WIUREB AT OHEE ERIBEIC, FBUANC DWW THEHNL T % & RANEDS
N5:

b=Dz. (5.5)
=7z L,
bo 20
bl Z1
b= _ , 2= (5.6)
bm Zn
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X 5.5 2R T EIC KD, YANISORMERD M 2 ZHETEHI ENTE 5.

T, 5.5 &N 4.17 2T 5 &, SWEED 2 &, WIUREO R EFED
METHhHE T NS, DD, WEHEONHAHHEEITIEN 5.1 1RT X
IZ, BBHNCOVWTHEREIR LIRS, BRETORSE RN K % RS
EEWE T LI 21T > 12121, BIHEOWINGREMh & W E BRI R 21T
EE N2 KD ZIEEED 2 DOFERENE A DND. FIHEEDMHT 2 DOERE
FIT % &, BiEDOITETIE, J10 D OB DWW TR O M i E %
1V, 20, 1 EORMHOHEKZITS. —/3T, BREDTETE, FEEOH
AN DWW THERIO B 2TV, Z0%, 1 BOMEREZITY. —%ic, B
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