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Nomenclature

Three-dimensional
Three-dimensional computer graphics
Days after transplanting
Functional-structural plant model

Hue saturation intensity

Hue saturation lightness

Hue saturation value

Information and communication technology
Leaf area density

Leaf area index

Light detection and ranging

Mean absolute error
Photosynthetically active radiation
Photosynthetic photon flux density
Red/far-red

Red green blue

Root mean squared error

Structure from motion

Standard triangulated language
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=113
E:D

1w 7
L1, WFZEDTH 5

RN FE, 2100 212 96— 123 (B AICEET 5 L Wb TEY  (Gerland etal.,, 2014) . A
AN £ 0 | FERIICRIEMOFTENHEINT 5 & B2 bNnD, £z, ITFEONEE O G
kv, BEEODFELEDLZLHEETHS (Quanetal, 2017), AEEFIL, D AEKT
AFEMEE T S HEEMEE L LTS (Puttemans et al., 2017), L72235 T, FFKA7ZR
REHDOTEDOINNI IS 272012, BRIHE 2 EET D BN H D, TS OHE:
WIR=EZFI T 5 2 & T RS0V, HHISEIRNR 57256 T JAFERICAE
FETHZ LN FRETH D (Shamshiri et al., 2018), F£7=, A ¥ —F v Malfjaz AV -85
Il & (X AfikE CRIRE L 72> TE T2 (Serddioetal., 2001), F CTITha%EZ=IZHB VT, ICT
(Information and communication technology) % ik H LIR=EN O BEEHIHH (CO, b 22
M) REEOE=4 U 7 MThATWD (114, 2016; £ 5, 2016),

S BTN AEFEZAT O T2 D2, IREN CHEMFE D & IR LB A E
IEINT 2% FAEs 2> LAL (Leaf area index) B H72MZ L, FllimifEd 7= 0 DU E % N
SEDLZLEDBMETH D, IWENT, IRAICAST 2 A 207 LW 632 BRSO
BIGZENSED 2T, HMEEREOTZY O HESCINEREL R EESED 2 ERAREEE
A2 HND, Bl NI T8 Tk, MIENEZIATHRRY —7 L Z ZADOEME
T 5 DITH A, B, SEIRE R X O EICOWTORZERMThh T\ d (il
5,2017), i)y, IR TORBEARBIIEIC OV T, H AR & SR E kI L - T
BACT DI = ARZ T 4 IRSERT—HALDEE L < FEHIDD 72200, IREFEFIZIBWN T,
BIFORIER U FIT I 80-160 cm FEOBAM ZE > THY . WA/ E < B— 18l
ENToA R EOBHBE LS TRY —RBACRECTH S, RETHHMERHZ Y D%
MR FKRIT IR DAEW DEMEE LSS LAL 4R L. OIRBE A HERF 9~ 2 FebE A3 AT RE & Z2d
FHEAEE S 720 OEPEREO R EXBIRFTE 2,

IR, BEMEROA T AR T, EFEMEOR L2 HRE LIBEIN S F 2 D2 3550
HBE-S>TND, EYBHRICE LTI, T TICHBEOFEFR TR L Y U7 L2 X
FEPBEARTF 2 HNTHEE S, A—"—FICH S TWD (Fy /=T RiR— A
—). BEMRUTFEMWD 2 & TRESE BRSO & s AX— 2 & L THIHIT
XD, HIHBEZBEE IV LELS T2 ENAETH S (van Os et al,, 1993), Hayashi
etal. (2011) 1FA FIMFED Tl BLY ‘©IHV- 7 EBEINVTEHOTHE L,
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H ATREZR REDOINENBENAN L FE AW WGA LI LT 2 FU ETho 72 MEL
TWo, Lo T ARMOETZE LRV CTHAES E 2 NS5 2 & T, HlEm
BT OINEZIEIMSE D 2 ENFRET o D, ORI A A/ & <
TEEEEES LAL % 8 O 155 8 I EM O SZORINC RAET RN S v, Ko T, B
FRHER LU W T, HEEES LAI MAEFICKIETREN NS VWEBZ 2 bR
2,

— 5T, b~ MEOEILO WIS Bk K & < A SORRE2MEY D52 &= (1T

FAFEFHRNRREN, b~ NI, R TR EERRFETHY (Rothanetal., 2019) . i
EAEIEA) 480 757 ha THEMK 188 T F v AEFESN T D (FAOSTAT,2018), £7=, A
EWNO b~ MEFERED T8% 1M IC L5 bDTh D (EMKFES, 2020), b~ FOIL
wAMINSE D720, FAEEE & INEORRE R T HEIIFET S (Amundson et al., 2012;
Papadopoulos and Ormrod, 1990, 1991; Papadopoulos and Pararajasingham, 1997), LU, #k#
TFERHISIC &> TR OZRTNIZEN T 2 L B2 b b7, BIEOMRT — % |

e WHT2Z 3L, EREIL M~ NOAENICR OB L 5 DEHR

TH Y. IEEND PPFD (Photosynthetic photon flux density) <> H MRHFRA 2N ZREi% 12 X v B>
T 5 LIRS 3% (Papadopoulos and Pararajasingham, 1997), #H (2018) 1% LAI 2%
RN 72D LR T O BSE2OEMERLL T & 220 HAMIC L DWEAEICHEIRTE R
WEIT TR SERIZ L - CTRHEED ZHE T2 L1d T 5, 72, Z< DI T2oE L
WA E B ORI EAMENR A DAL D (JRIL - 445, 1985; Monteith, 1977) & W9 #HEL H D,
L7283 > T, B EWIRSHDOFEIE 217 0 BRI, BEE ORIt E LR L7 9 2 T
EEOHIEEHEZIT) ZEPNEL NI ELT-DICEELE 2 OND,

ZHVE T, Lambert-Beer M %% AV 7= 1-1 (Monsi and Saeki, 1953, 2005) % W CTHE
BN DICBEREEDOHEENMTOI TE T,

I=1, e XF K 1-1)

I: BEEN DB % 8 S DONTREE

Ip - BEWE Lo YR

K : WerRsk

F o BEHETE R

K11 ZHAND & RO W RO I B W TR HVEE A O UL REL. LAL B
KO LR &2 W CTREBE N O LR DHEE N FIRE CTh 5, —RAVICIR AR T
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A DL LEEE N A —Th D72, K 1-1 2 AW BEE DL OHEEITEE LV & & 2
HiILD. MA T, IREHE: TIIMEM-CHEEM PMEY LITAEL TV D T2, 216 D
PRGBSI L o THIEMOZHIKHNEIE T D, Licdio TOREICB T 2 REOK
BECIE, Mk, KB4, Mt iEl L OIS A B8 L OO R A HET 2 FIESLE
TH D,

PR BB (RGRSRAE, MR, BRI IRE K ONREIZIR) Fick T 2oz tE
OHEEIIE, HF T Iab—vaPHL WD EBEX N5, KFYIal—va &
WX, FET 2K % 3D ET UL LIBLT 2 Z EMARECTH H, L7zdi> T, ImERIR
RN DOTEIRZ B ATLE OB OZ R EOHEENFRETH D, EFOTFEEZH WD LK
BHRICRREMOHETERE AR LG a0 REOHE D AR 705, L EX D HEN
TORFHOFIZIFIHTEDZHED U I 2 L —ra VETVEIERT S Z L PR EE
BN L ORGEICA A & B2 b D,

FEROL B RO E 2 e KL % il LAL 23#£9 % (Antenand Hirose,2001) Z & 7235154
TWo, D LAl TR 5 2 LB BMERE D2V OINEZ ST 20IAEBEL LN
Do LU, IRENORSADOREE O FE 2 FEME CRFFOMICHET 5 Z L ITEE LV,
L7 o THIERE, U 702 A ACERH AT GEERCREILSE) ZiET 5 FiEb L%
Th D, FBRLNNVOFEETIE, EOERSERE AUy —ETHEL, 2 b L EmBED
BAMRA A W TR S I EmfE 2 #EE 7 5 J71% (Blanco and Folegatti, 2003; Cho et al., 2007;
Montero etal.,2000) 238 %23, JET 5 72 DI A RIZ 035 Z &0, WMEFOHE~D
BA=VED) AT HEFEZ DL EENRFEET T 2 OB ERTIT RV, HHE TR
EIAEBHREBET 2 LEND D, IE, 3D TF /L2 VTR L EEOEZED
TR OHEE (Itakura and Hosoi, 2019) “OHbk 2 2 H 7z b~ FRFEORH (Yamamoto et
al,, 2014) (ZBF DHFENMTHOIL TV D3, AIMEICIETE 27202 < offHk GEmE, &
I KOUNES) ZVERERE T b —EICBUST 5 Z AR LB bND, BUEE TIT,
EF E IR A FIRFICHEE L 72 & 3RS 72 B 7220,

PLEX Y EERREICHIT S 3D BT AE AW REEOAEBTOREL L0V I 2 L
— gy E OB OHEE BRI 2 I S5 72 0 ORRFEEL (F5E5%) iy
EOBMICIZORMND EBEZDND, £, ¥ alb—vaOREEHVD Z LTt
PNEE L UVNRERIZ I 1T D RSO BAE S 1E L R OO OBRELHEATREL 70D . KR
S, TR X ONREIRITIE U T\ A I S 2855 5150 LAL B 60T
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HEBEADBND,

1.2. BEfE OB
1.2.1. RS OHATT 1% & I D BEfR

RS DAEFENER E DT OIT, 2 72 Ml CHA I D G 1L L AT E O
BAELS 1S b~ F2fbiZEIN TV D, BHESCHKREITIRENTO b~ FEIZBW
TN EZE RS HEDLTDOEERBERZDOOEDTHS (Amundson et al,, 2012),

Fafid] - fEH (2003) (XEPEEE b~ MEEFICR W T, BEFEOE: Tl R EIED LA 10
cm OFRBRX DS 12em OFRBRX L0 & 20%LL EZ ozt @i LD, — 5T, BEFE
DOFEE T, BRIFULEDFRE 10 cm OFRERIXOTTAY 12 cm OFRERIX LV & 18%sd L7
& HHE ST %, Papadopoulos and Ormrod (1990) 1%, FkFED h~ MEEFIZIBWT, £
[l (23, 30, 38, 45, 53, 60cm) Z3HRUNEEHRULEITIGNN L7z AS, FFITHER 38-45cm T
BINEN R K TH -7 LA LT\ 5, Mx T, Papadopoulosand Ormrod (1991) (FFkZE &
LT B b~ MERIZR VT, A REDPRE OB IS W RIS Lz Ll L
TV %, Cebula (1995) 1337V U Z FAEEEE 1.5-8.0 Bk m? O#IPH CTHIE L72GG 12,
BB E N RE VI EHEM LI EHMEL TWD, INEHEMAZ B E LT R~ hojk
FACBEI R FEFIH L2HiE b H 5, Jiangetal. (2017) (XA FTBEI<F (25—11.1 ¥k
m?) ZHWTARBBEEEC LD b~ FREE 21TV, BEINF 205 2 L TRENY
F (143 BLU 10 #k m?) TOREE &l U CRMERT H 72 0 OIESHEIN L7z & @i L
T3,

R U7 K09 el 51k & B DO BEFRIZEE T D BR8N B AZAT O TE 72y ISR
IZBWTHRIZHE O F 1L —%IZ 80-160 cm FfEOAFIIEEEZ Fi > TR0 . BN
EL B ITHM SN T A FEOB IS & AN TRY—REARETH 5, Folil 0
HRIC & o TR O IRENIZE LT D L B2 b DT, BEFEDOHIIET — & & BB
HIFCHEAT A Z ST LV, L7e o T, ISV &2 FFOgET > F % V2 B fE 0%k
BECUE, BEHUEES & 13570 2 5 CREE O SRR &2 UL T DM BEN B 5, & o THUES
FEIG U CEM A EZHEB L ONE EORBRBREA LN T H7201I0E, v Iab—
TarDFENANEEZLND,



122, HgEHREHWEATBIONEDE=4 T 7

WA, BIRSCEW 2 I 2 ot d L< I 3 IRoTEBH O 2t L, EFORE
HeE T DB DMAE > T %, Urefiaetal. (2001) 1%, RGB THILINHIEL L2514
MB | fROE 7 BV EZRM L ZE{bE1T) 2 & T, B M LA SN S (VX X
BV T7T7U—BIO M~ ) OFFEEFHIM L7, Benalcdzar (2011) %, HSI (Hue saturation
intensity) ¥ 7 —EFT7 N EHWTEREZ G 2 RILEBN G X A AOELMH LEOE 7 &
NV S EEFAE A2 B L7-, Casadests and Villegas (2014) 132 A F OEEL D B4 0> Bk D
7 vV OEIGZFE LT, LAl L W EZHEE Lz, YL EX Y 2 RooEig & 0 AEY O
RUEHAEDOHEE R FREL 72> T D,

Dornbusch et al. (2007) &, A REHEW 2 KBS 5 3D ST —F LV ERLEOB R ED
TERERY 72 Rz FhH 9~ 2 72 OIC AR U 0 &2 JHWTE T /LK L7z, Hosoi and Omasa (2006) 13
TA = RANTHEELEZBAD VY » RET/AV%ZHWT LAD (Leaf area density) & LAI
EHEE LT, 20 YUy FETVTEIARDEREOHEEIC S b TS (Hosoi et al.,
2013), Dandois etal. (2015) /% LiDAR (Light detection and ranging) % F\ > CH(fS L 7= %2
B SRET — 2 L0 BEE DR S 2 HEE Lz, Latietal. (2013) X hVERaATBLIOT X
DOREMERZFED RIS 2 W B LW O Y ) v REF LV Z2/ER L, 830, BB X
OVAEREZHETE Lz, 2 RO BRI A BB EIC Lo TEB /T X — X OHEER
FEIZIEODEDNRAELLT 3 RTEBEHND Z &L TRWEE COHEENARECThH -T2
LiEF s Tund (Latietal, 2013),

Hosoi et al. (2011) 1X, LiDAR Z MW\ T b~ MEEZ 3 b A% v o LCTER L7
— 7 = AETNORY T OEFENGERBT L LAl Z#4#£7E L7z, Itakura and Hosoi (2018)
IZ. LIDAR ZHWTT VA 0K F RSO S —7 = 2ET /L% Bk L, Watershed 7 /L=
A L% HWTHB CEED AT WO EERFEOHEE 217 > 72, Zhangetal. (2018) |% Structure
from Motion (SfM) method % W CTHEE L =Y~ A EDOH—7 = AET L& HWTHEIL,
TEMCHRS K OSEMOHETE 217\, FHHIME & HEEME O MM BAR A & 0 @\ RSB T&IH
HOHEENAIRETH 72 LT %, Itakuraand Hosoi (2019) 1%, 7 A, L2 UV A
VP HSEOREREE L OO A SIM method 2 FWTIERR L=V U v RET/LE N
THEE L, HEEERBE O IREN 887% Th o7 L #E L T 5, LiEo X 5 2afld) %
Gt 2 O CTAEBRREZHEE T A2 EDREAIITON TE TWD R, IREHEHZBW
TR A R RICE BT 2 W CTEFTDOT=X Y T2 T 2R ERII D 720, BE
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FHDINEZIELT 720D LAL B PRI 2 ik 9™ 2 72 O\ B AEHT 2 A T2 JERiR T
DEFTBOHENAHEBZZDBND,

Fo, BEEHEONHEO HEMEOT7-0IZ 2 otk KO 3 RotHitg bR RFEOR M bIThi
TVW%, Yamamotoetal. (2014) (. KRR EEL b~ MREOK M A, —xHI72 RGB X
AT L E A A GO T T2 70, TOBRIC, 6, B, BB XK E SIS U TAR
SNIREET VRN EHmE LTS, FERALTZIREND b~ b & BT & T
HEMAEDOETHERHH L, 96%DRE TRELZRHTE LW O WMESLH D (Zhaoetal.,
2016), Hashimotoetal. (2012) (X, b~ MREXREOCAERELTEENICE=FD 7T 57
DIZ, N LYFTOKRGH T T T —F ¥ U T L—v a3 &{TH 2 & T, KB EOFEE Yk
BRLChv MEEOBEZITMETE 5 L@E LTS, KO D (2018) 1X3 Rt h A 7 THfS
LIERBET — 2 OEEREFMA LT, RELTHR L, A IH LAUTLEWMY > R
LRy FCh~ b2 1 HHZ0 10 THEMHE L7, K&ED (2015) 13k~ FOEE
BRI TRV T RO S G, ER O EOFRAE AV TRELRHI L,
Tz vy k&R TIEE L7ZGE ISR =RIT 76.9% Th > 7= £ iy L T\ 5,

WRFSE 7 L— 7 ClE, HAT (2018) AMRENT b~ M IR LR & Zhbisha —
EAIC L 0 BB LEA N OO E 7 L OEIS S LAL 2H0E L, S0 b~ MM
BRZBWT B L7H AN e o7z ik _xTn b, HE B (2018) 1XEHEE b~ h DL EA
PEZ AR E LT, BHIANDORROE 7 E/LOEIGDOEEMMN O ENKRT v LV OHEE 21T
27,

% < OWFET—EICL < DAEFICHET 2FHRAFRFICEST 2R ATOI TRV, L
UL OB I, $ebEE IR L OUHEE (OBl bl iZ— I £ 0 %< OE# GEmA,
BOL, BEEMER K OINES) ZFARFIICHETE 22 ERAMTHY . £D L5 RIFEDYL
HThH D,

123. KEV I ab—va rEHWEEDOZ R EOHEE

I, VI ab—ya VETEZAWIRENORREOHE M Th s L H k-
T&E, Py Iab—varzfnd AUy ML, EWERLIRED 3D 7 /L& VT,
ARHIZR 500 T (MU, BB B s L OVRIES) CTHIREEOHEENRFRETH L Z L Th D,
Valb—varETOBRITITHRE R MK E, A Y a—2 7T 7 4y 7 2T 3D
ETF LT BREND D, FEHO 3D T /AT ONTIL, S D AR B TE D TERE 22 72
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PR 2 VR 5 T2 DIT/ERL S LT 7z (de Visser et al., 2002)

¥ 3D 7Y > Z{bDFHED—->E LT FSPM (Functional-structural plant model) 73
%, FSPM &, MM OB H) 2R % 3D E7 MICAINL7- b DT, FILOREIZ L -

TET HREBEEZFHEL TS D THD (Vos et al., 2010), Buck-Sorlin et al. (2011)
[Z.FSPM Z AW T T D 3D E 7 /L2 AR L RN ORR D8 2L DO 2 HEE LTz,
NIDEZLDOZNEEAWETE /D, FERELa P LZ 0 N OFIFIREIZHLFIHT
EHLWESNTND, b~ MEENTONFRIHZIFEZ BN S 2 7D OREY) O BRARE 72
fhE% . FSPM Z FVVTIRE L TV D58 & %, Sarlikiotietal. (2011) 1%, il & D
DEEENONBRBECHEL 52 T0DH 2 EZHLMI L. HIREDOFTHTOLIZHEIE FE O
SREE DWRENKRE Wz, HilfA R BEOMEBNERED h~ R 23 HIRE DFIE D
FIZHE LTV D EHELTWVD,

Mz TP Iab—a ORMREE LT, #ideT v 7 OREA efl FEO T3
&%, Buck-Sorlinetal. (2010) I, IR=E D 3D EF VA /EK LMHET v 7 &% E LIZR=EN
DG E R LTz, b~ FROANT O EERIC X DM OMRIZ OV THIHE L, de
Visser et al. (2014) %, b~ FBIOVRED 3D TF/LE2AER L, MWIENRZT 5 BRI
BLOWHIC L DZHEEAHE Uiz, #ELTERZ D L0, BB XU T T OAENR,
SERIAZNRIZ ED &9 I B L5 22 DT LTV D,

WHFTE 7 N — T ClE, B L OEED 3D T LV EER L, LA b L—H—iEE T
RENOKRREDO L I 2L —ra VETLVOBEEZED TETZ, LA bL—V—ELIX 8
(KD RIS BB RE DR L B LIS DN 2 BT 5 Z & T, [EEOHIA
DNFREZHEET HHFY I 2L —2a v OFETHS (Fig. 1. 1),

MAFTE 7 N—T TILTRROM AT > T& 7z, KiE (2016) 1TF =20V &2, 8 (2017)
X b~ FO 3D ETF N EEEROEY OER A ERT D Z L TERL, LA P L——ikE
MWTRRDKREERMNTICB T DIRENOEY D R'ROHE 21T o7, iE (2018) 13#
B (2017) MERLL7= b~ NEEEO 3D 7 L& VT, IEECERE G N N~ NSO
BRI 2 D BERHE L, BIE (2020) 13D A% ¥ F—%HWTIER L7z b~ MR
EFTFTAEHACT, BRERRS b~ MEEOZ BN AREIZG 2 DB LWL LT,
ZHETOWET, IREBSMHMO 3D ETF LV Z2AFR L, LA FL—F—EEZ WD Z & TF
BEOMEDOZHBEOHEENFTHEL 7o TE TS



Solar radiation

,pzﬁ

" ‘ e Reflected light
J

1
® A Transmitted light

Fig. 1. 1 Diagram of the ray tracing. Ray tracing is one of the optical simulation methods. Ray is

traced considering the optical properties of objects to estimate the light environment.



1.3. AREFFED H I & 3RS OHERL

RFRSCTIE, IRENTREHEEZ BT 2B EE D72 OIEEZMEED Z L&
AR & T %, — RIS IRERIGICB W CRIEOBE T 2 5> TV D ARE— 2% T
boI, (EMOZIE 2 — T 5 Z LT L VW EBEZBND, LR T, BAR55
BT (REIR, Hillids K OWARISE) 128\ T RED SR A 1088 L2 e 4 1
INEE 280515 ESC LALZ) 2 00T 2 0ERS S, -, FEERFICAZELET5
LAL OB TIRIC 22 2 15 IR BEAAT 5 7201, RS OB IE M A IIET Y 7
B A DTHRET DLERH D, KL T 3D E7 VAW REOAEEF B LT
VIalb—va KON EOHEE & FEhi LTz,

AL S ECHR S TWD, § 1 E Tk, Moy s, Br, BEEOZEIC W Tb
N, F2ETIE, PV I a2 b=y a VEAWTEONROHEE 21T D i, FERED h~= b
HIFT BT DR OZCEH L AT LONEDORBBROMELZIT 72, 3 ETIE, 3D %
Xy = HWTES LI REHOSHET — 2 LV AERR L7z 3D E7 V&2 VT, JEHEE,
L, BEVEARG R L OUUEE A HEE Lz, 4 BT, BEEOMEIDET L E LA R L
— B AR S DR OHEE ATV BT (MEOHRE) &S0k E R~
Vial—va BT VEER LD, R%ICHE 5 B CITARFROBIE LTV, EFE=4Y
YIBIONT VI 2 b—va VEIRO REEHOHEE A~ OFRIAIZ O W T AR ORE AR~
720



FH2E b~ MERZRT D OEEHIR L OAEE O

L1 TR~ K512, BELOEW b~ h D & 9 2 BESHITBE OBV O Bk DR 2 %
FRT N, KEEEESRGSMEIC L0 ORI E T 5, £72. BAENO b~ b
HEPERED UM HIFZ LD bDTH D (RMKER,2020) 720, REZHANT b~k
HAEPET D LB E LR ZIT O LENRH D, b~ b OmFECREE DO A HE D TERUOEER
BTG 2 D58 A A Lol (%5,2018) bdH 52, MIENME., FEEE L MREOFIR
RS TEDHIFET D LB, —RIEBPELWEEZXHND, Lei-> T, RHE
DFIEZAT O BRI R 72 2 WIS FH OB EOWIET — 2 2 2 O E M L TH REROR R
PIFHID LITRB 720,

L1 ChR % ZRBREESRM TR T DM O @& OHEEITIE, [ERM . Hilfids L ONR=ETE
REEEZBETEOINFVIal—rvarNDHELTNDL LR, YIa2lb—Ta & (7H
ANZ, EEO h~ FOZAHI & AT EOBMRZ R L CBLERH D, iz, 1=
WCHRHIL, —AICimia W TR B 2 b TR Y | £ OME A ZLEHICE 2 5
EEITEEMICIRA SN TV, REIT, L7V I 2 b—va VR AW RE L& OHEE
ZATOHNT, BRDMEITBIT D b~ FOZEKH & AT EDORBREZHLNIT 52
LEAET D, RETIE, IRENTHRHORR DKM T T M~ b OBIEEITVEICIRRIR
EBOREZIToT,

22. MR XU
2.2.1. EEY I K OESE =

MBI TERFRFX ¥ N 2ANOIRE (UREfE 168m? ML) T h~ & (Solanum
Lycopersicum L.) % 5EAE (2018 47 H 9 H—9 H 9 H) E4A&fE (2018 410 A 20 H —2019
F3H4H) O2EHEEE L, bv M, BRIBE (B rozx (1K), AETIE
BA (Phaosx () AV, A LZESE, BYELT I AF v 7 02T
0 8m, BATE 21lm, FHES 4m Tho7o (Fig.2. 1), WBEWEEH TR A7 4
VRT 4B W,

BT FROFETITo T, BARAEEE L (77 T7F LS A7 vo~—R2E (k)
ETIRELNUAICTEL, | Bdic b DR L7z, Bk, 60 K% 26°CITERE L
oA oFa—4 (MIR-533, N Y=y 7)) WTHFLH BERJMET) 217o7, F3F
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ePRt%, BN LA 2 NLRREICBEI L, Table 2. 1| ORGSR CHE Lz, #fEZ7 A
DDA KITAEKRE FWTZ, EOHDOHAIKIE OAT N~ AEE A W5 12 HAKRIK

(OAT 77U A (BR)) MW=, B O % Fig. 2.2 IZ7R7,

RENTO b~ FOFIEE, B2 5 HEEORBRIX 2 HET 27201 BE~N - F 24
"UATo 72, BEMFIE, 625 mm OFFRF & R A —/L = L& ¢ 100 mm (N~
—F v A& — (1) ZFHLEMELE (Fig.2.3-A), BEI<UF1X, X 4.0m, 1§ 0.4m,
S 03mic/ed K HRkE Lz, AIERS S ONAKK—AZT LR —RAEHEHTHZ LT,
BENCHitz 5 2ftkkE L7z (Fig.2.3-B), EERIROPEKIZOWTIX, ENENDOR T TH
LS DA — R & AV THE L7z,

RS 3 HE#%O b~ PEZIREANTRE v 7 7 —/L% 2—7 (DELTA6.5G, Rockwool B.
V) IZBRL, vy 7 o—L 2T 7 (2075 A2W, Rockwool B. V.) % FHW-CE{ETIEKM 22
em, ZAETIIHRRH 33em TT/ICRD K O HEEF RITEM LTz, BEF T3 Fig.2.4
DX B L, EETIE, MG Lem (F1.6), BARIAIZ (M), #ARM 1.0m (F1.0)
THEE LTz, AETIE. A2 SE 1.6m (F1.6), @ARIAZ (M), WAl# 1.2m (F1.2) T
BHE Ulco MIKIZOWTIE, ERRHT AR OBEREZ o/l (40em) ITRRE L7z, 2 L O
B, BT h~ FOREZHGEE L, RO FOEL E S0 L 5 Iz EfETIX
0.8 m. ZfETIZ 1.0 m k£ TIKIF7=, LAED F1.2 [X T 45 DAT (Days after transplanting) LA
AR N T TRFE L, EBICHEEY 5272729 F1.2 X0 45 DAT LIEOT — 2 1345
L, DAKITHEEN AKEE (BIKE 100, BARANL—2— () 2 AT,
FEFRIE OAT 7 AL A L5 1 HALER R (OAT 777 U A (BR)) Z Wiz, AKX
1R 1 [E] (7:00-17:00) 17V, 1 [EI&72 D 60-100 mL/plant (2725 X 5 FhE L7,

FEE ] A D 23R X DA & Fig. 2. 5 127 L7z, slBRIITA] 1 O IR = N O BREES:{4: 13 Table
2. 21R L, RO (C) . FHXHEE (%) BXCO2#E (pmol pmol!) 1I#EH
BREEHI 25 (Profarm-Controller, SRS tT v Y —) 2LV, ZhEh 1 RETHIE L
7=o 1{EE OIRENFR PPFD 1L TR 1L THH L7z, Profarm-Controller & F\ Cil 4+
HitE (Wm?2) Z2HE L7z, BHE o PAR (Photosynthetically active radiation, 400—700 nm)
DEIE1L 45% (Jacovidesetal., 2003) & ARE L. HEHHREE (400-700nm) 7> PPFD ~D#t
FRE 4.57 (McCree, 1972; Thimijan etal., 1983) % 3 U7z, iR=EEIRE O FLEARERE &
65%& LC, IRENFEA PPFD # B Lz, 2 fEH OIRENER PPFD 1%, K& —
(ML-020P, Sl kb (BK) )z il ==PNIZE{E L, 1 43 [HFE THIE L 7= PPFD OfE 2 VTR
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L7z, Eft: (BE) OT% Fig. 2. 6 lZR LTz,
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Fig. 2. 1 The greenhouse for the cultivation located in Matsudo, Chiba, Japan.

Table 2. 1 Environmental conditions for the tomato cultivation during seeding stage.

Light source White fluorescent lamp
Light period (h d™) 16

PPFD (umol m? s™) 200

Air temperature (light/dark period) (°C) 25/20
Relative humidity (%) 60

CO, concentration (umol mol™) 1000

June 17, 2018 June 28, 2018

Fig. 2. 2 Tomato seedlings grown in the phytotron.
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Fig. 2. 3 Movable benches for the tomato cultivation. (A) and (B) show movable benches and the drain

system, respectively.

3m 18m

» & >
> < |

A

Cultivation area F1.6
Movable bench

Movable bench F1.00rF1.2

_ R EEEEREEEEE RN : 1.00r
Fixed bench \ I IIl.z m

1

Line PPFD sensor
1) e (2) m—

Anteroom

1

Fig. 2. 4 Experiment layout, including the cultivation benches and the location of the line
photosynthetic photon flux density (PPFD) sensor in the greenhouse. The line PPFD sensors 1-3 were
used to calculate the percentage of canopy light interception. F1.6, F1.2, and F1.0 treatments were
furrow distances of 1.6, 1.2, and 1.0 m, respectively. M treatment, furrow distance was changed

depending on the growth stage during cultivation using movable benches.
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Fig. 2. 5 Changes in furrow distances during tomato cultivation in summer and winter. F1.6, F1.2, and
F1.0 treatments were furrow distances of 1.6, 1.2, and 1.0 m, respectively. M treatment, furrow
distance was changed depending on the growth stage during the cultivation using movable benches.
Tomato plants were planted in the greenhouse on July 9 and October 20, 2018. DAT, days after

transplanting.

Table 2. 2 Environmental conditions in the greenhouse during the experiment.

Nati Integrated PPFD i
Season  cuitivation Time g o Air temperature

period (mol m~ d™) (C°)

S 2018/7/10 5:00—19:00 23.1 30.6
ummer

—2018/9/9  19:00—5:00 0.0 26.1

. 2018/10/20 6:00—17:00 10.6 21.1
Winter

—2019/3/8  17:00—6:00 0.1 15.7

CO, concentration  Relative humidity ~ Vapor pressure

(umol mol™) (%) deficit (kPa)
370.5 77.0 0.78
376.7 86.4 0.34
360.6 74.4 0.53
404.7 83.6 0.22

The values are averages during the cultivation period. PPFD, photosynthetic photon flux density.
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Fig. 2. 6 The tomato canopies under different treatments in the greenhouse on July 12, 2018. F1.6 and
F1.0, furrow distances of 1.6 and 1.0 m, respectively; M, furrow distance was changed from 0.4 to 0.8

m during the cultivation using movable benches.
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222, BERSCHROMRA

ABFFE CREESZOERIT, IR HICAS L AR 2B e+ 256 L E%T 5, b
~ FREEN OB GBS~ F[#1) 127 A > PPFD & > % — (SQ-311, Apogee Instruments Inc.)
Z HITH 2> ) 40 cm O F S ZE%E L (Fig.2.4) . PPFD % 1 4y[l& CHIE L 7=, 7 A > PPFD
=& AW THIE L7z PPFD Z WV TR R 2R 2-1 Ik v B LT,

Percentage of canopy light interception (%) =

) x 100 & 2-1)

( PPFD of the bottom of the canopy
PPFD of the top of the canopy

PERSOERPRE VI EIRENICAR T2 R ZEW BRI TE TN D LB X
50

223, EFHAE

FRBRXICE SN TV D b~ M OREmAER X O 2 A L0 | 2 [
E L, MEINEERICE 2 2 EEZRE Uiz, WIE LA E L0 il 2B L
oo MREEFHATIE, BEMmAIIEmMRT (L3100, LI-COR Inc.) Zf# i L CHlIE L7, HIE L
RSO EL AW CHIERA R Lz, QAXHEOFLfEIL, SPSS statistics 24.0

(IBMInc.) % i\ T Tukey-Kramer i€ # 1T\, 5% CHEEREEITo7, BEIEIX30B X
62 DAT (2, AAEI 45 38 X OV 100 DAT (ZHERA 417 > 7=,

IEFRAL, EAFET 54 DAT I8 —RE%. A1FTIZ91—136 DAT IZ 1 -3 REDIRFAL
Te RFEZERIGIAT o T, B D EIC KT B L RET 5720 HEREOHIRIFI T
TR,

BRI L OVE LI W T, @I 1 B COREZIT o 72, BaR & ERORIERE &
K22 ZHVWD L CHEEMAEHET S22 EMNARETH S (Blanco and Folegatti, 2003;

Montero et al., 2000) ,

Leaf area (cm?) = leaf length (cm) X leaf width (cm) xa (X 2-2)
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AHFFETIL, EAED 30 DAT 38 L OVAAED 45 DAT (CHEHIfE, HERF L OUEE 2 e (1-
17 b LT 18 ¥ A xH) L2220 a #HH (Fig.2.7) L7, ZLTHEHLE o« 2¥m
HOFMBREICFIH Lz, b~ MIBIT D a OEIEEIET 025, £AET 030 Thol,

HEE U 7o A 2 O TR R O BRI T 0 LAI OHERB 2 HH L7z, F72, LALIE,
H R BR X ORI O HERAE & Fe b5 A L7z R OB L TR L7,
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Fig. 2. 7 Relationship between the leaf length x leaf width and leaf area for tomato. Leaf length, leaf

width, and leaf area of tomato were measured on 30 and 45 days after transplanting in the summer

and winter cultivation, respectively.
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22.4. REROUE

AGRER CIXE 7R 5 A M HIRR OFBR X THEF 21T o 7o, MAMRIRRA R 5 2 & TR D
ORBRENEN U RERE I BE 52552005, RERBEZT N~ FOXFa2vIIC
BOWCORAERREY OREHRICEREE RIETTZ ERM 5TV 5 (Tazue and Sakiyama, 1986; 7
[ « =i, 1981) 720, EAFCRFREOWELIT o7, 201849 H 7 H—9 AIZ T HEE
%A F1.6 KB LM KOFHE—REOHLEIZEVERT OB A< 5 X 91T 3 e Ok

(Fig.2.8) L. 1 DO REREL T —FaH— (GL220, /775 v 7 (KR)) TitdklL
77
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Fig. 2. 8 The measurement of the tomato fruit temperature using a T-type thermocouple. Fruit

temperature was measured on 60— 62 days after transplanting in the summer cultivation.
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2.3, AR
2.3.1. BERSOLR

HAER JOKAEDO RS h OREE O % Fig. 2. 9 108 Lz, BEEOSZEFITM X
T, FIEBAARED DA ORER X & g L CREVWMEIZH - 70, £720 M X TN ZILL
ETFRHRVME (~90%) 12722 £ TOBEMMORBRK &k LT, BIERB LOA/E
T35DAT FREETh o 7o, EAFTITHITZHEN M X>FLO X >F1.6 KXDIE TR TH -7z,
AVETIE, M EOZHRITHFICHMORBRK L0 L KOS H Y | F1.2 X & FL6 KIZOW
TIHEELITEZRY F12 K=FlL6 KEleo TWAHIMAA LN, BEEBLOAETD
F1.6 XTI, BRI > THROERITIRK T 70-80%EE TH 72,
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Fig. 2. 9 Daily changes in the percentage of canopy light interception. Tomato plants were transplanted
in the greenhouse on July 9 and October 20, 2018. F1.6, F1.2, and F1.0 treatments were furrow
distances of 1.6, 1.2, and 1.0 m, respectively. M treatment, furrow distance was changed depending
on the growth stage during cultivation using movable benches. DAT, days after transplanting. In the
summer cultivation, the missing data occurred due to PPFD sensor troubles in F1.6 and F1.0. In the

winter cultivation, the missing data occurred due to the irrigation troubule in F1.2.
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232. £F
2.3.2.1. MEEHE

HAECRIT 2 EEHEOR % Table 2.3 IZ/R L7z, 30 3L N62DAT TM K OZEHFED
F1.6 KB L OFLO K &l L CHEICKR Th o7z, LRI FL6 XK TM KB LOFLO X
FVABICKE RS T, T 30DAT TIE M X T FLL.6 KB L OFLO X & il LT
ROME ARSIz, —T57 T, 62DAT DOFHE TIE, F1.6 X TM XIS L UFLO X & il L
TROMMNB A BN, FFRILFLE X TR ERDMEMNHA DI,

BAEOAFRAEIZ L0 E LA E L2 W CE Lo il £ % Fig. 2. 10 12
RLTZ, 30 BXT62 DAT O M X T FL1.6 XI5 LU FL.O X & it U TE~DOFEY I ELR
ROMBABZ BT, 62 DAT @ F1.6 X TRIEZ~DEYIIBLRD M XE LTFLO X & Hik
L CROMEMNH BT,

ANEICB T D AEBREOH T4 Table 2.4 (2R LTz, 45DAT @ F1.6 KOZEHFEN M [X &
[FFEEE, F1.2 K& L THEICKR TH 272, 100 DAT (Z81F 2 BEHE A OV TIT FL6 X
TM KLY RO[AIToH o7, 45DAT Ot EEBFMED F1.6 K TM KB LOVFL.2 X &t
L CHEICKRTH>72, 100 DAT O EFFZEIL, F1.6 X725 M X & Fie L TROMHA
Th o7, 45DAT DHIEFEIT, F1.6 KIBLUFI2 X TMXE KL THEICKTH o7,

ZANEDEFRAETHE LI EHA Bz E 2 AW TR Loz /5Bl = % Fig. 2. 11 12" L
72, 45 DAT 35 J T 100 DAT DOz 3 Bl A R TR E 2T A LR o7z,

BER X OKANEDINEFIE DR 5% Fig. 2. 12 1R LT, BECITEEREH -0 OIvE:
MM X >FL0 X >F1.6 KON TROBEM Th -7, L1ETIE. Fhlmfid iz v OUER M
X >F1.6 XDIETKOME T -7z,
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Table 2. 3 Effects of furrow distance on the growth of tomato in the summer cultivation.

i i Leaf area Specific leaf weight
DAT Treatment Dry weight above groud Dry matter ratio p g

part (g/plant) (%) (cm*/plant) (gm?)

F1.6 37.4a 12.5 2819.4 b 74.6a

30 M 43.7a 10.6 4351.8a 62.2 b
F1.0 36.1a 11.2 3330.8b 64.9b

F1.6 1345a 11.0 5341.4b 105.3a

62 M 119.1a 10.0 10255.1a 62.2b
F1.0 106.3 a 10.4 6784.6 b 785hb

Different lowercase letters indicate significant differences among the measurements (n=3) at P<0.05
according to Tukey—Kramer’s test. The growth survey was conducted on August 8 and September 9,
2018, respectively. Tomato plants were transplanted in the greenhouse on July 9, 2018. DAT, days

after transplanting.

100 100 -62 DAT
S
5 8 80 |
5
Q
% 60 60 L
"§ 0O Other
[J] L
= 40 40 & Fruit
1S
> 20 20 + B Stem
o @ |eaf
0 0
Treatment

Fig. 2. 10 Effect of furrow distance on the dry matter distribution in summer (n=3). F1.6 and F1.0,
furrow distances of 1.6 and 1.0 m, respectively; M, furrow distance was changed from 0.4 to 0.8 m
during the cultivation using movable benches. The growth survey was conducted on August 8 and
September 9, 2018, respectively. Tomato plants were transplanted in the greenhouse on July 9, 2018.

DAT, days after transplanting.
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Table 2. 4 Effects of furrow distance on the growth of tomato in the winter cultivation.

i i Leaf area Specific leaf weight
DAT Treatment Dry weight above groud Dry matter ratio p g

part (g/plant) (%) (cm*/plant) (gm?)
F1.6 49.3a 6.8 10414.0 a 29.9a
45 M 36.5Db 6.7 9545.8 ab 235hb
F1.2 40.1b 8.8 7916.1b 315a
F1.6 168.5 8.6 20751.5 32.0
100 M 115.7 8.6 16999.7 24.9

F1.2 - - - -

Different lowercase letters indicate significant differences among the measurements (n=3) at P<0.05
according to Tukey—Kramer’s test. The growth survey was conducted on December 4, 2018 and
January 28, 2019, respectively. Irrigation trouble occurred in F1.2 after 45 DAT. Tomato plants were

transplanted in the greenhouse on October 20, 2018. DAT, days after transplanting.

Winter
100 _45 DAT 100 100 DAT

. 3.6 3.3

S g | 80

c

K]

3 60 | 60 | O Other

5 .

RO 8 Fruit

T 40 | 40 |

5 O Stem

£ L

S 20 20 ® Leaf

)

0 0
F1.6 F1.2

Treatment

Fig. 2. 11 Effect of furrow distance on the dry matter distribution in winter (n=3). F1.6 and F1.2,
furrow distances of 1.6 and 1.2 m, respectively; M, furrow distance was changed from 0.4 to 1.0 m
during the cultivation using movable benches. The growth survey was conducted on December 4, 2018
and January 28, 2019, respectively. Irrigation trouble occurred in F1.2 after 45 DAT. Tomato plants

were transplanted in the greenhouse on October 20, 2018. DAT, days after transplanting.
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Fig. 2. 12 The yield per area of tomato grown at different furrow distances. Yield survey was conducted
on 54 days after transplanting (DAT) in summer cultivation. Yield survey was conducted on 91 —136
DAT in winter cultivation. Tomato plants were transplanted in the greenhouse on July 9 and October
20, 2018. F1.6, F1.2, and F1.0 treatments were furrow distances of 1.6, 1.2, and 1.0 m, respectively.

M treatment, furrow distance was changed depending on the growth stage during the cultivation using

movable benches.
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2322 LAl L B L OHER
HIER LOXED LAI OB % Fig. 2. 13 1SR LTz, BAETLALIEL., 12 M X >F1.0 [X
>F1.6 KOIETRKOMBM TH o7z, M X, F1.O XIB L FL.6 XD LAL IFZNEIHRKT
38,23, 1.5 ThH o7z, X1ED LALIEL, M X >F1.2 X=F1.6 KOMH[AZ /R LTz, M X,
F12 X3 X UVFL6 XD LALIZZNEIUR KT 5.2, 1.4 39DAT ) LUV 39 Th-oT,
BAER L ORMEOE L OHEB % Fig. 2. 14 17 LTz, BIEB X OARET, M KO F LA Mo
AR X & e LTRSS IS ROMBm 2 2 b vz,
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Fig. 2. 13 Changes in the leaf area index (LAI) at different furrow distances (n=3). F1.6, F1.2, and
F1.0 treatments were furrow distances of 1.6, 1.2, and 1.0 m, respectively. M treatment, furrow
distance was changed depending on the growth stage during the cultivation using movable benches.
Tomato plants were transplanted in the greenhouse on July 9 and October 20, 2018. Ten leaves were

picked in the defoliation. DAT, days after transplanting.
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Fig. 2. 14 Changes in plant height of tomato grown at different furrow distances (n=3). F1.6, F1.2, and
F1.0 treatments were furrow distances of 1.6, 1.2, and 1.0 m, respectively. M treatment, furrow
distance was changed depending on the growth stage during the cultivation using movable benches.
Tomato plants were transplanted in the greenhouse on July 9 and October 20, 2018. The error bars

indicate standard error. DAT, days after transplanting.
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233, RERLE

HBEOHKEEREOREIRE % Fig. 2. 1517 L, REEETRHEOFlL6 KTMX LD b
RO DN - Tz, RO R I TABRIXE] TEIT A BN o7z, FLL6 X E MK TR
FIREIIFK 4.6°C DENRDH > 72, FI.6 ROFEDOREE FFIT, 2R L0 BN T2,
FITAZIE, RiRZE ERES T,
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Fig. 2. 15 Changes in fruit temperatures and inside air temperature in the F1.6 and M treatments (n=3)
Fruit temperature was measured on 60— 62 days after transplanting (DAT). F1.6, furrow distance of

1.6 m; M, furrow distance was changed from 0.4 to 0.8 m during the cultivation using movable benches

Tomato plants were transplanted in the greenhouse on July 9, 2018.
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24. B
2.4.1. BEEOCIARH

&5 (2015) 1. v FOBMLEEH T OILEOIMIIL, RSS2 RO HEE
EIRARTND, REFFETIE, M K CTHRIFEEO/NSWFL6 X, FLO KB I OFL2 X & g
T2 E M OB CREEZ RO ERA B KE o7 (Fig.2.9), L7zhi-> T, FIHAFRD
HAFIIS U T Z A Tz M X Cie b IRENICAST T 2 % K7 < WAy ok ¢
Tz, FRC, AL, EEEIN S SHBICAS T2 HFERZ W0, Bl %
B LT LAL NS5 Z ST AR EZMMICHE LS NS ELTDITHEDTH S,
Papadopoulos and Pararajasingham (1997) [Z#AHSCRRH 2925 Z & 13, BEEOZOER %
) ESE ITAHE DRI TEDLIICRD LBRTEY | ZHREINSE S
FEEH LN L TR T D 2 ENEETH D, 0. IWENOIEYORE D7 — 138
Bz nHlzw, HFy L2 b—ra VE AW TR 2B S T C O 2 e E 5

ZENEREEZBND,

AR THG & Ui b~ MEEIZM 2 F > TR0 R¥— R Th 5, BT IRIT
WAIZ 7 A &~ PPFD B ¥ —ZgkiE LAH L THY | il K OFHIC LY LAL &5
DERNZET 2, RBRIX M OSOLER OZL AR T 2720, BEHMT o2k (Fig.
2.9) & LAI OH#% (Fig.2.13) OF — % % AV THERBRX D LAI & 52RO BfR % Figs. 2.
16 and 2. 17 {Z/R L7z, LAI & ZHROBMRIIERBRK Z LB L THY, flxiE, ZIE
TLAIZS 1.0 D& X FL.6 X, M XBELUFLO K TEZAERIZZNEI 70, 82 8 LN 78%F2
EThoTo, ZETIELAIZ 1.0 D& X F1.6 KB LM X TEZHFEIL 61 38 LU 82%F2E
T olo, BEEH R OB KGEEIC K o THEOSZEHITEL T 5720, LAl &%
HROERENPRBRX T L IZR > TW et BEZ b,

VLER Y 2N & RO — 22 Cld, — MM T 2 Z ERBEL W, RIS

I TR ARRTT HBRTIE, BRI 2 F o TR Y R —Th D, Lo T, B
TR =TGR Z 3D T 7 vz IV THIE L, ZEBOHEEICK S 5 Z L3 TE D)y
Lab—va UEREEHOBIGICHIAT 2 2 & T, FHlE LI E AN S
HTEERETELHLEZIDNT,
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Fig. 2. 16 Relationship between the leaf area index (LAI) and percentage of canopy light interception

from 7 to 55 days after transplanting in the summer cultivation. The figure was created using the data

from Figs. 2. 9 and 2. 13. F1.6 and F1.0, furrow distances of 1.6 and 1.0 m, respectively; M, furrow

distance was changed from 0.4 to 0.8 m during the cultivation using movable benches.
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Fig. 2. 17 Relationship between the leaf area index (LAI) and percentage of canopy light interception

from 18 to 69 days after transplanting in the winter cultivation. The figure was created using the data

from Figs. 2. 9 and 2. 13. F1.6, furrow distances of 1.6 m, respectively; M, furrow distance was

changed from 0.4 to 1.0 m during the cultivation using movable benches.
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242 EFEINE

HAEO M K CHEmFEAMLORERX & i L CK7Z 572 (Table 2. 3) DOIX FRedBHRNE
Z BT, BEOIRFE & LT SEARME (700-800 nm) 0O F 8 AS A R B HURHR (400
700nm) & HEETSH ERE W ERM SN TV 5, Papadopoulos and Ormrod (1988a) 1%k~
MEEHZ BN TR VKRB 28 < LTEBEITHEENO RIFR LMK T2 2 L 2 RL TV D,
L7eho T, KYBMEEED/NS W M XKOBEENO RFR HIZMOBRX LD b/ <72
S>TWD & Z Hbivlz, Chitwoodetal. (2015) (T R/FR 23, b~ F OZEDOHHRALRMEZ K
L L, ENDBERBOILRICORR T EMEL TV D, Lo T, M K THERGFHE
SNEHBOWEKIZORB T LB Z B,

ELIZ2U T, Papadopoulos and Ormrod (1991) 1%, FEEFKD k~ MREFIZB W THEM O
MR 2R DI DIV CTHEIAEIN L7 Lk~ TH Y | AREROFE RITBAEOMIE & —F
L7- (Fig.2.14), Cagnolaetal. (2012) IZ{X R/FR [t F T, b~ hOXMENMEEI Nz L
WANTIY | HEEFE L FRRICEME SBBREOSICE D bD LB R BT,

HEAED 30 DAT O M XOHAES F1.6 X3 KT F1.0 X & Heilg L TROM A2 S iz

(Table2.3) DI, bilt U7-ERR ST & 2 BEEFEOILKIT K 0 St mBE 2 i Lt k&
MR T2 2 & T, WIBIREEEERIN L2 B2 bhvie, —JC. 62DAT @ F1.6 KDY
HAM KB IOFLO X & L CROBMAAR B (Table2.3) DI, HEHEAEDOIEK &
FVPRNEFIZ L > TM KB LT FLO K THAEE#HARE <20 1 RHT2 Y O8N
B LG sz Liclod & B2 bz,

b= BB R TR FE IR BRI L 72 (Heuvelink, 1995) &\ 9 ik

& 503, F1.6 XDRIZORY) yELHE M OFERX & ik L TROEH R Th - 7= (Fig. 2. 10),

Bl & LT, FL.6 XORIFEREDMoFER X & g LTy (Fig.2.15) 2 & BFKRO—>
LEZBNT, P~ MIBWTERFEREIIRED Y V7 REE D, JEPEY O 22
FTEEINTWD (5 - @G, 1981), MEIOKEZWFLE6 KT, RENEEAZZH LT
W2 ER, RERED LHIZORB o7 EZR b, LR > T, BAOEWZ L TH
HENONBREN R D 2 L THEU D RFEREOEIT., A REY DRFE~DER I
B RIETATREMED R STe, £, REBE T O 3 MOERRE~OFLED OUHGIR T H
5 (Zy—vU=Vr27,2012) LW WMENDHD, ARBRTIE, M X3 LU FLO X T
RN ETE-REEFOEOZENMET L, M XIBLUFLO XORE~DICERKEY
DEEFAMH SN & B R NI, AETIZEFEL RV | FlL6 X E M IXDOREDEY
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BLRICED A DR o7z (Fig. 2. 11) DI, BAEL D BEAEDF O A FEN DI,
AR X DR FRE DN/ NS WD ERFERD—DEE X LT,

ZANED 45DAT OEEHFE (Table2.4) (22O T, F1.2 XIX F1.6 [X & bifled~ 2 & AR S
RELSKRDTZ Y DZICEDNDIRND TIHEED D LIEDORERAAMEI SN EZD
Nico M IXOZERREN F1.6 K EF%ETho7-DE, M XOEZEEREN FI1.6 KB LUFL2 X
CHE L CTNOBNTh oo fed, BAE L FERIERREIGIC X0 BEEAOILRHE & T
leEZ N, BEETIEM KOERAN b K E < AMFE L7387 > Tz (Tables 2.
3and 2.4), AVEORENFEF PPFD IZEEDHK) 46% (Table2.2) Tholo7o®, F1.2 K
FOM XK THOREWERN TETEORBABMH SN E X b,

45DAT OFRHZY) T (Table2.4) IZOWTIE, FLL6 KA M XBLUFI.2 X &g L THE
IZKREZRSTWe, BHE LTM RKEBELOFL2 KOFMEBHEELEN F1.6 X &g L TRE<
iz 0 OZHEOWILNB KR ThHoT-l2b B2z LT,

BEEB L OAED M X THA M & 72 V) DOILED M OFERIX & Lol L TROHF 2 7 6
iz (Fig. 2.12) OIX FRROBEENE X BT, M XOBEESZEER AN FES M i th o35k
X &bl U TR (Fig. 2.9) 2L THHD . M X THEEHEICAS T 5 B 25 X<
¥R T & Tz &% 2 BTz, Papadopoulos and Pararajasingham (1997) (%, h~ ko
RNANR—= U TIIIRNANR— 7 L 5 LRI 5 7o OUL R AN 2
EIRARTEY, ERROREFIARBROME L —FH L W, F/o, Fig 2.9 128 L7 & iBR
X OB Z IR OHER D b RS M T OBERF ROt E 2 H I LINE (Fig.2.12) & OBI%R
% Fig. 2. 18 IT/R L7z, B LINEOMICHBRRA A LN, ZBEAHNSES
HAETTER LAl Z B H S TERINEZ IS E 5D mRetEn dH 5,

ZIVETOMIET, LAl % 33, 3.6 8L 4.1 Thv bEFELELAIC, WTIhbItE
IX66kgm2 ThH-o7= &I ML (Heuvelink et al., 2005) <° b~ FIREFIZIVT LAL A% 4 7
O SIZHEM LS AOZHEOHEINTENTh o7z LI Wb H D (B, 2018), LA
ST, FMEEFESH -0 OWENPEFI LIED D LA 34 RELEZ 2 55, ZIEOM XD
RARD LAT X 3.8 (Fig.2.13) T» Y Lk L7z LAI OFPHIC A>Tz, LavL, &ETIX
RO LAIN 52 THY (Fig.2.13) LAIDNEZE L7r> T\ B2 b, TWE o Mk
DT ED & FED A KRBT 5 (Papadopoulos and Ormrod, 1988b) 7=, LAI %
34 BERDEDICHMEZINT S LIIHEST D Z L PAFTORE TRIBETH -T2 L
Exbilc, ERRO XS 7 LAI EINEORRZ RTHREIZALND, NELZHNSES
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LA ZZFHCHAE T VEIC L > TR 236K (Figs. 2. 16 and 2. 17) (X VW AEH L T
DAREMED D D, LT2d3 - T, BFEEROHM LD & ITIEZ N S D8 s S b 2 RE L
ZDOFNETHIET 2MBER D D, Fio. LAIEFLEZAT O 72D CHER O SEHAE 2 i Ce
L. BEMIO LALIZ/e D &9 ICHIGEB 21T O LER S 5,
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Fig. 2. 18 Relationship between the integrated light interception of the canopy and yield in the summer
cultivation. Yield survey of the first truss was conducted on 54 days after transplanting (DAT).

Integrated light interception means integrated photosynthetic photon flux density from 6 to 54 DAT.
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25. &0

PPFD D JEE £ 0 Fith L7 EAFR L ORAEOREE RN M X THLOGRIX & Heik L
TLEA L, BHEEEHZ Y ONENEM L, M X THREEICAS 5 A5 225 I <Al
MINZHETE TWEled LB DTz, 7o, HEEHIR T OREREZ O & L INE L ORI
MIEBIR MR DL 1o, B A BN S 2 07150 LAT 20 6 M2 CE U E S
HIMSE oD 5,

UL, B72 2R OFERIXH T LAL & 3200 OBRIT—E Tld/ed o7z, Bl & LT,
ARBR T L2BER T 285 > TR D . A —REEE TH D OCEHINEFERIRIC X
STEE LI EEZ DN, LI2h > T REREHZ W TRIGHOREE OOGIRT &
— AT D LT L <. RARDRESRM T CNEOHTEN TR F Y I a2 b—T g
> SRR DS CIERI OIERICH ] & B 2 b,
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FH3®E 3D AFy I HVWERFEEOAFTE=XI 7
3.1. f&S

2 MOFERNDZIRPEKIC/R D LAl TR LT 5 2 & BINEE T 720
WWEEEEZ DL, £ X578 LAI MR L CHEFE AT 2L NEHEETH L, o,
Tewoldeetal. (2016) (X, FFAEHED b~ MEE T, FRCA D NEORNZ IR Y D
REAERIRT 5 LR _XTWD, Ko TR TEICAFRZ AN SEL7200#I Ry 1 I
7 T ORI EOHEINC S 5, BUR, MW OAEEF 2 B THIET2 2 LI3EEL < | @
Bl E B ZAT O T2 0IiE, REDORKBR L KT L TV HRETH L, 2Dk Hiz, H
FED LAL SCBERTIRICHERF 975 L O BT EH 2 T 572 0I12id, HERESEOEFIGHR A I
BWTE=Z) I THHIRDMELZZ 6N,

WA, 3 WOtER 2 -V CHE O A B 5 A JEE THEE T 5 IV ML E > TV D,
Hosoietal. (2011) %, LiDAR Z]\"C b~ MEERZ 3 DT D A% v o LTIERRL 72
— 7 2 AETNORY T OEEDDERME L LA ZHE L7, Roseetal. (2015) (X#EFE
% 3 MO b~ b OFEREES LOELE 3D E7 LA HWTHEE L T\ 5,

MAT, WERTOIEMEE TONEDO TR S EHELRHETH S (Yamamoto et al., 2014),, i
FENIAET D2 REOREY O 3 WoTiFR & 0 il © X vk, IHEEERTo NBEE, 1)
FERTBZEDNLRITEN D EEZ X LND, LD - T, EEEEH OEF BRI L OUE % R
(CHEE C & UL, B ERCIIE R ORELIcE I L BEA BN D,

RERKFICHBNT, Lk Uiz X 9 2 B R0 % {18 5112 B AR AT £ i 4 F UV CHEE
TLOMRFATDOIN TN DA, BEIEE OLEE H R 2 JEREEE CRIFHIHEE L7 iF78iE
AT B0, RE T, REFEOEROLEFTHRE IR T EICBE T2 L2 AL
T2, 3D AF ¥ F—ZHWTESG L b~ b, F2 T VBIONRTY BORHET — & % F|
MUT, EmAL, LAL #OL, WE, HEMERIOREERERE (M~ MBI ONT U D)

DOHEEH AT o T,
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32 W 3-1 3D ETNEAWEEEEEOABEMOHT

3.2.1. HiY

AEHiTIE, 3D AF ¥ =2 AW TER LIRS D 3D E7 A0 LAFRE R CEmHE,
LAL, #3C, ## iR L OBERGE) OBEN i RGET 5 2 L2 BE 5, 3D ET L
AEFE=ZV 7AW D 2L TR & 3 ROTHIICR D T E N ATREL 2R D | MR
R OEROBEE T Z LN TE D720, 2 RoTEgE AV 2856 & b U T o FEE o
BV IAZTIR ED ) A ZADPEBRDBEG 2725 EIFFTE D,

3.22. MBS LU
3.2.2.1. HEAEY I L ONRE

552 B L [ARR OB LR (168 m?) |ZHEFELA 3 M D ~h~ & (Solanum lycopersicum L.,
R, VA XOX R ). =20V (Cucumis sativus L., 7 U —Z LT A 2 5 Hh
ZDHF (KR)) BLORT Y B (Capsicum annuum L., 7 )L— ' —A T —E—< >’ X%
AFE (BF)) v v 2 U—/%a2—7 (DELTA6.5G, Grodan Inc.) 1 v/ U— )L AT

(2075 A2W, Grodan Inc.) & FV T 2019 4= 3 A 21 HIZHEE~ > F EICER L7z (Fig.3.1),
FEIE 33 eom TTRIC2 25 KO ITEM L7z, bl U7 BEVRIE LAL RER RIS L OB AEE
DHEEITH T, ARBRCRETS & 13, I F I 6 BROIEM D ERE S TV B EERED
L EERT D,

3 21 B, SRS, i ER LR Lo ED DIt n vy 7 U — N F 2 —T 2 b= |,
X2 VBLONT Y BEEML (Fig.3.1) | #HERBKBECRE A BAG L7z, 4 A 2 HDAKE,
fi¥)% v > 7 7 —/L (Granulate, Grodan Inc.) ZFIH L7V 73Ry b (NF-58Y, 7 X0
v (BR) IZBRE LT,

FHEFWIRT G A 21 H9 A 5 H) DIREAOEHRIRES L OMIZET 23.6°C 35 K10 0.59
kPa T -7z, BB H AR PPFD 13 15.6 molm?2 T~ 72, 7>A/KIE OAT /~ 7 A Ik}
AWLTT 1 BATRERIR (OAT 727V A4 (BK)) RV T To7,

41



3m 18 m

A
v
A
v

Plants for estimating fruit weight

Space for - - -.‘ \
cultivating 1 —. e s e s e n
plants for ! F i= 1.6 m
constructing : | ) | II
individual plant 1.2m
1
3D model | Cuc(nber pap{a | lli.om
1
o | [ 1 l II
— I
Anteroom Tomato M gm

Cultivation bench
4m

“—r—>

<
<

| v

l |

4'_|_ Plans for constructing canopy 3D model

Fig. 3. 1 Location of cultivation benches and plants (tomato, cucumber, and paprika) in the greenhouse.

The greenhouse was located in Matsudo, Chiba, Japan.
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3222 EFE=HY T
3222.1. WD KEET — & OWUG

AFEDO2MGgERT 7 —F v— & Fig. 3.2 1Rk LTz, V7R Ry MIEMLE b
7 b FaUIVBIOARTYH GERE, ZHES LIOELOHEER) %, 3D A¥ v —

(DPI-8X, (tk) A —t—7 1 —) ZHWTHEKIZ | kT >—AAF ¥ L, HEMEED
KT — 4 205 L7 M L7z 3D A % v F— O FTREFEREIX 0.6-4.0 m T - 7= (spatial
x/y resolution at 2 m: 3.4 mm, depth resolution at 2 m: 12 mm), & SH#EHX X, y, z FEEE A Ff> T
Do AX v %, BEEREEZITO, KO ORERRE, B0, REZR EL ZUREY
HEHOWEZIT- 72, HHMEITE RS (L1-3100, LI-COR Inc.) #HWTHIEL, b~
MI4AT7HPHSA19H (17-59DAT) £T, =V VIZ4HTHENLSA19H (547
DAT) £C, "7V MT4ATHENS6H 12 H (5-71DAT) £ TERRLIEFAT— VO
YRR Z 12 BRI —FEA x> LTz,

3D AF% ¥ F—Z AW T LAl B L OHEMEEHEHDO b~ b, F2 0 VBN TY It
WDJEY 2 HRRFIC 1 AAX v o LIERO il T — 2 2 G Lz, h~ MI4ASHENDS
H 23 H (1563DAT) £T, ¥=v UIiZ4H3H»H5H 23 H (1-51DAT) £T, /7Y
X4 ASAENSL8H2H (3-122DAT) £ TRAELAFTAT —YOKE 1-3 BMIC—E A
¥y L7z, LAl OHEEICB W TEmBOERIL, 22317 L7222 205 HIETIT-
oo BELEF 2 UBLORTYIEZHNTHELNUED 2231R LK 22 @O a 2H
HLERBOREICFIH Lz, 27 VBIORTY I OFHaE 0.87 3L 0.59 Tho
7= (Fig.3.3), b~ FOREalL 2.2.3.1R L72E 0.25 2 AV 7= (Fig. 2. 7).

TR A I D 9772 DI EUSG L7 0 sl T — & O Al aIEEIBR L7,
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Flow chart of this experiment

| Real plant canopy in the greenhouse

3D scan to acquire the point
cloud of the canopy

Real plant canopy

Detection of the fruit in the

point cloud by RGB value "
Point cloud data
Fruit point cloud of the canopy
Construction of the Construction of the :
voxel model of fruit surface model of canopy | g e of
Fruit voxel model HETeopy

Estimation of the fruit || Estimation of the || Estimation of Estimation of Estimation of the
volume and weight leaf area and LAl || the plant height || the dry weight | [ canopy structure

Fig. 3. 2 Flow chart of monitoring of the growth and yield of fruit vegetables using a three-dimensional

(3D) scanner. LA, leaf area index.
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Fig. 3. 3 Relationship between the leaf length x leaf width and leaf area for cucumber and paprika.
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32222 DY —7 = AET IV OIERK

3D RAFALEEY 7 b (OPT 7 7 U RY—~A, (BR) A—E'—7 4 —) (T, 3222.1. TG
L7zt S OE RS L OBEEO SBET — 4 2D iAA, 3 HOEE (x,y, 2) ZFFORY
I THERENLD STL EROY—7 = BT W EBREIT o7, AU T &1F, 3DCG %
RAWTI R A RELT HBICHWO NG ZATEOYRT —F DL ThbH, BEHRY TD
L, ZAEIHWeNS, BllE LT, WAL EORY T2 05 & THROEIEIZ
FoTIRY TR TN ET, 2 EFLHIMTE R RLIBNDEDH L0006 Th D, AER
THLEZARORY IUEFEH LTS, =7 2 XAET VL, NENERTHY, mOES
KTHRINLTNDD, REBOHENRARETHL, BRLIEY—7 = ZET VI,
Houdini FX 17 (Side Effects Software Inc.) % HWCREMFTO b U I > 797572 (Figs. 3. 4
and 3. 5),

NI T 2Tolc =7 2 AETANOEERMEE RN T 572012, 3D 7 L ZMAT
LRV IOmEEFE L7, AV IomEiL, FROFIETHEB L,

R A B L7 Y S22 AOAB &% & AOAB DEFEIZOA, OBOIED~RY b
DRESIZ 12 #FUHLEENTES, <7 FLOAB L UOB% ZHZN0A=(ay, ay, as).
OB=(by, by, by)& T 5 & AOAB DTN 3-1 THETE 5,

A OAB = % X \/(a2b3 - a3b2)2 + (a3b1 - a1b3)2 + (a1b2 - azbl)z (ﬁ 3'1)

FRUZZEE LY OY —7 = AET VAR T 2T X TORY T Z#EMA LERT S
Z L CHEIRMBOHEE 21T > 72, LALIL, ROV —7 = ZE7 /0 X O HEE L7 O3
TR 2 B A ChR9- 2 & THEE L7,

FE B DR E OHEE 24T 5 720, FFFMEEmFE & FREEGZYES L OREL R
< FHEHFRHE B OBIR 2 FHA Llc, BEimfE & e E O MICHIERERA H AT, BEREOHEE
B DRI EOHEE DN FTRE & 72 D, T D, HEE LR & SENHERY H I L ORI H
DEMRZ TR LTz,

ELIZOWTEY—7 = A5 /L% SketchUp 2017 (Trimble Inc.) THiAr AR, MK
FEEMN SRR S E CTOBEA R Y 2 OTA R OJEERE 2 WV THEE L7z,

HRERBE Y — 7 2 AETAORE SITFET 2R Y T omfE GEmfE) 2EE L

HEE LT,
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(A) Tomato LT el
32 DAT .

17 DAT 24 DAT

’\.
- f’ )f\
(B) Cucumber

\ S00mm
-

s

Fig. 3. 4 Surface model of individual plants to estimate leaf area, dry weight, and plant height. Tomato
plants were scanned using a 3D scanner (DPI-8X, OPT technologies Co., Ltd.) from April 7 to May
19, 2019 (17-59 days after transplanting (DAT) (A). Cucumber plants were scanned from April 7 to
May 19, 2019 (5-47 DAT) (B). Paprika plants were scanned from April 7 to July 28, 2019 (5-117

DAT) (C). Individual plant surface models were prepared using SketchUp 2017 (Trimble Inc.).
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(A) Tomato

(B) Cucumber

3 DAT

-~ e.nf g\ D fe

———

(C) Paprika

3 DAT X

500mm

Fig. 3. 5 Surface model of plant canopies for estimation of LAI and plant structure. Tomato canopies
were scanned using the 3D scanner (DPI-8X, OPT technologies Co., Ltd.) from April 5 to May 23,
2019 (15-63 days after transplanting (DAT)) (A). Cucumber canopies were scanned from April 3 to
May 23,2019 (1-51 DAT) (B). Paprika canopies were scanned from April 5 to August 2, 2019 (3—122
DAT) (C). Plant canopy surface models were prepared using SketchUp 2017 (Trimble Inc.). LAI leaf

area index.
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3.23. R

F~ b, Fav UBLOST Y HO 1 Kd =0 OEPFERTE & HEEREO MR Fig. 3.
6 TR LT, RHME & HEEMHORICAERHRARH o7, P~ b, F20 VBXUONT U A
TRMEIZZNZ 4 0.828 (RMSE=914.1 cm?) . 0.970 (RMSE =533.5cm?) 35 L T} 0.959 (RMSE
=204.1cm?) Thol,

Fig.3.7 12 b~ b, Fa2a7 VBLONT U HOFER LA L H#HE LAl O#AXE R L, &£
HIE & HEEEOMICA B ARMER D o7, RMEIZ, b~ b F2 v VBIONT VI TER
Z30.600 (RMSE =0.27), 0.975 (RMSE=0.39) 3X£180.934 (RMSE=0.37) Th -7,
LAI OHETE TIE, FRIZ/ST Y Jr THEE A Z 38/ AT 2 1 23 do - 72

Wd 7= 0 OILRERRE & BEDO M EOBIR % Fig. 3.8-A 1T LTz, W& OMICAHE /2R
Wdolz, M~ b, F2vUVBIOVIT Y BT RMEIZZNZIL0.906, 0.966 35 L1 0.982 T
Hodz, b= OFEPIERFE & R EOBR%E Fig. 3.8-B (IR Lz, W& OMICHER
MRS, b~ b F 20 VIBIUVIT Y HTRUYEIZZNZEH 0.847,0.959 35 L 10 0.927
ThoT,

b7 OHEEHEmFE & DM E DR % Fig. 3.9-A \R LT, MHOMICHE R
No-oT-, b= b, FavUBIUVT Y HTRUTZNZEI 0801, 0970 B L0941 T
bol, b2 OHEEIETFE & MRz EOBIMR A Fig. 3.9-B (TR Lz, W#H OMICHER
HERH -T2, b~ Fa2T UBILURTY HTRIUZZNEI 0.743, 0.973 3 L0 0.929
ThoT,

F~ b, F20VBIONTY I ORELOERIE L HEEMHEORERE Fig. 3. 10 1278 L7,
FRME & HEEMEOMICA B RN D72, F~ b, F2T0 IV BIUONNT U I TRITIZEN
Z#10.999 (RMSE=1.33¢cm), 0.999 (RMSE=2.18cm) #J£100.999 (RMSE=1.64cm) T
HoT,

RO TE A L D ER L7z b~ b (49DAT), =7 U (37DAT) BL U7V 71 (107
DAT) ORE¥AEEZ Fig. 3. 1118 LTz, RO 72> O Y O FEREARKE OHEE D 7]
HETh-oT,
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Fig. 3. 6 Relationship between measured and estimated leaf area per plant. The leaf area was measured
using an area meter (LI-3100, LI-COR Inc.). The leaf area was estimated based on the area of polygons
in the plant surface model. Tomato plants were scanned using a 3D scanner (DPI-8X, OPT

technologies Co., Ltd.) from April 5 to May 23, 2019. Cucumber plants were scanned from April 3 to

10000
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May 23, 2019. Paprika plants were scanned from April 5 to August 2, 2019. ** significant at P < 0.01

according to the regression analysis. RMSE means root mean squared error.
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ATomato ® Cucumber M Paprika

y = 0.8889x
4 r R2 = 0.975%

y = 0.9675x RMSE =0.39.q4g
R2 = 0.600%* ®.9
RMSE = 0.27

AA '
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O 1 1 ]
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Fig. 3. 7 Relationship between measured and estimated leaf area index (LAI). LAI was measured non-
destructively using the leaf area (leaf area = leaf length x leaf width x coefficient) and cultivation area.
LAI was estimated based on the polygon area of the canopy surface model and cultivation area. Tomato
and cucumber canopies were scanned using the 3D scanner (DPI-8X, OPT technologies Co., Ltd.)
from April 7 to May 23, 2019. Paprika canopies were scanned from April 7 to June 12, 2019. **

significant at P < 0.01 according to the regression analysis. LAI, leaf area index. RMSE means root

mean squared CIToT.
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Fig. 3. 8 Relationship between measured leaf area and dry weight (leaf or total). (A, B) show the dry

weights of leaf and total, respectively. The total dry weight does not include fruit. The leaf area was

measured using an area meter (LI-3100, LI-COR Inc.). Tomato plants were scanned using the 3D

scanner (DPI-8X, OPT technologies Co., Ltd.) from April 5 to May 23, 2019. Cucumber plants were

scanned from April 3 to May 23, 2019. Paprika plants were scanned from April 5 to August 2, 2019.

** significant at P < 0.01 according to the regression analysis.
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Fig. 3. 9 Relationship between estimated leaf area and measured dry weight (Ieaf or total). (A, B) show
the dry weights of leaf and total, respectively. The total dry weight does not include fruit. The estimated
leaf area is the area of polygons in the plant surface model. Tomato plants were scanned using the 3D
scanner (DPI-8X, OPT technologies Co., Ltd.) from April 5 to May 23, 2019. Cucumber plants were
scanned from April 3 to May 23, 2019. Paprika plants were scanned from April 5 to August 2, 2019.

** significant at P < 0.01 according to the regression analysis.
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Fig. 3. 10 Relationship between measured plant height and estimated plant height. Plant height was
estimated using the measuring tool in SketchUp 2017 (Trimble Inc.). Tomato plants were scanned
using the 3D scanner (DPI-8X, OPT technologies Co., Ltd.) from April 5 to May 23, 2019 (A).
Cucumber plants were scanned from April 3 to May 23, 2019 (B). Paprika plants were scanned from
April 5 to August 2, 2019 (C). ** significant at P < 0.01 according to the regression analysis. RMSE

means root mean squared error.

53



Tomato: 49 DAT Cucumber: 37 DAT Paprika: 107 DAT
1700-1800

1500-1600
1400-1500
1300-1400
1200-1300
1100-1200
1000-1100
900-1000
800-900
700-800
600-700
500-600
400-500
300-400
200-300
100-200
0-100

Estimated plant height (mm)

500 1000 O 500 1000 O 500 1000
Estimated leaf area (cm? /plant)

o

Fig. 3. 11 Plant structure estimated based on the height and polygon area of the canopy surface model.
Tomato and cucumber canopies were scanned using the 3D scanner (DPI-8X, OPT Technologies Co.,

Ltd.) on May 23, 2019. Paprika canopies were scanned on June 12, 2019.
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3.2.4. BE

1 RkdH72 OEBEOHEEIZOWT, P~ FTRMERF 2V U BIONTY I & g4
% EARWMEANC H o 7= (Fig.3.6), FEHE LT, b~ MIEMER/NEEZFLTRBY, 2Tk
RN TUTHBITLZENELNoTd LB R DLz, FRIHEEE WKL ST
DI ONTIT, NEDBRRENC /A X (RER SR IS E D ARERRY AN ST
Wz, AU Driftpoint & FREID /A AT, ZHETIZE L O/ A ABREFEDREF S
T\ % (Zhouetal., 2020), Zhouetal. (2020) /%, Non-interactive dual threshold denoising method
ZF|H L Driftpoint ZfrE L7 EMRE L TWD, RO LS R FEEHWT 4 X&kRE
L72%IC, RY TAEIT O EREOR WY —T7 = ZAET VOIERDBAREE B bVD, —
HTFavIVBRLONRT Y DL, BEORPBEMRTZDBEED XX v VBB Th o7,
LAIHEERFIZ b~ R CH 2 7 VB IO T U 7 L0 H RAEDED - 7= (Fig. 3.7) BEHIX,
kM~ MEKROBERBOHEE & K, F~ hOEORENRBMARKR TH-72LEZ 5
iz, F7o, HEEMDE/ NN S TODEIT O T, b~ MEEENIO SR IS
HEUWIBALOR Y LATKIPFAE LTz E B2 biiz, /X7 U IOV TITREE T
DEDFER Y NTEREMILERIC X 0 o) & ik L CRE otz HEEMED N/ AT
ENDMEMCH 0Tz, Fav VITHEICR> THIEDER Y HAFAE LIS < LAI OHEEN
Ko Thole, £7=, 3DETNVEFMHTHZ LT, kxR AD 3WILT — % OEEN
FRETH D (Lati etal., 2013) 72, HIJL T 2H LS OBY AT L 5 58 % [k T X
720

1 Bk 720 O RPIZERRE & FRELY EIB L OREEOMICAH B2 MHERES AL
7z (Fig.3.8), %5 (2015) ., F = VIEOEKE L ERBEOFIHBENSH L EHEL T
BO, Bl U7REREMEMA—F Lz, L, 1#kd7 0 OHEEERFE L BEOMEL X
R EDBRIZB W T, P~ FTHFRa v UBXONNT U I L LT RHEMED -T2
(Fig.3.9), BRI & LT, b~ FD 3D EF /L OFHRMENE ERHENE L < KBS T
ol Z ENREEZZ NI, F2 T VBIONRTY DX, BT VOBBMERE -T2
7o, b b EHELTRMERE AT L BEZ D, Fio, MIERE & R E O LR
FRIH L TR EEZHEET 2856, S8BE ~OWM RN HEHM T —E CTh 5 0E
NhdHEEZOLNT, M~ M a0 VBIUONNTY I TEBPBBROMEE AR D 01%, E
Wy FE ] C L EE B SCRELSN DAL~ D RN R Db & B2 bivle, FRRORER L
D, FER U RIE R L R E (RELIRL) ORRERTREHTE LoRIERRE DT —
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BEAWD EfiE (RREZRL) OHEENATREL 725, Hilx1E, ATEE EHIC
T2 L CREHOMEREAHEET DI LN TEDEE LB,

F~ b Fa2T UBIONNT Y JOFREL EHEEFLO REITNTNE 0999 TH Y |
REREIC L 53, KL <HEETE Tz (Fig 3.10), BHE LT, Kot & lRE ST
BEET — 2 OB EDOELME A W SO O R B EZ I holeleb B
BT,

AFRBRC, B & FOLOHEENTTRE Tdh o 12720, & SICEET D ERAEOTEH 2 F
422 LT, B EOHEENAIRETH -7 (Fig. 3. 11), Fig. 3. 11 DX 57277 7 %4E
R % 2 & THMFEIZ K > TEDRBICHEmEN S < FEL TV D D073 &2 BRI K
THLZENRWREL 2D, AT, REOMEME L IR TE D & MELIT O REHIO
PRABROBITE B 2T O ERE ~ORMIEF DR ZERINIT O 2L TE 5,

LEX Y, 3D AF ¥ F—% AW CRIEO SBET — ¥ 2 Bi$9 5 Z & ¢, HEmE, LAL
BOL, BRI ISR L O E OHEEN ATRE & 72 o 7o, BEOABERE FRFICHREG & 572
O, EBE REEHE) OB X OEREIZ RN D EE BT,
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3.3. R 323D ET LA AW REROHEE

33.1. B

AR 3-1 T, 3D AF v F—Z AW THEG L2 RBEHORER O RHET — 2 %2 3D 7 /1 (F
=7 = AETV) \TEHUR Y I OFEREE W D RIEOEBHREME L, AHiTIE
REET — 2 D3O RGB B (RGB 7 77—l £ E) ZFH L TRE(F~ FBIUAT Y 7)
R UAER LTZREDIDET /L (YY) y RET) JOVINEEHET 222 HNET
Do AHITHE, REOHHIC RGB A MW LA L, INHERORELEOENRLRD b~
N EZONTY B 2 BRIV,

3.3.2. MEbS T OVHTE
3.3.2.1. fiEAE I L ONE=E
322 1S RTIRENTERIE L h~ PRI 27 U R ZRBRICHER L,

3322, REFEOHETE

3.3.2.2.1. RGB fl & W e BEVE N O R FE DO
REEHEDZOO70—F ¥ — % (Fig.3.2) ZxL7, F~ MI201948 7 14 H
-9 A 5 H (146-168DAT) (Z, /37U 771X 2019 48 A 28 H-30 H (148-150DAT) (ZAEMHE
WD RHET — 2 2G5 7202 3D A% v F— (DPI-8X, (Bk) A—v'—7 1 —) THi%
BRICHETE (6 KF) DAY (FRICRIZED) 2 1 8AF v Lz (Fig.3.12), b~ bk, HL:
150 cm FREE, FEMCEL : 20 BORREE, LAL: 3RREThH o7z, 7 U HiE, FL 0 160 om FREE,
BERCHL 35 BORREE, LAL: 2 FREECHh 572, b~ I, AF ¥ VRICHIEICHEET DRA L
BE 323 ffl) 2T _XCUHELETRIEE AV CTEKREZRE L, 2 OVEEZ BRI
FHEREME VRS 2 & T FREOMBET — 4 L ZOPIHET DR L REOEKRE
DT =8y NEFR LT, T U T, AF v ARICHEA LT RE 2 HEZINEL, 2R
EOERELWE LT, ZOEEETRICHFET DEALTEREN R RDETHYIRL,
BREEREET — X PSS DA L REOAGBEDOT — 4y MEfEl LTz, h~
ERT Y B TREOAKREORE FEN R D O1E, /X7 ) W REORBICES 2 R
hv b LT 2 LR, N7 Y I CRENICFIET 2 REMZEHERAET S Z &0
W CTH 7272 Th D,

AR CHEAG LT ST — 2 IR B L O O REEH T EATHD, AFREEL
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EEN D, REOEIZESNZREDEENHETH 5 (Gongal etal., 2015) , & UAEILJEAE
B (x,y,2) LlE#H (RGBH) #Ff- Ty, TNOOEREFR L= 7 (/L% OPT
Cloud Survey ((#f) A—t—7 ¢ —) Z AW TT F R MEA (pts A THIA L7z, 3.2.2.2.1.
T, REEOEAZRT RGBIEIZ Y 7 A N OEELDOTZOHIER L TV ahy, ARRER TIZRED
i D72 12 RGB i FJf L7-, Dadwal and Banga (2012) % b~ M RFEOE OHEEIC
RGB A MWW TW 5, RGBA L IE, AORIUED—DTHR, FkB LUF & 0-255 DEKFT
KL ZNZNE 256 Y OfETEEZRILL T\ 5D,

MWREE DO RRET — 2 L0 b~ PREZMET DEIE, R>140, G<100, B<100 D 5AfF%
- REE R L. N7 U A ORELRET 2E0E. R>150, G>110, B<50 D544 i 7=
TRBEAE L7 (Fig. 3. 12), EROSFEOWREIL, BRAZRRRD b~ FB LUV
U 7 ORI L7 5o 2 RS LIE LT,
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(A) Tomato canopy point cloud , (B) Paprika canopy point cloud

(C) Tomato fruit point cloud (D) Paprika fruit point cloud

Fig. 3. 12 Plant canopy and fruit point cloud data. Tomato canopies for estimation of fruit weight were
scanned using the 3D scanner ((DPI-8X, OPT technologies Co., Ltd.) from August 14 to September 5,
2019 (A). Paprika canopies for estimating fruit weight were scanned from August 28 to 30, 2019 (B).
Fruit point cloud data were detected from the canopy point cloud data using the RGB value. Point
cloud data of tomato fruits fulfilling R>140, G<100, and B<100 were acquired (C). Point cloud data
of paprika fruits fulfilling R>150, G>110, and B<50 were obtained (D). Point cloud data were prepared

using OPT Cloud Survey (OPT technologies Co., Ltd.).
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33222 YUy RETLVE AW REEOHE

33221 THERR LI b~ b EXNTV W REDOSRET —F 2 /ALY 7 1 (OPT Cloud
Survey) THEGAIAL, RELZ T HHET —F PO —7 = ZET /MIE#H LT (Fig. 3.
13), REOY—T7 =2 AET NV %E3DET U7 Y7 k@ Meshmixer 3.5 (Autodesk Inc.) T
ARIAIRY U RET VAR LT= (Fig. 3.13), Y U v RET /ML, WEHBRZ BV Tlili
ENTWLIDOTRIZEAEEI T M52 LT 3D ETNVOERBEEHEST 22 LN T
&% (M - KB, 2014), K7L LIE, 3DBRERBLT 270D HIKTH L, 1L
TERFEOYY v FET N ERVTEEEEOREOKRBEHRE Uiz, HEE LIZREOK

(em?) IZREOEHE (gem?) R U TCREOHBEAME Lz, REOHEEIZ, 7LF AT
Z DJFFR IS < IR E AL (Concha-Meyer etal., 2018) % VN TRl 5 9IS HIE L 7=l %
W, KE AN T TAF v 7 B —I—IZ b~ hBLONRT Y BORFEZRD, BN LK
FEEREOERE Lz, b~ bBLXORT Y IOREREE X, TN 084 BL 054 g
cem? Thote (5§ ROV, b~ FBLUONRNTYV IOREOEBEOEELHE LT-EHED
PR &R LT,
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(A)Tomato fruit surface model (B) Paprika fruit surface model

C) Tomato fruit voxel model D) Paprika fruit voxel model

Fig. 3. 13 Fruit surface and voxel models. The fruit surface model was constructed by the fruit point
cloud using OPT cloud survey (DPI-8X, OPT technologies Co., Ltd.) (A, B). The fruit voxel model

was constructed from the surface model using Meshmixer 3.5 (Autodesk Inc.) (C, D).
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3.33. iR

Fig. 3. 14 IZ h~ FBEIONT YV I ORFEOFEEOHEEE VY v RET LA HWTHEE L
TRFEEEORBRBRER LI, M FBXONRT U DOERRFEER L HERFEEOMICHE
RABRENR A LN, b~ FEBXOVIT U BT R2fEIE 0.739 (RMSE =278.2 g) BLW
0.888 (RMSE=275.5g) T o7z, 1ERK L7zl li#IZRFC 87U b CHEEME % 8/ Nl 5
LA AN & o 7=,

62



2000

~ 4000  (A) Tomato [ (B) Paprika
S ®) y = 0.9178x (B) Pap y = 0.8392x
'° R2 = 0.739** Re=0.888% .
= 23000 | RMSE = 278.2 ®. 1500 + RMSE =275.5 -
S o °
= < B o .
33 ° ° 1000
£ < 2000 | .. e
7 i
W 1000 F %0 500 o
‘“ * ‘ °
O . ) ) ) , O P 1@ 1 1 )
0 1000 2000 3000 4000 0 500 1000 1500 2000

Measured fruit weight (g /canopy)

Fig. 3. 14 Relationship between the measured and estimated fruit weight. (A, B) show the fruit weights
of tomato and paprika, respectively. Fruit weight was estimated using the volume calculated by the
fruit voxel model and density. ** significant at P < 0.01 according to the regression analysis. RMSE

means root mean squared CIToT.
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334, B

REFRBOHEZITOB, F~ N ERXT VD TRTYIOHR, RMENE» T (Fig. 3.
14), B & LT, NT VI DI NAF ¥ UREO LAL 3/ &  BEIZ K DR D 7o o 77
O, RESBET —FELEL TG TELEEZAON, £12, FRZ b~ FTIERFEDO—

DB EBLTHWDHRENDH Y, #HEEEEM BRI SNTND T 7y MTOWTIL,
FRR A4 X LTRSS TV,

FERIREER L HEE RFEEOBR T, ITEL IR E R I E A28/ Nl LT D (Fig. 3. 14)
DX TROBEHNE 2 bz, b~ MBLUNT Y I OREHEEOH S . REOEMD A
X v o DTERDSTEHORFEO KRB REHRZEOR/NHOAZGISEZ LIZEERZ DR
Too LTERo T, RENEETERMINRNE ) RN THTREET 22 & T, RlET —4
DODR\EEROHED EEZ N, o, RELFOGIREIRFHSSRKEORELZ TS
(Hashimoto etal., 2012) , WFWEG TIZEAFHRPAEHIC/RY | =20 HT7 LY X
LEAND & REALRHO EEAEO—HE L TREINZL VI RELH D (Teixido et
al.,2012), Roseetal. (2016) (I7 RV DREZHINT 572012, HEZIZHP] (homogeneous
light) ZFIH L CTRBET —# 2045 L T\ 5%, Fontetal. (2014) IE A TRRIZ H W CTHFIZ

S LTomE SN D . REREOHEIH O —7 it LREFKZ O T~ Mo
1Tolz, AMETHRMICHBERMZ R L TRE T 2 L8R L RFZORBIZHEMN T
Hol-tEz bz, £72, Maliketal. (2018) I%, RGB 75 HSV AZEMIC AT 5 & |
A0 (Hue) B 53 23 A B D SERAFIC K 2 B A2 FIZ < W &b _T 5, £ 72 % (Saturation)
b JE A DS D8 % %1512 < v (Hashimoto et al., 2012), El-Bendary et al. (2015) %
BE D b~ MREOEBRO RGB flid HSV IZAH L7=Db | 8 CREMEDEEY
TV, R 90.8%72 - & Lk _RTW5b, L7ein> T, 4% RGB %[ % HSV <° HSL

RIS LR FERFEORN AT Z L C, REMEREZR LEELENTELLE
z b,

ARHBROMER LY RCGBEZET b~ REBLUOVT Y B OREREET — 2D, RFEHRL
BIOREEEOHENEETH D LR 7z, &R 3-1 T, LHORE B L OEIKD
RRET — 2 I BYERAL, LAL 8O0, BEREES OEBTHROBIS N AIERIZ /R o 7o, SHET
— X OB HIEE, R 3-1 BLOREBR 32 THETH L7720, —EREORBET — % OHL
BEATAIE, ABFHRIOMZ TEOHEE b RIRFICARRICR D Z L 2 BN TE T,
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34. £&0

3D AF v F—Z AW THEMEERB IS (F~ b F20 UV BXONRT I D) ORH
T2 WG LY —7 = AET VO EIT o 7o, B, LAL BERHEERS X OB LOHE
EREATV, FEME & HEEMOMICH ERMBIRGEA B, 3D A% v F—& AW AFE
=Z YRR EBZ b, £, ERl UICRIERME & iz E (REZRS) oM
WIEBIMR D o o T 7etD, BEEE & M EO R Z R T BRA LRI 2 2 & THEE L 72
AL R E (REZRLS) OHEERATEEE B 2 b,

AT, REET—ZDOFORGBIEZ W TREORIET —Z it L, £hzHnwTY
Uy RETFVEERT S Z L CREEOHEZIT o7z, REREOFENME & HEEMEOMICH
HAHBEEENR A ONIT2®, 3D AX ¥y F—H VWL L TEFOE=F Y 71T,
I EDOHEE b FTHE & RIR S 7z,

ABFZE T, ERE, LAL BEEHERE, BB LOUEOHEEIC OV T, DA X ¥ )
AT — 2 OBSETHBTH B, LIEEN->T, —EAF ¥ U &2{To THIKEO ST —4
BT D L BHEOHA OABHEHRONEZ FRRNICHEATEETH 5, LIt > T fBRINIC
REHOAFTBLIONEDOE=F U 723D AX v T —OFHARMHETE 5, /2. ARk
BRCERE L7- D 3D £ 7 /WL, MO EL HEBLTEX Tz, H4ETORF
Rab—va rE W EE OO EROHEEICHIIWRETH 2,
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Fa4E HFEVIal—varEFHOVRENORFHEOIEZ I BEOHEE
4.1. 5

RENTEY ZBIET 256, TOWNEZRET LHRO—>2L LT MO NERH
%o ZHEIT, =R, Hllk, MWL L OEMEESICL > TR L, BEREDEIZ
BT %, Z< OMM Tt L @/ EERDOMICEMMEN A B D (UL - B4, 1985;
Monteith, 1977) Lt SN TW5, & 2 O b~ b ORFEFARBR T H 28 L INEOMICH
TWRRAE BN, LI > TOIREBNTEMEIE 2175 18HT ) | INEZ NS E 5720
(A DR AN S DIRETRAROBAR T IEF 2R T2 ZENEETH 5.

AT 15 LI RO BRIZOWTIE, b~ MEORFIA T T T D, Flls & %
WhnsE2Z & EWONRMADFEEM ESH D2 ENAEETH 5 (Papadopoulos and
Pararajasingham, 1997) , Papadopoulos and Ormrod (1990) [Z#& D bk~ 35 Tl % 45 cm,
KO b~ IS TIIRH A 38 em (27 2 S I EH 72D DINEN L 12D LR TW 5,
Amundsonetal. (2012) (X, F~ F&BREFT DB, B 45 cm THIG T2 LIES LI
REICEREL RITSTICHETEX Lk~ TWa, L, EfRo#EIE, FE o il T
DOFIEFHRBRTHONTZBOTHY . KSR Do Hk-CFHICE A2 2 L& 1
LV, F/o, —RIGITIEEICTBN T, RS ZHETT 2581213 0.8-1.6 m F2E DA &V
ARYJ— T2 B & 72 D, BEROIREIIRNZE D D LM OZEE  ZbT 5, LIzi> T,
IRV THAE L & ZRHIORR A — b2 Z LI L, E70, dEx 2RBREE S
(REEME. TR, BRI LONRETZIN) FICB T 21EMOZ Nt BEOHEEIZIR, B
SERETHOLA TS HFEY I 2ab—a v BRlE LTS EEXLND,

IR, EF Y a b=y a CEAWIRENCEREOHEEN FTREL 72> TE T2, T2
a2b—varEAWEHED AV v ME, ik, YRR K OREEE S 2 ZE L RO
HEENARETHDHZ L THD, VI =2 b— 3 VEITHIBRITT, MR ERDIREL IO
Rearva—22777 4y 7 TIDETMETDUEND D, HFT 2 b— a3 UH
ZHNDZ LT, IREBICBWTRRDREEM TOMBHEICR T 2 RO EHZ &
AT D2 Z LR B BND N, ED LD REREITD R,

ARETIE, EVI2L—2a v OFEO—DTHD LA b L—P—iE&E TR
DFAESTE (IAHREM) & BORBREALNCT 5 Iab—2a VETLVOBEL
ZTORHEANET D,
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42. BB 4-1 LA b L—H—{EIC X DBEENZOCEOHEERE
42.1. HIY

Bz 75N AR, BRI KOG &MF) CHEOZREEZ YV I 2L —va v & A
WTHEE T D BRIC . SNSRI OB OHEERE 24018 L TR RERH 5, A/ITIE, #f
HTE, TEBIUCLEOZEEALFNL ., HEMORERREZITO L2 AL T2, &
BEOIEEND b~ MEEB L OELES 3D ET /MCLVHH L, BF VI —a Ok
JEDORGFEEIT > T2,

42.2. MBI LOT5A
4.2.2.1. FEEBRAEY) OHFEE I L O PPFD OHIE

221 TR LTCIRERB K OEAED b~ MR 2 BRICFIH L7z, Fig. 2. 4 IR L7 F1.2 [X
DFEV 2 BRI T2,

BEVEPOLBRBI ORI & LC. BEEINO PPFD 1%, 2018 4£ 11 ] 27 A25 11 30 AD
fil. 74 > PPFD &> % — (SQ-311; Apogee Instruments Inc.) % FV>C Fig. 4. 1 (TR TN0E
T, 1 MR THIE L7z, 742 PPFD U ¥ —Oi%iEm Si%, s 0em (F/E). 50
em (Fh) BELO160em (g (R L)) & L7z (Fig. 4.2),
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Fig. 4. 1 Layout of cultivation benches and location of the line photosynthetic photon flux density

(PPFD) sensors (SQ-311, Apogee Instruments Inc.) in the greenhouse. The greenhouse was built in

Matsudo, Chiba, Japan.

Fig. 4.2 Installation heights of the line photosynthetic photon flux density (PPFD) sensors (SQ-311,

Apogee Instruments Inc.) inside the tomato canopy.
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4222, BEER L OYRE 3D €7 /L OERK

b~ MEEENNRED Y I 2 b—2 g VT 8% 3D 7 VEERRT 572912,
F1.2 X (Fig. 2. 4) O b~ FEE (6 8BF) % 3222 L [ARROFIETID A% v —l2kv =
¥y LRBET—2 205 L7z Q018 4F 11 H 30 H. HEKCEL « 16 BrfREE, #& @ 130em 2
J£) (Fig.4.3-A), REFT =2 DAY T THRSND 3D ET L (V=7 = ZAET L) ~
DEWT 32222 TRLTEFEL RS Lo (Fig. 4.3-B),

3DEFT Y Z Y7 b (SketchUp 2017, Trimble Inc.) % FVNT, %+ % JEICHESE L 7604
ETHIRED 3D ET/AOFIZ, 20184 11 A 30 A b~ MEPE (FIUK 130ecm) @ 3D %

7V (Fig. 4.4) % EEROMEL TOFMEE LR Cice D & 92— LikiE L7z (Fig.4.5),
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(A) Point cloud (B) Surface model

November 30, 2018

Fig. 4. 3 The point cloud data and 3D model (surface model) of tomato. The surface model (B) was
converted from the point cloud data (A) acquired by a 3D scanner (DPI-8X, OPT technologies Co.,

Ltd.) on November 30, 2018.

(A) Real canopy o o (B)Virtualcanopy':

Fig. 4. 4 The real tomato canopy (A) and virtual canopy (B) constructed by polygons. Tomato canopy

was scanned by a 3D scanner (DPI-8X, OPT technologies Co., Ltd.) on November 30, 2018.
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Fig. 4. 5 3D models of the greenhouse and tomato canopy for the optical simulation. These 3D models

were constructed by SketchUp 2017 (Trimble Inc.).
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Fig. 4. 6 Photosynthetic photon flux density (PPFD) outside the greenhouse from November 27 to 30,
2018 for the input data of optical simulation. The ratio of diffuse solar radiation to global solar

radiation was obtained from Japan Meteorological Agency.
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Fig. 4. 7 Estimation of hourly and daily integrated photosynthetic photon flux density (PPFD) values
at different heights of the tomato canopy (November 27, 2018). 0 cm height: bottom of the canopy. 50

cm height: middle layer of the canopy. 160 cm height: above the canopy.
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Fig. 4. 8 Estimation of hourly and daily integrated photosynthetic photon flux density (PPFD) values
at different heights of the tomato canopy (November 28, 2018). 0 cm height: bottom of the canopy. 50

cm height: middle layer of the canopy. 160 cm height: above the canopy.
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Fig. 4. 9 Relationship between measured integrated photosynthetic photon flux density (PPFD) and
estimated integrated PPFD at different heights of the tomato canopy (November 27-30, 2018).
Measured and estimated values were hourly and daily integrated PPFD values from 9:00 to 17:00. The
measured and estimated points were 0, 50, and 160 cm in height. 0 cm height: bottom of the canopy.

50 cm height: middle layer of the canopy. 160 cm height: above the canopy.
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Flow chart of this experiment

Cultivation of fruit vegetables in a
greenhouse

Tomato Cucumber Ppria

Construction of plant canopy 3D
models using a 3D scanner Construction of a greenhouse 3D model

Reproduction of canopy 3D models at different
furrow distances in a greenhouse model

s

Canopy 3D model

Estimation of the amount of solar radiation
received by canopies using an optical simulation

Canopy 3D models at different furrow .
distances i e greenhouse Light distribution in a greenhouse
using an optical simulation

Estimation of relationship between
furrow distance and light interception

Fig. 4. 10 Frow chart of the estimation of the relationship between the furrow distance and light

interception.
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4.3.2.3. (RABA 7288V 3D &7 /L OAERR

SketchUp 2017 (Trimble Inc.) % FWTHERR L7-{E%E 3D €T LD HIZ 4322, TIEK L 72
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BEx{To72 (Fig.4.12), £72. 3D BT VAT 28R Y T OTHADOHEIE (x,y,2) £V
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Canopy S § Canopy M § Canopy L
Tomato: 21DAT ' Tomato: 35DAT | Tomato: 63DAT

3. R N

Fig. 4. 11 The 3D model of twelve plants installed on the cultivation bench. Houdini 17 (Side effect
Inc.) and SketchUp 2017 (Trimble Inc.) were used as a 3D modeling softwares. Canopy S included
plants with a height of 40 to 60 cm. Canopy M included plants with a height of 80 to 100 cm. Canopy
L included plants with a height of 150 to 160 cm.
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Canopy S: Tomato 21DAT Canopy M: Tomato 35DAT

Furrow distance: 60 cm

Canopy L: Tomato 63DAT
Furrow qii‘stance 0cm Furrow distance: 80 cm

Ty

Furrow distance: 160 cm
i 7

Fig. 4. 12 Canopy 3D models of tomato at different furrow distances. Houdini 17 (Side effect Inc.)
and SketchUp 2017 (Trimble Inc.) were used as a 3D modeling softwares. Furrow distance was
changed from 60 to 160 cm virtually in the optical simulation. Canopy S included plants with a height
of 40 to 60 cm. Canopy M included plants with a height of 80 to 100 cm. Canopy L included plants

with a height of 150 to 160 cm.
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Fig. 4. 13 Plant structure for the optical simulation (tomato, cucumber, and paprika). Canopy S
included plants with a height of 40 to 60 cm. Canopy M included plants with a height of 80 to 100 cm.

Canopy L included plants with a height of 150 to 160 cm.
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Fig. 4. 14 The layout of cultivation benches and the location of estimated points of the photosynthetic

photon flux density in the greenhouse. Furrow distance changed from 0.6 to 1.6 m virtually in the

optical simulation.

86



80 | Summer solstice
277N
-~ 70 |+ pid N
L /' \\
o 60 + ,/ \\
e) 4 \
2 50 f /s AN
= 40 4 \
K e Winter solstice RN
(]
N
0 1 1 1 1 1 1 1 1 1 1 1 N
O O P PN PN OO IN PN OO OO OO

Time
Fig. 4. 15 Daily variation of solar altitude on the summer and winter solstice. Summer and winter

solstice were on June 22, 2019 and December 22, 2018 in Matsudo Chiba, Japan, respectively.
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Fig. 4. 16 Photosynthetic photon flux density (PPFD) outside the greenhouse on June 13, 21 2019,
December 9 and 15, 2018 for the imput data of optical simulation. The ratio of diffuse solar radiation

to global solar radiation was obtained from Japan Meteorological Agency.
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Fig. 4. 17 Effect of furrow distance on the daily integrated photosynthetic photon flux density (PPFD)

per plant of Canopy S on June 13, 21 2019, December 9 and 15, 2018. Daily integrated PPFD (6:00—

18:00) was estimated. Canopy S included plants with a height of 40 to 60 cm. Furrow distance changed

from 60 to 160 cm virtually in the optical simulation.
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Fig. 4. 18 Changes in the hourly integrated photosynthetic photon flux density (PPFD) per plant of
Canopy S at different furrow distances on June 13 (sunny) and 21 (cloudy), 2019. Canopy S included
plants with a height of 40 to 60 cm. Furrow distance changed from 60 to 160 cm virtually in the optical

simulation.
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Fig. 4. 19 Changes in the hourly integrated photosynthetic photon flux density (PPFD) per plant of
Canopy S at different furrow distances on December 15 (sunny) and 9 (cloudy), 2018. Canopy S
included plants with a height of 40 to 60 cm. Furrow distance changed from 60 to 160 cm virtually in

the optical simulation.
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4.3.3.2. Canopy M D Yt &
43321 BEBEZMBELEZYIa2b—var (613 H (BIE) L21H (X))

6 H 13 H (frEE) & 21 H (&R) ¢ Canopy M CTIXFMEMHFEICI T, KR T TAfH
N 1D TZ0 OZ BB A 5 27 (Fig.4.20), b~ O FJEIXmA 100 cm B T HE
BZEPR LAaD Tz, 20 VBIOVST Y i 80 cm 2 T HER S L&) fa
MUIGH T, FEOZHEIZOWTIL, EOEPFEIC OV T H A OFEZ 2T oo T,
MMA T, FETEIC & > THBOZLEOR/NERB R -7z, b~ b T, PE>LEE>T
JEDIETZHENRKRE ST, F=2 v ) T, PE>TRE> HEOIETZENRE o7,
NZVATIE, TE>HE> EEOIETRIEENRE 272,

Fig.4.20-A 126 A 13 H (PIE) oM & 1 EdH7-0 OERIZt&ORBRRE R LI, F~v
N CUXikf 60-160 cm ORI T FE, FEB L EED 1 kb7 v O AEEZ RO
T, ZNEN3TL 152 BLV28% Th o7z, F=2v U TiE, ME, TESIOLED 1
BH1= 0 O ARREZHEOIMNEIL, ZNTI 169,24 BLV0.7% Th o7z, /37 U BTl
THE. TEBIULED 1 #H- o AREZEEOWINFIL, £nEn 135, 618KV
1.6% TH -7,

Fig.4.20-Bi26 A 21 H (&X) O L | kb= OEIZAEOBZREZ R LT, b~

IX. @ 60-160cm OHTTE, PEBIOLED 1 kb7 v O BRERESZ L ROHINE
I, ZNEH39.0, 155 BEL VP 28% Th o7z, =2 U T, TE, TEBSICLED 1K
BH1= 0 O AR HEOBINEIL, ZNEN 149,28 BL N 0.0% Th o7, /37 U ATl
T, TEBIOCLEED 1 KkH2 O ABEZEROWINRIL, £hEN 135, 44 BLT
0.7% TodH -7,

6 A 13 H (RIF) BLO21 B (BX) ICB1T5 FEO | R OBREZCEOHER % Fig.
4. 211K LT, FiC, b~ FTHA# 80 cm LLF, F = U VI LU/ U (LA 60 cm LA
TC 1 R OEZ N ENE R TEOMOEBME LV b/hEleo Tz, HED 1 KFfH
DOFEEZ N EOHER % Fig. 4. 22 \TR LTz, FFIZ b~ b Cal# 80 cm BLF T 1 Ref DFEH
HENERRHE CTEOMOMM LY b/ EleoTWe, Fa v VBLUNTY BTk, £FF
4 C 1 R ORREZ M EICEE OB I A b oz, FEO 1 RHOBES ED
HeRe % Fig. 4. 23 IR LT, EOMMFEIZIE TS, AR C 1 REM O RS R I AR

DRBIIH LN >, K26 H 21 H (&K) IZBWTEL, T E TERERIZSE O

% PPFD OHER% (Figs. 4.21-B, 4.22-Band 4. 23-B) 2ME=4} PPFD (Fig. 4.16) & [RIEEDOHER
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Fig. 4. 20 Effect of furrow distance on the daily integrated photosynthetic photon flux density (PPFD)
per plant of Canopy M on June 13 (sunny) and 21 (cloudy), 2019. Daily integrated PPFD (6:00—-18:00)
was estimated. Canopy M included plants with a height of 80 to 100 cm. Furrow distance changed

from 60 to 160 cm virtually in the optical simulation.
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Fig. 4. 21 Changes in the hourly integrated photosynthetic photon flux density (PPFD) per plant of the
lower layer of Canopy M at different furrow distances on June 13 (sunny) and 21 (cloudy), 2019.
Canopy M included plants with a height of 80 to 100 cm. Furrow distance changed from 60 to 160 cm

virtually in the optical simulation.
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Fig. 4. 22 Changes in the hourly integrated photosynthetic photon flux density (PPFD) per plant of the
middle layer of Canopy M at different furrow distances on June 13 (sunny) and 21 (cloudy), 2019.
Canopy M included plants with a height of 80 to 100 cm. Furrow distance changed from 60 to 160 cm

virtually in the optical simulation.
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Fig. 4. 23 Changes in the hourly integrated photosynthetic photon flux density (PPFD) per plant of the
upper layer of Canopy M at different furrow distances on June 13 (sunny) and 21 (cloudy), 2019.
Canopy M included plants with a height of 80 to 100 cm. Furrow distance changed from 60 to 160 cm

virtually in the optical simulation.
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43322 ABEBELLZYI2b—yay (12H 150 () & 9H (X))

127158 () &9 H (ZK) @ CanopyM D b~ FBLOF2v U TIEFEBLOY
g, T A TIEFHC T O A REZ RSN OB % %) 72 (Fig.4.24), £7=. 6 A
DY I ab—a L FARICHEDTEIC L > TEEOZLEO K/ NRDBER 572, F~ b
T, FJE> EE> TEOIE T MENRE o7, F2v ) TlE, F/Eg>TE> EEOIA
TEIEEDRE o7, X7V J T, wkl# 80-160 cm DT g > HJg > L@ DIE TN
BERKER-oT, b~ RBXOVIT Y HTIEEAM 120 cm f25 CHBEEZ CES fafi L, &
=7 U ClE, 100 cm £ C A RHE 2B R LR 7o,

Fig.4.24-A 1212 A 15 H (Canopy M) D#AfE] & 1 kb7 0 DJghI= N EOBIRZ R LT,
b= BT, B 60-160cm ORI T TE, TREELOLEEBO 1 fiH v o BERESZLEDHE
MRZ, TR 62.7, 303 BELV73%ThHh-o72, F=2v U T, FE. PTEBLIOLE
D 1S O AFRSZOLEOEINEL, ZHEh 519, 1.6 BLU 1.5% Th o7z, 7
UATHE, TE. WEBIOEED 1 b 0 AREZEBROMINEIL, ZhZh 50.3,
15.0 BL DV 43% ThH o7z,

Fig. 4.24-B (212 A 9 H (Canopy M) DiiAfi] & 1 #kdH 7 0 ORI N EDORERE R LT,
b~ R TIEL #AR 60-160 cm O T FIE, TR L LEO 1 b 72 0 o AREZ RO
ML, FNEN 578, 241 BLV6.1%Tho7z, ¥=2v U TE T, PTEBIVLE
D1 RHTZY O HERZEOWMMNTIL, ZNEN 277, 19 BLIT1.0%TH o7z, /7Y
ATIE, VE., TEBIOLEED | #kH7-0 o ARESZEEOMINEIL, £hTh 27.1,
115 BLU28%ThH o7z,

12415 8 () BLU9H (EXR) 2B 2 FEO 1 FEHOBERESLEOHER % Fig.
4.25 2R Lz, RRIZ, b~ RBIOVRT Y I THal# 100em BLF, ¥ = © Y T 80 cm LA
TC 1 K OBES EENFREA TEOMOMME LY b/ 2o T, TED 1 KFH
DFERZHEOHR % Fig. 4. 26 IR LTz, FHZ b~ N Tl 80 ecm LLF, = v U AR
60 cm LA FC 1 R OFFEZ R BR IR CE OO L 0 b/hEle o Tz, /7Y
Gl AR T 1 R ORI BRI ORI A bR o7, EEo 1 RO
FBRZABEOHBE Fig. 4. 27 1R Lz, EORMPREICEOTEH, R C 1 B OREERE
ZHEICHBE ORI A LN -T2, FRZ12H9 B (BR) IZBWTL, ZIETEHE
FRIZ4 8 OFE% PPFD OHER (Figs. 4.25-B,4.26-Band 4.27-B) 73 E=4} PPFD (Fig. 4. 16)
LRROHER 2R LT,
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Fig. 4. 24 Effect of furrow distance on the daily integrated photosynthetic photon flux density (PPFD)

per plant of Canopy M on December 15 (sunny) and 9 (cloudy), 2018. Daily integrated PPFD (6:00—

18:00) was estimated. Canopy M included plants with a height of 80 to 100 cm. Furrow distance

changed from 60 to 160 cm virtually in the optical simulation.
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Fig. 4. 25 Changes in the hourly integrated photosynthetic photon flux density (PPFD) per plant of the
lower layer of Canopy M at different furrow distances on December 15 (sunny) and 9 (cloudy), 2018.
Canopy M included plants with a height of 80 to 100 cm. Furrow distance changed from 60 to 160 cm

virtually in the optical simulation.
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Fig. 4. 26 Changes in the hourly integrated photosynthetic photon flux density (PPFD) per plant of the
middle layer of Canopy M at different furrow distances on December 15 (sunny) and 9 (cloudy), 2018.
Canopy M included plants with a height of 80 to 100 cm. Furrow distance changed from 60 to 160 cm

virtually in the optical simulation.
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Fig. 4. 27 Changes in the hourly integrated photosynthetic photon flux density (PPFD) per plant of the
upper layer of Canopy M at different furrow distances on December 15 (sunny) and 9 (cloudy), 2018.
Canopy M included plants with a height of 80 to 100 cm. Furrow distance changed from 60 to 160 cm

virtually in the optical simulation.
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4.3.3.3. Canopy L D32 Y &t
43331 BEZBELZVIab—rar (6413 H () L21 H (X))

6 413 H (PuiE) & 21 H (BK) @ CanopyL & CanopyM & [FEEICHFZ FTEE L OHE
D 1D OZICEITME OB A % T 7= (Fig.4.28), b~ MBI =7 U TEifHE 120
cm T2 CHBESZ L&D Liad iz, /37U Tl 100 em F25 C HEE S &R
fRn LiheD Tz, L OMEMFEIZOW T B OO RITIE OB 22 T Tz, E
72, Canopy M & [AIEEICHEMITEIZ K » CTHEOZ N EO K/NBURN B2 > 7=, b~ R Tk
g > TE> FEOIECREAIZ RN KL hole, Fa v URBIOVT Y #Cik, HEg> k
JE > TIEDIETEMNZ I ENRE 2 o7,

Fig. 4. 28-A 126 H 13 H (Canopy L) DAl & 1 #kd 720 OEHNZCEOREGRE R LT,
6 A 13 HO h~ FTIE, FE. 1B IO EE T 60-160 cm OO 1 #kd 7= 0 o B
B2 BOMIMEFITETNTI 1074, 226 8LV 3.0%Tholz, F=27 U Tix, FE. THE
BLOLED 1 k&2 O ABREZGEOIINFITENLEN 759, 219 BRIV 2.7% TH >
oo XTVHTIE, TR, PEBIOEBO 1 KdH- 0 o RS EEOMINEITENEN
402, 23.0 BEU3.9%Th -7,

Fig. 4. 28-B 126 A 21 H (Canopy L) DAfil & 1 ¥k 70 OREIZ EDORGRE R LT,
F~ R, FE. HiER X O EE TR 60-160 cm OO 1 #kdH 720 O HFREFZ RO
MRITZENZN 1133, 241 BL O 27% Th o7, F=2v U TE, TE, PEBIUCLED
1 Bkd7= 0 O HFEAEZCROBEINRIZZNZEN 703, 217 BI O 28% Th o7, TV D
TiE, TE. PEB IO EED | fkH7- 0 o BREEZ L EOHNEIIZNZI39.2, 214 5
L 41%Th -T2,

6 A 13 H (RIF) BLO21 B (BX) ICB1T5 FEO | R OBREZCEOHER % Fig.
4.291Z" LTz, FrlZ, b~ hBEOF =27 U TEAM 100em LR, 237U 7 THAR# 80 cm LA
TTC 1 R OEZEENE R TEZOMOEME LY /e o T, HED 1 KFfH
DIERZ R OHERS & Fig. 4. 30 IR L7z, FRC b~ B L OF 27 U Cial] 80 cm LAT,
/X7 J3CHARK 60 cm AT T 1 R O OL BN SR CEOMOmMM £ v b/ & 72
S>TWe, FEO 1 R OMAESZ I EOHER % Fig. 4.31 1R LT, EOMMREIZENTH,
FEE A T 1 R OAEZ LRI O BT A bR o7z, FRZ6 A21 H (BXR) I
BWTIE, T ETERERICEE OSSR PPFD OHER  (Figs. 4. 29-B, 4. 30-B and 4. 31-B) 7%
IR=E4+ PPFD (Fig. 4. 16) & [FIEROHERL 27~ LT,
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Fig. 4. 28 Effect of furrow distance on the daily integrated photosynthetic photon flux density (PPFD)

per plant of Canopy L on June 13 (sunny) and 21 (cloudy), 2019. Daily integrated PPFD (6:00—-18:00)

was estimated. Canopy L included plants with a height of 150 to 160 cm. Furrow distance changed

from 60 to 160 cm virtually in the optical simulation.
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Lower layer of canopy L
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Fig. 4. 29 Changes in the hourly integrated photosynthetic photon flux density (PPFD) per plant of the
lower layer of Canopy L at different furrow distances on June 13 (sunny) and 21 (cloudy), 2019.
Canopy L included plants with a height of 150 to 160 cm. Furrow distance changed from 60 to 160

cm virtually in the optical simulation.
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Middle layer of Canopy L

(A) June 13, 2019 (Sunny) (B) June 21, 2019 (Cloudy)
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Fig. 4. 30 Changes in the hourly integrated photosynthetic photon flux density (PPFD) per plant of the
middle layer of Canopy L at different furrow distances on June 13 (sunny) and 21 (cloudy), 2019.
Canopy L included plants with a height of 150 to 160 cm. Furrow distance changed from 60 to 160

cm virtually in the optical simulation.
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Upper layer of Canopy L

(A) June 13, 2019 (Sunny) (B) June 21, 2019 (Cloudy)
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Fig. 4. 31 Changes in the hourly integrated photosynthetic photon flux density (PPFD) per plant of the
upper layer of Canopy L at different furrow distances on June 13 (sunny) and 21 (cloudy), 2019.
Canopy L included plants with a height of 150 to 160 cm. Furrow distance changed from 60 to 160

cm virtually in the optical simulation.
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43332 ABEMELZYIa2b—yar (12H 150 () 9H (X))

12H415H (fkiE) & 9H (EXK) @ Canopy L b&MEWH T, TEBLOHFED 1 4H
720 O AMEZ I EITME O EEZ T2 (Fig. 4.32), HEO BREESZEEITME o2
BT ol M~ FB XU 2 v U IdEkfE 160 cm B2 C H RS C & ffN Lisd iz,
/37U Jp TIEEAR] 120 cm FEEE T HAFRISO RO Liaw iz, £z, 6 A 13 B &L [AERICHE
WFEIZ L > THEOZNEDO RK/NERB R > TEY | HEOZEDOR/NERIL 6 HD
V3al—variEEThHot,

Fig.4.32-A 1212 A 15 H (Canopy L) D#AfE] & 1 #k&d 72 DfERI= N EDOBFRZ R LT,
kb~ b T, ## 60-160cm O T NE, TEBIOCLEED 1 b= O AEES RO
MERIT, 24 180.0, 47.1 BL U 5.0% Th -7z, F=2v U TE, TE, TEBIOLE
D 1D TZY O HERZLEOHIMETIL, TNEH 1175, 343 8L 64% Th o7z, /37
VAT, TE. PEB LR 1 b0 O R CROBINRIT, 221 81.3,
40.1 BL O 1L1%TH -7,

Fig. 4.32-B{Z 12 A 9 H (Canopy L) D[ & 1 #k& 70 ORI NEORBEKREZ R LT,
h~ kT, EAHE 60-160 cm ORI T T, HEB IO EED 1 #kH 720 O B RREZ RO
ML, 2T 1437, 357 BEVO3.9% Tholz, ¥V Tk, FE. FEBSIVCLE
D1 KRHTZY O AFREZICEDOEMFRIL, 21T 87.6, 2712 BL U 45% Th o7z, N7
UB T, T, PEBIOEED 1 #kd72 ) o BRRESZEEOINFEL, T 56.5,
346 BLN85% ThH o712,

127158 () B3LO9H (ER) ICBIT2 FED | R ORESZCEOHER % Fig.
4.33 2" LTz, FRIZ, b~ FBEIOF =27 U Tk 140cm AT, 237U J7 T 100 cm LA
TC 1 R OREZ N EmAE R CEOMOMM LY b/hE o Tz, RO 1 R
DOFEEZ N EOHS % Fig. 4. 34 IR LTz, FRC b~ FEBLOF 2 ¥ U THARM 100 em 2L T,
/X7 Y J7 THAK 80 em LA R T 1 RER ORIt EAS AR H T OO L v &/ & 72
S>TWe, FEO 1 Rl OME S EOHER % Fig. 4.35 128 LTz, EOMMMEIZENTYH,
FRFIHEC 1 R OB RIS O BT A D Neh o7z, FHTI2 A9 A (BR) I
BWTHE, I E TLRRRICKEDORE PPFD OH#HiFRS (Figs. 4. 33-B, 4. 34-B and 4. 35-B) 78
=4 PPFD (Fig. 4.16) & [REEOHERE 2R L Tz,
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Canopy L
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Fig. 4. 32 Effect of furrow distance on the daily integrated photosynthetic photon flux density (PPFD)

per plant of Canopy L on December 15 (sunny) and 9 (cloudy), 2018. Daily integrated PPFD (6:00—

18:00) was estimated. Canopy L included plants with a height of 150 to 160 cm. Furrow distance

changed from 60 to 160 cm virtually in the optical simulation.
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Lower layer of canopy L
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Fig. 4. 33 Changes in the hourly integrated photosynthetic photon flux density (PPFD) per plant of the
lower layer of Canopy L at different furrow distances on December 15 (sunny) and 9 (cloudy), 2018.
Canopy L included plants with a height of 150 to 160 cm. Furrow distance changed from 60 to 160

cm virtually in the optical simulation.
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Middle layer of Canopy L
(A) December 15, 2018 (Sunny)

Tomato

(B) December 9, 2018 (Cloudy)
Tomato

1
1
i
1
~ . 1 .
0.3 Furrow distance (cm) i r Furrow distance (cm)
560 80 ~=—100 - 120 —i— 140 ~5—160 ! —5-60 —+—80 ~=—100 120 —&— 140 —#— 160
1
102
1
|
1
01
1
|
o 00 | 0%

220 N OB D AR X O N DL 0 R
= AR A AR A A AN i A AR AR AR AR S AR
=
c 1
£ o3 Cucumber ' 03 - Cucumber
=~ 1
i 1
f 0.2 : 0.2
s O : .

S i
~ 1
2 o1t i 01
o 1
o 1
= 1
2 00 —%—a 1 00 ‘
I A5 »@\'\;\’1"{5\“‘\('3;@;(\;\‘5: @f\,\fb%,xgr\'\()/;{b\"‘@;@(\;\‘b
> AN AN SN SN AICAIN | EERNSAIN SN SN AICEINS
2 i
= o3 . Paprika ' 03 . Paprika
1
|
0.2 ' 0.2
1
i
1
1 0.1 r
1
i
1
: 00 I 1 1 1 1 1 1 1 .
[ '\,\fbgr@\\@(b\""@@(\*@
: ARSI SN SN SICAINY

Fig. 4. 34 Changes in the hourly integrated photosynthetic photon flux density (PPFD) per plant of the
middle layer of Canopy L at different furrow distances on December 15 (sunny) and 9 (cloudy), 2018
(Canopy L). Canopy L included plants with a height of 150 to 160 cm. Furrow distance changed from

60 to 160 cm virtually in the optical simulation.
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Upper layer of Canopy L
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Fig. 4. 35 Changes in the hourly integrated photosynthetic photon flux density (PPFD) per plant of the
upper layer of Canopy L at different furrow distances on December 15 (sunny) and 9 (cloudy), 2018
(Canopy L). Canopy L included plants with a height of 150 to 160 cm. Furrow distance changed from

60 to 160 cm virtually in the optical simulation.
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43.4. BE
43.4.1. M OZ L E~DFE

AT 3 < 72 D L BE ORI K DM BRI 5720, I 2 b—v a3 VNTHIL
DAV Canopy S ZFRWVTHESH 72 0 OZ &N LTz (Figs. 4. 20, 4. 24, 4. 28 and 4.
32), E S (1988) [FMIRL v XEZHWT M~ MEBENNORE LHICMITRET 22 L
THROBEELZ IR ERE L, BEOEINEL D EHBEELZRENE b L
WRARTND, ZOXIRBARERRRCTEINFE I I 2= a VOFEEAVTHBEI T
TV, ZOEIC, HFEV I ab—varEAND Z LT, BIEORIRE S E L CHEic
Je U T T D20 E& % EEMICFHME T2 Z LN AETH D, Canopy M BL N L 0K JE
(TE. eIV LE) OZNEIZOWTIE, FICNENMUoYTERS X0 EEICHF
T HEICLDEMEZTOT L, FRBOZNENSMBE ORI L2 EEE 2T T\
(Figs. 4.21,4.25,4.29 and 4. 33) . FFlC, SAMEEEE N O FACEEIR, AR K> TH5
REZNEEMRTE R (Luetal.,,2012) 720, HFTIalb—ra UV ERNTRIEDD
RWEZ AT S Z & T FEFEOREEEHOEE L L CORHPHGETE 5, Wi LE
IZDNTIE, BEOREE ORI E IR OB A Z < Do Tototh, E ORI bt O8I
X727z (Figs. 4.23,4.27,4.31 and 4. 35),

Flo, HL5—ELL LOMB O H 5 & 1 BRd T2 v ot L2l Bt
RN, VR a b=y a K HEE LAt R B Fn LA e 2 AT BB OS5 =
LT HRBHTIZY O EEZ RIS EN O LD ROIME TR TE 5 LB, KDk
WA TR 35 2 & T RIEBENEE D Z LIS K VIEOBMBAHETE 5,

Y/

rw
i

4.3.4.2. fEFEOD S B~ A

FOUDAIFREE CHEMEIC L > THIE O 'O K/NBERA R 72 > Tz (Figs. 4. 20, 4.
24,4.28and 4.32) DI, HEWMFEIC K- THEME L2V (Fig.4.13) . TN ERHIZ LR
B 52 T eizb ThoTz, Tsodaetal. (1992) 1XEIL I m FRED & A XD g
WCEENEFR LTV D72, ED 20-30 cm O TRERSrO B S 2L L Tz & B $HIR
T AN EHONTZITETHLNI L TN D, BEIELE A OO OG22,
SHEDRKEZRDLT VR, LT LHE D TERL, EERHEOSLWMLORE T ILmfEN K&
KRV ZHEN BRIV ZWEELH D,

Bl 21X, Canopy L O b~ ~, ¥ VEBIUNTY U THEOEREORIG I MULOSE &
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el L TR (Fig.4.13) Th W ZNHBER KR E InoTloizd, FEAofE & ik L Tsoh=
MR Tho7- (Figs.4.28and4.32), LT, F =20 VIBIUOT Y DITHAERSFHEL
WS WEBEBOZHENTE LY L KE/R->T Tz (Figs.4.28and4.32), —J., b~ MEF
27 VBIOATY 7 L LT EEoEmEOEIE /NS < (Fig.4.13) LEOZGHEE
DINErolelod, BEOZEITTEE L T/NTH -7 (Figs. 4.28 and 4.32),, HEff
BOZWE TR EMPKE < 20 ZNENEM LT WA, FEciddE, Bk ko
DR OWERR 2 52 TN, SOMHEBEPER TE T THMOE LY 3w /N T
HDHGEENE NPT, 6 413 BB X UN21 HO Canopy M D37 Y 7 Tlk, FISEIZ FED
ZHENPMORE L i L TR E > T (Figs. 4. 20 and 4. 24) 728, ZHUX FIEIC/EET
LHIEEAEDHE & RS (Fig.4.13) TH Y, 22D FALEENRHAEELS L O EArEE L bl LT &
D SE RN S SBEFENCIRE L TW a0 Th o 12, SE R 2L ERHIC 5 2
D EITAER 4-3 TREL K BRD, HEAKTATEWEETEIEE . BRI R &< 2D &)
W23 % (Monsi and Saeki, 1953,2005), L&Y Canopy M D7V 3 D FALHEDS H 5
ZZICLRT o To, LI2ido T KAFEITHEY OB E IR 2 B 8 L2t &2 @hilic
AT 2 2 E R ATREAR DT, ZHEODIRWVEORIECHIYET HEROIEE & L TOFIH
P TE %, LALDSRETE D & B FEOICTREEDEMEALL T &2 VLA LD
WWEAFEICERRC X 202 T FERIC K o CRLEM ZHE T2 (RIS, 2018) &
WOMENRDH Y | ZHEDD RGO AT AEE A LS D TEDICHETH S,

43.43. KBiEiE R L ORRBRIEOZ R~ D

AFEOHNEZFL L TR H - ORI LW O 2 K T o - 72 (Figs.
4.17,4.20,4.24,4.28 and 4.32) D%, TePEMATH D, 12 H 15 HOKE&EEIZ1 B
WMLT6H 13 HBLU 21 H LR L TR (B KKK 30° . EE: HKRFI80 ). K
555 8 EE AR & BRI~ D H S O NS AR & < 72 VIREN ORI OB IZ B 503 S
9 <, EFUA OB RIHICHEENEIC HI B AF LI o Te oD THh o712, LI » T,
AKyIal—rarE T Va5 EFHiaeBE LT, ZHREDHD LW/ oz
IR 5 2 EBNFREL 225, W% ERET DRI, RV Ialb—va e T AEHMAT L
WATH) S DMl 7 15 2 FECE RS 2 BB L CRET D Z LR A[RETH D,

12 A 15 HOIEFAHTIZ, Canpoy L (2B W TEDIFNOREMH & EE LT RO 1 B
DIERZ RN KON A S 7= (Fig. 4.33-A) DI TRROHATHSH, KEEEN1H
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Zil LR L oL B S OBIA MR 7200 IEFLIS O W RTEF IS RETE N ER IS B 525 A
LIZ o lefzth Th o7z, Tewoldeetal. (2016) 1% b~ MEENO AR LI EmA 8E
T 50, AOBMBIOE EADOKIZ b~ MEENTHINEZTT S 2 & CIREMEM L7
LIERTVND, T2 b—Ta VOfRNG S LTRFENEIC B RHPAS LI < B
NOZHEDPFRRE LT 20, BEENMDEOMFITE & i L TREVEEZ I, AV
Lalb—varETAERND LM T T ORI IR ENLE S ORI D LB X
Lz,

6 21 HE 12 A9 HIE. 1 AZiE L CTHELHHOBIE AR E <BEE NEBICHGELEA ALY
LT 0o lo ez e EOHER (Figs. 4. 18-B, 4. 19-B, 4. 21-B, 4. 22-B, 4. 23-B, 4. 25-B, 4. 26-
B, 4.27-B, 4. 29-B, 4. 30-B, 4. 31-B, 4. 33-B, 4. 34-B and 4. 35-B) (Xi{E=8%} PPFD O#t% (Fig.
4.16) LEEROBMITH o7, KA (2016) IRRFENOBELH HHE, RS A 5 & FEO#
AZERLIZZ LD, IRENDORIZEDEEZZTITWEBRNTE Y RFFEORE R
E—HK LIz, LERST AV I 2 b—2a v EFAE NS EEEL A FHOBIA% DK% 45
& BB LI BOHEEN TR L 72 5,
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4.4, R 4-3 SERBEECE SOCRORR
44.1. HIY

FEDRER DZCARHNTEEDTE LA FEFIC LV BT 5 2 LN BA TV %, Monsi and
Saeki (1953,2005) IFHED £ O & S FEE OWOLREIC I B A KIFT 2 L 2R L TEY,
FRICHRE A R BEIIROCER R TP RV A 2 ROBEOSAITIROREN ERT 5 L
ATV D, REG (2010) (ZHBEH O R OESERAELZHET 5 & T FERREROLER
BORNEREHEE TE D LR TN D, HWFEIC LV REN R 5720 LAL & BRSO
BEORRIIEINT D LB BN,

Anten and Hirose (2001) |Z@EHRKME T TH A A AT F I OFERICE R E & e KL
T 5 LALIE 3.5 B, (RERFMETIE25BEThH o LR TWn D, ERLEYD ., RO
B RORE & e RAET % il LAL MFET % L #E ST % (Anten and Hirose, 2001), L
723 o T, ED LAl CREHEAFIET 52 L TEDMIZORN D EEZ LD,

¥ 3D ET N ERWEZHEDO VI 2L —2 3 U &21T) 2 & T AEMDOIEDE AL %
BEICHITE D720, SV ORFEOZOLKT 2 HHT 5 Z ENARETH D, £z, —
FEANAEI LR ISR RS S, ERESOIIRIZAET AT — VIt > T&(LT % (Sameshima,
1995) 73, 3D ETNVEHWDHZ L TERIZOVWTHHIARETH D,

AHEITIZ, FREOMWHERZE (h~ F, F=2 U VBIOT U ) 28 LAL & EORH
RICHEZ DHBEZHAOLNCT L 2AMNET D, LA b ——EE2 AW TEEEBME D
LALICH T 2B A O OC# A4 HEE L, LAL & BRI H 72 OREE O EO MR E
A LT, MR OWTIE, EOMAESEREDOIEN 2 FHEZ AW TELR LT,

44.2. MBS LOT5A
4.4.2.1. EEAEY) OHHE
2019 ££ 9 J] 10 HIZH 2 & & FEEROMILIELE (168 m?) (&L 3 B o b~ &
(Solanum Lycopersicum L., ‘BER’ |, VX2 O X% (¥R)) BLOUTY A1 (Capsicum annuum
L, ‘Tl—bt—Axn—t—<2" ZXAfHm ) En v 7 U —/1% 2—7 (DELTA6.5G,
Grodan Inc.) (Z#f## L &2 »» 7 77—/ (Granulate, Grodan Inc.) Z 73 L7277 7 3% /L7R > b (NF-
SHL TRAU Y () \CEM LT, ¥ 29U (Cucumissativus L., 7V —HF WA 25
(BR) ¥ hZ2ozx) 1312 A4 BIZ LR L FERICEM Lz, ARBRCIIEmEEL 157
DIDAF Y T LHDIT, TRy MEEFCHEM Lz, mHiE 1.6m, HEIZ09m
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THEIE L, BMRZ 09m AL LD, A% v ORISR LN THT 25028572
DTH D, MAKILOAT T ZEEF A ALT5 1 BALERFRIK (OAT 7 77U A (BR)) &M iz,
F~ b FaUVBIONRT Y VOREHIZNLI 2019411 A 8 H (59DAT) ., 2020 4F 1
H25H (52DAT) £L1U202043 H 3 H (175DAT) £ TIT-72,

4.422. BEYE 3D BT L O/ERK

59 DAT O b~ b (FL : ~1.5 m, ERHE: ~2040), 40 DAT DF =27 U (B : ~1.6
m, K ~1380) BELOI4TDAT D7 U A (B ~1.5m, B : ~304) 0%
NZI 4 Bk% 3D AF ¥ F— (DPI-8X, (Bk) A—t'—7 1 —) THYV ZAX v LEHET
— X WG Lo, MEEROSHET — 2 % 32222 & RIS R BLE Y 7 & (OPT Cloud
Survey, (#f) A —E—7 ¢ —) [TV AL, ST —F % 3 AOHELAEZROR) I 7 —X

(STL B (282 L7, WEEKRORY) S5 —4%%3DEFT V> 27 Y7 & (Houdini 17,
Side Effects Software Inc.) (ZHUY IABAREEZRARY Z o DHIERIB K ORY T o HEHlEL 7 7
A NEEREL LTz (Fig. 4. 36), 1B L7- 4 B{RD 3D €T VDR Y 22 O g O BEE 5345
K OHEE L) OEE % Fig. 4. 371 2R LTz, BELLTE b~ b, 20 UBLONNTY
T ZENEH 4 (EIRD 3D 5 /L% SketchUp 2017 (Trimble Inc.) (ZHL Y AR & 4 m DFEE
NRUFO 3D TV K 25, 33 BEN50 em 12725 K D ICELE L7z (Figs. 4. 38, 4. 39
and 4.40), FE[H 25, 33 B LV 50 cm THeEE X F RICH 3D ET7 V&2 ZNERL 16, 1235
FO B HRBLE LTz, A3 D 3D BT NV ARE L7~ F D 3D £7 V&R 3D £
TOAWICHEE) L, #AfH 80, 100, 120, 140 3B X V160 cm (2725 K 9 ICRE L7 IREET /L
e L7 (Fig.4.41), EFRROFRMEZMAEDEER L b~ F (LAI1.2-35), ¥=27 Y

(LAI0.8-2.5) B3XUF U A (LAL0.6-1.7) OREEIDET VAT I =2 L— g UITFIH
L7z, AWFZETIE, 3D E7 /L& VT 5 BRE (80, 100, 120, 140 B LT 160 cm) &
PR 3 BefE (25, 33 BL U 50 em) OFT R TOMAGDLEZ AW TEEZHH L WD T
D, LAI 23 [AIFEEE T 36 KL ORI AN 572 DR MFAE L TV D,
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Tomato: 59 DAT

Cucumber: 41 DAT

Paprika 147: DAT

Fig. 4. 36 The surface models of plants for optical simulation. Tomato, cucumber, and paprika were
scanned using a 3D scanner to construct the 3D model. Four individual plant 3D models were used to

construct canopy 3D models.
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Fig. 4. 37 Plant structures estimated by the plant 3D model (n=4). The total leaf area of tomato,
cucumber, and paprika was 7480.9, 5206.3, and 36045 cm?/plant, respectively. The error bars indicate

a standard deviation (SD).

Tomato
Plant distance: 25 cm

Plant distance: 33 cm

Plant distance: 50 cm

Fig. 4. 38 Canopy 3D models of tomato (59 DAT) at different plant distances. Plant height was ~ 1.5

m.
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Cucumber
Plant distance: 25 cm

Plant distance: 33 cm

Plant distance: 50 cm

Fig. 4. 39 Canopy 3D models of cucumber (41 DAT) at different plant distances. Plant height was ~
1.6 m.

Paprika
Plant distance: 25 cm

Plant distance: 33 cm

Plant distance: 50 cm

Fig. 4. 40 Canopy 3D models of paprika (147 DAT) at different plant distances. Plant height was ~ 1.5

m.
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the simulation .' 45 cm
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i

Fig. 4. 41 The layout of cultivation benches and the location of estimated points of photosynthetic

photon flux density in the greenhouse. Furrow distance was changed from 80 to 160 cm virtually for

the optical simulation. Plant distance was changed from 25 to 50 cm virtually.
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Horizontal line
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Fig. 4. 42 Measurement points of leaf angle.
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Fig. 4. 43 Leaf angle of fruit vegetables at each leaf position (n=4). Leaf position was counted from

the top of the plants using 3D models. Tomato, cucumber, and paprika plants had ~20, ~13, and ~30

leaves. The error bars indicate standard deviation (SD).
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Fig. 4. 44 Leaf length of fruit vegetables at each leaf position (n=4). Leaf position was counted from

the top of the plants using 3D models. Tomato, cucumber, and paprika plants had ~20, ~13, and ~30

leaves, respectively. The error bars indicate standard deviation (SD).
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Fig. 4. 45 Relationship between leaf area index and light interception of the canopy. The ranges of

LAI of tomato, cucumber, and paprika canopies were 1.2-3.5, 0.8-2.5, and 0.6—1.7, respectively.

Furrow distance changed from 80 to 160 cm virtually in the optical simulation. Plant distance changed

from 25 to 33 cm virtually in the optical simulation.
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Furrow distance: 80 cm
Plant distance: 33 cm
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Fig. 4. 46 The light extinction coefficient of tomato, cucumber, and paprika canopies. Plots are

averages of hourly values between 10:00 and 14:00. The error bars indicate standard deviation (SD).
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Fig. 4. 47 Effects of the furrow distance and plant distance on the light extinction coefficient for

cucumber. Plots are averages of hourly values between 10:00 and 14:00. The error bars indicate

standard deviation (SD).
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