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Abstract

This study develops and applies vision techniques and mechanistic modeling for
intelligent monitoring and quality optimization in controlled environment agriculture (CEA)
and animal husbandry. The research encompasses three interrelated topics:

First, UV-A irradiation was investigated as a stress factor to enhance the nutritional value
and commercial quality of red lettuce. Through a two-stage screening-to-optimization
framework, results demonstrate that an appropriate UV-A strategy (6 h/day for 6 days; L6D6
treatment) effectively promotes coloration and increases anthocyanin concentration by 14%
and total anthocyanin per plant by 19.9% without compromising fresh weight in 'Lollo Rosso'
lettuce.

To understand and predict the interactive effects of UV-A on lettuce growth and quality,
a six-state ordinary differential equation (ODE) mechanistic model was developed, integrating
reactive oxygen species (ROS) dynamics, stress damage-repair processes, and carbon
resource competition between growth and antioxidant defense (Growth-Differentiation
Balance Hypothesis). The model achieved high accuracy on an independent validation set (11
of 12 metrics < 10% error), and global optimization predicted a theoretical optimal regimen of
9 h/day for 4 days, projected to increase total anthocyanin by approximately 38.3% with
minimal fresh weight impact (-2.4%).

Second, building on the interaction between UV-A and plant fluorescence, a UV-NDVI
(UV induced normalized difference vegetation index) imaging technique was developed.
Experiments demonstrated that UV-NDVI detects water stress-induced changes in plant
health earlier and more sensitively than traditional SI-NDVI and visual observation.

Finally, as an extended application in CEA monitoring, a binocular stereo vision system

combined with YOLOv4 and elliptic fitting algorithms was established for non-contact broiler

doi:10.6342/NTU202501086



chicken weight prediction. Commercial farm validation demonstrated high stability with a
mean relative error of only 2.28% after statistical correction.

This dissertation successfully integrates mechanistic modeling, spectral imaging, and
stereo vision technologies, providing innovative solutions for quality control in plant factories,

crop health early warning, and smart livestock management.

Keywords: UV-A radiation; red leaf lettuce; anthocyanin biosynthesis; mechanistic
model; ODE; carbon resource competition; growth-defense tradeoff; UV-NDVI;

chlorophyll fluorescence; binocular stereo vision; controlled environment agriculture.
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LW PERBAT G b S SRAR A F & 2 B H S HH % (Mollah
etal., 2010; Mortensen et al., 2016) > F]#* » & F B4R F R G HEH O Efor F I
Y £ R

Pare § - By B AN2DRT MR ok B E & Si(Amraei et al., 2017b ; De
Wet et al., 2003; Mollah et al., 2010)fr & **3D T "o 4 chp 4= & L (Mortensen et al.,
2016) o ipd k siehfk A R I A A H Bk hS RAGR B & 5 chd § 2 B ol e
DAERA g AR RRHE > RAFEORSRE Y FIT g RS PR o gL F
Bl e d g ok Hat o 2R % - Ry ek & KRB R A 2
Rl o s 0 TRET - BEREELY AL FEE 2 TR ko

De Wet% 4 (2003) &% - BH#-T 0 * 3 p LENWEL G awy B -
Al Bl s fifo £33 B8 e o 2 20 S b cow JEHCT] RIERIE Fran

FEEMER - BHEFHT o R B AIY £ A BT EF10%015% 40 $HR L o
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Mollah% 4 (2010) » B - 5 hse L& AR Y M 5 EREBFE > @
fFR2 #F10999 € EAHFEL 51647% - 2 FOEFHEBEY o BEF I AFEEH
0 Fpt o he R AR BAIRE Y B p it ahfeE kS s i ey = La

ERE

\"‘b

Amraei® 4 (2017a;2017b) #& 417 - AR & Bl £ 38 kb 7y
LEFHP Y h% LRI R PODE o A AT L 0 % T ANNTe SVMw fF i) - a0 3¢
£ TR2A B 5098 0 14 bR AR kSR B AT L LR (RGB o Wi - &
RGBEF W 2 XD BB LR BT PTG 2DR 4> I FRTN - 5 &8 2 2 F 2
WHABF AN B RO PR TR BE e H 34 35 # 40 (Okinda
etal,2019) -

HEWEGE (R Rl BRI LFNEPRE 2 FERT T 2 F L%
Mortensen® % (2016) & * 1 K3 izt R aE B 4p % (Microsoft Kinect) k&7 &€ & i
o BRERIET LER LR ORI R2D3D R G AR TR P FenE £
TR EFAL 5 78% A W 0 i RTERAP T RIFRE) F HE R 0 FE
fe mEPNTRBR Y O o

PROREENEREFUERE L F o a F Mg B sl o & 4-Mortensen
#4(2016) “tdp e MEDRFFLEEFRFRRARF A B4 o F LT EE
B & BfRAZHRIE - b4 Amraei® 4 (2017b) F1* #rFI# & Bk » &) 6 47
Mortensen 3 4 (2016 ) RI# * = REIFR s KA 32 KA BIFEF o KA 0 B g 8 240
MAGK S B FERT R F AR ST Rk R E LY R RO TR
WA kg o doipipd A B E o e R o

A RA YRR SFE A EWTY o AT LR 2 AL Bk P 2D 3D
B 3 G RADERFEFR FERAIBA R E Mg LN BHE- ERER

FLE BB EP 2 HWARTARRIE L L0k 5o
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2.5 #P > HARE

BP 2 RAY (B 2-3) Wis A SR e Wergedt > @ % 33540 e B5E f ch4
o dpd 2T ELEIES q HY P MR E d R R SRR 2 (28 24) 0 P 2 W
AL ARBE AT LR Y - ALME S 4§ & % Ff 0 TOF &2 LIDAR 7 345 «
FlP 5 @i h el VHHMFEE KBRS A o R AS R EY > A AR
FRETP o BIRE B VRRARG - ARF - FFOMERGE 5 20K

}é{’%\?ﬁv L TR

f*q
- () o
zy R BEAE  fHLEE BFE qERiEd  d= % Bl AR L
Sl

) Be{EE Bz

RER £ i 68

L J

L

REAFE

BI2-3 B P = WARE 8 Wiedt -
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BER 2 MR G SieniE 2 SR R - kPN T CURE Gpl AR ek AR R
% &4 %_ (Optical Calibration):
kS TP R s chd#H 0 H P n IR TS SRS 3R Sk
(A B BE~ ko ~ BLEF S 9 Thlic) fodh Sl (B S Ap bz At (o T M %)
R GRS R AR ko2 Bl oo gt iEARE K BB IES R R P el R
Bl ik = & o (Zhang, 2000) # 1 i AR 2% (F2-4) FIR G~ B9 %2 g g4
K enipg s S A SRR R 2 M E AR A2 T IRR R B
WARFE T RS ARG AR AR AR Leandmd SRR frz 2

TEE LA -

)\ Stereo Camera Calibrator - Data Browser

CALIBRATION
dh = IEP Ljﬁ Zoom In = Eﬁ:::::::::; Radial Distortion: Compute: & Eﬂ &
New Open Save | Add o Z00MOUt g B Eouiichnt. 0 Skwy Optimization  Calibeate  Show Rectified  Export Camera
Session Session Session Images <) Pan Layout Load Intringics ™ 3 Cosfficients E Tangential Distortion  Opticns Parameters =
FILE ZO0M LAYOUT INTRINSICS OPTIONS OPTIMIZATION CALIBRATE VIEW EXPORT i
Data Browser Image

{

Bdfer gl g BET 49 05
i

|

Bdf gy g g BTy

[

P ayl g MTTTYR)

R jection Exvors Pattern-centric Camera-centric
Sdlor s B KINQT 0T 08 ' - - - - v
o D@g 1o select outiers ]
8,
gl
s
BB g BTy L - l b
7 y 8, [ =
" & y :“ :lc--u
| Maan Error: 045 pivils
J NN R A o -
| 8 m 22 M 18 18 20 Z [millimeters) X (millimeters)
| s . A Image Pairs

B2-4 LFHFRL 2 -

& it 97 % (Distortion Correction):

§ONELSE A L ihf R S deff e e g (AR RAF S R) fored ¥ ip s
PED DB GG AL LD W RRD PP ) R I RBlY P MARDE
RARIFE M TR 24 A R i Sy A R T ARG L iE 2 (B]2-5) - Brown
(1971) F A2z 05 FwnGad FEFHR > S CF IS EREE T ZhAH - 7
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Tsai (1987) R B - R * ® 3R PRI 8- H B 7 wRRE AF R
BARZ HRIEY ST o2y BB T O RERFFIC LT M- B R
AR ER RSN R cWRRE D BREEL T TRFR T > TR T R4
] i -

4 Stereo Camera Calibrator - Diata Browser - o !

CALIBRATION
4 3 H HF &, Zoomiin T  ©Compute intrinsics Radisl Distortion: Compute: o 33 &
: : == ® Use Fined int ceficients =
| New Open  Save Add | RZeomOut o, bbb (L 8 Skew Cptimization Calibrate  Show Rectified  Export Camera
[Session Session Sessionw Images L) Pan Layout ¥ Load Intrinsics = 3 Coafficents [ Tangential Distortion Options Parametern *
FILE J0O0M LAYOUT INTRINSICS OPTIONS OPTIMIZATION CALIBRATE VIEW EXPORT -

Data Browser

Bafgn hﬂl[lﬂfgt L]

Repeojection Emors Pattern-centric Carmera-gentric

0

2

-} - -

S-DI 200 }.l..i

: :

] § © :

w | [ =

§92 > 0L .

i 400 - — 200
| Oviral Mads Esvir 045 pasia 00 - o

ol | i i e e e Pl
2 '] (] ] "0 12 " 1 Z (milemetors) X {milematons)

Imiage Pars

B12-5 SLEpw L RN R -

SGBM# & i# (Semi-Global Block Matching) & {7 22 4L X B 4 = :

AR REREGS T HAEF MR TEH LSRR - 8
& 3§ Ber¥t i % © SGBM (Semi-Global Block Matching) ;% & /2 8 — &% * o # ™
few Bt tAEAGEREROREAGEAANAE > DT L 2R R S F kgL
fie Hote ¥ 3L o Hirschmiiller (2008) #7#% 1 siSGBMiw & 72 » FI1H a3t Eoaffop R 2
PTG o XIS PR A S F FRMAROFE S 2 HHAEE L
A4 B (Disparity Map) » AR A B ? eh#% B F B~ 47 HREEZ - B §? g kT =48

A o REIEAAPISARIT » HAR L EAR S 5 K 2 JEARARIR 0 AR Z EAX| o 2t ¢ Geiger #
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A (2012) iz KITTIZA B #icdy > 5 SGBME = M 7 feif & 72 2B F 2 d 358 7 et

R E R RE O BP R E 2 A RRIRE Y R o

EFARLBIS B Eptsenp 8 28k £ f)—f\:'%g AP 2 B el RGBS (baseline
by FEAF = AR REREFENFR ERGF BT R ATFIERCL KA 2
2 EE B (DepthMap) o iZEBIY en& B ifd G2 347 0 I 0T SiEg- 3%

EEAE TR R WP R 2 REE WG E (R0 S B

B RAANECRINER o

BEATOSEEN T R AL AR TR E R > BN L LTRSS 65

Mt A o

I

Bl2-6 AL L BIE2 7 iR 5 ﬁf%‘L.}": .

13

doi:10.6342/NTU202501086



2R BERRGHLE

3 UV-A#BRREFEL LTS
3.0.1 BEHREERR

M RRIDLR AR RSP T I EF IREEIESF AL Y BT kR
Mgt ow KA AR A R OR ENRY O AR L ALY £ - K o

BBK AT /IR 25/18+1°C s dpHiRAE 70/85% (P /%) > CO: kA 1200
ppm (4ed ) o &R (FF-3%> 2%)EC 444 1.2mSem’' > pH & 6.5 A4
Pk * TSLED %% (S#&LT 477 ) » 48 4000K - kix 16/8 | pF (06:00—

22:00) > PPFD 130 pmolm2s™ (% 3-1) < LED & § k#& k3o # L0 B 3-1-

% 3.1 BiERRL T

% I 3E A % (%) X (%) Ex (%) PPFD (pmol
mZzs?)
LED 4000 K 30 45 25 130
(a) (b)

—1138
136
134
132
130
128
126
124
122
120
118
116
114
n2

70000
60000
50000

2

E 40000 0o - -

o

o
30000
20000

10000

400

)

Bl 3-1 (a)LED k3 ; (b)LED sk 3-4 % > ¥ = ymolm 2! o
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UV-A BofE® 4 k3% A% 54 % LB P TOA Lighting Co., Ltd. )% &% £ 365
nmo 2 G 5B A 9 1104 uW em 2o UV-B BotE* UV-B $ a8 (p 42 2318
Sankyo Denki Co., Ltd.> 4] 5. GL-15)>% &L £ 302nm> % & o 5 R & 9 1510 pW cm?
(Bl 32) o & A0 UV %3 0% LED %3 v % £50F— & % » i jid 54 153

£k UV EEpel &2 LED/UV K34 % 2 WheR 3-3 1 B 3-5 #97 °

(a) (b)

045 0.45+
. 04+ — 04+
£0.35 £0.35-
N% 0.3 & 0.3
£ 025 E o254
g Z

2 0.2 2 0.2
] ES

= 0.159 = 0.15-
g 5

§ 0.1+ ‘E 0.1-
0.05- J 0.054

200 250 300 350 400 450 500 S50 600 650 700 7S50 800 850 200 250 300 350 400 450 500 550 600 650 700 750 800 850
‘Wavelength [nm] Wavelength [nm)

B 3-2 UV %F (a) UV-A;(b) UV-B »

Bl 3-3 UV-A %3 Bt o
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B34 FZMSERAKE -

(@) (b)

Power(uW/em?! !

Bl 3-SLED &2 UV-A F ¢ k3~ # (@UV-A%EE X£F4F > H = pWem?; (b) UV-B &

FkHAFH = W om™

16
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312 FESR 2

ARBHRLFERR S P RERRBS PR REL S 0 R R AR

kA2 A AE > 72 LED B 24 o pERRGE > #3256 5 100 pmol m st e

L

N 6XBFIE2ER > ABEY M4BTI 8k fLE 5 130

TT‘Y

¥E
pmol m2s™" » P R H 5 16/8 -] > RGEH ¢ R AF R Bk B UV K RSt % 35

TR B IFERA £ A 4T o

313 £ 475 B

g"fﬁﬁp dL?F”]{W”H”TQ‘bh’/“ﬁ,/\?ﬁ’u%’*%'l'ﬂ/ﬂ _%’&q::é:

7 IR ieP? i e BEE R * F L3 (NE-4000 > Nippon Denshoku » P

W
%ﬁr

\

AL R D) BBIES P T g etk LY (PAR) ~ar (L% RE) b (EER)

I a9 o
7% 7241 %% Hungetal (2008) 2 122> 2 » & i J2ZRg PR EE F 05¢g>
fvr SmL A4 % % (pH 6.8) 3277 > *% 10,000 rpm s 10 A 45 > B+ Fip 12

Ak R 600nm TRk E o T ARAM RS FE-3-9 5 Y (C3G
Sigma-Aldrich - # R ¥ % #7) &% &> fefd 050~ 100~ 200 ~ 400 % 800 mg L™
Y R BB mgkg! #E (ppm) %7 ©

ST i Edp T iaE £ R% L (n=5) E M- & * IBM SPSS Statistics (4= & 29 ;

IBM Corp. > ¥ F) i& {7 H ]+ ANOVA # 4% Tukey’s HSD # % (p<0.05)

314 25%- :UV-A & UV-B Sfbitf

A UV-A Apcs UV-B i 2P g »xd s T & 8 R F R GF E 5l
AT e B SR 5 S 5 % ¢ ‘Lollo Rosso” (LS-006 0 £ % fd%

17
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- &) ~ ‘Purple Romaine’ (LE4705 » #34% > ~ 4 ) -~ ‘Champagne Red Flame® (4% 3% >
2#) 2 ‘Oakleaf Purple’ (LE4806 ° #3148 &%) o

UV EJZp #4616 % 32 X (32DAS) 4% 4 » fitk*t % 35DAS #4z (n=5) -
FoHREZ BrILe  FEREL 323 Ripthe 458 P30 E £ 4 Sl (L*~a* -

b¥) 2 5 AR -

[y wp LR B HFRR FPRPRE FH=
£mm) @Wcem?) % (h) & )

UV-A UV-A B FXF5% (58LE 365 1104 4 3
i R )
UV-B UV-B ® UV-B §k%% (p 4 302 1510 4 3
bt Z £ 34 GL-15)
CK #m® (& — — — _ _
uv)

3.1.5 R Z%_= : ‘Lollo Rosso’s7 UV-A pe* B if it

1957 % - 2 %% > ‘LolloRosso” A EZ 5 E AT H G - 2FHFL UV-A &
BE 1100 yWem?2s %37 b5 p B £ 3 Bone £ % > URmE AT
FEDRTIERANEF R R E UV-A b - 9% 2R %EE
IRL o

PRED 2 BARIEG FES (£ 3-3) 0 %2 ki ODE #4083 2 i ¢
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% 3-3‘Lollo Rosso’?" % & UV-A e (9% =)

k] BN I UVA(nW  * p e B3k A2ds X
cm™) (h) (d) (DAS)
CK e (7@ 0 0 0 —
UV-A)

UV-A-L6D6 op AR 1100 6 6 ¥ 29 =
UV-A-L6D6-N . p #E (/) 1100 6 (RRF) 6 ¥ 29 %
UV-A-VL3D12 & p &€ (& 1100 3 12 5 23 =

#)

UV-A-L6D12  ™p & & (£ %) 1100 6 12 % 23 =

UV-A-H12D3 ® 0 AHE 1100 12 3 ¥ 032 %

PERECALLT A TR 3 AHRT RS KRS AREMIALS 3 2

EpREPFE_0 X I5h i (£ 34) HRHFLEEVRE L AP AP FAE

434 H#HH UV-A R> (3 HA)

N7 e I.UVA *pp  HRIEk 44X P AL
(W em?) ¥ (h) (d) (DAS) (J em™)

CK £ g 0 0 0 — 0
VL3D3 &P A2 1100 3 3 ¥ 32 % 11.9
L6D3 % p A2 1100 6 3 ¥ 32 = 23.8
M9D3 ¢op AR 1100 9 3 ¥ 32 % 35.6
H12D3 B pHE 1100 12 3 ¥ 32 = 47.5
VH15D3 &% P A2 1100 15 3 ¥ 32 % 59.4
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LRBPERY 2 P R UV-A it 8 (1 UVA=1100 yW cm2) § %44 3-5- #
PaEp 12 ) PEFRIE (475)em2) A F 20 UV-A p e R E (5 48.6Jem2>

12250 yéWem™ RS 6 ]l PR D)ARY A F AL BEFRE BT ERZE o

%35 2l RHPFEZP FH UV-A ic £ (L UVA=1100 uW cm2)

= p ik (h) *p Pk (o) PAfAEE Jem?)
3 10,800 11.9
6 21,600 23.8
9 32,400 35.6
12 43,200 47.5
15 54,000 59.4
P A EHHLE UV-A 23R F %Y BEI DL L-FERERE > 2L FHFF

SR ODE 41403 WAl s 5 2l 8 32 &0 % UV-A 25 5 - M

‘_

o

B RG
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32 # ki ODE #+#|#3)#E2 33

320 3% i

AT A Sun X(2025) hF BA e A Y BB - B2 KkE ODE i
A FAFE LA UV-A ehfE e ¢ (i) UV-A # % ROS R EREHfr2 &
Frdl s (i) UV-A Spfocna) i % - B 4c E o ff > 8@ FFIRH 5% % & § »cff 5 (PAR)

R P ARTAN P REATRT AL LSRRI LT 2B oL TR L E AL

it T fripsi (Herms & Mattson, 1992) -

322 HFu%i

»BREREASB G D (1) Xd— BHicd (kgm?) 5 (2) Cbuf — 224
¥ir(kgm?) 5 (3)LAl— ¥ o ffipdic(m*>m?) ; (4)AOX — Hing 4 (kgm™) ;
(5) Stress — & Fl=x B4 & - (6) ROS— EF=E Ly 8 - 7°F %2328 5 Anth

=A0X x0.18 °

323 k&ivh g R

HAZ EHAE G Sun #(2025) 2 REHL BTG CF SRR LN SR

% & iv* >+ Farquhar 2 it #73] (258 3-1+3-2) » ¥ * = B Gauss # » ¥ 5k i&

(s
Ac = Ve, maxX% (3-1)
4f = ] x et (3-2)
324 f5iu ODE it
B b i (3 RT R )
= (ca - AC - hbuf — Rd) - (RGRmax -Z2) — SAOX - Ccost (3-3)

21
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FHAEPL (ZRFTRmIFL):
dxd _ cbuf _ i i ol
— = [—Cbuf+1(carbon] X RGRmax X Xd X (1 — Stressinhib) x (1 CCpenalty)
(3-4)
LAL # 3 (7 UV-A )5 Rag)
dLAI dxd
a4 = (dt) SLA - (1 — or)- (1 + LAlIboost) (3-5)
ROS # fi
dZOS = kprod X Iyy, — kclear x ROS (3-6)
G a1
dsi;ess = (Damage + CircadianDamage) — kdecay - Stress (3-7)
AOX (Mg it 4 ) & /i ¢
d':l(ZX = Synthesis — Degradation — Consumption (3-8)

325 BT RS B4
BT R A A A P AR A £ o v T G (Herms & Mattson, 1992)
A#H & UV-A 87T f1fa et & (Xd) & & (AOX &) 2 B Tk
ARG WS BER SRR
(- ) BB AOX 3@ s dds x it (F kg AOX iJ 4= 1.0kgC)
Lo b g ) 42 Cbuf @ dopd (A L HL 4 S3)

(z) 2E£3F%  3¥H o AOX £ i Fi i CCpenalty * 4 £k (A

\)’\
|

ALasv S

22
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32,6 #BRIFFEH

HBEF G = BrEafns t (1) LAL &8 (a7 & (vulnerability damage )
HHRS I R ETPE S| AR R B o % 5 (2) Gompertz %) 2440 1 4F i 2x %
(nonlinear damage) @ A A PFREEF p @ T ka4 hHEF o REHEE P 105 )
5 (3) 2 e 245 (circadian damage) : 4 ik FF &+ £ g £ chIR % > &2 ROS

o4 4833 & - &k (Laietal., 2012; Budkowska et al., 2022; Nitschke et al., 2016) °

327 2R HEBPLIT

PRy T IEE £ BB L (n=5) Tm - & * IBM SPSS Statistics (%%~ 29 ;
IBM Corp. » =" fp 5 &% » % ®) &7 ¥ F]5 ANOVA ## Tukey's HSD # % (p
<0.05) -ODE % *ui¢ * scipy.integrate.solve ivp Ff% (3047 w4441 % S11) - Python

(3R A& 3.13.12) 7 RARNAE © o B # https://github.com/GrayWeid444/uva-simulation -

PR Ed 6 BaJE? ks (CK-~L6D6 ~ L6D6-N ~ VL3DI12 ~ L6D12 ~ HI2D3) - %
HELIWZ 3 AR P %&BEIgE (CK val ~ VL3D3 ~ L6D3 ~ M9D3 ~ HI2D3 val »

VHISD3) o B fdolicdo | 975 rd2enf € {oic 5 3 kR T 508 #3584 -

33 2P FERET R

3.3.1 LED® A& 3+

5 FUV-NDVIF &% > APRPFLESF T - A2 RHLEDE KR (B3-6)° %L AA
3§ 2% LED > ¢ 38 5 4000K » 3 fied 7 i 4 362 g 4] (B/M ) #UV-A (360 nm)
fvNIR (730 nm) LED - i&# LED+# Ledtech= # (www.ledteck.com.tw) % =%} » #
¥ 4000 K ALED#_Samsung LM301B> 730 nm:~NIR LED & _Epistar ES-SMHFPN20B > 360

nm:HUV-A LED & Epistar ES-EAUVF25A
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4000K

UVA360 730 NIR

Signal IN_?
LUVIR .

DCIN

B13-6 ¥ LHLEDEE -

* R 660

A * LI-250A% £+ g BLI-190 (LI-COR » % &) | £ % /T = 20 cmush T

¥k £k £ 54891 pmol m2 st « LED* § (H3-7) o A k% &3+ (RLS-2000

UV-VIS-NIR > Astoria-pacific > » %) #| & > 40 3-6%77T o

3
2751
251
=225
g 2
& 175
8 15
'§125-
ey
& 0.75

g 05

0251

Wavelength [nm)

B13-7 LED::¥ o

24
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#3-6 1 LED % ek

& ¢ R NIR (>700nm) R(%) G(%) B(%) UV (<400nm)
(%) (%o)
LED 4000K + UV + 13.5 359 338 114 5.4
NIR
ki g 489.1 65.9 1755 1654 55.6 26.5
(umol m™
s

332 & (oD

ALY 0 APRF T - f 53 Raspberry Pi 4 Model BE 47 3+ 5 % e i 44

w4 (1oT) K # 4-F)3-8(a) > % & 7 3 3ESony 8T # 1% IMX219 CMOS & & B H- %

(IMX219-160-IR-CUT-Camera > Waveshare > ¥ &) 4-®]3-8(b) ‘o= F4LE e {rCO2 &
BRERBRE E (Grove SCD30 Seeed» ® B ) A iprdgpidticie® - Bigk F {5
E/NIRJg % % (B-Filter > Reyo> 2 ) %§ 7 ¥ - Bijgk % (IR-CUT)> 114 =%
FIRGBE] . (B]3-9) o i1 2% % it 43 24P b g5 frCMOSH- 2™ Bt fife 4 e
UV-NDVI{cSI-NDVIZ £ o @ i #-F ek i @ 2 LEDE & (BI3-10) > AP F L &
Prh R E L ESINDVIZUV-NDVIk E B2 4 £ fFm o

(@) (b)
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W3-8 (a) = Hdrdld ek & (b) A 3FSony8F ¥ $%IMX219 CMOS @ g Bz o

(b)

100
Standard Spectral Transmittance:
A.0.1=0°
Wave Length Transmission
(nm) (%)
430-475 nm Tavg > 94% 0
490 +/-5 nm 20
503-600 nm Tavg < 0.5% °

300 400 500 600 700 800

B13-9 (a) # 7 %k #efpidre (b) E/NIRgE F3HRE o

(a) (b)

uo LED LED LED LED LED

B13-10 (a) # B A S LEDfEE % (b) + B f S LED® 3 -

Bl 3-11 B+ 1 IMX219CMOS @ g Bl ez BilE (o~ Fiokk) o AP

B s 47 1 2 (Imagel) #-B] (s 2] = izt sl i > T R[5 figpd gk & o
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— RO —Green e Blue

10
0.9 N N
s \I| R [\ |~
:0»8 A~ N
807 ™\
- / |

S 06 /
gos
204

B
I\ |
£ s TN TN/
E I T\
J

[/ 1
A /

— -

0.2
0.1
0.0

400 450 500 550 600 650 700 750 800 850 900 950 1000
Wavelength [nm]

B 3-11 IMX219 CMOS sensor RGB i ig aHf 5 g

CMOS i & ®ehir & 3 i ¥+t £ 4246 700 nm =hiz # % (IR) & B 5@ - RGB =

A FRA R EI K AT 800 nm sk o ST ER AL FFE T EOR S HE BB

&

Mizd fov 4 hd A o 20 RS- KA PRI F 2% IRCUTR*: " - %k
kP PdE T g et (3700 nm) o R 2 3F 400-700 nm §e BP0 Rk R R o @

WS UEFEI S A ST R aodp T i (LB 3-12) o

BLUE filter
100

90
80 1
70
60
50
40

[9%]eoueniwsuel)

30

g M .l
10 } AJ
I

300 400 500 600 700 800
Wavelength[nm)]

Bl 3-12 IR-CUT 4r &/NIR g % & b gk 3% o

27

doi:10.6342/NTU202501086



3.3.3 SI-NDVI £ UV-NDVI * #& R 5%

R P RB Y LR EY > TRGRHE et B R AR TR RE L LS e
R RNCE Y ERECERR A T AR SO AR A R
o E - F - PEF LU %H HIIoB 3-130 AR * 332 B hd T

(IoT) K # L E L HRY - 27 FPRIGIEP L= iR T8F

RGB @ i i¢ * W-LED (4000K) ¥ 3 kihdf # k4> RGB R ff o
RGB+UV-A : & W-LED ek # % 4 UV-A £k » JEP~ RGB B i -

IR+B : * F/NIR i & 4 IR-CUT ja % ¥ > iovic b 10 38 > jim B3t Wl ik

Bl 3-13 bél.xfiﬁﬁ%g‘#%ﬁ”ﬁ‘# .

& IRHB 2@ 5 & % E/NIR % ¥ %3 IR-CUT % # - E/NIR jh% * £- 6% i
Jak R o LFEE (300500 nm) friz etk (700 nm) i@ iE 0 (e L) Rk kel

28

d0i:10.6342/NTU202501086



6 (F13-12) « & IRTB BT » A % E/NIR Jik & %% [R-CUT Jhk & » ipfé &
5 3 3§ % 700 7| 800 nm 2 FF i i b (NIR) % [ 4R » $ R B GAF @4 & « E/NIR
kB A ERLE o FI A E00nm kL F o F o BiE R

BEcnd 4 A beBl 3-14 () #h e

2RIV wARMLE > AR * Imagel 7 Analyze 3 H ¢ 0 Color Histogram
12t HE ¥ G RGB v IRHB Bl ¥ i~ il i ck i & > 48 3 5 SINDVI
g P B o ¥t F 2 ¥ 9 RGB v RGB+UV-A Bl #e® o~ Ffrkil g enk g & > ¥

A UV-NDVI & i* ficig i 7 b i SINDVI &2 UV-NDVI$>+ 7 = £ 3 i & chacg & o

(@) (b) (©

R

M Y

Bl 3-14 7 F %R o Bl (2) R4 RGB Bl % (b) RGB+UV-A» & UV-A % & B i

: .-__,_/‘V
L S

T 7RGB Bl i (¢) IR+B > T E/NIR i & 7 chiz o B i o

334 EPERAEER AR

A7 #-UV-NDVI 9 %S % KB 2 P £ 8 i F F Rl L L4240 (B 3-15) :

29

d0i:10.6342/NTU202501086



B UV R

L ]

Y R

++ HUV-NDVI

UV-NDVI44 4% s B 3t WA IR R
I !
STHUV-NDVISE34 R Bl o 3 U E R

v

ARFECE S g

v

WEB da B~

B13-15 3R £3REE R RS

d 3 UV-NDVI # ¢ 352 € iz UV £ 8 F £ e 48 > Flpt g4 it

5;. EJ/’ “’1‘;

nd Zh i ”‘#“f;}éf@é} RS R AT AR J|* B-RGB ## HSV ¢ 27 7 »

1% HSV & G E 4 % B (B 3-16) T2 = — {54 G F B Y > hopt -

% i UV-NDVI #ic & o

(a) (b)

k7 FE T A

Bl 3-16 HSV?¢ 2z F#E#E @H¢ & (b)S4fcr (COOVHE R
*TEHRH - 'ﬂ\gfv@ar—r %37, g oG ERES 4 £ R

S E S FBE T UV-A S84 008 ki

30

oY

HFH OB o M FE S PEE R D

doi:10.6342/NTU202501086
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s d P 3od D] <10% FA 0 = 6 BicF AHRFERILY 5 S5 BEI] <10% FE -

WEF G~ =7 % F Bfoip RI-BUR f $ Bl4c Bl 4-9 “1T o

(a)
—&— Observed
90/ -4~ Simulated (v6)
------------------- +5% band

=580 {
=
2o
=
= 701
g
i

60 1

501

0 2 4 6 8 10 12 14 16
UVA Exposure Hours per Day
(b)
700
—&— Observed
_... - 3
650- Simulated (v6)

+5% band

[=))
(=]
(=]

Anthocyanin (ug/g FW)
b
o

0 2 4 6 8 10 12 14 16
UVA Exposure Hours per Day
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100

Validation: Fresh Weight Parity

90+

801

701

60

Simulated Fresh Weight (g)

50

%

CK
VL3D3
L6D3
MID3
H12D3
VHI5D3

— 1l
£5%
£10%

60

80

Observed Fresh Weight (g)

Bl 4-9 sz b %

B¢ ARl (T + BEL n=5);

“HE (0-6 -

Pr/3) ERIFVR 4 s £3efla T o (b)

opEIR) Dl R hEF AR

TEREREEE

100

700

Simulated Anthocyanin (ug/g FW)
W
W
(=)

(a) #E£&=F p UV-A REPFL

Validation: Anthocyanin Parity

CK
VL3D3
16D3
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— 1l
£5%
£10%

400

500

600
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Observed Anthocyanin (ng/g FW)

(0-15

P PE/R) ERRE TR e

£

FRELPAFRE - HFELTREF B

FEEAL 12

| P/ R i

/%) PR f R SeoinAd 2t UV-A MUEA S T ARG B AR (29

TFEeEp UV-A REEE (0-15

3% g

(657 ppm) 5 ) pF/xpETrE (578ppm) iTA P EAREERA € Fri] AOX & =k
FOo g Bon B oo (o) BERITERIE L BRI E S 3R R A 5] 5 £5%0£10% ¢

M p

Castillejo et al., 2021) °

11 7 g4 B

£10%14 o

TR

#p 12 -

57

Z (%) - RER - LT RNZL T AR E

2 4

12 At

| RS AL D% ERRE (657 ppm)

15 /] PR &) ™ 2 (578 ppm )> &2 2 £ 3% Jis( hormesis )- & (Hadacek et al., 2010;
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%42 HBFFEREE G A HFARBZERE)

%18 R WER WL WELF Ti3E T R OTR
#(h) #1(g) RI(g) i BR R FA
(ppm)  (ppm)
CK_val 0 85.2 87.9 +3.2% 413 440 +6.5%
VL3D3 3 89.0 88.5 —0.7% 437 460 +5.4%
L6D3 6 92.2 89.1 —3.4% 468 480 +2.5%
M9D3 9 83.8 85.9 +2.5% 539 596 +10.6%
HI12D3 val 12 62.2 60.9 —2.0% 657 655 -0.3%
VH15D3 15 51.3 51.2 +0.0% 578 605 +4.8%
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4.2.3 B4l

WAL EE S (W 4-10) 27 Afp @8 (JStessdt) v+ % B 5 i £ p it i
4t BB mst (% 23 % 5 VL3DI2 e L6DI12) i # & ffdpdic (LAL) Pk F a¢
B Gaisdhiortift A Afpd8 - AEPEFE P EBT 2RI § %

* ;% 6 Gompertz I #c(Tjorve & Tjorve, 2017) » B ¥ &* p 105 -] B (B 4-10b) -

(a)

10* '
Young plant (LAI~3)
<1 .. S D D D . Mature plant (LAI~9)

Vulnerability Factor
=)

|
1
i
|
i
|
1
i
|
|
|
|
1
I
1
I
i
i
1
I
I
1
1
|
i
|
1
1
I
|
|
1
|
1
I
L

10°
10°
10'
lOil
0 2 4 6 8 10 12
LAI (m*/m?)
(b)
250
Max = 250.0 - 226.0
- Threshold = 10.5h
.§ 200 Steepness = 0.5
o
(4]
&
£ 1501
[+
a
-
3
£ 100
=
S
Z.
50 311
3h: 1.0 6h: 1.0
0 P .

0 2 4 6 8 10 12 14 16
UVA Exposure Hours per Day
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(©)

Training: Anthocyanin Parity

100 Training: Fresh Weight Parityl’ 200
z 650/ d
20 90 / L0
£ i
= e = 6001
= 80 / 2
= y
3 r 55501
= g = 0
= 70 L) = b p
§2 L ,,/ . < 500 | ' ’ !
E ’ CK - CK
= F p L6D6 D L6D6
E /! /, |:'.1:r.:.; E I\f [:{:]\
7 60 ,// // I\(I;II}IJJ_ g 4501 I;.I.)[I?
42 4 HI2D3 = HI12D3
; T v —
) . . — 400 ¥~ : : -
50 60 70 80 90 100 400 500 600 700
Observed Fresh Weight (g) Observed Anthocyanin (pg/g FW)

B 4-10 #5412 % : (a) LAl #7308k v(LAD) =A-exp(-k'LAI)+1 112 & féfie > g

R 4epE e LALe & 8 &2 (VL3D12~L6DI12 > €% 23 % B 4s) d »% LAI M4 £ 3
PR AR 0 @ S8 AR (HI2D3 » 8% 32 X B 4n) Pl F30 5k i eng 7 o (b)
PLAUMAE g F s op R pE T enR (% 0 2 Gompertz & BoE o 3% F]F e <6 | BF
JREEEE A 1.0 HiT e & 9-12 P/ R 2B AR 2 ¥ A 15 ) /ATy 227
B (Tt B =251 ) Br AR PR RS T W 4 i Ee (o) PRE I EE(2)
gy R (v) OEERIEEERIE - 4R 1] ROBEBTELTFL 25%N

Roo Hh REBEGREL 5B H5.6% M N 0 1 5 R R o

RREBRHA Y T REAZ T BB 0 ROS i & ER & - k(Lai
et al., 2012; Budkowska et al., 2022; Nitschke et al., 2016)° & /&2 eif 8 # i 4o B] 4-11 #7

oo B 13 7 VL3DI12 (M) fo L6DI2 (% #8) 84 mJ FW % iR

o

F] 1 VL3DI2 thig 5 (3 5=61) HR G 17%:hh > @5 ik £ 0% > » L6DI2 { 3
B (HH=1455) $3 5 19%4 0 0 B chie S 9] o 4 enpt 5 88 ¢ 45 AOX

R R A Ao B E BT AOX e A e ¢ v 8 98 Hill 2lde 4] 5 (W 4-12) -
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— CK —— HI2D3
6001 — 6D6 UVAperiod (D12) | |
—— L6D6-N UVA period (D6) |
5001 —— VL3DI2 UVA period (D3) |||
3 - L6DI2 .
= 400 (1 1
§ |
7
2 300
£
=
5200
100
0
15.0 17.5 20.0 225 25.0 275 30.0 325 35.0
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B 4-11 2 2g2 (% 14-35 X )i B P A 7| o

5 2 R b gL
ot Hp PR B IR

Stress Inhibition on Synthesis
(K=150.0, n=2.0, max=0.8)

P EAE T UV-A BB LPFR -

(VL3DI2~L6D12) ¥ & fidndic (LAD) T 2GR PEEH R > o

(L6D6 ~ HI2D3) = & enifdh (v % » 8 A i S o

AOX Protection
(a=0.5, K=27.8mg/m?)

0.6
)
E 1.00 >
2 c
—1 ]
£ 0.75 204
- o
2050 £
= —
= 2 0.2
2 0.25 2
o o
<0.00 0.0 -
0 100 200 300 400 500 0 50 100 150 200
Stress AOX (mg/m?)
Stress Inhibition on Growth Carbon Competition (v2.0)
(K=50.0) (K=21.0, max stress=0.225, max carbon=0.3)
. 1.00 —— DW growth 1.00 ——  Stress competition
2 ——— LAI growth —— Total competition
50.75 = 0.75 ; >
E k —— Growth penalty
i
= 0.50
g ~
5025
0.005 100 200 500 0% 100 200 300
Stress Stress
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B 4-12A0X & = »xF dp 3t b dp § %15 o0 Hill 3)$#r4] 3% (K=800>n=1.5)
H i ST e QLIS jRfR0 @ foclk: bR AL T TR G0 UV-A 1

B RAFEF G A £F 1K AOX hE Ha 4 o

Bl 4-1345 0 L s Fie@ B 1 ¢ v A B{opma s BT o gk B S HE
Bl 4-14 Bgn 0 B E-FFET 2T FRNBEECRF BY 6 K7 i@ hp BER
(8-10 /] pF) frfpmendF FpR (3-5 2 ) T vy A AMER B EHE - B 415 &
BRI T AL % > ¢35 Cbuf #8 ~AOX R FHUFILE % e AR e [ en

SEMER R 4 4-3 BT FBASEARA B R el & 184 -

UV-A
Intensity
X.d
(Dry Weight) mm
PAR,
ht)
C buf \ rethocyann
(Carpon) [=ADK % 18%)
Ternperature
COs, RH
LAl
(Leaf Area)
P it T e
]
H Photosynthesis e Stress

.....................................................................

B 4-13. it 4 BiE@le M 2=RBE T T & Z AL B R ¥ s 2 AT %-_,}% o
B® T (1) Iﬁﬁtﬁiﬁ)‘ (PAR~UV-A~ER);Q2) = Bki%#k (X d-C buf~

LAI~ AOX ~ % ~ROS); (3) M4tFr i i > & 32 ROS—i 5
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25

Bl 4-15 BB hP AL 2% o 5 5 W R :(a) A (C buf) SEPFR 5 1 s fi
B0 BT LB HHRAIET 24 5 (b) AOX R #uin (o) RS B SRR

SR % (d) BB ACET 4 RS St g0 B4 KA T G- K

JaBZ s Bk Ty RTRR ER 8 41
(h) B &
CK & 0 0.0 0% SN
L6D6 6h x 6d 36 7.2 ~T7% e X HE > Bl
L6D6-N 6hx6d (&) 36 10.5 ~10% TrsEip
VL3D12  3hx12d 36 61.0 ~17% AR P B F R
L6D12 6h x 12d 72 145.5 ~19% A BT R
H12D3 12h x 3d 36 262.0 ~20%  PESEIR G +E . LDMC
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424 BAERAF
FARAN (& 4-4) 2P > 45 B AR 1+ (A vulnerability ) fr2ba (430G B &
(gompertz_threshold ) 58t 2 F 2 frid B 5~ » @ AOX R P 5 8i & P8

ERAED AP AL fod 3R T G &L RinfEE o BT S

PoIN

(stress_competition_K ~stress_competition_max ) ¥t # € fri- % 58 1 17 T &

J}i,
Fpidhadmsd L @Y chit* (B 4-16)

A Vulnerability Gompertz Threshold 20 V Max Aox
— 0.0 —~ 150 e ~ W
® = —=—  Anth £ 1p{ —™ Anth
E“—O'Z E" 100 —+— Stress go —+—  Stress
= | 50 =
S -04 S S 0 1
5 N —— FW 2 o Z
= A = .
a —=— Anth 8 _sol 2 10
~0.8 —— Stress
=100+ -20
=50 0 50 =20 0 20 =50 0 50
Parameter Change (%) Parameter Change (%) Parameter Change (%)
K Aox Deg Aox Carbon Cost K Stress Decay
0.41
60 —— FW —— FW 100 —— W
9 —s— Anth $ 0241 —=— Anth = —a— Anth
2 40 —+— Stress 2 —*— Stress z —+— Stress
= = ] s 50
& =z 0.0 ik =
= 20 = =
@] & &
£ oj— | E02 R —
3 3 g |—
20 -0.4
. . -50
=50 0 50 =50 0 50 - 50
Parameter Change (%) Parameter Change (%) Parameter Change (%)

Bl 4-16 S8R R A4 1~ %o FRIA T T & HI2D3 ed®ig it ™ > ¢ B
BAME A FIL 125-50% PF o #E (FW)~ =5 % (Anth) frig s k& ap o
b o S 7% é #& A vulnerability ~ gompertz threshold ~ V_max_aox ~ k aox_deg ~

aox_carbon cost - k_stress decay °
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44 MAESEFRR AT

¥ R S FW S #% S 7% &MNA
A_vulnerability LAI 57 1+ -1.28  +13.2 +1.60 ¥ 3
gompertz_threshold LA E —0.85 +8.5 +0.92 %
V_max_aox HYRAEE S ~0 ~0 +0.85 ®
k aox_deg AOX *% % ~0 ~0 —0.95 %
stress_competition K BT R —0.35 +1.2 —-0.25 v
K _nonlin_aox LR e ~0 ~0 +0.30 4
k stress_decay HB %R +0.45 -2.8 -0.35 v

425 2FPEEFM
AUREHAN2BRERF P 9 PR 4 X BRG0G0 T
THRFLFVELUE (2-5%) DR pF > R TFRAEER X1 o PR BN 2B

BREFHNT  BASNERFEES ] U B2 ol 2 BB E T4 (B

4-17)
(a) Fresh Weight Change (%) (b) Total Anthocyanin Change (%)
10 50
12 12

2 - 2 0
Z10 0 g EFuw Optimal: 9h x 4d g
bt = T (FW -2.4%, Anth +38.3%) 30 3
2 102 & E
Z 3 10 £ 58 20 §
51 o] E O

v 1 w
z 6 -20 Z,D z 6 0 ZJD
g g £ 0 §
g 4 305 5 4 5
= = -10

2 2
—40 20
2.5 5.0 7.5 10,0 125 2.5 5.0 7.5 10.0 125
Daily UV-A Hours (h/day) Daily UV-A Hours (h/day)
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W 4-17 Btk F W0 (2) FERTBE ] FRo LT ol 55 (D) BIEF AR
Fop LR Bl o B R (9 LR x4 3 B BHRS) hAEEE Y
HELAD LA B 5% FHRT 0 RATF A F BB (4383%) 0 B (a) ¥ 5 4

R A o LR L T ATE S% PR E -

245 2HIPEFERT S BEF > UV-A §u2 (BE >-5%)

BOEpE g3 Ak BE KE® PR FFR® FFARE

4 #x(h) #* x (2 i (ppm) i g

1 9 4 %31 849 —2.4% 613 +41.6% +38.3%
x

2 9 5 %30 84.0 —3.5% 620 +43.1% +38.1%
x

3 9 6 529 828 —4.9% 620 +43.3% +36.3%
x

4 10 2 %33 842 —32% 610 +40.9% +36.3%
x

5 9 3 %32 859 —13% 596 +37.7% +36.0%
x
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4.2.6 Ft#m

bt

S- %3 UV-BIE b Gid  GFvnnzlddsd 2wy tipl g 44
frA B4 A UV-ARRHRET - B 20T v R MR Fé » x w FfF 2 v
£ > &2 Weiland % 4 (2023)5# 7 %% - R c g BRI R E RFP T T P X
AP BB ALE o

UV-B {55 (280-315nm) £ % { FchkF it £ » 74 DNA 2 4253 j7 » E Repe
- BRY A58 3 1% iF UVRS k% R85 /7 1 4 2055 0 3 %5 £ ik (Jenkins, 2009) o &4 1@
Ko > UV-Bigsf g 542 5 (ROS) A5 I o> 7 B I fofng 1 F o2
B enT im0 540 cnif i 2 4 i 428 (Czégény et al., 2016) > FrE R & IR 5 ¥ L eriif 5
B e ook o H R e T E £ (LDMC) e 4o F pt 0 Jmve -k A Ap 0 S HRIC £ 4
FoAt blendf A — e A G ORI ki o

EA PR Y o Bfa A LDMC Bk 8 Gompertz 3] 2R 3E 5 3 & FlF ki
PO EFF g p R R RHE (R E~105hday!) frid B iR 122 £ 3rd o8 ™ &l
HAv e Flpt > A7 B A BB UV-BRET 4 58 dp 4 o %Eﬂ; ¥t B
BAFG 2 FRNHGBRSTFAHI A FRAZHE AFL Y ¥ UV-B
¥ %% (Sankyo Denki GL-15 > *# & 302 nm) #%~250 nm e} — B = 3 &= » (UV-C
T ) o ie T A Aoyl BRI HehfiE AR R o A KR % B4 UV-BLED (B4e

i @ 310 nm ) ZUEEE S S B o (el SN G RE b L VE P EE

‘U\\-

ER
UV-B W5 338 5% > MEPEH UV-A 2G5 £ 6mEao

Pz T o UV-A 5 (315-400nm) L 2% 7§ Zhk L4 (8754 2 fow
k%) R Ao B gL E B2 UV-B i & chE f < A~ 3 4§ # 78 7 IF (Verdaguer et
al ,2017) » ¢ FHET > EHF UHERF Ty L TR R RE UV-A i 00
R RRARNG EOVERRF B RE - BHERFSEL A7 2 B
Sfa? o UV-A 2391 % M E o UV-A J2™ 2 - E enipfd i (i e finT 4

353 H 4 ) T FI UV-A 3% %407 2ok ¢ Chen % 4 (2019a) 4F % > #f % UV-A B
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FR AT EPNBEA FOEG 0 DR N SN R E TR 2 S E K e
SRR 4 o 8 UV-A 25§ £ R 20 P e ] @ i35 3 SLAboost v LAlIboost 58 (=
3-5) KA > v P UV-A ST R 1 Ea FET o

Lee % 4 (2022)4 472 1 #0165 % » T 45 fo i ‘284 % UV-A LED B o7 11 5 3
AFNEREFT(FY Firdyr T2 2 )k FFEFe FIve # £ Lycoskoufis ¥ £ (2022)
RIER » R UVIEIRS T A4 ¥ > R F 7 & 8ibadgks UV AT L RS> b FFi 4o
CE L R A SO E AL R FRL R A AP aRH  UV-A Y
UV-B 4357 Fend 104 i o0 (75 - BB foen R4 7137 108 50 % s S 3
Prrifid 2 sy d4 £ o

fAF L BiE- o MAE T kB F oA F1A#F £ 2 (Garcia-Macias et al.,2007) o
wplzEene B R o TLolloRosso ) t UV-A BREFT £ A& i end £ BdFi 4 o
A 2 Ead AP HARF RS T H AR ofep EigiE 2 B T o
TRSAFR ARG E RN AR REE RFERR DR FLH- B
3 UV R 7y - BRdritisid 232532 £ 5% 1 hFR—
UV-A 1t UV-B { % > » ¥ TLolloRosso & - B F itfss s fi— 2 &g %0 7 %
SR R %o ¢ > AP E 44 TLolloRosso | Bl3ET 48 UV-Afie™ » 1135 %
B E-F M o DB S Sl 0 B4R -

W 2 B SL s B M % (Huotetal2014)- HI2D3 A2 (4 % 12
JREEE 3 R AR R T A EREN S S E(651ppm ) & A F R AR5 T8 30%
BFRFRRERD ROPERHFA WA AER R FREFPRTFEZE

GER x #E) wHpPER T L L& FI5vF P B IEAESPEHRY @ -

_f

L6D6 B2 (5% 6 /P #FH 6 ) FRIAEIFF v A EERFIHEL A 2o

R

F R4 (914 5. A ¥RE: 870 ) c RRETTFEEAKS O 14% - UV-A &2
TA SRR IR E L 2 e UV-A 08 F AR B E B RER
IR Mt E B fF Y I R F 2T (L6D6 ¢hT a5 7.2) SLAboost v
LAIboost shir & »cfly » M PEE S IBE 3 3% % £ eP i 8 ¥ AAE 1 B 41 2
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(5 7%) <40 F » FApk it UV-A AR (36 [ ) 1 (2= #c~ { £ s p it
PERO(HI2D3 D12 (P pF x 3 %) &S B3 T REBh ] & FFE (VLIDI2 @
$ 23 AW 3 LR x 12 %) FRME O SR N L EE 2o B b
A o M E-FRRIIE L RCE P BRHBARAIE S ZEER > A
PfEAR R L AR BAIER R R

PHFA LG ERT PP RBEFL ST 2SS o BRE T RIEAR
HE P 5 R SiE 2 e B 4F 1§ (Reifenrath et al., 2007 ;  Agati et al.,2009) ;
Gompertz%| 2250 F]+ & 7 R #p = p BT g 4 9 F (Jenkins et al.,2009;
Czégény etal.,2016) ; Z e & R4 B I8 & P 7 R B RRSTag & it T % o A 2 # AR

G5 PE/ R i SR R R L 4F A E H R T 51~ T g frd](Hadacek et

al.,2010 ; Castillejo et al.,2021)

ECA - B RAEAIRTZ KB P R A7 1 A R odRF VT2 B apl L o JiL
R M 4 koA T R H(Herms et al.,1992) o iz fd 4] 5 BLE T hd £ -p T4 73k
B0 - F2RE T EROEHE C AUV-ARR T o fid ¢ B b ¢ il s iR EAOX &
R R T R RS K o FF OB & 2 a S A (B 2 TAOX K L1002
TR FRTEREA LAY AN BEL O, > B AGRIERT B E20%k L A
PEHRFRFE A DREIEA F(Vogtetal ,2010) o iTH MDA TR A fdT g
(Monson et al.,2022):& - # £ 3 1 & B FHERE - Bor 2 L - ERETR YA KA T A
et e

AP TR FFRUGIFEED (1) 717 FRIPLATRRFLETEF (BA
25/18°C ~ tp ¥R & 70/85% ~ CO2 A& 1200 ppm) > &4 7 R $¥HF £H B
R * 5 (2) A& PPFD (130 pmolm2s™) B £/ B A A e i<z 5 (3) 12
B iF i e oA 44 'Lollo Rosso' 485 (4) HAFE Rl E > % (& p 9 [P 4

:‘) "é;“g—@%ﬁm*ﬂ Ea:‘;ﬁrgﬁ\aﬁ_"
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43 FERBER A RBFEWH

4.3.1 SI-NDVIZ UV-NDVI+ f#&

SI-NDVIZ & ¢ * IR+BR] - £ CMOS® R{vBil if 2. B ehsg 2 £ B o s\ i i3 #
ImageJ1 £ B % - % % FEH® B > k1t ®RNOIRIrIR+BE #§” = BRGBE if 55 & e it

(®4-18) -

(a

N

ean 9311  rEG4OE  rMods 53
gMaar BE11 GSDAES  géodel ST
uMesr 5160 BSD 442 Ehade 54

(b

Caunt 4325

s 11760 1800 2568 Muds 118
ghlean: 53 410 pEO: 239 pMiode:; 23

bHaan B0 46 BE0D: .00 bz 51

Bl 4-18 B & =% ch= BEF A4 17 (a) R4 RGB W (b)IR+B > 7 E/NIR i
k8T it ] o
7
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i

0 255

Count: 4399

Mean: 11761  1SD: 156 Mode: 118
gMean 5346 gSD: 239 gMode: 53
bMean: 80.48 bSD: 289 bMode: 81

Bl 4-19 SI-NDVI i P dp e -

B s bior IRTB Bl 4? chiz é fribd i if 5% A RGB Blifss @ % ¢ i s A

(% 46) -

% 4-6 RGB and IR+B ] fch= B 43f 5 &

R G B
Intensity (0-255)
channel channel channel
RGB 93 97 54
IR+B 117 53 81

AP * F/NIR Jpsk 7 54 IR-CUT jpk #8177 IRtB F % > Zipk & viF
% (300-500 nm ) friz ¢k % (>700 nm ) i ¥ - & fEdf i ket ko 4ok 43 #7575 [R+B
Blijen ¢ A B » F15 E/NIR . F e 1 %@ B o F/NIR jjk &

RS o RS S AR B e -
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b IRTB B sl & i 58 A Bi%s ER 0 0 KA o AR i B R
B % etk bz kem CMOS B el i 1T o 7 3 5 BRI -
St Be 2% EINIR Jhk ¥ BE XGRS T d ok > i R EH 800 nm 111 kbt £ B ES A
G AR B T e d G A R e B oA T S R R R T

bkag B 0 4 £ SINDVI 7 12 % kB~ s NDVI 2|48 ¥ £ & chp 3L o

KL AR ESE A A S B ES A NS BT Rtk

% fo i % (Lichtenthaler et al., 1987 )> @ H ‘e B4 P F 51T &= *b %(Knipling et al., 1970 ) -
gt 5 SLNDVI = j# ¢ # IR+B jf % * #4p 842 jcchic 4 3 & (600-700 nm) 3 %
Jhethkim (>700nm) o vtk R pd 2w glpah i AP H i
B k% (Stamford etal., 2023) - IR+B gk # #4c 7 = d siF % & > & SINDVI ¥ eh

RBZE(117-81) %5 36> %5 Fd g #ied oiz— | enZL B HKT SINDVI

FHE P B g AR HS ¢

22 SI-NDVI#g iz > UV-NDVI Bl i} & & * RGB+UV-A & CMOS ® = ¢ friF

dMP 2 B R LR o % Image] 1 £ FE - P HEH®E > Kt & RGB v

gWeet BS11 g3 AES  gMode 57
bWear 5168 BED 442 bioe 5

RGBHUV-A Blif? ¢ ~ 4 foi ¢ W iE 5 A %1t (] 4-20)
(a)

. —

é i \

(b)
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e (33ZT B0 S8E rifoda. 134
ghlean. 10254 gBO 51) allade 103
haan 4165 BED 148 Blloda 42

LS

Bl 4-20 UV-NDVI =

s

(-3
13
-

Count 4232

Wean 13327 SO 586 rdode: 134
hbean 10208 oSD 493 oMode: $02
bAbean 3162  DSD 348 bMode 87

A

-

"

B &A1 o (@RGB; (b)RGB+UV-A o

R

—

o

B 4-21 UV-NDVI £ f? dp4c o

UV-NDVI 5 P fy 4c (] 4-21)% = RGB+UV-A R sz 4

P A RAR

)
=

(% 4-7) -

A wRMEH A A
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%4 4-7 RGB 4r RGB+UV R ffsrug & 5 Bl %

R G B
Intensity (0-255)

channel channel channel
RGB 93 97 54
RGB+UV-A 133 102 42

LA RBEEF P ARR S HRGB Bl P BB ¥ # v 1 IR-CUT
Tk ki & (IR) i » - RGBHUV-A Bl &+ # % 7 4 ch IR-CUT Jh % &

g et kR o B K QR R &2 RGBYUV-A B3 * B fc ) UV-A 55 -

UV-A %R 2 F8 L & % k4 > ot CMOS @R BH Achifd fok d i %
BAad GRS piz e Ka - UV-ARRBESFZ AT L gFhcd §Fh ¥R
RGB+UV-A Bl ifshiz & i 3 55 B B ¥ # 4c » & 4_UV-NDVI & SI-NDVI & « eh% B o
UV-NDVI i 2 8 2 fc 0 5 i B 8 7 senif o vh % > @ £330 UV-A R § 2 4

dehie d ¥ K o

UV-NDVI st 5 A %% & UV-A @l 58 72 1 660nm = d § £k
725 7 % 690 nm fe 740 nm fF FECPE B o ipfhind ¥ R IR EERCE PR KR
enE B (Takayamaetal.,2009) o A#m ey @ % 7 pen™ 2 {oii b AlHET 1 - R
% (Chappelle et al., 1984 ; Cervantes-Martinez et al., 2002 ; Corp et al., 1996 ; Subhash et al.,
1999) > UV-NDVI* & & % =d frFd @ig 2 BFend 8 (133-42) kfffal=d ¥ ko
wk R AEVEI o pEcE AR H L SIINDVI { 5 &Aac e 8 % UV-A £ higdt
BT R EH A ES L WA AR e oS W2 W enght > - e H
S fi g B R B REIR o
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#%_SI-NDVI 22 UV-NDVI & & R A 45 » 4 4= 4% 5 f27 SI-NDVI 4= UV-NDVI 2
Fengd B ot fisa B fcnd B o ip ity 8 # * Python 424 fr OpenCV & 3+ 5 -
TR EEL RS OB (B 4-22) o KB 422 > AP F P Agt 3 UV-NDVI 48

W SI-NDVI ac § F 3xendé? R an®E P R8s Ik o

2 {7 3 SI-NDVI 4o UV-NDVI Jjig * > [B] 3-13 @ e 3 £ F o NPl 367 p R A4 4
BOOREMESOET (FE) 1456111213 Johpr g aEF (LE) ¢
122+3+7+8-9-10 5 ¥ 3 e BopBeernt fdod 48 977 « FELEHT #

Sk % drd 49 ST F o

# 4-8 : UV-NDVI 4r SI-NDVI st 2

Intensity (-1~1) SINDVI UV-NDVI
Leaf 1 -0.02 0.43
Leaf 2 -0.01 0.45
Leaf 3 -0.02 0.19
Leaf 4 -0.02 0.38
Leaf 5 0.01 0.49
Leaf 6 -0.04 0.19
Leaf 7 -0.24 0.10
Leaf 8 0.05 0.48
76

doi:10.6342/NTU202501086



Leaf 9 -0.01 0.44
Leaf 10 -0.33 0.04
Leaf 11 -0.01 0.33
Leaf 12 -0.01 0.44
Leaf 13 -0.01 0.26
Average -0.032 0.324
Std 0.106 0.152
% 4-9 SI-NDVI 2 UV-NDVI & T #5% % %

SI-NDVI UV-NDVI
Bad leaf Average -0.082 0.304

Std 0.142 0.181
Good leaf Average -0.013 0.348
Std 0.016 0.111
Bad leaf & Good leaf
0.131 0.312

T Test (P Value)

T
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B 4-22 #cEELEIE o (a)SIINDVI  (b)UV-NDVI -
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LA - AP BRIpEEFTT Tk FaP E5 228E-90 230 0.05 524

M SENDVI & UV-NDVI % @45 th2 B s B F £ 8 -

AP A 490 1 L E el 73 B4 0T 1 % 2 P & SINDVIfr UV-NDVI
P EA B E 0131 42 0.312 5 357 *+ 0.05 « i 4 P {245 SENDVI e UV-NDVI » “£ £
e EE LR REFLR - Fl 0 0 B @2 R A B ARATA AT LE e

66_&; ﬁ” °

JER 3-13 7 > ApE L £V N ¢ 7 540 10 5L SI-NDVI = UV-NDVI &
B o R o 1 5L 2 5. -8 5.{r 9 5L SIINDVI fe UV-NDVI E4p g - ¥ - > 6 >
« ?ﬁ”iﬁﬁ%ﬂ v 6 %’}{,’f? 13 %{ﬁ”) SI-NDVI ‘fr’ UV-NDVI Lﬁ;ﬁ'&f'ﬁ_ o g 3% ‘67:¢L' ﬁ”’ff'“ ;ﬁ”é’ﬁ

ARV ARSI BRI B E AT ER S ok G 2 B o

g * SINDVI{e UV-NDVI 4+ 5 > A g L 74w ? anZ & F 2 2 5 R3
i A ER Y R E R AR N EF o B E R R AR LR E
PR kR o hies AR R T o UV-NDVI e £ @353 3t SI-NDVI > o4& P

UV-NDVI € - i +* SI-NDVI { & #vendp 4%
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432 UV-NDVI # g

fI* UV-AFRES S % GFFrp iy BB OuR sl FERY -
%f RGB &5f % 2 & ¢h 4 £ 4 ;‘[ﬁﬁﬁ‘ﬁ;? IR Rad A H BRI )% ejg UV-A k(2
Fled FAAPERAERN > FHEFEFT FHREXICUV-AFF L0 ¢ 3
% UV-NDVI 322 -

g3 A4 6 Mg e UV-A 33 0§ £ AR B8 A% fioch3nm ool 1
—HL A4 G K B HY LT ARE L= 2icte 0 ALUV-NDVI AL Bl T & SR E
W H gD ko R A A UHE AT e K ES it UV-A B Ik Tt b Y

UV-NDVI#ciE ¢ 7 F 8B dopt - ki F0 W& F FHUV-NDVIHcie %1738 = 32| (B]

4-23)

B 4-23 UV-NDVI # %322 (a)%:¢ B (b)UV-NDVI i% 55§ -

UV-NDVI 82 2 # SINDVI § { B F ik » L g 23 p £ % » 3 &4 357
FIUV-A LR % FlE G € 5ofc UV-A & § £ chfe 5 ¢ i3 & UV-NDVI 22 » F)pt F

R ARG RS RS E D R P p R
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433 FEPREBRERIR

TREOFEREREL TR AMITRESE T - 2 E N F B8 SUV-NDVI

Wi

FHRY G g AERHES BRI o KA = ] pRFp B gl - XUV-AkRR 0 1§
$5 B (5T 2+ EUV-NDVI © 35 % » #-UV-NDVIZEL L8 (v ¥ i L G050 0 325 L1035
B (0-255) FuRialdp e - BREF T - BHESRTEIRAG > TEFAL G

B
UV-NDVI¥ Blfr#ici® > == 1 {5 2B TR 5 (Bl4-24)

Picture uNDVI

good leaves percentage : 87.06 %
=3
.‘ 3
. 'ﬂ o

Network

network status connected! GET DATA

Solar Simulation Good leaves percentage
100
switch @ 75
50
open ~ close
8:00 ~ 18:00 &
0
starting time (24h format ex: 8:00) * 1201:00 123100 130200

closing time (24h format ex: 20:00) *

SUBMIT CANCEL

Bl4-24 §FE@RE TR R

AET AN IERF RIS FERET R AREFF R LT KR AP A
ROz Rr RIEFEKT A BREER2  FR2YJUBRFTE LB LD - A B

BB FER e AFISE A PH IR REF T Z XS kA R 0 T AN I8 AR
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e TRPRE R R AFBFTRERY FFATEE - APRET S BRIV S D
SI-NDVI{rUV-NDVIip #ic » LRZ T U i 221 % £33 E427 P > doRl4-25%7 ©
FESEIST ALt £ ¥ EUV-NDVIZ SI-NDVI% it % ¥ 1 §4-25

\:‘ ﬁ%;lj o

(a) (b) (c) (d)

B 4255 £ RGB B (a) ¥ 1 % 5(b) 5% ;(c) $#10% ;(d) ¥ 15 % ;

UV-NDVI Blff (e) # 1% ;(f) $5% ;(g) $10% ;(h) % 15 % ; SINDVI Bl

(1)) %1=x5() %5=%x5(k) %10= 5(1) % 15=

doi:10.6342/NTU202501086



> A -

B14-25 (e) % Bl4-17 (h) “AUV-NDVIBl A7 » % 2 R LT H 4 - 24P §F
T 35UV-NDVIE { § ot ¢t 2R 2P R BALF R0 L RBEL Y i B
B4-25 (b) &7 » § B *4515 TOSINDVIE S SERFRH 4 0 © 2 RIfEHE 2 ¢ i T
$aSI-NDVIE  ** + RfEfE 2 «0F E - B14-25 (i) I §4-25 (1) SI-NDVIE] i 7
A B UV-NDVIB] 3F 0267485 > 3 2 BB EREF R e o R @ > 40w §SINDVIhie & 4
179057 0 AP F LSINDVIS § 4 &R iRNGRAE S F o

R B F SI-NDVIE 22 UV-NDVIE §4-25 (¢) {8425 (d)) %7 > &4
SI-NDVIZ UV-NDVI % #4p e $5% > 2 SIINDVIRT 32iE {off £ 3 1 > 238 F 1

UV-NDVI4p >t SI-NDVI £ I { 4F o

~

EH16% F BT > b £8000 AP B2 P RAY KRR & F B
BoRRBEI17:000 FEBRALEEFRS KA AF17X 5 > FERREARE -
AP EFERGR 3R o Rt PAREE T Z RIEE 2 Y R BN R o
N FEPBEFTHRHETAENT IR ER P4 R FERT S PR ERFER
EOORE A X @A RAAE o w7 85 FE (Ohetal,2010) Fpb » AP in
F3X chig 5 R G 0 WBRBRUV-NDVISE v o 2 R 230 5193 F =8:00¢F #7467 37
BE AR LB hF RGP ALE BT E 170000 SR E R o
FP o ZRAEZY IR BRSO BT R o R 0 B BRIEALY

HEIFRROTRAEL Y DR EAR 0 v PSP i) (F4-26) -

(@) (b) (©

(d) (©) ®
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Bl 4-26 kA% K3 5k? KFESE 2 RBI2 P kA2 8 KA (a) ¥ 16
T3(b) F 173 5(c) ¥ 18 % o ZRIERZ P vk A A T AAFE (d) ¥ 19 %5

(e) 20 ;(f) %21 = o

(@)

270 UV-NDVI Color mapping

* %
* k% *

220

ity

B

© UV-Left

Intens

170
= UV-Right

120

(b)

N
o N
o o

240 SI-NDVI Color mapping
Sl-Left

*k b o b b b b
I . ; I !
m SI-Right
7 18 19 20 21

16 1
Day

Intensity
)
o]
o

— O

[<2]
o

b
b e I **
a * 1 : !
140 I i '
120
1 5 10 15
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(©

240 UV-NDVI & SI-NDVI Color mapping(left)
220

2 200
180
160
140
120

# UV-Left

Intensi

Sl-Left

(d)

270 UV-NDVI & SI-NDVI Color mapping(right)

N
N
o

& UV-Right

*

Intensity

170
m SI-Right

120

17 18 19 20
Day

B 4-27 & £ SI-NDVI 4o UV-NDVI # it (n = 11, p<0.05) (a) % R|f&tE 2 fo+ Rl
£ 2 ehUV-NDVI + & (b) = RIfEHE 2 fr+ RIfEE 2 «h SINDVI s # (¢) = Rlfdie

2 7 UV-NDVI v SIINDVI +* #&  (d) + @|féte 2 7 UV-NDVI {v SI-NDVI +* # o

Bl4-27 (a) #777 » %163 % =+ 3 2 § B THUV-NDVIE T 3 =/

ix
BH A0 P 2 REE R Y FE T IBUV-NDVIE S > % RIfEt 2 - $16% 675 22 %
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rakoREB > B EAUV-NDVIB 4T % 3 5 18X B4 2 2 B 4w 4 #-k 15 » UV-NDVI
X EGarw A i B AR ? UV-NDVISE ¢ 5 & £ 8 (p<0.05) -
B4-27 (b) #7771 » & E 4L T 35SI-NDVIE AR S & B4-27(a)4p I+ #Rit 7 21 % 16
T2 16 2 2OSINDVIE 4= %% » + 2 RI3FFE ¥ 8 & > w2 2 2827 SIINDVI
T XFREELR > 4p UV-NDVIRR 5 % 5 o
= 2 UV-NDVIZ SI-NDVI4r§14-27 (¢) #77 » UV-NDVId#k & P & B ** SI-NDVI
RGBSR R B AR AL PR F R 0 2R A SENDVIBE R Y AL § Ak ki B
el E B F 0 i H AR ¥ A deUV-NDVIK %
Wit 2 UV-NDVIZ SINDVI4cBl4-27 (d) #77F » d % 2 ¥ Al £k g 8
Sl B A ¥ edE 4 £ UV-NDVIZ SI-NDVIE$ 4p = o
AR kA ESPRRFEL LR * UV-NDVIR R R T RIE 810
kA L ERFERERZIVRA BB R S IEF fofgiTr o KA o
EA RS EHP T L TIRG o
UV-NDVI~ & R4-28% 7 > = RIfEHE 2 ¢ & B &% 16% (4 k% - = ) UV-NDVI

From BB X 4oBl4-28 (a) A F19% 0 2 RIFEIE 2 ¢ MR BokehE - X

¥ EUV-NDVLUR & 5 4 > 8 3 B2 B 17 45 % B14-28(d) » &% P UV-NDVIH #F
{

g0 AfEb kiR E £ ik e
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Bl 428 kA3 &8 %7 §E UV-NDVI A fF o 2 RIFEH 2 ¥ ok A3 B0 XA fEfE
3 (a) ¥16% 5(b) % 17% ;(c) % 18 % o Z R 2 ¢ vk odd e @ XA fHfE
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AMEBRRL S RPIDE TR
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A2V Fg e 2B g # 3% GitHub ¢ https://github.com/GrayWei444/uva-simulation
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Notation Convention

Symbol Meaning

Lowercase k Rate constants or coefficients

Uppercase K Half-saturation constants (Michaelis-Menten)

a, B (Greek) Scaling factors

Code variable (e.g. Corresponds to math symbol (e.g. a_LAI) in Equation 5

uva_lai_boost)

Table S1 Complete Parameter Set (65 Parameters)

UV-A extension layer parameters grouped by functional category. Additional 4 environment

parameters (PPFD, I_base, I_UVA, plant_density) are specified in Table S8.

Notation: Lowercase k = rate constants; Uppercase K = half-saturation constants; Greek a, [3 = scaling

factors.

Cat. Parameter Description Value Unit

A c_alpha Photosynthetic efficiency scaling 0.54 —
factor

B uva_sla_enhancement (a_SLA) Maximum UV-A enhancement on 5.0 —
SLA

B K_uva_sla (K_SLA) Half-saturation UV-A intensity for 75 W m=2
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Cat.

Parameter

uva_lai_boost (a_LAI)

K_uva_lai (K_LAI)

k_ros_production

k_ros_clearance

stress_damage_coeff

A_vulnerability

k_vulnerability

gompertz_max_factor

gompertz_threshold
gompertz_steepness
alpha_aox_protection
K_aox_protection

k_circadian

n_circadian
k_nonlinear_stress
k_stress_decay

stress_photosynthesis_inhibition

stress_lai_inhibition

K_stress

Description
SLA enhancement

Maximum UV-A boost on LAI

growth

Half-saturation UV-A intensity for
LAI boost

ROS production coefficient

ROS clearance coefficient

Baseline damage coefficient

Amplitude of LAI-dependent

vulnerability
Decay of vulnerability with LAI

Maximum damage amplification

(upper bound)

Gompertz inflection (collapse time)
Gompertz steepness

Maximum AOX protection efficiency
Half-saturation for AOX protection

Circadian damage coefficient (night

irradiation)

Exponent for circadian damage
Nonlinear stress coefficient
Stress decay rate (half-life ~9 h)

Maximum photosynthesis inhibition

by stress

Maximum LAI-growth inhibition by

stress

Half-saturation stress level for

growth inhibition
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Value

1.70

7.5

0.010

5x10+

1.6x1077

8.5x107

2.0

250.0

10.5

0.5

0.5

2.78x107°

3.0x10-¢

2.0

5.0x10-¢

2.14x10°

0.85

0.80

50.0

Unit

ROS (W m

s)!
S—I

Stress (ROS

s)!
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Cat.

Parameter
base_aox_rate_light
base_aox_rate_dark

V_max_aox

K_stress_aox

k_aox_deg

k_aox_consumption

k_uv_aox

K_uv_hours

water_aox_threshold

water_aox_K

water_aox_max_inhib

water_n

K_stress_inhib

n_stress_inhib

max_stress_inhib

K_nonlin_aox

n_nonlin_aox

K_adapt_days

dw_fw_ratio_base

Description
Baseline AOX synthesis rate (light)
Baseline AOX synthesis rate (dark)

Maximum stress-induced AOX

synthesis rate

Half-saturation for stress-induced

synthesis
AOX degradation rate

AOX consumption coefficient (ROS

scavenging)

UV-induced AOX synthesis

coefficient
Half-saturation for UV hours effect

LDMC threshold triggering water
inhibition (DW/FW)

Half-saturation for water inhibition

Maximum water inhibition on

synthesis
Hill coefficient for water inhibition

Half-saturation for stress inhibition

on synthesis
Hill exponent for stress inhibition

Maximum stress inhibition on

synthesis

Half-effect constant for nonlinear

efficiency

Hill exponent for nonlinear efficiency

Half-saturation days for adaptation

effect

Baseline DW/FW ratio (healthy

plants)
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Value

3.53x10°

1.77x10-°

1.45x10-8

100.0

3.02x10-¢

1.8x1077

7.78x101

30.0

0.055

0.020

0.50

2.0

150.0

2.0

0.80

800.0

4.0

0.05

Unit
kg (m? LAl s)!
kg (m? LAIs)!

kg (m? LAIs)!

days
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Cat.

Parameter
Idmc_stress_sensitivity
K_ldmc

dw_fw_ratio_max

acute_center
acute_scale

acute_k

acute_K

acute_n

LAI healthy
n_LAI_eff
night_stress_efficiency

K_ros_consumption

n_ros_consumption

cons_amp_center

cons_amp_scale

cons_amp_k
cons_amp_K
aox_carbon_cost
carbon_competition_K
stress_competition_K

stress_competition_max

carbon_competition_max

max_cbuf_consumption

Description
Stress sensitivity of LDMC
Half-saturation for LDMC effect

Maximum DW/FW ratio (severe

stress)

Softplus center for acute LDMC
Softplus scale for acute LDMC
Acute LDMC coefficient

Acute LDMC half-saturation
Acute LDMC Hill coefficient
Reference LAI for healthy plant
Hill coefficient for LAI efficiency
Night irradiation stress efficiency

ROS half-saturation for AOX

consumption
Hill coefficient for ROS consumption

Softplus center for consumption

amplification

Softplus scale for consumption

amplification

Amplification coefficient
Amplification half-saturation

Carbon cost per AOX synthesized
Half-saturation for AOX carbon effect
Half-saturation for stress competition
Maximum stress-based competition
Maximum AOX-based competition

Max fraction of C_buf consumed per

timestep t (1=300s)
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Value

0.45

1400.0

0.080

50.0

10.0

9.0

120.0

2.0

9.0

2.0

0.4

500.0

2.0

200.0

15.0

12.0

20.0

1.0

1x10-8

21.0

0.225

0.30

0.10

Unit

kg C/ kg AOX

kg m2s!
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Cat. Parameter Description Value Unit

P anthocyanin_fraction Fraction of AOX that is anthocyanin 0.18 —

Table S2 Initial Conditions & Output Conversion

Simulation spans 14-35 DAS. FW_init =10 g plant™!, LDMC_base = 0.05 (DW/FW).

Initial Conditions

State Variable Formula Value

X_d(0) FW_init x LDMC_base x plant_density / 1000 =10 x | 0.018 kg m=
0.05 x 36 / 1000

C_buf(0) 0.1 x X_d(0) 0.0018 kg m2

LAI(0) X_d(0) x SLA_transplant = 0.018 x 111 =2.0 m2 m32

AOX(0) — 1.0x10° kg m2 (~5 ppm
anthocyanin)

Stress(0) — 0

ROS(0) — 0

Note: SLA_transplant = 111 m? kg™ (=2.3x SLA_ref); reflects thinner, more expanded leaves of young seedlings under

controlled-environment conditions. Consistent with reported ontogenetic SLA decline in lettuce.

Output Conversion

Output Formula
FW (g plant™) [X_d*/ (plant_density x LDMC)] x 1000
Anth_ppm (mg kg™) (AOX* x 0.18 /| FW_total) x 106 where FW_total = FW x plant_density / 1000 (kg m™2)

Table S3 Carbon Competition Mechanism

Implements the Growth-Differentiation Balance Hypothesis (Herms & Mattson, 1992).

Equation S1 — Carbon Competition Penalty

stress_carbon_effect = 0.225 x Stress / (21 + Stress)
aox_carbon_effect = stress_aox_carbon_demand / (carbon_competition_K + stress_aox_carbon_demand)
CC_penalty = aox_carbon_effect x 0.30 + stress_carbon_effect
growth_penalty = 1.0 — CC_penalty
dX_d/dt =dX_d/dt x growth_penalty (S1)
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Equation S2 — Real C_buf Consumption

max_consumption_rate = C_buf x 0.10 /300 (kg Cs™)
aox_carbon_consumption = min(aox_synthesis_rate x aox_carbon_cost, max_consumption_rate)

dC_buf/dt = dC_buf/dt - aox_carbon_consumption (S2)

Equation S3 — AOX Synthesis Penalty (Feedback Inhibition)

aox_synthesis_penalty = 1.0 - 0.20 x CC_penalty

S_AOX_final =S_AOX_total x aox_synthesis_penalty (S3)

Note: T =300 s is the carbon buffer turnover time constant, ensuring dimensional consistency. The penalty applies to total

AOX synthesis as all biosynthesis pathways share the same carbon pool. This reflects reduced synthetic capacity when

carbon is limiting, consistent with metabolic regulation under resource constraints.

Table S4 Literature Support for Carbon Competition

Mechanism Reference DOI
Growth-Differentiation Balance Herms & Mattson (1992) 10.1086/417659
Hypothesis

Coordinated resource allocation Monson et al. (2022) 10.1111/nph.17773
Phenylpropanoid carbon flux (~20% Vogt (2010) 10.1093/mp/ssp106
photosynthate)

Metabolic costs of secondary metabolites | Gershenzon (1994) 10.1007/BF02059810

Table S5 Nonlinear Damage Factor (Gompertz Function)

Equation S4

factor =1 + 250 x exp(-exp(-0.5 x (hours - 10.5)))

Daily Hours (h) Gompertz Factor
8 1.0

6 1.0

9 31.1

12 156.9

15 226.7

Note: The factor is calculated using hours_today (current exposure progress within the day) for progressive damage
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accumulation. The table shows final daily values for reference.

Table S6 Stress Dynamics Implementation

Equation S5 — Stress Accumulation

vuln_damage = stress_damage_coeff x ROS x vulnerability(LAI)

nonlin_damage = k_nonlinear_stress x ROS x Nonlinear_Factor

base_damage = vuln_damage + nonlin_damage

protected_damage = base_damage x (1 — aox_protection)

total_damage = protected_damage + circadian_damage

dStress/dt = total_damage — k_stress_decay x Stress (S5)

Component
vuln_damage
nonlin_damage
base_damage

protected_damage

circadian_damage

Description

LAI-dependent vulnerability effect
Gompertz-modulated nonlinear damage amplification
Combined damage before AOX protection

Base damage reduced by AOX protection (applies to both vuln. and nonlinear

components)

Additional damage for night irradiation — not protected by AOX (distinct

physiological pathway)

Table S7 Sun Model Base Parameters (Sun et al., 2025)

Parameters inherited from the calibrated lettuce growth framework of Sun et al. (2025).

Category Parameter Description Value Unit
Physical M_CO2 Molar mass of CO, 44x10°3 kg mol
Physical Rg Universal gas constant 8.314 J mol1 K1
Physical T0_K Reference temperature (0°C) 273.15 K
Physical T25_K Reference temperature (25°C) 298.15 K
C allocation c_alpha Photosynthetic efficiency (internal) | 0.68 —
C allocation c_beta Growth respiration coefficient 0.8 —
C allocation sigma_buf Max C_buf as fraction of X_d 0.2 —
Growth rate RGR_max_20 Max relative growth rate at 20°C 1.54x10-6 s1
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Category
Growth rate
Growth rate
Respiration
Respiration
Respiration
Light

Light

Light

Light

Light

SLA

SLA

SLA

SLA

SLA
Shoot:root
Shoot:root
Photosyn.
Photosyn.
Photosyn.
Photosyn.
Photosyn.
Photosyn.
Photosyn.
Stomatal
Stomatal

Stomatal

Parameter
Q10_gr
T_c_RGR
c_Rd_25 sh
c_ Rd_25r
Q10_Rd

cr_|

cr_PAR

kI

kPAR
sigma_PAR
SLA_ref
Ta_L_ref
Xh_ref
beta_I
beta_Xh
c_sigma_r_1
c_sigma_r_2
epsilon_0
Gamma_T?20
Q10_Gamma
Jmax_25

EJ

cH

cS

c_zeta
r_H20O_min

Le

Description

Q10 for growth

Critical temperature for RGR
Shoot dark respiration at 25°C
Root dark respiration at 25°C
Q10 for respiration

Canopy reflection coeff. (total)
Canopy reflection coeff. (PAR)
Extinction coefficient (total)
Extinction coefficient (PAR)
PAR fraction of shortwave
Reference specific leaf area
Reference leaf irradiance
Reference relative humidity

SLA irradiance sensitivity

SLA humidity sensitivity

Shoot ratio coefficient 1

Shoot ratio coefficient 2
Quantum efficiency coefficient
CO; compensation point at 20°C
Q10 for compensation point
Max electron transport at 25°C
Activation energy for Jmax
Enthalpy for Jmax temp. response
Entropy for Jmax temp. response
Stomatal conductance coefficient
Minimum stomatal resistance

Lewis number
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Value

1.6

25.0

3.47x107

1.16x1077

2.0

0.22

0.07

0.48

0.9

0.5

47.93

50.3

0.75

-4.74x10-3

0.912

-0.026

-0.076

17x10-°

40.0

2.0

210.15

3.7x104

2.2x105

710.0

1.6

82.0

1.47

Unit

°C
kg m2s

kg m2s!

kg J?

PRI

pmol m=2 s
J mol!
J mol!

J mol1 K1
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Category
Stomatal
Stomatal
Stomatal
Stomatal
Stomatal
Stomatal

CO, transport

Parameter

If

va

rt

crc_1

c_rc_2

crc3

rho_CO2_T0

Description

Leaf characteristic length
Air velocity

Transfer resistance
Cuticular resistance coeff. 1
Cuticular resistance coeff. 2
Cuticular resistance coeff. 3

CO; density at TO

Value

0.1

0.09

50.0

0.315

-27.35

790.7

1.98

kg m

Note: The c_alpha parameter in the UV-A extension layer (0.54) overrides the Sun model’s internal value (0.68) to

calibrate for the specific LED spectrum used in our experiments.

Table S8 Environment Conditions for Simulation

Growth chamber settings used for all simulations.

Parameter
Photoperiod
Temperature (T)
Relative humidity
CO; concentration

PPFD

(RH)

Baseline irradiance (I_base)

UV-A irradiance (I_UVA)

Plant density

Day Value

6:00-22:00 (16 h)

1,100 (when applied)

18

0.85

1200

36

Night Value

22:00-6:00 (8 h)

0 or 1,100 (night treatment)

pmol m=2 s
W m™2
uW cm2

plants m™2

Note: UV-A treatments were applied during the light period (daytime) except for the L6D6-N treatment, which applied

UV-A during the dark period (nighttime) to test circadian effects. The higher nighttime RH (0.85) reflects natural

humidity increase due to reduced transpiration and temperature drop.

Table S9 Conceptual Parameters in Main Text Equations

Parameter

K_carbon

Description

Half-saturation constant

Implementation
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Embedded in Sun model's C_buf dynamics. h_buf feedback
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Parameter

k_senescence

Description

for carbon-limited growth

LAI senescence/turnover

rate

Implementation

operates as limiter: h_buf = 1.0 when C_buf < C_buf_max;

when C_buf > C_buf_max, h_buf = min[(R_d + RGR_max x

X_d / c_beta) / (c_alpha x A_C), 1.0]. Here C_buf_max = o_buf

x X_d where o_buf=0.2.

Incorporated in Sun model's leaf area dynamics; accounts for

natural leaf turnover through shoot:root allocation and the

relationship dLAI/dt = SLA x dX_d_shoot/dt, where

X_d_shoot is determined by the dynamic shoot:root ratio

o_r(T, RH).

Table S10 Main Text Symbol <+ Code Variable Correspondence

Math Symbol
a_SLA

K_SLA

a_LAI

K_LAI

k_prod
k_clear
stress_coeff
k_nonlin
A_vuln
k_vuln
k_decay
F_max
H_threshold
k_steep

a_prot

Code Variable
uva_sla_enhancement

K_uva_sla

uva_lai_boost

K_uva_lai

k_ros_production
k_ros_clearance
stress_damage_coeff
k_nonlinear_stress
A_vulnerability
k_vulnerability
k_stress_decay
gompertz_max_factor
gompertz_threshold
gompertz_steepness

alpha_aox_protection

Equation
Eq.(5)

Eq.(5)

Eq.(5)

Eq.(5)

Eq.(6)
Eq.(6)
Eq.(7)
Eq.(7)
Eq.(7)
Eq.(7)
Eq.(7)
Eq.(7)
Eq.(7)
Eq.(7)

Eq.(7)
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Description
Maximum UV-A enhancement on SLA

Half-saturation UV-A intensity for SLA

enhancement
Maximum UV-A boost on LAI growth

Half-saturation UV-A intensity for LAI

boost

ROS production coefficient

ROS clearance coefficient

Vulnerability damage coefficient (1.6x1077)
Nonlinear damage coefficient (5.0x10-)
Amplitude of LAI-dependent vulnerability
Decay of vulnerability with LAI

Stress decay rate (2.14x10-°s71)

Maximum Gompertz damage amplification
Gompertz inflection point (hours)
Gompertz steepness

Maximum AOX protection efficiency
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Math Symbol Code Variable Equation Description

K_prot K_aox_protection Eq.(7) Half-saturation for AOX protection
k_circ k_circadian Eq.(7) Circadian damage coefficient

n_circ n_circadian Eq.(7) Exponent for circadian damage
S_AOX aox_synthesis_rate Eq.(3,8) Total AOX synthesis rate

C_cost aox_carbon_cost Eq.(3) Carbon cost per AOX synthesized
CC_penalty carbon_competition_effect Eq.(4) Carbon competition penalty on growth
Stress_inhib stress_photosynthesis_inhibition Eq.(4) Maximum stress inhibition on dX_d/dt
(X_d) (0.85)

Stress_inhib stress_lai_inhibition Eq.(4) Maximum stress inhibition on dLAI/dt
(LAI) (0.80)

K_stress K_stress Eq.(4) Half-saturation for stress inhibition (50.0)

Table S11 Numerical Integration Method

ODE system solved using scipy.integrate.solve_ivp.

Parameter Value Description

Method RK45 (Dormand-Prince) | Explicit Runge-Kutta method of order 5(4)
Relative tolerance (rtol) 1x10-3 scipy default

Absolute tolerance (atol) 1x10-6 scipy default

Maximum step size 300s Prevents large jumps during day/night transitions
Time step Adaptive Automatically adjusted by solver

Output points 100 (500 for figures) Uniformly spaced; 500 used in

generate_paper_figures.py for smoother

visualization

Simulation period 14-35 DAS 21 days (1,814,400 seconds)

Table S12 Sun Model Core ODE Equations

Three-state ODE system from Sun et al. (2025), serving as foundation for the UV-A extension.

State Variable 1: Structural Dry Weight (X_d)
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dX_d/dt =c_beta x (c_alpha x A_C xh_buf-R_d) (56)

State Variable 2: Carbon Buffer (C_buf)

dC_buf/dt=(c_alpha x A_C x h_buf - R_d) - (RGR_max x X_d / c_beta) (S57)

State Variable 3: Leaf Area Index (LAI)

dLAI/dt=dX_d/dt x (1-o_r) x SLA (S8)

Key Auxiliary Variables
Variable Formula Eq.
h_buf (normal) h_buf = 1.0 if C_buf < C_buf_max h_buf = min[(R_d + S9

RGR_maxx=X_d/c_beta)/(c_alphaxA_C), 1.0] if C_buf > C_buf_max
R_d (dark resp.) [c_Rd_25_shx(1-0_r) + c_Rd_25_rxo_r] x X_d x Q10_Rd"((T_c-25)/10) S10

RGR_max RGR_max_20 x Q10_gr((T_c-20)/10) if T_c¢ < T_c_RGR RGR_max_20 x S11
Q10_grN(—=(T_c-20)/10) if T_c>T_c_RGR

o_r clip[c_or_1 x In(plant_DW) + c_or_2, 0.05, 0.35] where plant DW =X_d / S12

plant_density

SLA SLA _ref xf I SLA xf Xh_SLA S13
AC A_L_C x LAI (Gaussian quadrature across canopy layers) S14
A L A_L_satx[1 -exp(-e x PAR _a/A_L_sat)] S15

UV-A Extension Modifications to Sun Model

# Modification

1 Add three state variables: AOX, Stress, ROS

2 Multiply dX_d/dt by (1 - Stress_inhib) x (1 -~ CC_penalty)
8 Subtract AOX carbon consumption from dC_buf/dt

4 Replace SLA with SLA_new in the LAI equation for UV-A morphological effects

Table S13 Stomatal Conductance & Resistance Formulas

Total CO, Resistance (516)

r CO2=r_s+r b+r_c+r_t

Stomatal Resistance (S17)

r s=c zetaxr H20 minxf Ixf Txf Xcxf Xh
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Response Function Formula

f I (irradiance) (L_a/(2xLAI) + 4.3) / (La/(2xLAI) + 0.54)

f T (temp., light) 1+0.023x(T_c-24.5)?2 ifI>3Wm=2

f T (temp., dark) 1+0.005%(T_c-33.6)2 ifIS3Wm=2

f Xc (CO») 1+6.1x107x(X_c—200)? if I>3 and X_c <1100
f_Xh (humidity) 4.0 / (1 + 255xexp(-0.0054xe_c))"0.25

Boundary Layer Resistance (518)

r_b=Le"0.67 x 1174 x 1_{*0.5/ (I_fx|T_leaf-T_air| +207xv_a?)"0.25

Cuticular Resistance (S19)

r_c=max(0.315xT_c2 - 27.35xT_c + 790.7, 10.0)

Light-Saturated Assimilation (520)

A L cn=0_CO2x(X_c-T)/r_CO2x10°
A_L_mm=M_CO2 xJ_max /4 x 106
A_L_sat_n=min(A_L_cn, A_L_mm)

A_L_sat=max(A_L_sat_n+R_d/(LAI x c_alpha), 0)

Table S14 Energy Balance and Leaf Temperature

The Sun model uses a simplified energy balance approach where leaf temperature is assumed to equal

air temperature (T_leaf = T_air) for the boundary layer resistance calculation.

Justification

In controlled-environment growth chambers with forced air circulation (v_a = 0.09 m s7?), the leaf-to-air

temperature difference is typically small (<2°C). The model uses air temperature directly for:
photosynthetic rate calculations (J_max temperature response),
respiration rate calculations (Q_10 relationships), and

stomatal conductance temperature response.

Implementation Note

The term |T_leaf — T_air| in the boundary layer resistance formula is set to a small positive value to
avoid division by zero while maintaining the forced convection term (207 x v_a?). For applications
requiring explicit leaf temperature calculation, the full energy balance equation would be:

R n=H+AE+G

where R_n is net radiation, H is sensible heat flux, AE is latent heat flux, and G is heat storage
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(negligible for leaves).

Table S15 Complete AOX Synthesis Formula

Equation S21 — Total AOX Synthesis Rate

S_AOX=LAI x (S_base + S_UV + S_stress x f_adapt x f_nonlin) x f_stress_synth x f_water x f_carbon

Component Formula
S_base (baseline) base_aox_rate_light (day) or base_aox_rate_dark (night)
S_UV (UV-induced) k_uv_aox x total_uva_hours / (K_uv_hours + total_uva_hours) total_uva_hours =

(days_irradiated-1)xdaily_hours + hours_today

S_stress (stress-induced) V_max_aox x Stress / (K_stress_aox + Stress) x f_night x f LAI f night=0.4 for
night-irradiation treatments, else 1.0 £ LAI = min(1.0, (LAI/LAI_healthy)"n_LAI_eff)

f_adapt (adaptation) K_adapt_days / (K_adapt_days + days_irradiated) Reflects decreasing induction

efficiency with prolonged exposure

f_nonlin (nonlinear eff.) 1/ (1 + (Nonlinear_Factor / K_nonlin_aox)"n_nonlin_aox) Hill-type inhibition based

on Gompertz damage factor
f_stress_synth 1 — max_stress_inhib x Stress”n / (K_stress_inhib”n + Stress"n)

f water 1.0 if LDMC < threshold Else: 1 — water_aox_max_inhib x (LDMC-thr)*n /
(water_aox_K”"n + (LDMC-thr)"n)

f carbon 1-0.20 x carbon_competition_effect

Table S16 AOX Consumption Formula

Equation 522

C_AOX =k_aox_consumption x f_amp x AOX x ROS"n / (K_ros_consumption”n + ROS"n)

Consumption Amplification (f_amp) — Softplus Activation

x_raw = (Nonlinear_Factor — cons_amp_center) / cons_amp_scale
x = cons_amp_scale x In(1 + exp(x_raw))
f_amp =1+ cons_amp_k x x?/ (cons_amp_K? + x?)

Note: Amplification reflects accelerated AOX turnover when daily exposure exceeds the damage threshold (~10.5 h),

consistent with increased ROS load overwhelming antioxidant capacity.
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Table S17 LDMC Dynamics Formula

Equation 523 — Dynamic LDMC Calculation

LDMC = min(dw_fw_ratio_base x (1 + stress_effect x acute_factor), dw_fw_ratio_max)

stress_effect = Idmc_stress_sensitivity x Stress / (K_ldmc + Stress)

Acute Factor (Softplus Activation)

x_raw = (Nonlinear_Factor — acute_center) / acute_scale
x = acute_scale x In(1 + exp(x_raw))
acute_factor =1 + acute_k x x*acute_n / (acute_K”acute_n + x"acute_n)

Note: The acute factor amplifies LDMC increase when Nonlinear_Factor > 50, representing rapid dehydration under

prolonged UV-A stress.

Table S18 UV-A Morphological Effects with Stress Suppression

Equation 524 — Stress Suppression Factor

stress_suppression = 1 — Stress / (K_stress + Stress)

Equation S25 — Modified Morphological Boosts

SLA_boost_effective = a_SLA x I_UVA /(K_SLA +1_UVA) x stress_suppression (525a)

LAI_boost_effective = a_LAI xI_UVA / (K_LAI +I1_UVA) x stress_suppression (525b)

Condition dX_d/dt Modifier dLAI/dt Modifier
Positive growth x (1 +SLA_boost_effective x 0.5) x (1 + LAI_boost_effective)
Negative growth (senescence) x (1 - SLA_boost_effective x 0.15) x (1 - LAI_boost_effective x 0.3)

Note: Stress suppression reflects that plants under severe oxidative stress prioritize survival over morphological

optimization, consistent with the Growth-Differentiation Balance Hypothesis.
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