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Abstract

In plant phenotypic research, accurately estimating plant phenotypic traits is of great
scientific value as these traits collectively reflect the plant response to its genetic background
and environmental factors. Traditional measurement methods, including visual observation,
destructive sampling, and direct sensor data collection, face limitations due to their
subjectivity and low efficiency. Moreover, single-modal data might be effective in certain
scenarios but often fails to fully reveal the complexity of plant phenotypes. Against this
backdrop, multi-modal data fusion technology offers a method for an in-depth analysis of
phenotypic traits from multiple dimensions. While machine learning has shown remarkable
results in areas such as image recognition, its application in plant phenotypic analysis is still
in the exploratory stage due to the complex feature engineering required by traditional
machine learning methods, making them ill-suited for high-throughput plant phenotypic
analysis (HTPP) data processing needs. In this context, deep learning, as an advanced
machine learning paradigm, can handle large-scale complex data and automatically extract
useful patterns and features. This study focuses on lettuce phenotype estimation, combining
hyperspectral imaging (HSI) technology with the HTPP platform to acquire multi-modal data.
By using deep learning technology to automatically extract features from multi-modal data,
we have successfully estimated six key phenotypic traits of lettuce, encompassing quality
phenotype (soluble solid content SSC and pH value), photosynthetic efficiency phenotype
(SPAD value), and nutrient element phenotype (electrical conductivity EC, potassium K*,
sodium Na*), thereby comprehensively assessing the quality, health, and nutritional value of
lettuce. This also demonstrates the application potential of multi-modal data fusion and deep
learning technology. The main research contents are as follows:

(1) A method for automatic feature extraction from lettuce spectral data was proposed,
aiming to solve the inefficiency issue of traditional plant quality phenotype characteristic
estimation. Spectral data were collected using HSI technology, and two deep learning models
(SpecNet2D and SpecNetlD) based on the Inception module and fully connected neural
networks were designed to automatically extract spectral features for estimating SSC and pH

values of lettuce. SpecNet2D and SpecNetlD achieved determination coefficients of



prediction set (Rp?) of 0.9030 (SSC) and 0.8490 (pH value), respectively. To further assess the
performance of the deep learning models, traditional machine learning models based on
multivariate analysis methods were also established for comparison. Despite the detailed
feature engineering steps undertaken by traditional machine learning models, their best
estimation accuracy (SSC: Ry? = 0.8587, pH value: Ry? = 0.7477) still fell below that of the
deep learning models. The results demonstrate the advantages of deep learning models in
simplifying the feature engineering process while simultaneously enhancing the accuracy and
efficiency of estimating phenotypic traits.

(2) To further enhance the estimation accuracy of lettuce quality phenotypic traits,
spectral and time-series data were fused. By integrating spectral data and time-series data
collected from the HTPP platform, a spectral and time-series multi-input feature fusion model
(SpecTimeNet) was designed. SpecTimeNet, combining the improved SpecNet2D with a
recurrent neural network, effectively fused spectral features and time-series features to
achieve precise predictions of SSC and pH values under water stress conditions for lettuce. In
estimating SSC, the improved SpecNet2D model achieved an Ry? of 0.8743, while the fusion
of time-series data in SpecTimeNet elevated the Ry? to 0.8900. Additionally, SpecTimeNet
realized an accuracy of up to 98.86% in detecting water stress conditions in lettuce. The
research results demonstrate that the integration of multi-modal data fusion and deep learning
methods not only significantly enhances the accuracy of estimating phenotypic traits of
lettuce but also reveals its substantial potential in facilitating the breeding of stress-resistant
lettuce varieties.

(3) To improve the predictive performance of lettuce photosynthetic efficiency
phenotypic traits, spectral and image data were fused. A spectral and image multi-input
feature fusion model (SpecimageNet) was designed, combining the improved SpecNet2D
with the Big Transfer model. SpecimageNet effectively fused features from both spectral and
image data to estimate the SPAD value of lettuce, achieving an Ry? of 0.8650, significantly
better than the 0.8118 Ry? achieved by the improved SpecNet2D model using only spectral
data. To further explore the potential features in spectral and image data, class activation
mapping (CAM) technology was applied for targeted spectral feature selection, combined

with super-resolution generative adversarial networks (SRGAN) to enhance image quality.
v



The joint application of CAM and SRGAN further elevated the R,?> of SpeclmageNet to
0.9033. The results not only reflect the exceptional capabilities of CAM and SRGAN in
enhancing data analysis accuracy but also verify the important application potential of deep
learning models based on multi-modal data fusion for accurate, non-destructive estimation of
plant phenotypic traits.

(4) To enhance the accuracy and efficiency of estimating lettuce nutritional phenotype
characteristics, a deep learning model (SpecTimelmageNet) based on the fusion of spectral,
time-series, and image data was designed. This model comprehensively integrated the features
of three data modalities and was applied to estimate the EC, K*, and Na" of lettuce. In
estimating EC, compared to the improved SpecNet2D model (R,> = 0.7602), the
SpecTimeNet and SpeclmageNet models increased the Ry? to 0.7806 and 0.8098, respectively,
while the SpecTimelmageNet model further improved the Ry? to 0.8450. To reduce the
complexity and time cost associated with feature engineering and model tuning in
constructing the feature fusion model, the automated machine learning (AutoML) technology
AutoKeras was introduced. Although AutoKeras slightly underperformed the
SpecTimelmageNet model in estimation accuracy (with Rp? reductions of 0.6% for EC, 0.7%
for K*, and 1.5% for Na"), it significantly streamlined the design process of the deep learning
feature fusion model, providing strong support for data processing on the HTPP platform. The
research results demonstrate the effectiveness of multi-modal data fusion and deep learning in
enhancing the accuracy of lettuce nutrient element phenotype estimation and highlight the key
role of AutoML technology in simplifying the model design process.

Keywords: Multi-modal data fusion, Hyperspectral, Deep learning, Lettuce phenotype

estimation
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Figure 2.1 Lettuce pictures of seven cultivars acquired by the LQ-GHPheno platform
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Figure 2.2 Hyperspectral system in a darkroom imaging chamber (A), hyperspectral camera (B),

lamps (C), and computer acquisition device (D)
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Figure 2.3 Conveyor belt imaging chamber system. (A) external view of the system, (B)

hyperspectral imaging chamber (the hyperspectral camera is within the red frame), (C) multi-angle
RGB imaging chamber (the top RGB camera is within the red frame), and (D) conveyor control

system
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Figure 2.4 The process of plant spectra extraction. (A) calibrated hyperspectral images, (B) binary

plant mask, (C) RGB plant mask, (D) 256 wavelengths corresponding to the ROI, and (E) extracted

plant mean reflectance spectrum
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(Dropout), #EAEIIAEILS . WK 3.4B FriE ni) SpecNetlD #AI &5, TEEdEdE N
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B JE B = 2N T Dropout, FEAERSEZ M T 26 iiE %l . SpecNetlD 7Y
ARAES . TR BBV P PR 11X B 5 SpecNet2D fR#F— L.

hN

(A) (B)

Fully connected

L]

Dropout

T
Input Hidden
layer layers

B 3.4 FCNN JREE (A) F0 SpecNetlD HIZEH# (B)
Figure 3.4 FCNN schematic chart (A) and architecture of the SpecNet1D (B)

3.2.3 RGN FE I T

(1 @ik

N T 5 RIREE S IR AT X b, AR 7 AR 2 T i (PLSR,
I MLR), AR =FAELIEZ e 5% (LWR. ANN FI SVR) SR LA #3251 i
L ith

PLSR & Fiib B ZWANAZ B Y L2 FRAR X ISCRKEBESR . ERAHE T
AT, PLSR VEE T AMIRFERE Y MERAERE X BRI Ly, JFToRixee
Jl Gy 2Z B ) B R AR AT S B X 52 21 Bt 45 #) ) fg AL AT At 5. Rt &, X
Y G R CIEHHE T A 5 S (Hufn SSC % pH fED. MLR J5i%80) T4
N Z AL AL R N AR (A PR S R R . AEBLSE R A M, R TE N A
TR 2 JERAE ], MLR BREAF HIE R AP O, 8 AN RHE I T AL,
SCHLN H AR AL B 2R Sl 5

LWR W& —FpAE 20l 305 3%, B RO A S B AT R 8. Bk,
LWR R Edl gkl 70 2 A~/ X Ta), SRR XA N AR EAT 2 0K BH G, IR
AFPIE, B R EAX R, RS/ NX T P SRIBUINAL A £k, B 24l i i
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PR L R 0 [m AR A rho0 i, ERSL AR — N AR N O VO B Y e A Rl R . ANIN 5
Ui 7 N2 e IS SACBEHLE], @A T — RAVE AL, Horh AR A T S
A [F 7 N . AT AR AN R AL, TRRDROE R A, T R ]
AL E I Wk sE 115 BALEB AT . SVR & L FF M ENL — N REN 5, F5
T B U ) R AR B . SVR I R I — N E T, DR /IME B SO T %P
T 4 s 22 S A0, A0 38 b~ T X 0 SR AT B AR A& o 3 b g A AL B AR 2 1k
A4 v N, RIUH T BRIz LR

(2) Hrt AL SR HE LR 7k

TE MGG R R S U S et i, SR ST RIS S I NS, 52
JEIEHAE . A, mYEiE TR AFIES SSC ORI pH {ETERIIEIERRIE, LAAAHAR
K 1 BRI 2 ) i PR DG [ ) R, X 2 D] 35 0 T PARE i 22 oG 23 g v L )
BUas 7 IR R i e % . SR, 86 BlAb BT, #lin MWS. SG. FDR. SDR
AWT, DLEOGRERFIEGE R 77540 CARS, AT LAHIE5 E 2y R LL jml f, A4 B 7Y
e .

MWS H AR R € B8 FE 1T 8 S sl T i 2k 2 b, s & 0 ol
WA AT PR AL B, A RBOERR T OGRS, 58 T A R S SR . X R AR E
AR, FER DB R [E, A5 DUREDDGHE th RBATEAS . SG g fE— &
I TR) B T, RIS B 3R AT R 8 2 UL & IR AT i RIS 5, eI TR AR KRG
WRREME (iR ANSERE ) AR RTHE T, A RAEFRMEE A . IX R — Rl B 4 5 s
SR A B A A I ER . S HOEE, W FDR A1 SDR B XHEIEE 5 TR S,
AMTRHEERESHTH, BUTAHRES, e TOEEdRMERLL, A8 T
PS5 NI ARG . CARS I A1 5 28 5500 4 X (B PPAN 450 K 10 6 B R 5
AR DT O/, A RO IR 5 H A i 5 AR B ORI A U1K OGS AR AE, LA
LIRS B B KA SR BRI TR 15 B Mb .

3.2.4 SSC Ml pH {E MIfl AR BY g 57

¥H Kennard-Stone (KS) %3kl 387 AN SE i St it B 43 e v B A3
WA, A 2:1. fERWEES, BENLIERE T 15% M GISEEREARIESE, RIEE. B
FSE AT AE 1t FAAREA B4 50y 219, 39 A1 129, 7EiEIE £ 7o/ 7 ik i@ r (L 2%
SIREAN R, B ST TIAL HE B R R SR A S AT R oy o RSB BE VTN e A e LA
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I 2.3.375,

SpecNet2D F1 SpecNet1D {# fi| Python 3.7.10 fil TensorFlow 2.4.1 3 $5H sZHLf) . £
TCo T IT I RIS AL B AR R IR R R R £ MATLAB2020 (Mathworks, 3%
AR R EHTR . A A SIS AE DELL OptiPlex 7080 (Dell, £ ) &ML EdETHI,
ZAH AN E A 2.90 GHz 3 /REE 4 i7-10700 4bHESS (CPU), 32 GB BENLFZEL A 1T

(RAM) FI#AIE Quadro P2200 EIJEAREE H.o6 (GPUD, #:E &%ty Windows 10 K&
fiz 20H2.

33 ERMr 5L
3.3.1 SSC 1 pH {EIZ%(E

ASEI) SSC A pH {EHE %) T3 3.1 . SSC Il &EJEE AT 0.8750% % 5.8250%,
PHIMEA 3.1040%, FRAEXN 0.7528. ARMEVEEOK, ULMAREA SSC R AMATARR AL
pH {E I V5 AT 6.3125 % 6.8175, “T-¥IJ{H N 6.5945, Frifi2 N 0.0860, FHLL SSC,
pH E RIS RN, ARdEZEEUE, X RHAESFEARD pH EAX LB ES, Bshh.

# 3.1 A3XK SSC M pHEMSEENE

Table 3.1 Reference measurement of SSC and pH value in lettuces

Phenotypes Range Mean SD
SSC (%) 0.8750-5.8250 3.1040 0.7528
pH value 6.3125-6.8175 6.5945 0.0860
3.3.2 i R AT

Bl 3.5 7R 1 sl R rhoiR A5 K A2 S AE 400 31 1000 nm i K 38 A S350 3
ST . RV G RN SRR IE RS R G AR M B L AR BRI SRR A5 R
U1, #9580 nm AR B S MR A BT %61, 710-760 nm (£034) JEELFT 700 nm BT
9% B 5 SR 3 A ST 881, RN 4T AR XAk ) 980 nm BT (i B 57K I O-H A Scle,
fi4id MWS. FDR #ll SDR il # i A= SR (1) s 6 1 MR R Dk SO ZRE ] 3.5
IR . BT A AR T4 3 B X 3 (400-435 nm. 515-650 nm. 690-780 nm Al 960-
1000 nm) S R R MR, XE, MWS 1R EHE 5 R 46 R SHE 2 18 %7 5.3 2 5
IX AT R A PR A ' 1 R B R AR S, RGP A B S 2 S B PR T AL 2
S RIEAHLE, FDR A1 SDR (SB35, JoHje SDR A&, Z AT
BT R I T A g R, SRR T HBERE AR, RN AR GRS
M. GG, B R LR Gt AT, RIS RRRIE I R AR
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= O A R R bR

T [ 2 L B v e bl ) 7 R, AR AR AR B 8 5 X o AER O, AN
Vs S T RE > B, SEAC AT LA By B I AE B0, DA TR AR AL .

0.8+

Reflectance (a.u.)
Reflectance (a.u.)

0.0 -+ T T 0.0 T T
400 600 800 1000 400 600 800 1000
Wavelength (nm) Wavelength (nm)
0.01
FDR
0.04
N2 &
g £ 0.00
50.00- E
g g
5 g
&~ ~
-0.04 -0.01
460 660 8(I)0 1000 4(I)0 660 860 1000
Wavelength (nm) Wavelength (nm)

& 3.5 HYINIRME TP iE R ST D K% MWS. FDR 1 SDR FACE K E3561E R 5 3
Figure 3.5 Raw mean spectral reflectance of plants and mean spectral reflectance preprocessed by
MWS, FDR, and SDR

Kl 3.6 ok 7 HA AR SSC AT pH EFIASRHILIE S % . HAAE SSC A pH A
(2R S SO 5 R 8 35 22 e AR AL o X PP L R AR WY, A SO Ol B R A U A= 5 v Y
SSC fil pH {HAA 471k, £ 600-800 nm [X ] {3 FAZALBE SSC Al pH {E I N
LK. 7E 400-500 nm Fil 800-1000 nm [X 18], it s ff 3 5 bl SSC 14 N1
m, SRR, fJa T E. SR, 7E 800-1000 nm [X[a], Stk A EEEE pH
AR T DU AN S e, Rise R R, SRR BT, mJERHRCR .
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SSC .. pH value
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Figure 3.6 Mean spectral reflectance of plants of different SSC and pH value

3.3.3 ETOLIBMAML SRR
(1) FEFIREE S 2] B4t AR A

AZERH T SpecNet2D 1 SpecNet1D i 7! Skff A4 %11 SSC 1 pH 1. 7EfLIbHE
AEFR R/ NANE: 5] 2B RN, DIRHESE . IR iR SR AR RMSE 1 9 IF Al AR
SRIR SRR, UL/ BEE Y 4 HE2 3%y 0.0001 I, B RMSE AHXT A,
Rl A 22 1 ] T IX B S B ORI 2457 . SpecNet2D F1 SpecNet1D [ VE4HEE 25
JEIRTEM S AR A2-A3 1, A% SSC 1 pH At 5 45 R L3k 3.2,

7 3.2 ff/H SpecNet2D 1 SpecNetl1D &% SSC F1 pH &

Table 3.2 Estimation of SSC and pH value using SpecNet2D and SpecNet1D

Phenotypes Models R:? RMSEC R/ RMSEV  R,®> RMSEP RPD
SSC (%) SpecNet2D 0.9642 0.1500 0.8974 0.1671 0.9030 0.1969 3.2237
SpecNetlD 0.9031 0.2470 0.8527 0.2002 0.8385 0.2541 2.4980
oH value SpecNet2D 0.8842 0.0319 0.8241 0.0296 0.7807 0.0313 2.1445
SpecNetlD 0.8670 0.0342 0.8674 0.0257 0.8490 0.0260 2.5839

EAL S AESER) SSC AT, SpecNet2D #RALGEE T T SpecNet1D #57Y, FRILH EEH)

¥ (SpecNet2D, R¢%: 0.9642, RMSEC: 0.1500; R.%: 0.8974, RMSEV: 0.1671; Ry
0.9030, RMSEP: 0.1969; RPD: 3.2237; SpecNet1D, Rc% 0.9031, RMSEC: 0.2470; R/%
0.8527, RMSEV: 0.2002; Ry% 0.8385, RMSEP: 0.2541; RPD: 2.4980), SSC [
SpecNet2D H&If#) RPD {H KT 3, iXFKH] SpecNet2D #HU ) 2 R RHIE A % Hifi 42 2
SSC MR Z(EE, MET SpecNetlD FEHUMHE— REERHE, HUEREEMHE, R
B RAH Ry MZES b, SpecNet2D 55 SpecNet1D 7E4li % SSC E L F I T AHL

& # M, (H7E pH 18 8t b, SpecNetlD #)J& B Hi 8¢ = 16 4% B B A0 & 4 4
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(SpecNetlD, R¢% 0.8670, RMSEC: 0.0342, R/% 0.8674, RMSEV: 0.0257, Ry?: 0.8490,
RMSEP: 0.0260, RPD: 2.5839; SpecNet2D, Rc% 0.8842, RMSEC: 0.0319, R, 0.8241,
RMSEV: 0.0296, Rp% 0.7807, RMSEP: 0.0313, RPD: 2.1445). SpecNet2D 7E#2H{ pH
G 2 REERMER ATRESIN T IURE B, B TR &M, BT SpecNet2D Al
SpecNet1D X} SSC 1 pH {8 il 5 45 AL #E A FU 48 _F s Bl s T . 3.7. B
R AE Y, 2T SpecNet2D () SSC Al AR ¥ BE M H KRS {H. 7£ pH (1T
H, SpecNet2D 7ERRUELERIIRZER /N, T SpecNetlD 7E AR Z 8N, 1 W4
[ 37 2 6T 52 o S8 FH PR 52 W0 B A Gk

64 © Calibration set 6- © Calibration set
O Prediction set ©  Prediction set o
_ _ S
4] 2 4
= P =
S 2
3 ¥ o 5 ) > 0
= = P
2 £ )
& 24 A 21 7220 aae
(o)
SpecNet2D-SSC SpecNet1D-SSC
0 T T T 0 T T T
0 2 4 6 0 2 4 6
Reference (%) Reference (%)
6.9 — 6.9
? Calibration set ° | © Calibration set
O Prediction set Q O Preciction set %
6.8 - C54‘90 6.8 | o
o . /
= = (
= e = 6.6 r ey
5 6.6 1 < 6.6 _
e fess i = 655
£ £ Q
A o B
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o]
O \.b 4
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&] 3.7 #T SpecNet2D 1 SpecNet1D fj SSC 1 pH (&5 &
Figure 3.7 Estimation of SSC and pH value based on SpecNet2D and SpecNet1D
PR TS 5 > B R ZRAE Al S A [ R B ME T T e AP e R 2 57 . H I, R
R EWT FUR 235 T 4RI A R R R A A SR I 28 284, 58 30— AN RERE RIS
HERAAL 5 2 DR AVRFPERE IR 0 . SEFER, —Siisicai+ HSI iR

B TR IR, M AR R A, JFEUE T RIFER . Bl
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Rehman %5 A7 iy 21 3 AR R BEASE B A B8 7 FOKAE AR RWCU, JE3R45 T 0.8720 (1
Rp?o 41, Zhou %5 N\ A FH HES 1SR E G i 246 I A= 2 vh 1) 22 43 R 981, A 7 ANEE )
fEERCR (Rp% 0.9418, RMSEP: 0.04123, RPD: 3.214). Sun %5 Afd F IR B (5 & P 28 Al
HTAFEH AR ESEDS, e TmRERI (R? = 0.9234, RMSEP = 0.5423,
RPD = 3.5894). HARGHICTARMT T CEIT T — 8 MA, XEHAFERET
R ROBE, RLESERR AR AT T 37038 S b, AESE 1076 )2 R BRI [ OB, AH DT FE 20
BN Z . RERA T AR EERAFE R A, IR PR, Bha e
AR AR AR P 25 ST AE HE Al SR ) R AR M D T AT 00

(2) FETALGNLEs 5 ST A5 AR
N B PEAS SpecNet2D A1 SpecNet1D #ER I fE, B T £ 0B &0 ik
(PLSR. MLR. LWR. ANN F1 SVR) K flas== A, XJASER SSC #1 pH 1E

BEAT T M. MRBCTIRPE S IR, X AL GE B A 2% SRR AE [X 73 0 1 o e 7

SRBEAE T T AT BE

F

AR Ak, E@La I EARER A, SR TR MWS,

SG. FDR. SDR 1 WT 7EWN I HLAOGIE AL AR, B K2l b X ey . 43¢
SSC 1 pH 18 At B45 5 W36 3.3 A1k 3.4, MM AIZHl & W A £ A4-A5.
£ 3.3 BT8R HERAESKE SSC &

Table 3.3 Estimation of the SSC in lettuces based on machine learning methods

Phenotype Models Pretreatment R:2 RMSEC R/# RMSEV Ry RMSEP RPD
Raw 0.9471 0.1846 0.9296 0.1677 0.8170 0.2658 2.3464

MWS 0.9274 0.2163 0.9274 0.1703 0.8346 0.2527 2.4684

PLSR SG 0.9284 0.2149 0.9212 0.1775 0.8404 0.2483 25126
FDR 0.9246 0.2203 0.8542 0.2621 0.8400 0.2556 2.5098

SDR 0.9465 0.1826 0.9332 0.1895 0.8581 0.2510 2.6648

WT 0.9370 0.2014 0.9169 0.1822 0.8365 0.2512 2.4831

Raw 0.9683 0.1430 0.9480 0.1442 0.7063 0.3367 1.8524

MWS 0.9350 0.2046 0.9314 0.1657 0.8062 0.2735 2.2803

MLR SG 0.9399 0.1968 0.9293 0.1681 0.8056 0.2740 2.2769
FDR 0.9537 0.1727 0.9333 0.1773 0.8055 0.2818 2.2763

SDR 0.9476 0.1801 0.9320 0.1987 0.8148 0.2910 2.3327

SSC (%) WT 0.9542 0.1718 0.9396 0.1554 0.8072 0.2728 2.2865
Raw 0.9358 0.2034 0.9125 0.1870 0.8273 0.2582 2.4159

MWS 0.9288 0.2142 0.9219 0.1767 0.8348 0.2526 2.4698

LWR SG 0.9278 0.2157 0.9106 0.1890 0.8389 0.2494 2.5012
FDR 0.9178 0.2300 0.8403 0.2743 0.8387 0.2566 2.4999

SDR 0.9183 0.2209 0.9249 0.2040 0.8587 0.2657 2.6705

WT 0.9210 0.2255 0.8835 0.2158 0.8183 0.2648 2.3552

Raw 0.9113 0.2391 0.8549 0.2409 0.7889 0.2855 2.1849

MWS 0.8913 0.2646 0.8376 0.2548 0.7763 0.2939 2.1227

ANN SG 0.9014 0.2520 0.8633 0.2338 0.7864 0.2872 2.1722
FDR 0.9584 0.1615 0.9473 0.1614 0.8170 0.2794 2.3468

SDR 0.9627 0.1516 0.9532 0.1583 0.8170 0.2908 2.3470
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R 33 (8
WT 0.9266 0.2175 0.8912 0.2086 0.7968 0.2801 2.2270
Raw 0.7186 0.4259 0.7142 0.3397 0.6615 0.3658 1.7053
MWS 0.6838 0.4552 0.6839 0.3557 0.5721 0.4150 1.5030
SVR SG 0.7073 0.4367 0.7172 0.3501 0.5868 0.4075 1.5308
FDR 0.8230 0.3391 0.7343 0.3031 0.8009 0.2921 2.2045
SDR 0.8768 0.2799 0.8893 0.2635 0.7928 0.3004 2.1765
WT 0.7121 0.4337 0.6990 0.3491 0.5835 0.4148 1.5036

FETHLER A P S SSC il ehr, 22

FDR F11 SDR TiAbF ) s 5 ek 46 bt

HoAdOG SR SR HBEAR S R, X AR £y FDR A1 SDR $5% | A [ SSC /K-F2
[V 5 B . BITA TRAR SR 7 8888 i 1 MLR AEBLfRS B, Hrpb SDR FilAb 3 i3
PR B 4% f i OHERAME, L RN 0.9476, RMSEC A 0.1801, RJ*A 0.9320, RMSEV
4 0.1987, Rp?A 0.8148, RMSEP A 0.2910, RPD &y 2.3327. JR4&/E FDR Fildb#E il
HEOFERE E, SVR B R2{E#EIT 0.8, (HEARIRIAA K HALMR . PLSR 1
LWR 570 J2 B b e v O R e, 902 7E SDR FRALFESEIE T ) LWR BN R Bl A

& (R¢® = 0.9183, RMSEC = 0.2209,

> = 0.9249, RMSEV = 0.2040, Ry = 0.8587,

RMSEP = 0.2657, RPD =2.6705). A, BP{E M%7 I H A rh B A SSC B 4h B,
K itk 3] SpecNet2D 7Y (I H K
R 3.4 ETHREIFERNAER pHEMSE

Table 3.4 Estimation of the pH value in lettuces based on machine learning methods

Phenotype Models  Pretreatment Rc? RMSEC R/ RMSEV Ry’ RMSEP  RPD
Raw 0.8617 0.0344 0.7778 0.0342 0.7092 0.0373 1.8623

MWS 0.8667 0.0338 0.8105 0.0316 0.7092 0.0373 1.8624

PLSR SG 0.8753 0.0327 0.8170 0.0310 0.7205 0.0366  1.8996
FDR 0.8881 0.0309 0.8714 0.0216 0.6884 0.0395 1.7990

SDR 0.8828 0.0314 0.7105 0.0322 0.6635 0.0419 1.7312

WT 0.8840 0.0315 0.8482 0.0283 0.7259 0.0363  1.9180

Raw 0.9434  0.0220 0.9025 0.0227 0.6182 0.0472 1.5162

MWS 0.8811 0.0321 0.8342 0.0341 0.6692 0.0393 1.7460

MLR SG 0.8780 0.0323 0.8305 0.0299 0.6976 0.0381  1.8262
FDR 0.8879 0.0308 0.8080 0.0278 0.6665 0.0415 1.7389

SDR 0.8831 0.0306 0.8663 0.0317 0.6768 0.0442 1.7665

oH value WT 0.9437 0.0220 0.9108 0.0217 0.6317 0.0447 1.6013
Raw 0.8696 0.0334 0.8378 0.0326 0.7274 0.0362  1.9233

MWS 0.8734 0.0329 0.8511 0.0313 0.7380 0.0354 1.9619

LWR SG 0.8646 0.0341 0.8194 0.0344 0.7309 0.0359  1.9357
FDR 0.8782 0.0324 0.8682 0.0239 0.7120 0.0375 18711

SDR 0.8651 0.0334 0.7783 0.0372 0.7355 0.0381  1.9525

WT 0.8740 0.0329 0.8667 0.0296 0.7368 0.0355 19574

Raw 0.9115 0.0275 0.8375 0.0332 0.6695 0.0398 1.7469

MWS 0.8723 0.0331 0.7958 0.0366 0.6569 0.0406  1.7145

ANN SG 0.9090 0.0279 0.8476 0.0316 0.6724 0.0396 1.7546
FDR 0.8866  0.0313 0.7910 0.0317 0.5900 0.0443 1.5683

SDR 0.8802 0.0318 0.8801 0.0274 0.6654 0.0419 1.7362

WT 0.9253 0.0253 0.9087 0.0245 0.6656 0.0400 1.7367
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F 34 (8)
Raw 0.7629 0.0455 05847 0.0479 0.6618 0.0421 1.6508
MWS 0.7496  0.0464 05473 0.0504 0.6515 0.0424  1.6380
SVR SG 0.7556  0.0455 0.6859 0.0420 0.6257 0.0453  1.5703
FDR 0.8505 0.0361 0.8486 0.0246 0.7084 0.0386  1.7832
SDR 0.8814 0.0321 0.7906 0.0359 0.6624 0.0410 1.6856
WT 0.7761 0.0440 0.6885 0.0416 0.6267 0.0443  1.5687

7E pH A MfEH -, ANN BRI PERE AR . Lt ian b, U SG Fib s 17
TR A AT GEE, 37430 R2 4 0.9090, RMSEC A 0.0279, RN 0.8476, RMSEV
4 0.0316, Ry?>A 0.6724, RMSEP &y 0.0396, RPD A 1.7546 ()45 . HEARFTE FiktH
BRI T MLR A E R, ERELS RN RZMKRKT 0.7, SVR HALE K
S OL T Al AL RS BE AL MLR BERMIC, (R gl AL MLR B, 4
FDR AL f) SVR AL Rp2iA% T 0.7084. PLSR F1 LWR K45 5 5 & 4117E SSC fiti
ORI, TERTA B R R B e RE . BAARBE, MWS. SG Al WT #i4&
= J PLSR A1 LWR BEAYFEmaTE, HdbL MWS FALEDGEE ) LWR AR &AL
(R¢%: 0.8734, RMSEC: 0.0329, R/%: 0.8511, RMSEV: 0.0313, Ry% 0.7380, RMSEP:
0.0354, RPD: 1.9619), iZ&HEHA K RPD fH/MF 2, &K T SpecNetlD #
SpecNet2D #5284 1)t K P

K 3.8 ST T A FHHL s ST SR SSC AN pH I BAEMG 45, 5K 3.7 (i
A RAA L, WHEH G RN EIE R8CE A T B> . LA IR A R T
ANTR] ) T Ak 38 F Box [R] — AL R 3R IR RS R — 8, A BB e,
FLR—Fl b 3 77 5 AN R R St 2 0 2R e . STk, IEFRIE UM Z e
BRFITRAL B0 T HL88 % SRR PR RE 2 0GB, 53R 5 SIS AUAH LL, TRFE 5 S5
T RE ) B A HOE R SR BUCRAAE, S tH T R FE A . BB 4 1Rt AE
FLHT BRI ST A B SR T SR YL, AN TIRFE S IR, MLAR S SR T
BT 7 FARFAE TREPRAR T HTPP fEXUE A HE R R, HIEE TRt e B A
AORFF 5E R B AR B 2 S AL . R, 7E il R A S B8R i SE B, ARG
B LRIR S S R
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61 o Calibration set O Calibration set 0 ©
O Prediction set e} O Prediction set D O
6.8
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Figure 3.8 Estimation of SSC based on LWR and SDR, and pH value based on LWR and MWS

(3) FET LI RRE G 1 i Ak S AR A

M T A o S B S A o't i B I B AR AR s R i, IR R AR AR
BA IR RFAE 2 (B A OGP B Ay, I HOBISRRIE 2k 7 542281 SSC Al pH {H
oK s R, X — IR AT e o MG ML AR SRR AR R A, IR R AT B R
M NTRRIEAT R, BT CARS H0R, MZI TAL i 61 A i 2k H STk
KIDEHEREIE, VARG AR SLIR s R . RYER 3.3 Mk 3.4 &R, $hit 7 =l
e Y FRAL 305 12 AREAT 6T R AR RO 3%, 0l /e XS SSC A 47 RUR I SG. FDR
F1 SDR LAJ pH fHF) MWS. SG Al WT. #:3, T X SL0m ik H ok OB K b 1%
R, KA T RIMAEEIZ 0o 77% (PLSR AT LWR) SRE N HL#S2 >) il FAAY,
FHxf B BORE MG A R, S IERE )AL .

fE LR E 3.5 P, RAESHOE N BAAE eOGIBRE NI A & A6-AT.
WFFE A I, CARS SN[ T Ak B ik FIAR B Bk ik 7 AN R £l i ANRE s I K 1) e s
FFE. fEAHSAESE SSC 7, RAMAT LWR Fl SG MHAL Box HPEREIR T (R*
0.9210, RMSEC: 0.2225, R.% 0.8865, RMSEV: 0.2233, Rp% 0.8450, RMSEP: 0.2475,
RPD: 2.5400). Itt4h, fEizfH] CARS ZJa, AEHHE (NVs) il 1 RZ) 90%. 54
BBOCTERAA L, BT IR G IERRIER SSC G FAE R RE R s AT N . 1T
CARS L FEHDGIERAER) PLSR BAYAE pH (B 70 # BRI T S AFIIPERE . WT FRALER )
JGIE A T @A RO IE R ) B b, T HIRA TR (RSP 0.7739,
RMSEC: 0.0449, R.%: 0.7589, RMSEV: 0.0331, Ry 0.7404, RMSEP: 0.0322, RPD:

1.9626). HutFEE, FF LWR M WT [ BHE R E IR ZE (RZ = 0.7628,
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RMSEC = 0.0459,

v* = 0.6461, RMSEV = 0.0382, Rp?=0.7477, RMSEP = 0.0330,

RPD = 2.0532). [EfERENZ, EMERT 200 mEn pH AEBET G, (F
LWR F1 WT # A ) RPD (L T 2, (HZZAEA )RR T SpecNet1D HTERE. &
kE, MEETRBBOGIERA, BT CARS Phik eilk ik g 7 fi A 3 A 5 fe g

R PERE PR .

Kit, S5EFZI0athrik a2 IR LR, PR SR

KIERD T F SRR IR 75 BB [ AN 122K, B@E N H T HTPP ~F & BIEHE 747
K 3.5 4i& CARS fHHE AN SSC 1 pH E

Table 3.5 Estimation of the pH value in lettuces combining with CARS

Phenotypes Models Pretreatment NVs RZ RMSEC R# RMSEV R, RMSEP RPD
SG 33 09196 02274 09093 01940 0.8378 0.2409 2.4831

PLSR FDR 27 08794 02791 0.8474 02401 08397 0.2458 2.4977

) SDR 30 0.8888 02667 08687 002467 0.8447 02529 2.5377

SSC (%) SG 25 09210 02225 0.8865 0.2233 0.8450 0.2475 2.5400
LWR FDR 24 09203 02291 08934 002448 0.8370 0.2355 2.4772

SDR 30 08755 02822 08602 02546 0.8504 0.2482 2.5858
MWS 42 0.7366 00488 0.7679 00337 07104 0.0340 1.8584

PLSR SG 43 07320 00490 0.6380 0.0351 0.7249 0.0337 1.9065

oH value WT 36 07739 00449 0.7589 0.0331 0.7404 0.0332 1.9626
MWS 50 07954 0.0429 06856 00380 0.7145 0.0339 1.8714

LWR SG 48 07756 0.0451 07157 0.0331 07277 00326 19165

WT 41 07628 00459 0.6461 00382 0.7477 0.0330 2.0532

3.4 RE/NG

fEAE R, JEF Inception BEERAI FCNN it 7 WiRIR B 27 SIRERY, 4T3 i s 3]
i (4 2 ST R AR HERA LA B T AR SR SSC 5 pH . fEAL RIS IR, A TR
Bl S AR SRR B M, TER R AR S NG SR 2 T, T EEAT — RAIE 1R
ME TR PR, EFEHE 1 TRAL BLRURS 40 A I AR AR 0 L 55, A RESRTS — A LR 46 50
AT I G . SR, TR TE 5 o) BB RS B R A HE N o 1 UG Hh SR ER ) 5
SR, B AESEN SSC 5 pHAE, 8 % T B HIEHE TR

% SpecNetlD 1 SpecNet2D #5774 5 3k 1 22 7043 Mt J7 1L S0 AL 4% 24 ST AR Y
(PLSR. MLR. LWR. ANN 1 SVR) #{T | L. FHEH T M FLET7E (MWS,
SG. FDR. SDR M WT) Xt 2, [FRHEH CARS KB ERIGIE TR HOGHE
RRAE, DASR 2 T X Ffp 7 v B B e R . 45 SRUE WS Y SpecNet2D
SpecNetlD #8475 4l 5 M G b ATS SR B T 1X 28 5 T 22 J0 43 M7 J5 VR I ML s 2 S B
SpecNet2D #AYTEAL B A3 1) SSC IS T fefE45 8 (Rp%: 0.9030, RMSEP: 0.1969,
RPD: 3.2237). 1ifi SpecNetlD HERINIAE pH {EIMEHE L RIE AR H (Ry? 0.8490,
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RMSEP: 0.0260, RPD: 2.5839). iX—&5 FAN 2 1 IR T 2 =) BB A T 432 AN JiR 4 54l
i B B OSSR A T R s R R B T AR R A R R AR 1 S AT rp s D AR
R ZE A [B] HFERWE 1. AT, S T SR Uk A AT A0 AL R A (¥ 2 B R A A
KR 5 2 AH VT T 1) B8 F R Y 2% S5 AR SRR R SR AL e b, T AR R ARy
P B8 I 8] PR B0 7 AR A0 T 2 B FESGR N WL B AR AR, 25 P8 BAS 5] AR 3 it )
AFHER 2 RN, K I 8] 3 21 R 5 KO 5 G Ay 50 B2 g A 2 A N A5 D0 A
fi. ZRAEIRESINTT DR AL AT R A, AN T BT A B S B4R
117 HAT BT A [RI00 T PP AN T AL R P e . X R 75 30, ALK Rk 6% 5 A Al
AR A KA ZER, I TEAN R & T A KR 5352 70
T, RENS ST Ao RE I (1 R B A
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FIVUE TR [H 5 B A3 & R B R AR Al
4158

RSB =B, IR RN R IR 2 ) BOR R BOGIE B, AHE T D Al
BT R HAZRR) SRR AR, 45 SSC A1 pH fH. X — TAEAMUB R TIREE % 31
KR RHE B B0 RO TH R 77, Wik — PR R 2 B H i il & HRAER Y R Y
ST IANME S E 1A AR RS S R AR PR, A TS B K R
B AR SR R BN R K o e B AR IR E N AR AE SR, IR BN TR AL AR
SR, AR ER AR S ] R A 2 R RS RS T R D T A Bl .
BIASF 7K 53 F A% TT RERT A S 1) it S0 SR B AR 7 A SR, AR B 5] N T B ] 51 8 5
WG R RE 738, LIRS S DIORS i 1 A S i R B B AL

AT SR FOE R ERE T e 2 TAERIREIT, ARFEEFLL Inception W2 ZEH A%
ORI — DA E SRR . &R Inception REHL R TE FILBERETE 2 A RUE a3k K
BRHIE, TN RV EE FE M5 E . B4, Inception ZE44 ) 7RI 1A
RUHEASE HAEAR T S HOR A A 76 SR MR E 2 (8] did [ e/ Inception 2% 2244,
B R CABA ORBIE 0 ) — S5, AT SE 4 3 A TR R AU AT S5 1 7R oK

A BB ST H A il i 4 A I 1) P B B MO T B, SR o b K S a2
S b R AR PRI SR, ik BN SR TR A SRR Ty o TININ T 15 41 25040 £ it
DRIZE T 3L BE i B2 (it AE S e R e 1 [A) B o 2 AR A B SR SR W0, 3k Sy 3R A 2B S 7K 43 ol
T8y SR pE T E A A (OOA0S] SRk 2 RS AR G A AR AT AR
SR, TR S T A I A SRR B AR A AR TR 108

PRI, A B RN R AE AN [R) 7K G A B 2% P T iR = A 35 ot o 3 B AR P A0 B ) 7
Jiid, AFEEHEICEE . BRSSPI RE . GBI S B R AR AR 1 T R B A
BRCRBAT IO, Sk 2 A HEE BB HOR A R . B T 245 A H) Tt — B HEB kG
HEAMV MBI R Y 3 BT USRI HOR BE D, I 03T R BB I 32 4L 77 1m) A0 RS %

4.2 BPRIRI 5 4b 2

Kl 4.1 JEoR AR R SRR 5 EE AL BE e SRR B . SEIG B0 R AR B AR R
SSC Al pH {H IS AH LA R ASFIZR AL 341 5 R M . Bl AL BRI KOt = e i

39



S0 T U A ] 51 AR S R R R AR A B

PRI ] e SO AL FE, e 2845 Ab R O B fn A BB, LGS 5L SSC AT pH B
LA IR S8 20 BT b A B 75 V20K A AR 1 [0 )5 SCRR 2 BEAT VR I 3A

AT IR 18-25HELCHE, AHGHGE.
75-95%) BIFNAK A AR EE R G A3

e s st s s et B e t ”””””””””””” .”T;fr#_; ””””””
' 1 HTPPV- 4 K3EHRGB 3 SRR IR , SRR IR ¥
Vb SRR T A 1Y 5 A HE SSCHIpH{i 2. T (g AR H
:, ,,,,,,,,,,, L ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Fr——— + ,,,,,,,,,, , 1

FGRIE (R

l

fi FISAM3RFFROI

!

PEHLE ST B S o 3

HortControl 4k ¥ & t5 ¥k, 4
FUEEIA S B 140 22 T EE

ZIHAR L
)5 31 3 3

B 18] P 9 B Ay A FIRNN H:F Inception B M AL il ATEE B & n s b T A H
(TD. LSTM. GRUFIBRNN) T T o o TR FRE AT A R T

|

R AL & A e 22 AN s g e it

Inceptionffii
| | SSC. pHAR AT 2K 43 it A 550
R O S S FEAY ST
bR U A [] He T pHAE A R 2 o] SR
: SHEZ PN R FEAT AR K 43 it

B 4.1 5 A3RH) SSC, pH {EMZK S i B L AR

Figure 4.1 Flowchart of the experiment used to estimate SSC, pH value, and water stress in lettuces

4.2.1 LR IH

FE A T AR 52 8 Bt T 2 A B T DU AN ) i AR R ARS8 (9. 53R B
PAR B TS RTS8 . AR I TRy 2021 4F 9 H 18 H. sIRIUAHE M LQ-
GHPheno W14 4.2A firs. ASAEAER P AE, & 4.2B s, 20l PLIE R 5K
UK B PR AL R . FEEN NGRS T, WK B A A M 7 &2 10
RBEIK I, T 7K B3 A 3 P A SR AE PR I WU AS kA7 587K o 19 Ac B3 359 A% it o S
Elo JEHCT 160 BREHMASE. 200 BRASERAESE. 100 FRHECH AT 100 #k 2 H A 2 AT
SRS, EFK AR AR SRR Y 4 . SEBGRT IRy 2021 4F 11 H 16 H&E 19 H, 435kt
iy GEBR. HOH NS A S dh A EE HRAE 40, 50, 25 B 25 Ak SEIREHE R
AFELLR AR %, WEASRIIR P EdE: R, REAFEM ELIE KA,
B, RRTA AR AT A B I ARSI TR SSC AT pH E X AR F] 3.2.1
o FAMFEAI SSC A pH A=K, R/EHCFIIMEIEAIZFEA SSC Ml pH {HIK 2
=P
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A AR SR U = RGURIRIE S EG . m e UG BARSREO AL 2.2.1
1, fﬁl%t}iﬁfiﬁsﬂll_ﬁju 2.2.275,

Bl 4.2 LQ-GHPheno B (A) MEBSHEMEF (B)

Figure 4.2 Picture of LQ-GHPheno (A) and plants in the greenhouse (B)

4.2.2 W} 8] 5 51 B 3R EL

T REANNEBEERETS, £ T RGB ML, ZIEHNABOLE ALK,

—RGiH 24 h HaRE—REHE. B EEXM HortControl (PhenoSpex, fif>%)
FErEl, ATDAMNERRAESE TR 14 RS, AREYBEAEYE. S e
BOAPRE S GBI AR HEA. AR, RO A, A RE . BO
ZFIEIRE . HARERIEEL (NDVD. H— R =68 (NPCDH FHEYIHEZ R
SHE% (PSRD. Horp, H BV Rt 7Y AR S E R, ST 5HEYIES
BB SR 2B PIAH G, T KR e (L U kb 78 1 ke s ZE R 0 2 BN R o PR
P & B AERRE I, S R PR E B I B R R . XREER B S HU NG, TEA
MR AR =R, VEANHiR WMok B 38 Bl BT ARSI LOIRNL, R 1 R AW AT
TR B 8] PR HEAT 700, vdRpRAE S AR T 70 NI 1) 3 21 B i 3¢
4.2.3 TR R 7 5 B R

(1) Inception fE LR

YRGS SO AR R & FEE R, RGBSR 7 AE R AR
AR . BAEGZ o I EORM L, TR 5 S B R A 21 & V22 e PR BRI RE A
o R T AR T, AR RS =W RS b, ST T —/MET Inception
BRI R (i 4.3 Fon), X — BB RENS HR H AR Se P 2061 S 3 4F
NN, IR A e R, AL HE SSC AT pH A
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VY HE TG TN 8] F7 51 ) 25 3 R TR AR b A A 5

-E

\i iRecurrent neural network:
Branch2 Branch3

Residual

Inception

a_3
a 22 |s||z
S E ERERERE
(=] ha =] =
S B EREERE @
e = e~
= = Attention l @

B 4.3 HRESSIEA (SpecTimeNet) HIZEH
Figure 4.3 Architecture of deep learning model (SpecTimeNet)

CNN AJit LR R Has, € n] LLE )M A o 2 2 5 A A bR 28 18] 1
WA AT HM R ERMBEILZHR AL CNN BB RERBUR M4, JF H S
FCNN #HLEE, KlEED> T ZH 80, MRS T U i XU 8, e LA A e
AESRINGE 77, CNN CZAEREY) 55T 43 A7 A 38 Al 575 THI A5 3 7 32 165 06, 08-70 - kg,
A RIK Gy B A 2R it J5 2R T B i ) BE T T3 AR 382 < Inception FEHR & —FhR B A
AR CNN ZHy, I I 80 W 2% 0 58 FEANVR BE R i, AMIAETR E 5 58 B2 2 [a] B A
AT, G TRERUE MBS R R AT R RHIE WU IR AT HUT 2 B BUERAE,
AR R RS E R . R, XE BRI SRR IR, SeBl 1 2 REERF AL A B
o T CNN [ Inception ABHAE LR 2 ST AUHE ZE b (R S iR AN B 5% B 1] B1 frdfe
s SRR TSR EE SRR AIAE i RE . AR, Inception B EE — 7 3C
BEAMAAEBZT (L, nBUERTN 7. 580D BRERZE. 803 hEH
RSN D3 AN EIREA M. =7l MLZR, BEELMD 16 %
Bz Ba, B EE =R 18 8 16 FIGHRE. M0 XA
HS R AR R 1) ot o R R AN S0 S5 R 1Y, AR AU O R R I . TR 2 ST 7Y
MZHE, WEREEE. SRR WA ERIE SRR ROE 85, (R )R SR 4,
RIT IR MM B TR A VEGHULI . Inception BIH S E R “H S
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AN s “HSHA” MHEAR, XIS KRGS KA NSRS, Rl
BAF SRV e TR I .

(2) FREME R SIHbR

E Inception AR Hp i 5 41 25 [0 2 J2 2 IR JEE 27 >0 RS 28 F )1 2 36 P55 R T 0 6k [
I 1T B8 BURR BT R ) R AN AR RHAE A PR A o BESTIX SR R R, SR T AR S B R
T (il 4.3 FroR) BT T R BTGB I I b T ROE R, 1R
SIS B RE S BELEAR S B IR Z I R G R, W 2508E S T 1 1 40 0 248 R
SEIME OGRS B B R . MR I, BRI AN [FAT 55 I\ 1 38 R g f AN
MEE A, RET RERE. ARERS T, FERENSHOREERZNER
BBCRE SR —REPAT PR SR EREN . TR, Rt
NSk HIHCE . BRI AR AR MR R . A i 5 e IR A R B, DA R R
H ISR

(3) RNN

CNN #1 FCNN [J3E [ 2 Z R R EA A R CIZRe T . X IR FEAL B4 NI
EATR AR BALIRAER), HFAESMNZ B RFPRES . Bk, XEM%E
R BEHHE AL P U, T BERGEEAS FA — IR N 2%, M E 2, BT
el 9 B — s L AEAL PRI [A) e 1) BE 5 P A1 B i, CNINAT FCNIN R PE R T8
B, IXAEAR KFERE b RO EAT IO 4 4 N B 16 BN SOREE, 5 2B RETH 2R 1)
R R R

M2 R, RNN BERA RN X — ST, RNIN 33 IR 1 1) 581w AR %A B
FAERE— A S BOULINNAE B R A SR AL BT 51 B4 (100105, 1370~ 54 b LT FA) Bk ST 7
FF, RNN 28 & FORAS, MHIHE T’ 7 50 o i Bl sk b 2. AT FCNN
AT CNN, RNN A — PR B A 8 =, e il i 3 g 7 51 A B8 RORIZ AT .
fEARZEY, 7 TD. LSTM. GRU Al BRNN X J0Ff RNN 48k, DIALHESKE HTPP
- & [ 18] 7 31 8

TD Bt e AT BRI TR P SRR AR BE, 78 ST I [R) 25 1) 56 B¢
R FEIR, SERAEA A B RE PRHE R 2 3L A E D, LSTM BB 1 2 i )b
P FRAE A5 B IEE ST, A3 2B 1 8 AL 18] 55 ) B0 ) 3 R o 5 30045 5 10 S 0k )
. GRU 5 LSTM BAEAH A HERAEJFE I, (HEXS LSTM #E47 T fifLab 2, /b 1AM

TR EAE, SBOLERRRE I RERG I T LSTM, (HILIEAT AR M TH B A AR,
43



S0 T U A ] 51 AR S R R R AR A B

TENLER 20, THE AR 5 R IR AR ) Z IR X OB ) 9 .. BRNIN %0 45 1) 2
FH A R[] i PR A 22 I 288 ZH J ) o AEREANISTTRL 2 b, S A K A I [ 0[] (] B PR NG
P~ RNN, FF B % B A SR D BPRAS A H . BRNIN (R H K 5 P A H ] I
it EEA G B T7RE, XA MEESN B8R, 7 B EA SR
PE. /B RNN, f3%5 LSTM fl GRU, #BAEMEE LG L5 .

TD MECE SHOR % T AR D TR R Z R E, ARG R SR
BAFGHERA IS8 E . LSTM. GRU 1 BRNN ISk BE— €25 F R
[, BN EE 2 I R e B BRRECIR S B . I A IO s R, DR
VIgaA 7 . BRI, LSTM & 51042 B e B0 i S 4 LR A T 25 g H B
M IBEE R %, GRU MISHIR BN K EE I TRERITWECE, AIRENYIGE T
%o [Fif, BRNN HIZH LG 70 TR 4R A #E. TD. LSTM. GRU
1 BRNN 7E RNN 14 5 P FR132 A AL A2 A4 S FH 1 LB 5% B ] B2,

fEART R, @7 —MEZMARA, HooubsdEmz s CNN, e A 7 51 #0diE
U RNIN B3R o 3 P X 245 45 SR E R RRHE AN 18] 7 SRRt i, I — R4
ANB| =R, AR RAEGEE LB 43). KiF5EH, Bkt
T ES R AN R] 3 5 B TR B 2 SRR AE b S LR S B SpecTimeNet.

4.2 A EGHARF L

1T Inception AL AN 3 PR 5 2 SJ SR A wp (R BRZRASE AN, A& SR T 4k (PLSR)
HAEZEME: (SVR) BRI 2 Ju st iR e bl gs = S G AR, DAL PPAL  Inception 45
BRAE AR AT 2. fEIEH SVR I, BB A E RS IS
DA ZH. H I SVR R &% (linear) . 2 TaUA% L K47 1) 5 iR £
(RBF). AR FRREA TR ALY SVR WA AN A% s Bk AT 74858, FFdid M Redais
KM AT RCR, A e A& A% R . %%, SSC &M T linear, 1 pH {EIIR
M T RBF,

4.2.5 SSC 1 pH {& I E AR g 57

TERAWIHTH, SRR R AR EFE RIS, 20 H 524 NMEEAH]
T SSC 1 pH {EAJERL (DA AR i Fl B R A2 WM % B 38 B2). BIFH AN
IR MEBRZEAF T, RIE T EE IR . X LU AR B AL 7 Fic 28 A S A TR0 AR T, Ll
B 2:1. B, MEHESE T BEHLPRE ok 10%FEAR, RIS . it IEH Ko
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AEBRIE K G B AL B, RHESR AT AL # 2 4 HE 2:1 A LU BIBE L I o 9 ORAEPF A
ANFRIEEASE T AV RERI A TEME, BENLEUR A= 28 RS TE BT A R R R — 2, SR RE
PPN AERS S AR I 2.3.3 75,

FEVRFE 5 SIS RN T 2 70 0 M T ik LS 7 ST B S HOR L R vpr, sl AR
HEEE P AR S A G AT, HERIUFE FERILRM, ikl R ESHTE.
Rl e, a) TS e BA B E e REMBUR TR R EZN S A G X TET
Inception #ith, FRZEMIER, VERE IEELF RNN PR 2SR, 78 Python 3.8.13 FlI
TensorFlow 2.6.0 £ 53 N #EAT @B AFE, 10 2 o0 70 M 7 ik W€ Al MATLAB2020
(Mathworks A7), SEED K5gik. MFACE 5% =FHMF.

4.3 BRI 5THE
4.3.1 RREIKA4EFRE SSC M pH EHKSEE

K ALVME 44 F4HER T SSC A pH E ST #ds L H il . sk 4.1 A
K 4.4 Fraili, MM B T &AM RN S B EP R AR, RIRHES
FE 43 J2 i BE Xt B i T R S R A R 400, 7R AR SR IE A K i B LR, g
pH B I T WE B TR, RS SSCAH G, X 7] fef s kK ant, &
AN S EUN . HE, N TIERK AL, Y2 5 e AR B R AR T £ e
w, HXWSECE L E A, SRR AR R R, BUEIRE pH BT
B [, MR T EZWAENR, W RRATER, A YERRSE T,
Wik — 2 2 pH ER N, SUKIE FBUILCH, S EERARRRRL Wb 70 4
WHKEIFI, #E—D5m T pH 0P thsh, BEEKaBRarnE, e e
£ B 2 T R A0 A 2 R A5V 8 TR T W R AR e A PR KB B IR T, A TR 2 KK 4
MG SSC EFt. X—RFIMIAERLR, AER TR a8 5 15 AL R Nt
Bk e, WONTESZE kIR SSC AT pH {E AR bRk L SR G S 4 T R R T
A BT HEFHED i B A 7= 2
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% 4.1 H3€rh SSC Ml pH ES %A

Table 4.1 Reference measure of SSC and pH value in lettuces

Phenotvoes Normal Water Stress
yP Range Mean SD Range Mean SD
SSC (%) 0.95-3.8 1.8987 0.5204 1.4-9.05 3.0267 1.1562
pH value 4.89-6.82 6.1141 0.6037 4.75-6.76 5.1609 0.2249
120+ B Noram! 120 B Normal
B Water stress B Water stress
¢ 80+ 7804
2 2
£ E
= =
z z
401 40+
0- — - 0-
4 6 8 5.0 5.5 6.0 6.5 7.0
SSC (%) pH value

& 4.4 SSC M pHEKISHETEE

Figure 4.4 The reference values range of SSC and pH value

4.3.2 ARG AL BRI I S #R 4HT

Kl 4.5 HRRIL T HERAESE . IR K G AR SEANK 43 e AR SRAE AT WO AT L4041 (Vis-
NIR) Stz (400-1000 nm) HJ-FHDGIE SRS 2. EYDCIE KR IEA T+ 5, B8
A REAKRG FEEAS L . AT USRS 5 A SRR B AR S0 0 S5O 3R (1 ARk e 35
SEAHLE . 7ET] WOGIX IR, 450 nm 5 700 nm [ RO B 5 4 25 RSO kA SR R
52 B 4 RSOSSN FEM - FEIX AN S RIS B (], £91E 580 nm AL A%
T AR GHIERT €, TTE 760 nm P BLMTIE, ik R R BRI INE R T AAE,
IX S A GG I 5 R A TR LA, OGS 145 T R A2
ZERIIFEN o TfIE 980 nm FRAUT (/NI US A T 5K B O-H BAHIDE RBP4, R BEIR AR
(6% SR FR B AARAL, ARSI R R AEE AR F R AR Z [ H G TR, X R E
FH G T B0 Sk Al B0 A S 1 i o R B2 T AT o
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Figure 4.5 Mean spectral reflectance of all lettuces, normal, and water stress
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£ 0.7 e AR HE DX I 2 s RO (580 nm FI), tHALEE T AH LRI 2>
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4.3.3 BT IR FARE

(1) F&F Inception Bk ) fiti H 45

BT RIS R, ERHAT A M S S MRS, RERE T B R 5 2% E
HEE. BRI U RSB NEE. N TREHEIR RG2S R AHERR R, s
He 2 AR AN [R] A b S 3R B AT & M B . O T AR BT BT B SR PR, TEY)
BRI T EA T T RAESER G SR IR R AR A B, X
B I PELE(E S LT3R B % B3,

AT Inception FREHEE S FITRE 2% SRR, XFAESRM) SSC Al pH (HIEAT T
5. FIoh, BRI S T AN K A B A T AESE SRR AL AR e, T T R
FRE PG HAARI R IR . R 4.2 BoRx TASE SSC M pH EEF ML R, mixk
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& 4.2 FETF Inception R A KR SSC A pH {H

Table 4.2 Estimation of the SSC and pH value in lettuces based on Inception module

Stratified

Model Phenotypes . RZ  RMSEC R? RMSEV Ry RMSEP  RPD
sampling

Yes 0.8866 0.3436  0.8968 0.2977 0.8307 0.4629 2.4301

0
SSC (%) No 0.8643 0.4047 0.7982 0.4797 0.8279 0.4030 2.4105

Inception Yes 09290 01760 08785 02128 009116 0.1944 3.3642

PHValle  No 09253 01759 0.8665 0.2305 0.9079 02072 3.2954

WHEERER, 2B R ERT TET Inception FLHR A N7 1R B 2% > 5 8
A SR, DRILPERE S IBEAL Sy B, ERIER 2 IR RE SR . 75 pH (B2 i,
RS RN R = 09290, RMSEC = 0.1760, R/ = 0.8785, RMSEV = 0.2128, Ry’ =
0.9116, RMSEP =0.1944, RPD =3.3642, iXHEKHHET Inception B TR &
SIBRIEAE ARSI pH E R . HAR SSC 1l SRS FE T ALK, (B3 R2 I
it 0.8 H RPD it 2, fHHELERFAFETHAKIRZETEH. K 4.6 B/R 7T Inception bk
M S ], BRI T IR HE SR T AR b SSC A pH E B R S AE R, Al
HRMAARE, pH EREHE S L SSC B s a8, X Ui B PP AN [l R B
PERTBR T ZEU SR R?, 34 T BEAR A A AURE P I HL A4 FE B B SR o B A R 2

O Calibration set o O Calibration set
g- ©  Prediction set 74 © Prediction set o o
(@] (@] > .
X - 0 = jre.® <‘) ©
: o] L . @OO
2 © © 2 61 °8 @
2 ° 3 oo S
4 Oy o e
?;'.’4 o0k 5 e~ o
[-™ .#‘?\ 3 - (@] :
¢ S O
e ercse sl 54 ©
o Inception-SSC Inception-pH value
0 T T T T T T T
0 4 8 5 6 7
Reference (%) Reference

B 4.6 ZT Inception HEHRH) 5 R EUGHE
Figure 4.6 Estimation of quality phenotypes based on Inception module
(2) FET G Ik 4 R
IRNIRTEEE T Inception TR BE 2 SRV R I, Lt (PLSR) FIRZE
(SVR) 2 Juor i 7k AL | Wl I AR AL S i Y . RBE st R W], PLSR
A1 SVR BEA RS FAEA (618 S S 4, Xt SSC AT pH A7 %5 k5 3 AL RE A A B4
# 43 EPLT PLSR 1 SVR {5 SSC Ml pH 455, it B % B4 VEAIEI T iX
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PR R SO E . (G S PR S RS, SVR AR ILERLL PLSR 4F, JfH
PLSR #iAI% SSC WifiHAIMA MG . Hf, T SSC, 3K1HH RZ A 0.8184,

RMSEC 4 0.4672, R\2A 0.8573, RMSEV 4y 0.3501, R,?>4y 0.8023, RMSEP /y 0.5599,
RPD & 2.0148, *IF pH{H, #Kf5H R2M 0.9180, RMSEC 4 0.1920, R.?} 0.7115,

RMSEV >4 0.3279, R,?>4 0.8753, RMSEP &y 0.2374, RPD A 2.7625. %} PLSR #ll
SVR #4, J&T Inception BiH it 5 45 L AE SSC M pH {E 4 #7771 B2 9P AR . Rehman
S5 NSRRI AR B K B AT B A A T A I, ROUR A o) B AR X
PLSR Il SVR #iA BRI, 758 =F MWt s, MEE] PLSR 7E4 M A4 5060 R
BB H L SVR RIARHELF, HEARZTRLE RIS IAR. sk, Eshkabilov & A5
o, RIRAE AN SR AR S BT HERA L b, SRS 2 o M 7 VR AL R e T AR 2
YEZ Ju A7kl X e gk AR R T HLAS 2 o) BRLE il SOASR] b SR B A RE T A
B, TR PE 5 2] 7 N PR B K2 A RE ST B e 1 . 1] 4.7 JeoR 1 2R T AL A%
>J%F SSC A pH fE 1Al FL45 Rl s B, AHECT ] 4.6, Bl sl BE D SRAAER)
EHRME . 7RSS BRI R B T Inception AU ST IR B S B

® 4.3 ETHEHEIHHE AN SSC M pHE

Table 4.3 Estimation of the SSC and pH value in lettuces based on machine learning

Phenotypes Models R#? RMSEC R# RMSEV R,?> RMSEP RPD
PLSR 0.8931 0.3337 0.8969 0.2975 0.7913 05139 2.1954

0
SSC (%) SVR 0.8184 0.4672 0.8573 0.3501 0.8023 0.5599 2.0148
H value PLSR 0.8037 0.2926 0.7800 0.2863 0.7920 0.2983 2.1989
P SVR 09180 0.1920 0.7115 0.3279 0.8753 0.2374 2.7625
O Calibration set O Calibration set
s O Prediction set 6] 7] © Prediction set
o}
S o0 = C A IS
: o) = 3
2 & © S © )
2 2 Q 0 o
-8 44 e o ﬁ‘: . b . © o0
£ o QFX T
S 290
U 5 _
SVR-SSC SVR-pH value
0 T T T T T
0 4 8 5 6 7
Reference (%) Reference

B 47 ETHREINBERAMSEE

Figure 4.7 Estimation of quality phenotypes based on machine learning
(3) T Inception. k2= FyE R JiA e 4 B 45 1R
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Inception H5 e o [0 2% 5 B2 (47 J)& RIS AR (0 HE B 7T B8 23 3 BURFAE TU AR NS B2 V4 2%
MR L. A T HEFHIE T Inception FREBREE ST IR E S IR PRI, 5IN TERZER
POAE & S gk A7tk . AR T Inception fRHe. FRZEREL (residual) A1y
il Cattention) fJ =Fh A [F1ZH A W&, B[ Inception-residual . Inception-attention #71
Inception-residual-attention.

R A4 g TR R ZREHUNE B R AT SSC A pH (IS A5 R . Sk Z2 i
FNE R A ) BRSO WL % B 3K BS. 7E MR AUl T4, H Inception 5
B, PRZERHRANVE B U T2 & G ST AR e 25 2 2 AL T B — Inception FEHR..

3 4.4 Inception HER 5FRZMIER IERES G5 4232/ SSC M pH (E
Table 4.4 Estimation of the SSC and pH value in lettuces combining Inception module with residual

and attention module

Phenotypes Models RZ RMSEC R? RMSEV RZ? RMSEP RPD

Inception-residual  0.8825 0.3497 0.9141 0.2715 0.8413 0.4481 25102
Inception-attention  0.8911 0.3367 0.8923 0.3041 0.8694 0.4065 2.7674

SSC (%) Inception-residual-
pattention 0.9027 0.3183 0.9064 0.2835 0.8743 0.3989 2.8202
Inception-residual ~ 0.9565 0.1377 0.9383 0.1516 0.9472 0.1502 4.3535
oH value Inception-attention  0.9596 0.1327 0.9539 0.1310 0.9399 0.1603 4.0798

Inception-residual-

. 0.9317 0.1726 0.9255 0.1666 0.9240 0.1804 3.6263
attention

Inception-residual-attention #I7E SSC FHUS T MM HE R (RSP = 0.9027,
RMSEC = 0.3183, R.? = 0.9064, RMSEV = 0.2835, R,? = 0.8743, RMSEP = 0.3989,
RPD = 2.8202). *fT pH L%, Inception-residual #iA L | FedEERE, H RN
0.9565, RMSEC & 0.1377, R,/ 0.9383, RMSEV A 0.1516, Ry?>>} 0.9472, RMSEP
4 0.1502, RPD 4 4.3535. XUah RER MR ZEARBUNITE B BRI PERESR T AN 0 2
MEZERK. Fln, 7€ pHERMEE S, Inception FRbk 555k 22 f b AN yE 2 ) A i i 241
BRI T = MRS, X FTRER Inception EHRFNGR ZEGEH 4 & I A
PR TUR IR X — KIS Weng & A\ A IR B 2 S BB R o' i MR R AE K R iR
B /NS TR 28 RN R A B AN SO R S5 18 A [ T4 3 s i 2 SR 1 SR IR T
7 ' B AT AR HHE P 8 s B S8 TR YPIR L O B AR 2 7. L, 9 TIRA
PR IUIR 22 AR T IR VR B 2 SRS (R g, (B 43 22— P b & 6 1 S0t A L5 2
Wi, AT E YRR . [, Dy 7 IA B [E] R R B e il i
HifE, Inception. FRZEFIER A MAH G R REE ., fELRHE T, HEAHIE
LSRRI 0, Bk ZE AR B IR [F] I B 5 & Inception B AT, DAY
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XM G R AL RS B F R . FE HTPP &3k, A 1 130 o i i s
X T — Lk R R T AR 4 & 4.8 4 TR R R ZE RN B R
ST AR EAG 2] SSC A pH E RS AEME AR . 5K 4.6 & 4.7 #HE, Kl 4.8 B
TR R KRR EA T RE R JUHRAE SSC Huk sl E R HuH IR
B2 ORI T4 SR R I S 6 e 1 BRI TR 3 2 ST A 2y

7
O Calibration set 9 ©  Calibration set 9
O Prediction set - ©  Prediction set ‘ o)
81 2 oP
Q o “
é ') o) = 6 O 0 Qé:’
. = o)
E 2l g 8 S
3 o T 0.0 o3
E 41 Of\( O E S
[ (o) 09 D O
- T AT J ( © . .
#57"% Inception-residual- 51 & Inception-residual-
attention-SSC pH value
0 T T T T T T
0 4 8 5 6
Reference (%) Reference

Bl 4.8 ff FERZEER RS E 5 R

Figure 4.8 Estimation of quality phenotypes using residual and attention module

4.3.4 SRR 23 S BR BT B 18] F 5 50308 20 A

AR 25 55 AL ) B T 15 3 PO it o 2 B ) A s D) AR BE R 108, A
A RKPERES, HEEBOAEERIERARL, Witz KB N
TIRNIR TEIUE AN 25 R RNT it Jo R AL S A0, T 7 o X 2 3 AR (Y 1] P 47 4
PERMNIR L 2 SRR . ARSI R BT A — I Y, ARl di8 3 1 X AR SR W R ik o 7
BEAT TREWRINE , WXL G PR AL H AR, 24 PR AL AE — B [a) A R I W] 2
R —ZOPERy, JFIRsEn. 2, BT AESORYAT 1o H R ) e 50 8, TR 2E
AT

FEWSCER B A I 8] P A il o, 25 AR AL BUE 70 A 1% B RS Rl 2 A, L
T ER L BES T 0 2 1 22 18], AR PRPR = U AE 100 21 700 mm 2 [8]. ELHEAE H R 45
IS )PP A a2 B T RNN BOVR 2 IR fl S vt e tedl. L, e
XKLL [A] PP A HE s A RNN 2T, 75 ZEXX B gt AT 5 — e ab 3, X209 1 41 B ¥
PErh R AR, IR ORAS R4 b iR R S I AR RS e 1

BB A SIS, M B S WA AR S bk, 2T R KA.
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f£ HTPP PSR HIRA D, AR ERE W B BIOE S, LY EN S
AR R R AR B 4.9 &R T i IR A FEK - AR B 20 MAESRREAR, £ R
I 6] N B A SR AR R AR A 3 . FEANTRI K 0 AL BR2RAE T, I 18] 5 51
IR I AN — 20, AR IR K 730 AR B R AN R RE A (0 I 18] 3 2 A1 S s Y 22 5
FEIEH KRBT, AU B YR AR = A 2B B ET N, X2
PONAESAG R VG B KK ey, AR TR AR T, i a5 AL 2 LR AT
R TR ES, WA K YR A A2 S Py (R, PSR i P T RE L 1R
IRARME RS, RS ETF, WRER T AN R AL 3B EK )
PR AT, A SEAREAESE RIA B, ) BER NN 1 IE MK Iy i 3R,
AR NI SR SR B 2 A, MR RDEEEHIRCR, ARy — R 44
PR LA, TR FEA T AR S R R W LR A — DOV E X TR Y, X
R REAEREE K 2 WP E 2L, AT RE 2 R BUPR <7 SR, el B R, B
BRI e n] AR AR BORE e RS
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Figure 4.9 Time-series data of different water treatment
4.3.5 FT LRI 6] 7 51 Bl A B A SRR
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I S Ay s, FEAR E R, RS A BRI N B %28 RNN BRL, B TD.
LSTM. GRU BAJ BRNN. X645 7Y b5 B 1% £ 4 BT i1l 5 Hh 1) f DR R E 2 o) B Y
(Optimal-Spec) #1T 1 &6, HEZ N T B FGAER AL B A S 1 il PR 2 .

F A5 BN TR I R AU B A 5 SSC RN pH (B IZE SR, TF % B & B6 NIt
7 RNN B4 50X E . 78 SSC B A, PUM RNN Ei% 5 Optimal-Spec 1528 [ 45
A RERTE T B WEYE. BRI, Optimal-Spec-TD #EAUZE SSC Il 8BS T %
R (RZ = 0.9042, RMSEC = 0.3158, R/ = 0.8723, RMSEV = 0.3312, Ry? =
0.8900, RMSEP =0.3731, RPD =3.0153). 7EF!|FH i[85 554k & TD & B F, SSC
BT RPD HHL T 3. 7 pH MM E H, Kk TD 4b, Hih ="~ RNN B84
REHE T Optimal-Spec F 7 LI, Hrh Optimal-Spec-TD HiBIZE pH {E G H A 3%
PR, RPN 0.9637, RMSEC & 0.1258, R/ 0.9551, RMSEV A 0.1293, Ry?
4 0.9583, RMSEP vy 0.1336, RPD &y 4.8971. X AEZERFN pH B MEE N E
e, SEFEFABER I SCBAME SSC SKE TR G A i MR RE, EIATRE LSTM,
GRU #1 BRNN 7 [A P 3R 2 (A4 130 IRAS, A BUX =Fh RNN #8125 Optimal-Spec
RV SRR T, AR YL, TD fEMARA MG E R AL =5 RNN RIFHELF. 5
b, TEfhS SSC A1 pH {ART, Inception Y55k 72 FyE B 45 &, BUZ I E] 7
FIEHEA RNN, 5 REFT 2B THE AL R B R PERE o X — L AT % U I O i A o i o 3
UGS TE o B3, AR 70 W] DA% 8 3 I 50 i () 3 37 8030 £ B 1] 23 39 e >
HE— B AT BE AR AL . 18] 4.10 SBR T RNINAS TR 70 A o 42 A0 T 4 I % 4
SSC Al pH E I E LR . H5E 4.8 MLk, & 4.10 |1 SSC F1 pH A A s B EREL /I 6
X A 5 S e A il SRR AL M BB T 1) SR A 45 SRAH T
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Table 4.5 Estimation of the SSC and pH value in lettuces using spectra and time-series

2 4.5 fEFEIE R (6 RIS 43R SSC Ml pH (E

Phenotypes Models R® RMSEC R? RMSEV Ry RMSEP RPD
Optimal-Spec-TD 0.9042 0.3158 0.8723 0.3312 0.8900 0.3731 3.0153
SSC (%) Optimal—SpeC—LSTM 0.8867 0.3435 0.8803 0.3206 0.8764 0.3955 2.8440
Optimal-Spec-GRU  0.8788 0.3552 0.8562 0.3514 0.8772 0.3941 2.8542
Optimal-Spec-BRNN  0.8843 0.3471 0.8639 0.3418 0.8828 0.3851 2.9210
Optimal-Spec-TD 0.9637 0.1258 0.9551 0.1293 0.9583 0.1336 4.8971
oH value Opti_maI-SpeC-LSTM 0.9646 0.1243 0.9366 0.1537 0.9420 0.1575 4.1534
Optimal-Spec-GRU  0.9626  0.1277 0.9516 0.1343 0.9404 0.1597 4.0948
Optimal-Spec-BRNN  0.9756 0.1031 0.9675 0.1101 0.9464 0.1514 4.3199
7
O Calibration set C O (Calibration set
O Prediction set o O Prediction set 35
8- ' AP S
@9] LS ! 0]
X o - o
= o S 6 . 0
g g J o go° R
3 : e 2
=™ I’rq' a2l 5O OO E}—r» O [e]
« »,},W 54 OO 0
Optimal-Spec-TD-SSC Optimal-Spec-TD-pH value
0 T T T T T T T T
0 4 8 5 6 7
Reference (%) Reference

B 4.10 {3/ RNN 5 iR
Figure 4.10 Estimation of quality phenotypes using RNN
(2) 7K 73 il A SEAT T AL
FEARF KA, SR 6T S A DL I 8] Py 1 R B HS B (0 22 5%

KU T AR B . TEAS . G RRAE DA 5t 5T 2 AL SR R 7K 43 il i B w471
FEFTIEFLR) R R A, pH (EAE AR BK 3 AeBE %A PRI oy BEFE W Z 5, JFH
HAY RS RO RS . prel, 2l 7 A pH &858 (Optimal-Spec 15 7Y Al
Optimal-Spec-TD #A1) SRSk /3 Wria FRRAS, FREE ML pH B A4 R A K 55
IS ERUE S0 ga
N T VEAS K A3 A Y (R PR R, SR T IRIE R AT HE AR R Fe ARl ZEREAY I
grid e, RCMESE . IR HINER R R 0 5 S SRR AR AR R . oK a s
MR INK 4.6 AE 4110 T IEE KSR, FABE R IIER 2 E0IA ] 7 100%
(Accuracy: = 100%, Accuracyy = 100%, Accuracyp = 100%). 7E7K 5 Fiid AbFE i 17515
~, Optimal-Spec-TD AL @I 7 5Nk Ly fe, #EWAZ A Accuracye = 98.73%,
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Accuracyy = 100%, Accuracyp = 98.86%. X Optimal-Spec 15 f1 Optimal-Spec-TD #%
TULEALSE pH ER RIS — 8010 18] 411 4875 7 Optimal-Spec-TD # AL 1E 7K 734k
PR YK I e AL B BAKE O, AETRER TR — N REAS, T ZE RS AELR Th A I
AR T ICRRA . DGR M, R AR S R AT e 2 1R 7K 70 Ab B ) 0l 1
G A0 0 B — 8 e L B AE 7K 40 B A R RS B 2

% 4.6 ET Optimal-Spec fl Optimal-Spec-TD RER 4= Sk 40 il 20 2

Table 4.6 Classification of water stress of lettuces based on Optimal-Spec and Optimal-Spec-TD

model
Models Class Accuracyc Accuracyy Accuracyp
Optimal-Spec Normal 100% 100% 100%
P P Water stress 96.82% 100% 96.59%
Ontimal-Spec-TD Normal 100% 100% 100%
P P Water stress 98.73% 100% 98.86%
E E
E E
=3 =3
=Z =Z
£ S
£ £

Stress
Stress

Normal Stress Normal Stress
True True

©) (D)

Normal
Normal

Prediction

Prediction

Stress
Stress

Normal Stress Normal Stress
True True

B 4.11 IEHKPRIKS BB AR RBEHERE. Optimal-Spec BMARHESE (A) FMIFHAE (B) M
Optimal-Spec-TD &I IR HESE (C) FIHPE (D)
Figure 4.11 Confusion matrix of lettuces of normal and water stress. Calibration set (A) and
prediction set (B) of Optimal-Spec model, and calibration set (C) and prediction set (D) of Optimal-

Spec-TD model
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Az SEREL IR AN [R] I X6 7K 20 Il A PR R %2 % 5 o AR S b AR SRSZ BK b iha fe, e
B et 2 B IR i e TR . U AR ST B A R B R K I Y S B A S,
MR WK 73 B RE T Re % St — DBk T 70 2, XA BT R WK il , DU AT
REFRARIAEY) S BT HIAS R . FEPIMUK P AEEES, A5 pH R R N B, B
WA EH T AL A S EANF AL pH AE I ATRENE,  IF DLAE Al 7K 23 i aa A
JEWI T2 4T I 1) e 0 B0 0 R T B A S AR ROBE SRR, T v o't i B )1
JOVE N B TR Z TR IRAF I, X R IR 5 0 B8 A R S i A S e S AE AN [F] AL
PR, FrbL, R 73T OB 5 25217 Optimal-Spec #5284 Sk Al B A= 25 & g 1%
BUG HAEME 2 A pH B, & 4,12 SR TERRIK > AR 2 4F T AESER) pH E
ATTEGL . AEIFRET L, 28 37K o e i AR S S IUEA B (pH EARD, T IE /K
Iy AL FR A SR B BRI (pH EED . 4, AESGE EANEI pH B, X
A LA 57K 73 B8 56 T ARSI AN AR A AR SC B, RIAME I RSB A IR . B,
WL pH B AN, BV BESLE I K R B ST 2 (K kil . — HO g 3
pH B FFAS, X ATRETUN A /K S Bl i R A o Yan S5 A A FH IR 6 21 4 SRVT A5 72 18T
B, 38 3 Pt A 2T 4 o0 A7 T SR J o Bk B KPS, X — BRI T R T e i A

EENLE AT, AT ARy — AR b R I PR R B T B
pH va71ue

& 4.12 pH &K1 E

Figure 4.12 The distributed map of pH values
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4.4 KF/NGS

A BN AR SR AE K A B S5 AF T R R BRI A AT TR T . SRS E
FERE AR, A% 5 5 0 2 T 5 A B 1] 5 270 HHs R 88 % =0 7 1 e B
TICAR PR EL AR Ak A S R B AR ALK A IR ES 198 ). ARSI IR
CBE S BT O 70 A T I 00 A2 S 1 o B A e RS, E BB R A T Rl B 5 75 AR T i Bk ke
R 5 AERE AR R AN A2 A RE ) 5 THT AR I 0 C N TS 25 5 IR AE 5 36 P
UMK, KSR PRI — RPN, LA S W 1Y) i 5T 1 3h A T
BE o S IR 8] P 50 B At 5K 20 38 2% R T R AR S BT R BRI ST AT AL b, H
HTPP ~F & 58 i) 2 Pk AR TT R 1 il A4 it o S B AN F 0 HOad 1k i A R i A . A
FiEITIZH RNN RN FZHR I 18] PP S0 EcE 4SS, ARG S A5 SR ) i o R ALy
(ERESRVE]

REE SRR Tl B 2 N R B 2 G % SpecNet2D #7Y (3T
Inception) £ Hids R AE ST THI A SR, SR T AT AN [F) 2 B AR5 1 a6 % B R B A
SR EEME, HF7 KL, Inception-residual-attention 3545 T f LK) SSC fEH 45 % (RSP =
0.9027, RMSEC = 0.3183, R/ = 0.9064, RMSEV = 0.2835, R,? = 0.8743, RMSEP =
0.3989, RPD =2.8202), Tfij Inception-residual 7E pH & & 5 F I &4 (R = 0.9565,
RMSEC = 0.1377, R.? = 0.9383, RMSEV = 0.1516, Ry? = 0.9472, RMSEP = 0.1502,
RPD =4.3535),

SRIG, AR GIE B AL ST TR R S, s F UM E B RNN HOR AL
HLE (] PP A0, Mg T SpecTimeNet A5 AL . 2 A HY T DLIE ik 40 B I R] 7P B AE £
W, 0¥t mEsE SSC M pH B HIMHERIE, FRZR & RNN BoARIA &tk 52
s BB 7N, SpecTimeNet 141 EHEH 7B R . /£ SSC {% ', Optimal-Spec-
TD (Inception-residual-attention-TD) ALK RZ$27+ % 0.8900, e pH & Ak &5 T,
Optimal-Spec-TD (Inception-residual-TD) #AILL 0.9583 [ Ry A% T i fEtERE. B4,
N T PR R K e AR B2, SR T Optimal-Spec #1 Optimal-Spec-TD
BREARLE XS pH (AT, /0 AAE TR Bak BT 96.59%F1 98.86% I MEMIZ . HET
Optimal-Spec #E 8 FIG R H IR AR A L) pH BRI, JRoR T HAE SR AR
SRS P T TH T 77 o XS R AN I T IR FE 2 S BR 5 2 BEAS B b & 7E AR 3
AR 0 S ANAEL, T ELAEAS B il SR D R BRI L VP AS 7K 40 IR B0 B B e BT
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FERSHEARO AP R 0 A lis, PRt HL el G SEAE D 006 & Rae R 2L, il
AR S BARR K SPAD fH, X T HRTHRAEME BACEA B A G (. RE
P GEIN RE T3 AR RE 6 AF A R BB ATIAE RIS SIZ It 404 SR 4R 7 T A7 B S SR R
HE L A2 BARAOEZE 7 R 775K

2 5 DU B X e 5 I 1) 8 oahs R 5 AR AR v i SR A ORI RO IR R R, A
TR SPAD fEIIHEF, RET LIRS ERGEIER G R /1. EBX WA 2
PRIy g% 3R & A B th B3R B, Rt MG s e s AR AL . AL,
AT BB RAW OGS B G E G ROR, RRE 2 HE S YR AR A
SR TR, H AR SE Tl SRR P v A AN RV Bl TN S AE T A A AR
Z b, BEIRTE 7O 2 AR S EE B S BORAE RS HE AR O B R B AN SE G, 9T ORI
BREE RIS ERA & R At TR

Aw, SR TR T AR R BRI SR A B G s, A, FIHZ
AL SpecNet2D AR AU AL PGl Bt ,  BE MRS PIE IURFIESS kR, DUWIE 2%
SPAD {E BEAERA AL . A, 8T EEACAN A BB AL PSR I XA R I B A 52, LA
i 0t g v A R RF AL SR U R - RIS, SIN SR BORDASRTF i e i R 1) 22 1) 73
R, B FE T EBEE T EYRAGEE, Bl CAM SRR T Ex 1
el P 0 ORI EAT AR R SR A, DML IR DU fE . ek, PP
JIERE TG AN B R R S AR AL BE A BRI

BeAk, ARTFUEE Y R A E SR, 3 DR 7R S BB A SR A
AL TS 5T R G PR R, RNy, RIS T E AR, MY
A BT R MR 2 AL RE AT, ORI & Rt & R RE R A S i AR SR A T — N R
T W HESNAR HEAR L B AAE b A D0 AR 3 5 T A L o

AERETIW S RGBS ik, BERANBEMBIEYL & 2Ee R,
FFHESN R e A AR B S BOR B A o LERP AR, AN R 1Y)
RUMERBORTFBL 0 HX A RS B A 2R
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5.2 B IREN 5 AL B

K 5.1 JEoR 1 AR TR seiR i vh 5 AR AL B e B AR B . SEIR O R AR R AR R
SPAD 1B 5 DA S AR A RAE I HE . Bdlm b BRI 788 Soxh s il & A1 RGB ]
BRIVALEE, RZR AR B A B T, H LGS SPAD {H. HBARRSEE b I%
ANECE AL B 5 J20RE AEAS T 1) Ja SCHR 7> BEAT VR I 3E

% GEE: 1825BRIRIE, MR
: 75-95%) AR

7777777777777777777777777777777777777777777777777777777777777777777777777777777777

g _ 7 S K g A _ | K
| 1. RGBJ& {75 3. SPADAH Il &t 2. G HE P R 3R ¥
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| FREXGHE R RIT R 17 5 HREE (RARIE)
HORS L = |
§ fili HHSAME#FROI
f FHOTSURIROI 3} —

RGBIE (%Ki 411 el L U AT T
____________________ ) R e S
(il AL . /TR K e, 2. BB R H:T Inception. ¥ 7 AITE R )
AR AT P K RGBIE/(% B EEH AL R

f b i o PR Nt
‘— FESREAITHE G % | g |
: ! |
TR P B o AR SPADH ff HL AL fty 4 7

5.1 AR M SPAD {E LR AR E
Figure 5.1 Flowchart of the experiment used to estimate SPAD value in lettuces

5.2.1 SEE¥

2022 4 12 H 1 BAEIL ST AR AERL 2 B 1 2 A BN E SR A g, 2 )
U AESE (Butter). 453R43E (Crisphead). HiHA423% (Leaf). #M-43% (Oak
leaf). &' LA (Roman). ZEFAE (Stem) DAKEFATLZAA5E (Wild relatives).
LI E T RKE BB E RS, ERAE LA TR . TR E T, A SeEmid
JERE T 3] 10 REE—UOK, MR EA AL . Seied® 1 365 ARPIMAESE . 394 #R
CERRAESE. 370 ARELI AR, 49 PRI AESE, 507 FRP D AESE . 83 FiZE A=Al 118 il
WA g EsE, 3k 1886 ML RAEA . SLiesrAlfE 2023 4F 1 H 15 H. 16 H. 17 H.
18 H A0 19 HEAT, RFRRFEASE AR SRR A S A S PRI SR A, BRI
SEREARZ) Sy 380 il IRECLIREAR ML IRU T o, RHUASER) RGB B HdE, 2
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Ja RV EE s R, ma M4k (SPAD-502 plus, Konica Minolta, H 7D
M4 SPAD 1, Wl SPAD I GHFA S ERINE, PiEZE, REES 3
T L9 it SPAD R FIAME . MR TS B WL 5% C K Cl.

A FAE UKL R R GERIRA =G IS HE . moa i BR BARIISREO L 2.2.1
W, GG SR RRBOS AR 2.2.2 75
5.2.2 RGB E/&3RM 5 kb

FEALFE RGB KR LAIREL ROI I, ]/ — M &4 RIE (Excess Green, EXG)
RS T2 (OTSU 5% KSR, ExG 1B A —Fh s B P 48 (X 3558 i
B, G NSk O E O ALE FE AR A 5 I I AU, A A TE RGB EE
e A Ay o MEITVEAUIN R T B R S SR R SOR T AR T S
TR LR, NGB E T L. 3 — T, OTSU Hikilid Gt 2% 7k H 3l
FHRE G N AERBIE, TR EBRGRRIS NETR (i) 5ERMASE,
DU KA RIE D5 2, TR i o BIROR . ZEE LR T ERE, fRE
AR BRI, JRAE 3R 5T R T SR U A X 42k

¥ ExG 5 OTSU BEMEE &, REW A/ MW IR H: EXG XLk (4 H: 73 1)
HRVERDy OTSU Suikfgfit 1 BN R A HT S 58 F0te, 1 OTSU 5% H ) BI{H
e A3 Ty eI A o R TS S 40 B H B B S AR X . XMV R E R T RO 2
WFE L S B RERE, X Tk — B iR A i A S R L
5.2.3 LI EGKEIHERER

SRGAN JyEE 5 PR T GURAT R 1 — M BUR AR IR TT 225 R R AE AL 2 e i
BIGI, HAE BB I NEE . mtil BUR BRI % ERA RS, R®R4tTF
B OGS, AR A oy PRI, X PR AR R B 2 R A0 1) B 4 55
HIAT 2. N H] SRGAN,  DIAT R T i B 12518 0 5% . SRGAN JR 2 ]
W 5.2,
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Figure 5.2 Schematic diagram of SRGAN
SRGAN 3 1 A& pleas AA o W HLid A%, el MRS e R AL Aot | B &
JRE 1 o MR R . AEHESE R, A i 0 5 AR R AT R TSI R 2 R R
Sk, A e ) 2 KX A R BB S SR R R B . SRGAN [ Al ALH
AR I 5.3, X RE %O AE T B AW IR ZR, 2 sREs R 2%
PR R 0 R B A AR A ] 5% 1 2 B B LK S C R ClLs

RS gD 45 1 B AE M 48 (Generator)

-

REEMEIH HIMNZE (Discriminator)
5.3 SRGAN A a3 FIH Al # g B

Figure 5.3 Structure diagram of generator and discriminator of SRGAN

N T B RTE SRGAN fE Gl R 2 HF AR5 Ik Be, LA T PURNASF
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(RS AF S L 2% . SRR K VGGL6PY R VGG19M3l, DL K 4% & 4 W) 4%
MobileNet41 EfficientNetl!>®l, VGG16 fl VGG19 1k Ay (G b # AR ¥ 4 J i AY, DA
FOR 2 85 M A5 R R AE SR IURE J) /K, (B [F I A B G B m T R A . AL Z T,
MobileNet #1 EfficientNet il ik Bt 7EORIF = AR AL B RE 7 1 [R5 5%
PRIV FE, (ARG S T BIEZ BRI . £ SRGAN ™, RfESEHUN 28 3338 | &
BRMA T, ERTTANEG PR B A BT 8 e 0 DR R B SRR AL o X £E R AE X
T SRGAN TEAT BIG 7 # 3 AF 55 v (0 3R B M e 24 A B o B BT B
N, 2% JER 2 e E R R ALE AU ] T 55 BE 22 Ry A A R4S S, T PR % T T i ) T
WA 4 o i SOR i s SCRIARRAETY . 25T SRGAN 1 H bR 24K 0 Wi e UG i oy
HAT 6 0 R S O ) v g PR R, DR AR R (R % & R ) Ry B 4T A
AR B E R BTLL, S BRRHE S EUN 2% bR )2 % AE 9 SRGAN FRIRFAE $2 U
filt, DASCHIN R 4 R 8 XUE B R B0 S B A RO X P 78678 SRGAN
BRRIAME 2 T BB N2, RN CREE 1 OB (58, AMIZER 7o b5
T B A R AR I T, BRERAOR SRGAN TEIRT G 4 HER [ A B
M T MG B AR SCHE BT FIA0 1 RS i PRI, 3 — DTt T BB AE G 7
QU PR M REAT S AN . RRAE SRR 25 1) 2 2 i B LI 3% C % Cl.

NTHERETREEIE SRGAN BATXT L, ATIRIRER TS H B IH{E (image
interpolation) J7VALESE U 7S (8] 3 HF 27 I BE 70, BB 1 DUFR 32 S B4
H5 % =KHGE (Cubic). ZktEHfiME (Linear). fxiT4R#HME (Nearest) Al Lanczos
SR IO, X Ty VELE A B 2 (8] 43 AR RN, RIS T % B IRRE RURIE F
Cubic J7iEiEd @ =k Z A RIE B HIME R A B 16 MEZR A, BEAEIBUR
BRI S -1 HIELL M BOR, &6 2P R4 5P IR H . Linear
iR R, (HEREE I B NME R T B2l T, TR S BURE S
REOEA, & TR RCRA B E R 5 . Nearest J7EAE Rl (1) 4 6 FE 0%,
HIERMH R BRRE, REHREEIR, EA 55 N RS RN, Ea
Xof AbF B sR e KT BRI & . Lanczos J5 it )32 % FE AR 2 AR B P AR
R D RBGHAT A, Rt AR BB, A O R R D, REE H
TR UG SR R

AR EE ) H AR R IE X e BURAEE 75 S SRGAN [ITERE, PG EA /R T = e i

BB R 2 HE R AT 2 ol s LA G5 RO 45 1k, 78 2 >k
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2N T TN, AR A 0 2 (8] 43 9 e R T e — B R SR . iR L gy
B, AMUEZR T SAEEREARER E A= TR A SRR, mHRAN T8 7T IR
FE% 3] SRGAN 7 S35 52T+ UG & 7 T 158 KAE 7T, AR KIS R AL 3 4
ARIVR AR T 5 B WARFNTE T

TEWFFLRIRIIAM B, T ) 220 1 v e it BB BT 32k 7 i AK BR  BE AR AE S A6 T 4T
L. WEABERBOGEEA, HrREE &R RGB BIUGHHT it T, LMEE {4
45 RGB MNLIHIR M EG AT X HE . Specview Bt 7T LA 5 A B v i i 18 45 b B
BEKEBER RGB EK, e, g, WK 575 667 nm. 570 nm. 450 nm. X
FHOTIEIE PR T e il MR AL B R R 5 L RGB MG A B4 R FEAT B4 L AL
TR, NI PAL 23 HE R HORTE SR TH 2 M RGB IG5 77 T ¥ g

b5, fESE— DR, R E G EE RN T, R R TR RAE
EFE (CARS. UVE il CAM) IURFFT, EHE 1 = AN RBRE AR T BL 1 e i BBt
TR .. XM E SRR R ARG, ZEMR AR R 1R E P L
FEIRFAE, AR R HOIR LK B i, X SERHETE R G RGB MG H AT REASIE 4 B
%o CARS FEMNHTHIEHIE T, 0 NIR Yeiisrar, F-T P iRm0 e i
k&Y. UVE 2&—FH THEBRGEEZENEAR, H TSRt g&5%$.
7 VFE A AT R S PP AN A e Y R S SR 1 AR R o S st R LT DR
A5 . UVE BB PRI M R B2, S SR AR It . e iE A T8 &
BETERTHABEKNENL. CAM HT3RE=Id, Feul2fe CNN fkfr EER)
G FATE I, RABRAR Yk (0 ikdE . 8T CAM, T LAAE il — Tk O SR B &R
RERILE M Y SEIT, N B Bk 21 DG S A 1) X3S 781 3o snt T4 A AL 0 A R
PR AR A A DA St — 2 SO R S A B

iR T RGB EMRUIZ SRGAN ST & R o M3 i sk, & T —
MR EM 2. BAR SRGAN A4 RGB B AR, (HHRE 02 5] 18
18 AR 7256 31 3 20 AR IR BRLA O0 2R o I 2 S S 2 I A 2 A R 1) TR 1R 6 B B
KN SRGAN 2 X)) & UG SUEE . ALk RGN SR AE (IR T 772, IX SRR AIE 7 D R
BGRB8 RO EEERKRE R A 5 IIZRN ) RGB EIEA
7, 15 SRGAN A543 1 J3d i e 27 3] (1088 23 % 2R i S OC 2R S TH D R (R IR 43 H e
HeAh, X ARG T — AR R IR SR s KRR AR T IRy, kR
FRIBIE TE FFRE 7B IR 2%
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BT E 2, T8 Pde 58 BRI AR AR 0T I 1) v ' B R R AT TR R 7 3 42
Tt AMUBR T8RRI S RGB BB iR e g L g T, &
R T IR SRR A B 2 AR AE B DT T T iz & e, st il B R 2
AR IS AL 1 B B ATV
5.2.4 JGiEA BB KB 5V

BT BN REMB LR, T Inception. Tk 2 FlE R B ) i & 07 U ST
TR P 5 SRR R SR AL B 1 H s

FE R ALERAN 7 AT TR A, R AR SR AR 8 22 H s 2 — (S 2 0 O BT B R AE PR A5
ENE, ARRAEMES . RIZ. jef, 2GR URRT . KA R,
THRHERE WS AL 2 AR EE 5 560 h DR R — 3k, AN 2 25 38T 1 MBI B A 55 B HE
Ve R B FR DS, Bk, M AR ER IR T E UG Z BIBENL G S TR, () Re ik
iR HCRFAEAS 2 o ROBEAN AR M B W R AR B2 B 2 R 1 7 R /N8 4k, ARATE
THHER — 5, T SCRE T MR 2 T EL A R Al o e AN PR A OR G B 28 3
Ji e o3, ATS AT AER VU LR, XN TR A JC A St . DG RRANAR PRI TE il 1O
M SRATF AR AR RFAE SR B2, IR 1 AEAS RS BSR4 R 3R B BRI IR AR AR E

TEARZ R, ERE T UMPILEGRAE (primary feature) RIfEEEE S . BUEARE
fiE, GIESUEE T BRI, BRI RBUR, B LRE N, RgTER
IR AT 52, NEE PR T R EEERER . QUL WK LA
HFE. Laws SUHREENIEIL. Gabor JEBas LUK R EE —EAE (LBP), JRA /it ek
PR, AH RS 2 A B SR R I SO S50 . Rl &, LBP AZUHRHIESRAL 1Ok
HEANARVER 73 M, BG5R TRAOE B IE . TEASHRAE, BFE Hu k. KA, a4
ZEGRTIRGE S, R4 7 R A, Hod Hu BT RR AR T A€ 1
IR T o APkt MWK EUR R AESL R % 7 — A 407 R e BB B . SO MBS
BHIHESE . FEIE PR SRR, T H & EA e s . R, ek LLAOGIR AR
ORI, WfR TR R e A ] S . IR MG A AR I R SRS AR I T B 4 T o
FRIEANAR PR B ZENVE, A BT )5 22 BHUREE 0 M55 T e

N TRV R R AE SR IO R RBOR SR 1 IR B2 5 S AR SR SIZ it i 28] i
) E SRR IR B . AEREIERE P, B H T AN A AR R B B AT PR 2R, AR AR /N R A 5
Pt LW ZRpomE Rl (NBIRERY) 40 ResNet A1 MobileNet, LA KA AR 4E 1 T
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ZirRA CRBUEAD, fFlhn BiT 4 (BiT-S 1 BiT-M). ResNet, tHFREEZEMZ, @
o HRR 22 2 ST HESRA AU e TIRFE M S I gri Bk, W 3E s 17 AABIRZE B RE
Ha iR T NZREFRRIASE . MobileNet & 18X SN AR AN L& Beit, SRATRE AT
AR RIR PR T E B RS, RIE 1B A IR S s 20s 17 .
BiT & — %71 ResNet MIREE Y JHESE, LN Mt . BIiT BALEE AR 2
HEZALRRTIEIESE (1 ILSVRC-2012 A1 ImageNet-21K) RTINS, RFEF
B AR R R o XA RS T 25 S 2 25 e T 1 B R AE &R R AR 55 B vERE, D
X LG AF 55 (¥ T B AR B/ 8T, BT AR [ S AR 3 AE T L T AL IR I 78 2 ST AR
B U VEIT 8 3 0 ] R PR AR A B E AT 25 5 K, AR ORI 5 1 A AL £ b AN [
AT 55 I 8 SR A F A

IR 2 I HOR, IX SRR 8 H SR R B R b B B R E, SR TSR
TSR] 68 51 N B 0 22 SRR . /N ey T FL A D B Z 8O R oK
A0 1 G TR A2 PRI, 1 TR A R ) A L IR 22 X 4% 235 ) ARk ) AR AAE i B
BEIE FH TO00 R B R R N I 37 5t o AR B U A AN (R RSS2 25 SIS A F Bl RR
AESR BT Tk e A& I, B A R 2 AT 55 A SR A BE I =R AURS A R IE 2R
BeAh, BEITEL R T R IR 5 S HORAE MR AL BAT 73 A 45dsk, G AE it &
AU 53 b v B RV ) A A

PGB 70 PR AL BRI . — AR T A% G 7 VA IR B R AR AE AR B, — 2R
PR B 2 S HOR BEAT 1 3 3 s H BARFAE SR B . O T2 T SPAD B AG BAE 55 1) 7 3K
KPR MEY FLELE WA ERE W — P00 . [N, 6 8ol & fm A
Inception #ER I &, 5EURAFAEILFRIMEL ¥ — D2 MARE, WK 5.4 fos. BT
DGR AT BB R AR 2 TR A7 AR SCIRME, R0 ok E G EE AL R D i A B B, 72
FRAERE & BOIA T —MMER B (A 5.4) RG] AT DE R £ 3E T
X AL BAT 55 B Yo 1 f m B OC BRI o AR BN L EOR T RR N G v R B
(Fusion Attention). ¥ %% 216l BUE B G BEAL A S S H0R B WISk C £ C3-C4.
AT A, A FE T O v B A R O B R B SRR AR R R G RR O
SpeclmageNet.
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Figure 5.4 Architecture of deep learning spectra image fusion model (SpeclmageNet)

5.2.5 SPAD {H I fl S A RL g 3T

FERZSr AT, A 1886 NSRIGFEAK 7 AESE SPAD fH Il AL . IXEeREA
LB BCCT, TR T R AT, Ay 2:1. FEBEHLEBUR SR 1 20%
FEAS, FH T REIESE . BORIMERRITF O Fabs RO IR W, 2.3.3 1. 9 T HAORAS [F ATy
EVEREVPA IO AP, BT B R A AL AR RS TR FFAN A . AT 1 Y 2
7t Python 3.8.13 Fl1 TensorFlow 2.6.0 355 47 . A A i H LK Z/E HP Z8 G4
Workstation (HP, £ [E) THEHL FHHATH, ZIHEVCER 240 GHz 3 KF /R 250
Gold 6148 CPU, 256 GB RAM FlIM 414 Quadro P6000 GPU, #:4F &%t v Windows
10 AV

5.3 &R IS
5.3.1 SPAD {515 %8

R S1TFEH 2 T UFEREARESE UL S o BRI A5 SPAD {5 I FE T s Al 7
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ATYEHE . XL 5.1 BT AT L, ASEAESE SRR SPAD {E M AT AAE BN I 2 5+
HARNUE, B A SRR i AR SEAE SPAD B B S D7 T AR IR A R, X R I
P AR SR i b E S 3 A R Bl g BEIRAS B 22 R AT REROR St o BRI SR A
AR B BRI AL R, B A SPAD {0 A Vi FEAER B AR, HAUR I
A It BT A SRR bR N o X BRI BRI e U B A SEAE AN R PR AR AT R R RRAR
NESE B SR 3 & B T A BRI R RE y e, R I B BE R . E AR B
i, RED SR ASERE, HIFEE KB A BN 22 F PR SRR 1 20
FRPE A BRI S FR RIS T TR ) — B0t o IX e 22 AT e 5 2 S R st AR e . 2B K
PE DA RO PR S58 25 A (3 B e T BB A DG . A, & SR ARSI SPAD (EAFE %=
S, Hrp B AR SN AT G B A B R, P RE TR R X L o B BRI S R
M TaCEE L R B RS . SRS, X AR 1A [F) AR 55 5 A e
GRGEMMEFRES T HKZE SR, WA DU REY AR SGE AL
R e B M T A IMERIE R .
R 5.1 BAXMME SPAD AMSEENE

Table 5.1 Reference measurement of SPAD value for each lettuce cultivar

Cultivars Range Mean SD
All 8.3-44.4 26.3821 7.8159
Butter 8.5-40.9 19.7321 5.5310
Crisphead 12.4-41.9 26.8850 5.4617
Leaf 8.3-37.3 21.5589 6.7056
Oak leaf 14.8-40.5 25.9490 6.8831
Roman 19.4-44.1 33.2006 5.2462
Stem 14.3-36.7 24.5699 5.3175
Wild relatives 10.6-44.4 32.5551 5.7015

5.3.2 AR M F G HE = 5T R 5

K 5.5 VAN 1 AR AL SR A S LB SR AE 400 22 1000 nm 357K X[ A AR~ 227
JEVE S R . RTLUREL, B A ah R B R il 2R AE AR BB K G N o
RS, ERAE SR8, )55 A — Al AN R R AR TR B A4 S S 348 L
FAERZ N ZE R . XA R 18 SR S ARG R R e . 32
TIMTRIL, AR A AL GG S R B A LA AR R E ZE S, R R AR LA X 35
RIAFICARW - Bltn, Gy A S ERAE S SO R X BN R g, EEEH
f£ 0.7 £ 0.9 WX N . X—IGERM], KPIMAESAEUT 2L AMNE B SR AR SRS
S B ) B AR R, X R S Ak RS R KPR OUA L S I B A

Ko MHEEZT, HATLAAESE, JUHZED DA AR S AESE, HRGRER )
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I RENE Y B AR A IO A A R L KO A RS F7 oy B AR W 2 ik S OGB4
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Figure 5.5 Mean spectral reflectance of all lettuces and seven lettuce cultivars

5.3.3 ETFoLk MR

LT U ZE (W SEIhLE B, W] LUK AR 2 ANVE B SR Ee AT DUR T Inception R (1
BOREFE, ARRX TR AR B Bk UL, SRR S AFAEA I T o BT DA 75 22
SR ] B R 2 A HEAT I M6, DARfSE SPAD MG SRR iR R R A & . 45
% 5.2 iR, 4 Inception BEAL AU NTRZE R, AR BB 1 PEREAT BT, REM
0.7635 4% 0.7785, R\? M 0.7386 4 n%E] 0.7593, Ry? M 0.7594 #4 %) 0.7743., X
5% 22 R BT SO R 2R3 SPAD B fk SR8y, AT RESR ROA B R T REFZE I
ma, WO TINGERPWEEER. RAEHEZ ISR, R s T E R EmiE
Tt, REHEINF] 0.8192, RAWINE] 0.7929, Rp2HINE] 0.8118. XF W T iEm SR/
PR B FE 7 T A 0, IR R R A YA ) B o VAR AR A 2 ) B b A
A FHIRRAE o 22 [ B A5 P B 28 ORI i B, 25 R ER R RV A Ry2 433l Ky
0.7992. 0.7781 Fl1 0.7940, RHIFRZEFIVER JEHLAH & FF A 1k B 5o it H I me ok
I PR RE AT SRR A R AR S B 3 E AR R R P A BN, 1 — & B 58 DU 5% (1

1000
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TR BN EPTAHEAECE S, IR E R LS ) RPD = (2.3050),
XA A A A SRR ARG E N ROV AT EE . 1AL 8 SRR B HURTE R
[*) RPD {H B (2.2034), (HATSR T %A X LEHOR K Inception 41, & 5.6 fEoR
TET Inception. Bk ZEAE = JIALH AL FEOS . X TREELE/INT SPAD (B AR
m ER YOS TER R IUACRCR U E SR . WESUR I, BIfE R & T gk
WHRA) Inception T, JEIL 5] AL KR UNER RPN = R, (KR AT
RERE— D PRTHERIVERE o Ao 22 ABLERANE J 0B ) 5 NAE B v A2 R ) 0 B R 4 D77 i
KAE TRRAEH, Rl v e AU AR R R RESR T 5 T RAF OOV . X eesE R
PR, OB 2 B I O A S R R BN, AR B H EAT FH AT RE R 2%
i L SIS R A AU EC B . PBL, SR N OREI TR, XGRS A 3
FERLKE R Inception AEHLANE = L 20 5
% 5.2 Inception. BREMER IEHR ML S MEEAKN SPAD {E
Table 5.2 Estimation of SPAD value in lettuces using the combination of Inception, residual, and

attention module

Improve ) ) )
Model Residual _ Attention R¢ RMSEC Ry RMSEV Ry RMSEP RPD
x X 0.7635 3.7588 0.7386 3.7997 0.7594 3.9182 2.0386
. 0.7785 3.6370 0.7593 3.6460 0.7743 3.7945 2.1050
Inception

0.8192 3.2858 0.7929 3.3821 0.8118 3.4653 2.3050
0.7992 34631 0.7781 3.5004 0.7940 3.6251 2.2034

2le]x

\/
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Figure 5.6 Estimation of SPAD value based on Inception, residual, and attention module

5.3.4 FET GBI BB & K il s R
NRE— 52Tt SPAD {H MM SRS, 7RGt B M EAL B ol N T B EEE . EAL

PG AR, X T WM EUR R AESEEL. PREE S 2] /N RIS (ResNet #1 MobileNet),
PR BURERS (BIT-M Al BiT-S) £ RGB 1 HSI ##s FAhi 5 £ 1) SPAD HEM . XK
JE 2 2] /NS R {8 H MobileNet F1 ResNet, 24 W 7 H %11, — & MobileNet {E i
Iy WA E AR R SR I 25 IR 5, BAS ResNet /& BIiT BB FGREAREEAY, — 2

K179 MobileNet 15y —Mt S R 7 2118, ATLLE ResNet BB [AMEAN XS EE, B
A ResNet B f¥ 24 &2 MobileNet #7417 f5 LA F. B R G R4 H E T K
RN 2% 53 S IR AR I BB AR B T5 7%, JRH 3RAT e I I B 1 D7 VR AR A 5 SR AT 5 10 45 4
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& 5.3 PIFRAERI. WEFIRALE & RGB. HSI HHEH AR SPAD &
Table 5.3 Estimation of SPAD value in lettuces using primary feature extraction and deep learning

model combined RGB and HSI camera

Sensors Models R RMSEC R/? RMSEV Ry RMSEP  RPD
Primary feature  0.9652 14420 0.8162 3.1861 0.8196 3.3925 2.3545
ResNet 0.8914 25464 0.8578 2.8019 0.8334 3.2599 2.4502

MobileNet 0.8758 2.7241 0.8355 3.0140 0.8237 3.3542 2.3813

R50*1 0.8909 2.5530 0.8554 2.8255 0.8470 3.1248 2.5562

R50*3 0.8892 2.5726 0.8303 3.0616 0.8650 2.9343 2.7221

M R101*1 0.9497 1.7340 0.8313 3.0520 0.8404 3.1905 2.5035

RGB R101*3 0.9062 2.3670 0.8581 2.7997 0.8519 3.0742 2.5982

R152*4 0.8777 2.7029 0.8330 3.0373 0.8510 3.0836  2.5903

R50*1 0.8705 2.7816 0.8421 29532 0.8436 3.1584 2.5290

R50*3 0.9358 19576 0.8340 3.0274 0.8480 3.1136  2.5653

S R101*1 0.8500 2.9929 0.8333 3.0344 0.8376 3.2189 2.4814

R101*3 0.8645 2.8443 0.8377 2.9941 0.8446 3.1492 2.5363

R152*4 0.8526 29674 0.8221 3.1348 0.8435 3.1594 2.5282

Primary feature  0.9590 1.5656 0.7871 3.4289 0.8204 3.3848 2.3598

ResNet 0.8625 2.8658 0.8469 29078 0.8390 3.2051  2.4921

MobileNet 0.8654 2.8356 0.8317 3.0486 0.8291 3.3023  2.4188

R50*1 0.9145 22600 0.8594 2.7870 0.8599 2.9902 2.6713

R50*3 0.8744 2.7386 0.8524 2.8553 0.8620 2.9672  2.6919

M R101*1 0.8933 2.5248 0.8524 2.8547 0.8533 3.0590 2.6112

HSI R101*3 0.8815 2.6604 0.8686 2.6941 0.8588 3.0016 2.6611

R152*4 0.8971 24797 0.8457 29188 0.8523 3.0698 2.6020

R50*1 0.8959 2.4931 0.8555 2.8247 0.8517 3.0756  2.5970

R50*3 0.8739 2.7449 0.8467 2.9093 0.8555 3.0362  2.6307

S R101*1 0.9474 17733 0.8310 3.0554 0.8442 3.1524  2.5337

R101*3 0.8708 2.7776 0.8513 2.8659 0.8482 3.1118 2.5669

R152*4 0.8812 2.6636 0.8585 2.7951 0.8579 3.0109 2.6529

StF RGB $ud, 14 UG AE B BT i R B B s A HE A 2 R AL (R =
0.9652), FEAMAIIENIZEIE -5 I sy SR, HAERIESE (R = 0.8162)
AP (R = 0.8196) EIMHERERE T, REUHZINER S FEEME. Mk
T, ST HSIEE, W19 EURRFERR Iz AR RE R BT T (Rp? = 0.8204). [HAKIAA
JIRPESE IR, RERIEAE Ry? 845 o KT B R IR BE 2 S /NBIRERR 3, AN RTE
RGB %4 I, &2 HSI ##% I, ResNet #1458 (RGB: R = 0.8914, R/ = 0.8578,
Ry?> = 0.8334; HSI: R = 0.8625, R/ = 0.8469, Rp? = 0.8390) #{fiLT MobileNet

(RGB: RZ=0.8758, R/2=0.8355, Ry?=0.8237; HSI: RZ=0.8654, R/, =0.8317,
Rp? = 0.8291). XFWALEMG LR SPAD 1, ResNet B2 ) B AR AE SR AL AE J118 T8
B2 MobileNet #578, F 4k, RHE R 5 R ZE M, RGB HdE i R AU 2
T HSI £, &6 E KA.

X BIT-M #8, BT R50*3 KAUHEAIYE RGB #¥E IR (Ry? = 0.8650) fIi
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T HSIEHE (Rp? = 0.8620), Fl4x 4 Pl KRBT HSI Z i FI R E 1. X T BiT-S
AT, 5 MORTYBIRH R HSI BUR PR ELF. BIEF] HSI HURERA i 5
RI, IR KRR, 5] N5 e g AR T e il UG 2= a4 e, W]
e St — AR A I R
£ BiT-M 1 BiT-S # A A AR A i BB B TR LT, BR T S-R152*4-HSI I RACR
(Rp? = 0.8579) H&HLT M-R152*4-HSI (Rp? = 0.8523), FTA K BiT-M A EAL T BiT-
SR, X ARG BiT-M AT BiT-S #i4 8 K BRI 25 &, Uk rl DAL 3 2
(MR RFAE AN S U5 R SEOR IR I o BAT SE SR IR R AE 70, RS AL B 5 5 2 AT
SAEEFREE. Hoh, BIT-M AL BIiT-S B k. 2R HEHESE kT 7 il
Z5. TNZRM BB Sk B2 RV s, 2B RHER R B R 2 LRe s,
1A A5 A PR A AR [ 45 b 38 S B 5 ST R R AR, A TR A 7 (1 X 4% 5 5 5
MR R TR TR GE, (EANRE— BN, *3 AN Tl A4, SORFELR, ok
PRI 25 45 /T 5, ResNet50 IR ZML T ResNet101. i+, M-R50*3 7 RGB ##i
(R = 0.8892, RMSEC = 2.5726, R,? = 0.8303, RMSEV = 3.0616, R,? = 0.8650,
RMSEP = 2.9343, RPD =2.7221) #l HSI ¥4 (R:* = 0.8744, RMSEC = 2.7386, R./*=
0.8524, RMSEV = 2.8553, Ry? = 0.8620, RMSEP = 2.9672, RPD = 2.6919) #5315
TR R Bk, RS TAES, BEETNA M-R50%3 RAAL, JEREH S
e H @ HORAE HSI A0 BN ). Bl 5.7 JBoR T primary feature. ResNet LA
Je KBABERSHEAT SPAD Rl 5 ) See AL 4 6 B A . AR T 1 5.6 R IR 1
Inception-attention FLAILE R, X =P vE A FEE R R I TE s S R, TR
FHMGIT A 2 Rl e R AU AL ) il RO o R, 48K 2 BB S S
TIELR, JRULT & A EORE FEA — S, R D B R RS R R R T

50 50
o Calibration set Jar @ Calibration set o r‘“@ ©  Calibration set i
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Figure 5.7 Estimation of SPAD value based on primary feature, ResNet, and large model
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BMIMEZ, EERE TR RE, &TF TR Re . KIYBIRAE fh
HRUR BTN R AN 2 BB E T i o RO R BUIR B 2 S B il it 24N =
I R TR 7 ST BB RRHE . JRE RGN W] DS 00 BRHE,  anii G o,
T 1o 2 ) 2 A2 D) 36 0% 4 2 B it A SCAL AR AR o X A9 B e g B R P O
FEEFIFIR R IF HORBURE R R AR KRR H 2 B M BE 58 Bt T IR . XS e
MR 2 @A . 1 RARERMERRE, TR SRR 2 AE 55 1R 8 R IE . 72
HA R 2R BR 4R AT I GG B TR AL 58 4 b2 A0 30 AR AT 55
5.3.5 E- T I RGN B G R& ) M5 SRR

(1 @Eil BR8] 7 HE 3 R 52 T

N T REFZ IS BRI, KM T UMk o3 32 5 07 o0 mo i BRI
A R AT TR, KRS ER4EE 775 (Cubic. Linear. Near Al
Lanczos) Fl 3 TR & % >J i) SRGAN CHFAEH UM 4% . EfficientNet. MobileNet .
VGG16 1 VGGI19). A J i mAH L RAEREE, JET SRGAN FEINZRT BT HI H & 7
#r% RGB EIME R~ (25601920 LA A Al S5 I 5k H B0 i 46 4 1% 2 v O i AR OR T
(696>775), BT 1 2 50 4 f5H) LoRFEILETH. fH] SRGAN MM, X ER4f =D
W MR EAT FRAE S 15 SR A K] 5.8 Firam (LAWY A= S D)

JR A HSI J54iRGB

&

Cubic 2 Cubic 4 Linear 2 Linear 4 Lanczos 2 Lanczos 4

EfficientNet 2| EfficientNet 4| MobileNet 2 | MobileNet4 [ VGG16 2 VGGI16 4 VGG192 VGG19 4
R

&l 5.8 £l SRGAN FIEEVENS R 4h =i BE LRSS
Figure 5.8 The result after upsampling the raw hyperspectral image using SRGAN and interpolation
R WLEEA] LA X JFUR Y w6 i R & BN RGB & 5 Bt RGB AHLAT
) RGB BUR Z [AFAE I 35 72 7 o IXM 2201 T2 B T P A SR BOR BIRA X )
JETE AR R AR OGIE VG AL % RGB AHML, 3% 8 5 AT WOt BT 20 s HL
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BT HGEX I S E G EET R A AR BOETE, AN IR E
WK MDCEFREE R, R8T FEo6EEdE. ML, RGB MHUHIRA . 4.
W =AN TR BOEE RS B, X AN R o BRI B a0
WG B EEA L ECE SR R G . IbAh, PR UGB AE BAG 5 3 R R A 22 75 T
FAEX N, m i UG 0 G B SO B4 8 0 N IR IR Nk B 2 AN 2 B B AT &
I AR R H G 2 G b B BB s T R I B M. T RGB AL I A2 il B %
e T A R o £ 4 G B W N K AL A S ) R AL B AR, X BBk T LA AL R 1Y
PR, woek bURE L R B2 AN R 4%

RGBS IR, AFRREE PR RO T — 2 MR 2 R,
HIX S22 S AL 5 EAE LA BIME AP AL %%, B AN IR 23 SR R b 22 /5 1
A5 8] 1 DX % T PR L AN TR, AR i) 2 7 AR S RGO P A o 3 € A v B —
(FENAFFARZRLSEE) BT XFPILG PR 7 38 528 kR X 4 R
SRR FA R SOE, SR TR SR A R, RaFE SRR
A REHI 2 T AL VPSR 2 B BRSO I RE T A, RS A SRR R I Al e AR
PR B AR P REVPAS 28 G B 22, (HOX SE R0 (1 AR A0 AR PT R HE PRI ER A e L,
HRET SPEBON A — X BRI & T . Bk, X —IR N8 T PPl 5 7
B RN, AT A B RE AR bR 10 T IR B M . TR MR KPE T,
AN [ b B 75 32 22 ) AL 22 S BT LA, A e I 3 LB SV 1 S BR A AR 4500
R o TRIIG, IR 9 RN 4 T B A PP A 0, 0 GO0 B VA 4R b 0 R S B L
(Peak Signal-to-Noise Ratio, PSNR) FIZE#gAHALE4E%L (Structural Similarity Index,
SSIMD, FCRN T FIW AL e 1L i 58, SRGAN [IIZR4: B ILFs C B C2. 4
(VR 25 10 UG BN S C % C2. EMMIR R My vh B TR 70 M R BRI,
T AR T A (1 A A SRR M R, TR T A R, DB DRV A 45
FOHERR AN A TR

(2) =T SR KOG RE R MG ARAE Al A AN S A A

TEEUG KRG, WIRMERAEAESE SPAD {8 it S04k BE 77 10 i R BILK P /R DRAS b v
R RVENL 5.4. 53& 5.3 PHRMFLAILLMR (M-R50*3-HSI) 1E/4E3E SPAD fH
BMEREAHLE, PTRLREL, WFF R A R, JUFFTA 8 9 R HoAR 0 5 A 1
PR ZR Y T i E, o T PR R TE G B AR I SR AN 90 R 4R L 1K M R 7 T

FITE 77, (EX T Rp?, X5 SRGAN J7ik Sl R AR | R B . i (B vk v A
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Lanczos J7 VA 5 U G EHEIROR T 4 535799 T iRiF IR (R = 0.9429, RMSEC
= 1.8461, R/ = 0.8521, RMSEV = 2.8582, Ry* = 0.8559, RMSEP = 3.0324, RPD =
2.6340), {HIXANEERAIIRLILLRBIA 45 R e . A I ZEAE 7 iR A A A (P R A
BTN B

& 5.4 ET SRGAN FEEVEMSH AN SPAD E

Table 5.4 Estimation of SPAD value in lettuces based on SRGAN and interpolation

Models SR Methods Scale RZ RMSEC RZ RMSEV ~ Ry2 RMSEP RPD
Cubic 2 09153 22490 0.8349 3.0197 0.8470 3.1244 2.5565
4 09251 21157 0.8556 2.8238 0.8523 3.0695 2.6022
Linear 2 09014 24263 0.8450 29254 0.8513 3.0800 2.5934
Image 4 09050 23826 0.8473 29039 0.8539 3.0533 2.6160
interpolation Near 2 09296 20505 0.8308 3.0572 0.8428 3.1672 2.5219
4 08942 25143 0.8563 2.8171 0.8523 3.0700 2.6018
Lanczos 2 09395 19003 0.8532 2.8473 0.8515 3.0783 2.5948
M- 4 09429 1.8461 0.8521 2.8582 0.8559 3.0324 2.6340
R50*3 EfficientNet 2 09051 23803 0.8600 27802 0.8752 2.8215 2.8309
4 09404 18864 0.8719 2.6600 0.8697 2.8831 2.7705
MobileNet 2 09359 19561 0.8773 26027 0.8900 2.6489 3.0154
SRGAN 4 09012 24294 0.8501 28770 0.8793 2.7749 2.8785
VGG16 2 08994 24508 0.8509 2.8700 0.8799 2.7676 2.8861
4 09119 22941 0.8535 2.8442 0.8759 2.8141 2.8384
VGG19 2 09051 23810 0.8528 2.8516 0.8795 27723 2.8812
4 09351 19682 0.8652 2.7282 0.8679 29034 2.7511

SiEEEAL, fHH SRGAN JiE R HE T 7 A i M R
f&¥) MobileNet fF)30 R & 1T (R = 0.9359, RMSEC = 1.9561,

Hoh 73R 527t 2
v* =0.8773, RMSEV =

2.6027, Rp? = 0.8900, RMSEP = 2.6489, RPD = 3.0154). 7£ SRGAN 7, #FHEHEHLM
2% 2 R SEIUEMR O RHIER R, RERFIER R 2 T A B 3 HE R B, BT LUkRr
TEFREU M 25 % SRGAN AL R UG T = RSB M/E - 7E SRGAN bR H,  AAE
PRI 25 FRE Bk 55T B i PR RE AN T F I TSR R . 52 2 ELTR B K R I 4 1T e 4
PEEAMNBUARHE, (HW MR Sy, BRAMNS BRI R TR, HIIRER
B NERE 4 R E B R AE R MR RE K . X HLERR 2 PP E M 4% (EfficientNet.
MobileNet) 1 2 FhE &ML (VGG16. VGG19) KXftb. ATLAA I, MobileNet [
RORELF, HAN VGGL6 IR (scale 2: Ry? = 0.8799; scale 4: Rp? = 0.8759) thik
VGG19 (scale 2: Ry? = 0.8795; scale 4: Ry? = 0.8679) {L5t. Frbh, 7ESZhri A,
SRGAN [FIRFAESR U 28 FEAN B AR, 06 49 45085 P AR AT R B D) 28 o A Y 5 24 1) 41
YRR A AR . KB 5.9 R THETEG SIS EIR, LU Be s 1 1 (1 A
SRGAN HiAR ) SPAD AL H 45 R ME ] USR], A A4k b2 f5 i 5L
o FAHECT IR 4G HSI 2 An SN BT HL, R Z A P m. M, SRGAN AR
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Figure 5.9 Estimation of SPAD value based on raw HSI, interpolation, and SRGAN

ATBAREL,  ERFEEES BN A B 2 RIS SRR ERE . £ SRGAN 1)
THOLT, EHBIECK 4 15 )5 RCRAELE 2 584822 7, Bilinfi il SRGAN A1 MobileNet £
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EIEN 4 fEIRCRERAE 2 fER02EAE B2 TR, EMERE, BECR s Eos
WRAE A T 2RO R R B E 2 Ay . B b, IO BT, A
WA R 2 RAE SR AR 7 R B R AEAE RIS o ZAEIAAE 4 ORI I PEREIE T 2
fi, XA e UM Z RO ST T 5 ORI BR E, SR VA AR O AR
AL GINEZRHR, JCHRAERIER R A5 LB N ROR i F . SRGAN fE 2
FBORIN RCRIEH AL T 4 1%, X AR RN HBOREEEVN (Bl 2 15) wF, Ak
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P, X7 TR R G BOGEI R T RIE AN I, AEARKRK TAEF, BT
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HORIPERE o 305 R IR FIUR NAZ I 47 (5 7 V245 AR o JSOR 1 0 PR T AT 14 0 1 e A
PR BRI S, X 0] ReI RS (5] 4 vk, B A L AE AR o IR 1 0 DR R BB
JiE I AEALE, VPl N R R G 4 FE R T RS DR

(3) JE T IGUEAFAE 12 B 1R G 1 AT MG RFAE i & P A S A Y

5 RGB EME R &A AW =N KAFER ER AL, sl BHR S 7 -1k
ZLANEH A (400-1000 nm) 256 ECKAFIER R . MIEiEE AR i, X 256
MK BDCUERFIE XS SPAD E Rl S AL R BE 1) DTRR 2 AN —FEIK, BT LUK B8 GRS
IS F 15 R AT e 262 A S REMERA I N A2 3% SPAD B RS B . 2 R R R THL
S G RFEIE R /77 (CARS HIl UVED DL TR 2 CAM J7idskdkik
RPN RFAE . T ER I TS @ L FBIAUR A T Inception-attention ik,
N TG SRAZ AR ) AT AR, AETE B IR ZHT (Before-attention) 2 5 (After-
attention) 7> A CAM Tk Phik e i fiE, LA SRAETE & T 5, BAx)
TG A SRVE XU AE T A AR

AR B P 7 V2 B I DG B = AN R AE 0T B = e v B, A s R e R,
1 FIAFAE SR B MR 2% A MobileNet ) SRGAN XG4T 2 55 FRAE, RIE4G
M-R50*3 KA F Tl 5422 1) SPAD {H. % 5.5 MK 5.10 BRI T A THL 3%~
FIGIEFRAE MR T HESD 1 CAM AT G RS BRI 45 R . AR, #L
5 20 07 AR T U G AR AE T2 B AR T WO IX I, T CAM JVEAMUE . AT
WHEX I, Y RE T A BT AN I, X — R LLNOGIE 2 A E R R, R
B IR 3R RSO B TR WO IX A, 20T £ AR X ) D 4E B e
SRR TPONA . DA SEYRE S & R SRR
B OCHE, AL SPAD AR RILH B m RirE, H4RE & s 1A
LU RN BARI . R IR ST LA SR R, X S SRR R,
TECEERBESrI Frdh, GRS R R E R, B, Ea4MXIRM{E B/ SPAD
B AR B b [FRE St OGS v prg ey 224 AR R A3 AT K, TR B 5 ST AR AL E AR AIE
SR BRI LR R B 7y, Befg B BRI IR B b g 3 RO Be A A
WEE. XK, EIIGd i, BRI A8 R H L0 AT 2040 XA 6 B R AL
SPAD {H Z [AIAFAE SR B MIAR SGE . RE AR AE R 1 R IR B 2 2] D7 i, 1Y
XGRS B SSTE RS B ngE T, JUHRAE AT WG CEAR M S RO B A
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Table 5.5 Results of spectral feature selection based on machine learning method

Wavelength selection Wavelengths (nm)
484, 486, 564, 582, 646, 562, 489, 735, 529, 534, 738, 651, 580,
CARS 674, 531, 721, 585, 648
UVE 482, 484, 487, 480, 489, 646, 644, 679, 681, 677, 648, 674, 684,
491, 651, 641, 524, 477, 580, 527, 522, 653, 583
15 T [~ I
Befo After=
0.8+ 2 0.8+ 1o
3 3
X} - -
0.6 w2 306 125
g -
S 0.4 2 Zoa 082
1) 0.6 [
~ [~
0.2 0.2 0.4
0.3 /
w, - (
400 600 800 1000 400 600 800 1000
Wavelength (nm) Wavelength (nm)

& 5.10 #=T CAM FiEf e B S
Figure 5.10 Results of spectral feature selection based on CAM method

2 8 B0 T B AR AT R e B R B e B SR, A AR B 2 T) R AR R A
FIERIPRALE . FIH CAM JHE MO RFIERY, ded I Z0Ah X3, 2030 XA )
WG i R RDCERFEAL E . BRI S, S BRN 2, 22 R R 200
WERRAEAE B 2> 508 913 nm. 728 nm A1 590 nm; [VERE RS 2 5, WA 852 nm.
728 nm 1 548 nm. ARk, CARS Ml UVE J7iEik £ 6 IERFIE 4> il 2 646 nm. 564
nm. 484 nm LA/ 679 nm. 646 nm. 482 nm. [ 5.11 /R T 5 T IX S e iR A i
RO JFE B LI 2 5 ERFEE I EIR . AR al s EGoRE, Mo bk
[FHE LR B i 22 5, (BN [R] Oy € B 2 1) B R AN 552 AR A R0 21110 5 DL . CARS
TiEA B EUEAHEE T UVE JEREE YRS, S 0B )5 i BRAE o Bl
JeIl VBB E R

Dy R RGO 328 72 B RE AR AR 0 L 1) v ' 5 PR R Wik 31 RGB B s i) oy, A
A FRRERDGIEE BB CHE NE I, e, 20X (728 nm) FixZL4t
X3 (40913 nm 27 852 nm) 1SS AR ARk, AT RELE DN R (LR Hh LR 8 B (AR 4 2
W, XLEPEAR AT LS YR SR B E DR K IR S A B AEAE SC I
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BB S B S e 1 H AR X0 1 s S A IR R o e USSR XA R P T e R BN B
SEIE L, IXAE TR P K SEF AN BEIR DL JE N B2, i, fg R A AE A A
W AR LD AN X I B ) G A, B, XS AR Dy R o B b Rl g R I R
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I R FAE AN R G 1 DX s L B i

J7 45 B
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Figure 5.11 Pseudo color images synthesized using four different spectral feature selection methods
and corresponding upsampled images
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Table 5.6 Estimation of SPAD value in lettuces based on four spectral feature selection methods

Wavelength selection RZ RMSEC R# RMSEV R RMSEP RPD
CARS 0.9291 20576 0.8733 2.6448 0.8923 2.6215 3.0470
UVE 0.9380 1.9238 0.8859 25101 0.8872 2.6828 2.9773

CAM Before-attention  0.9513 1.7055 0.8655 2.7250 0.8984 2.5456 3.1377

CAM After-attention 0.9553 1.6333 0.8942 2.4167 0.9033 2.4838 3.2158
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Figure 5.12 Estimation of SPAD value based on four spectral feature selection methods
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RRAE, LS T R KARIE, e S ER R R G B R A RGB EIME ik H i K
RHET2r 4205 . XL CARS l UVE BRI = AN EIERHE, 7T LAE HE T 2] ik
EREIERERHE IS A — 204 5 SPAD (HAL ERGE I 7). o0 T = A E Bk
RAEH B DR L UGS — 8 = e PR N IR AR R IR A, X U0 B 75 R R il 1
ENAFDEIERIEA A AR, HRX MBS . M, REETE
HFIH CAM 73 B 3E X 3R] AR AT M Rp A I 1, XAV iy 7Rk, i Hg ok
TR R AR, XA Il A A R T M i B S, R AE T )
BT L SO AR H AR AL S A0 53 () I TR ROBE AR AL IS, o IR SR BRI 58 AT LAR SRR R A
[FDGIE R I BT L SR 7 ) 4G W skeg, Ll — B M g

5.4 ARE/NG

AT SR B 2 ST GO R AR, BAER S2ESE SPAD (% R HERATE,
SRR R G AR b AT R A B Dy v R AR B I R L 0 AT R R . AT FHRK 2R G = &
gt, fEMRE TR T BRI ARSI ED G BB R A RGB GBI, IR A L K it
T TR S . R R T3 TGS EIR KA IR 5 IR d & . phoiss
RER, RGTER I Inception BIRIEIRFABR T HRIMICARE, H REA
0.8192, RMSEC 4 3.2858, R4 0.7929, RMSEV 4y 3.3821, Ry>’A 0.8118, RMSEP
N 3.4653, RPD Jy 2.3050. MtJ5, 31T RGBHIHLF HSI ALK G EHE, Ik
HOE Y AR RFAE SR I . /N BB R b R RO R AT Ab BT . LBy AT R, KRR
TERFERR U R I B L. o, 454 RGB ML M-R50*3 BLAIEKH
wfE (R =0.8892, RMSEC = 2.5726, R/” = 0.8303, RMSEV = 3.0616, Rp* = 0.8650,
RMSEP =2.9343, RPD =2.7221). AHRHE, {5 HSIAIHIEEE 1) M-R50*3 #5784 1, L 1
T RIFHMEEEE S (R =0.8744, RMSEC =2.7386, R.?=0.8524, RMSEV = 2.8553,
Rp? = 0.8620, RMSEP =2.9672, RPD =2.6919).

AT IR EHR S PR A AL S, R A T MR (E AT SRGAN
BARSE T w6 BB 2R 8. Horb, SR MobileNet 1) SRGAN #4 =l i K4
Ry (8] 23 e 52Tt 2 f 0] B b A B R PR AR SR A RO B R, R:2 = 0.9359, RMSEC
= 1.9561, R = 0.8773, RMSEV = 2.6027, Ry = 0.8900, RMSEP = 2.6489, RPD =
3.0154. Z55EH] SRGAN W] LA Al 1l A (4 il 5 A 20 FR) 1 e S THER BT UM BOR BR 42

BeAh, R AN F R AR SR B 28 PR R, NI B SR E B RE SR I 48 $ it 1
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Figure 6.1 Flow diagram of data processing used to estimate EC, K*, and Na* in lettuce
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pH 1B SPAD {EBEATASHEAL B0 inl . FERT FT BT RT B, 1 1Y) 3 ZE PR AR AE Tk 4%
B T ARSI ERCR R P & BT IR ST, R IR ATy
EAE UL E — A BAT T2 38 PPN E A BERE ST ZRAE 2R . IX AT e LUK LAY R
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Figure 6.2 Schematic of feature-level (A) and data-level (B) fusion
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6.2.4 AutoML AR
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SISO RE , K O RN TR B 7 A X 4 4 ) B S B AN £ 3 U IR 1
IR, M BHATSEI B TR .

TR P 5 ST RNL S 2 SIAERE ) o3 A S F rh (0 B A AN v T TR RS R AE T
SFRE ZEASRIEIER, KA T AutoML BAR, 41 TPOTMERI AutoKerast*?¥l, DLfE
WAL R BEAN R S 2 . X e R AR F S0 [ B PR 2R i o 1 040 Ak B 98 2 AR TR %
B, DR T ONECHE TR B SRR AL BT 7 BB (R RD ol R iR SR . TPOT 2 —A
R FH T A B R PR R A P T AL BRI LR S (1) AutoML B, B RERSTE AR IR AL
PR S B R B — AN R B AR A B e i R A, RS ETREA SR B —
AN TEJ I BT e AN AR R AR B U5 T S — Y . TPOT A b By AR an &l 6.3 fir
N. AutoKeras f& —MEFAHEE Z S AutoML 248, & LUEE 3 sk R g, i
W BER LA S R B S, TR T Fa M B S E TE. Ex—dfiEd, &
RS A RO IR R Z P ] BRI EX L, IR H 7E R 58 B0 5 R IR A RO UR B 2 ST A
. &l 6.4 fR, £ AutoKeras R4, HI Ul APLEZhTE, BEJG 1% RAGE
21E CPU A A4 48 28K . {F Keras HEZE S FF R, KIRTY (Graph) HRFEX Lath
o BN R R SR SRR TS AT IR ZS, HHTE RAM WIS S48, 5, NT
ZRIX LR ML, KRGS EMEHRE GPU EHUT gt fE. Igkema, WMEsd
(I 22 I AT A AT AP, DA R R AT

88



Hh | &N

RO 22 A S

\ TPOTH B5

BRI ) BEBULTR — MR RE — BRI o BONIOIE

&
JEl
5
W

R

AN

RPAIE 3

B 6.3 TPOT HIEIE AL HFE

Figure 6.3 Data process flow of TPOT

NIRRT (APL) : HAIMES &SRR EER

2
-
i/'\f'?'\.

PR ) 28 SRR A

2
@)
& 6.4 AutoKeras RZHEE

Figure 6.4 Flow chart of AutoKeras system

AutoML R AT AR THIIT R0, 85 H S AR I R AL S A 2 R B, &
F BB RE N TR K. X — H USRI RS PR A R A Bk B HTPP
T E 2 EESEEE, NRRAE BT R, IR OR R 0t SRS SR AT SR,
NFERALENTIR B T — DR EORSHE . T8I AutoML,  BIME f& R = IR B TS L6
RSB AL 21 SRR TN 1 AN 58 ORI I 7% . AR . SR LSS R 0%
FIEHR R AR, R TEM 7 MR BRI AP A R AR T Bl a5
YA NL P MERE (LA TN 53 ) DA SE L3 R AR FR A e RTSL P, i AN R IR B AR T
AR AL I BOR B

Graph#4 32 B S22 R0 2%

AW

FHER X 255 1)1 225
ki

Y 1| 2558 K,

89

https://www.cnki.net



FNE FETOLWE IR PR E R E SRR R A

6.2.5 EC. K*fl Na*f{fli BARRI & ~T

FERAR R, T EC. KA Na" @ e A HcE A2 IY &irh SSC A1 pH {E—
BE, #2524 A WIAUPEREVEM fabn S HA IR W, 2.3.3 15, EC. KA1 Na‘t@BifIFE Akl
)7 REENY % o SSC Al pH (E—FF, HBENLEUR A 3R PR TE TR SRt IR R — 2
VR JE % 5] i@ B2 A Python 3.8.13 A1 TensorFlow 2.6.0 ¥ 15 T i47, HlLas% >] @i
MATLAB2020 (Mathworks, &) ighfr. MARCE 55 T AmHE.

6.3 &R I8
6.3.1 EC. K*fl Na*lj &%

* 6.1 MK 65 WA T ECy KA Na'HGe it udls S L Ava [, R I AR S AE
IKIASRBZEMTS, Na BRI EA B3 EJt, 1 KPRQIREA EC IR 23 ETHESS, (HiE
JEA R Nat IR & . W AE /K 70 B Z A B b 2 32 BIR B ROK B8 DI FR 1], S E
) R AR E T X il A4 Nat,  SEHL N A Na R R4 .
X PR AT RE R M T R IAE SRoK AT N BT PR LA @Rl Nat iR 2ok 4E
FRAUMr2E &, DIASE NN Bk & . bk, KHEWAEEYamARE, PR
FrAfEThaE. EHUKIIEIET, HRAKD KRR RESE KRERREM BT, X2
Y N> KRR B BTt B . KME S —FR A s+, HIhae s
M Naf R 51 RIS Pk, B EH NatDAERFAII N I B 7 P, BoKiknTgg s
B4 A B EC BEA RGN,  BRIK 7 B P BE o B iR B T, AT 5 1 A )
ML IR AL TRET), BRI T EC.

6.1 £FP EC. KFI Na"IBH5H

Table 6.1 Reference measure of EC, K*, and Na* in lettuces

Phenotypes Normal Water Stress
Range Mean SD Range Mean SD
EC (mS/cm) 4.915-15.45 9.9609 1.9418 5.7-19.31 9.8832 2.2590

K* (ppm) 520-1900 1085.2862 228.6807 550-2250 1172.7101 271.8956
Na* (ppm) 14.5-99 46.9275 13.9411 21-225 85.4351 31.7070
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Figure 6.5 The reference values range of EC, K*, and Na*
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JeHHE, Time fCR I aF515HE, Image AR EIEEIE, SR AARLiT SRGAN 7+
SRR EE S . SRS EORE WL D & D1-D3. nILAEH, fEMEA
SKH) EC. KA Nat & my, A [F 2 B i ml & 0 B M R 207 A T 4R TH R . X —
MR SRR . A P BE, LA SRGAN 2770 3 2R I i) G B i A i 3%
DS BN . X5 T SRGAN J5 ik iidE v, RANAREW A MR THR K £
FAR 2 AR v G BRI 2 () 2 o, [RIRE IS T 2 e 8 A R 3 F B e s i
BRI A Hege . B X SRR A 5, X =R A A BB #R A 2 T S 12
H® (EC: R = 0.8617, RMSEC = 0.7827, R.? = 0.8654, RMSEV = 0.7346, Ry* =
0.8450, RMSEP =0.8262, RPD =25398; K*: R.?=0.8872, RMSEC =85.4770, R/ =
0.8620, RMSEV = 84.4233, Ry’ = 0.8558, RMSEP = 96.4612, RPD = 2.6330; Na':
R = 0.9607, RMSEC = 9.5691, R.* = 0.8855, RMSEV = 9.2092, R,? = 0.9030,
RMSEP = 9.5582, RPD = 3.2104). M., Na'ff s @ = fR A H A+ RPD
Mt 3 MM ERRY, & 6.6 Bn I EC. K'AI Na'HIffEfbs st s, T
PARIL, BUMERAE EC. KA1 NaHSLuHfi ok HAT B 8 B0 F AL #E S, ©
S A A LI B R AR 5L . X —BLRENE TR 2 ST AR A F BT IR
YO B A I P . IXFR, IR RE A SIS R i i A ) SRR M A 4 B 4
BV RN OC &, BRIV £ 2500 W R B 23 A AN B3 FR I 0 A0 AR 1 808 A8 s A 114 it
B X BIWAE TR ARBCREAT R AL, B SRR B A R AL
HEJT, BEMEAT R AR i B
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R 6.2 ETHREFRMAMHEAERN EC. KA Na*

Table 6.2 Estimating of EC, K*, and Na* in lettuces based on feature-level fusion

Phenotypes Data modalities R? RMSEC R’ RMSEV Ry RMSEP  RPD
Spec 0.7847 09764 07774 09448 0.7602 1.0274 2.0423
Spec+Time 0.8030 0.9340 0.7924 0.9124 0.7806 0.9829 2.1348
Spec+Image 0.8223 0.8871 0.8168 0.8571 0.8098 0.9151 2.2931
EC (mS/cm) Spec+SR 0.8490 0.8179 0.8493 0.7774 0.8313 0.8619 2.4346
Spec+Time+SR  0.8617 0.7827 0.8654 0.7346 0.8450 0.8262 2.5398
Spec 0.8172 108.7870 0.7820 106.1278 0.7455 128.1266 1.9823
Spec+Time 0.8637 93.9398 0.8467 88.9884 0.8235 106.6902 2.3805
K* (ppm) Spec+Image 0.8683 92.3407 0.8416 90.4519 0.8309 104.4309 2.4320
Spec+SR 0.8789 88.5360 0.8600 85.0284 0.8400 101.5820 2.5003
Spec+Time+SR  0.8872 85.4770 0.8620 84.4233 0.8558 96.4612 2.6330
Spec 0.8419 124539 0.8267 11.3311 0.8286 12.7048 2.4153
Na* (ppm) Spec+Time 0.8656 11.4806 0.8534 10.4219 0.8460 12.0430 2.5480
Spec+Image 0.8649 115144 0.8467 10.6566 0.8566 11.6181 2.6412
Spec+SR 0.9127 9.2557 0.8847 9.2435 0.8791 10.6703 2.8758
Spec+Time+SR  0.9067 9.5691 0.8855 9.2092 0.9030 9.5582 3.2104
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Figure 6.6 Estimation of nutrient element phenotypes based on feature-level fusion
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® D4, W TEAG MBI, WA HMEERARE, PLSR #1 SVR FFHA
RS RYARAR 2 T 4R Tt . RIEE T HRRAE Al A HOR BE 2 ) SR R], AVt PLSR AL
& SVR MR, JETHUR A A N A% S B RAE 6 . BRI FP 51 F1 SRGAN H £
JEREG =E AT, BMERIEAT T REMMAES R (EC: RS? = 0.8156,
RMSEC = 0.9036, R.,?=0.7500, RMSEV = 1.0013, Ry? =0.7122, RMSEP = 1.1257,
RPD = 1.8640; K*: R¢® = 0.7513, RMSEC = 126.8863, R.? = 0.7335, RMSEV =
117.3376, Rp? = 0.6529, RMSEP = 149.6278, RPD = 1.6974; Na': RZ = 0.8626,
RMSEC = 11.6106, R,? = 0.8358, RMSEV = 11.0300, Ry? = 0.8467, RMSEP = 12.0149,
RPD = 2.5539). #R1f, J&TAHlas=JHm sy, Fr1 Na'sh, EC Al KRJRCRE =
B F S s R UR P 2 ST, AR AL I IR R AR B ) RPD (B ARIR T 2. 59
I, EHABRTEM A FRMWRINAFZES . 5T EC, BMEUERAKRE, #
& PLSR AR RILELLF . xS T Nat & &M, #2& SVRBAELF. =T K'Y BT
JEVE R 18] P75 A BOR B AS Rl PLSR AR BRI, Rl =Fhfhs 77 (2 SVR
TERIPERE S S o 56T B R & I LES 2 ST B EC. KYRT Nat iy spefit 285 5 i
BRI E 6.7 Pz, 51K 6.6 & SO I, PR R E] EC A KT i3 s 590
BLRZAMEEEER, JGHENT K AERER FRKY K. XY, BAREEE
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Table 6.3 Estimating of EC, K*, and Na* in lettuces based on data-level fusion

Phenotypes  Model Data modalities R RMSEC R/ RMSEV Ry RMSEP  RPD
Spec 0.7378 1.0776 0.7243 1.0514 0.6444 12513 1.6769
PLSR Spec+Time 0.7806 0.9857 0.7232 1.0535 0.6588 1.2258 1.7118
Spec+SR 0.7609 1.0291 0.7008 1.0953 0.6639 1.2165 1.7249
Spec+Time+SR  0.8156 0.9036 0.7500 1.0013 0.7122 1.1257 1.8640
EC (mS/cm) Spec_ 0.7434 1.0660 0.7336 1.0335 0.6410 1.2573 1.6689
SVR Spec+Time 0.7631 1.0244 0.7362 1.0285 0.6458 1.2488 1.6802
Spec+SR 0.7566 1.0383 0.6972 11018 0.6636 1.2170 1.7242
Spec+Time+SR  0.8070 0.9246 0.7568 0.9875 0.7078 1.1342 1.8500
Spec 0.7180 135.1196 0.7040 123.6666 0.6129 158.0259 1.6072
PLSR Spec+Time 0.7284 132.6208 0.6849 127.5902 0.6309 154.2971 1.6461
Spec+SR 0.7064 137.8799 0.6750 129.5671 0.6360 153.2294 1.6575
K* (ppm) Spec+Time+SR  0.7559 1257204 0.7241 119.3881 0.6487 150.5317 1.6872
Spec 0.7223 134.1019 0.6900 126.5450 0.6155 157.4831 1.6128
SVR Spec+Time 0.7299 132.2426 0.6864 127.2826 0.6263 155.2692 1.6357
Spec+SR 0.7138 136.1254 0.6748 129.6202 0.6412 152.1313 1.6695
Spec+Time+SR  0.7513 126.8863 0.7335 117.3376 0.6529 149.6278 1.6974
Spec 0.8617 11.6461 0.8198 11.5552 0.7584 15.0819 2.0346
PLSR Spec+Time 0.7849 145263 0.7460 13.7171 0.7633 14,9284 2.0555
Spec+SR 0.8591 11.7583 0.8625 10.0937 0.7809 14.3630 2.1364
Na* (ppm) Spec+Time+SR _ 0.8489 12.1769 0.8224 11.4697 0.8133 13.2594 2.3142
Spec 0.8515 12.0713 0.8298 11.2293 0.7820 14.3287 2.1415
SVR Spec+Time 0.8652 114998 0.8329 11.1283 0.7923 13.9838 2.1943
Spec+SR 0.8317 12.8469 0.8086 11.9094 0.8086 13.4262 2.2855
Spec+Time+SR  0.8626 11.6106 0.8358 11.0300 0.8467 12.0149 2.5539
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Figure 6.7 Estimation of nutrient element phenotypes based on data-level fusion
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PERRIE TR 0 AT DB AA, AT LSRG HE 1 38 30 08 & R s B SR IO ML 2 I B Y, DUAR
WHEAIVERE, S AT SR Al B 45

X TR P AR RS X A M RE (R DR, HLAE S ST RIR B 25 IR, B it
HolE b & MRFE LRl A, 45 S0 — 800 . B K 1 sk B Lh I I 7 500 Kl 1) ot
BREER, HASFEASS EHE M sk A R Bk S . L Ry? Nit-Sifets, XF EC,
IS B8] 7 5155 PLSR #5840 SVR Y (1 RE 4 AT+ 1 2.24%. 0.75%, SRGAN H 5
TG 3 3T T 3.03%. 3.53%; X+ K*, EF[AF%%} PLSR #EAIA SVR AL
PERE T BIEETH T 2.94%. 1.75%, SRGAN 5 MG 73 3R TH T 3.77%. 4.18%;
XFF Na*, BfEFFI% PLSR YA SVR BLALK 1 RE 2 A3 T+ T 0.65%. 1.32%,
SRGAN H £ 5 G 7> B TH T 2.97%. 3.40%. ATLAKHL, JE T 5 & rml
2], WA PR A SRGAN 4 5 1) UG H50H xof TSR RE FE R 42 SR AR T
T RHERAA IR 2] o BVASR UL, BB R & 3T TSR B e e, RR)
FETEALA T SRGAN BTG . X RISRIL T fEAE R AL 4T hig Fl Z B85
PR 7). B X B LA, AT DA AT DL G b AR AN () S A S TE AN [ B o
AART S A SRR I R, B L AT A At AT T 9 i AR

T LU AR 2 R £ PR B 2 ) MR R B0 )l (ML 38 2 SIS Y, ] DU HH 45
W, FEAE RN A TR BE % SR AE BTG A5 0 T #0120 el & L 28 2% S B . ¢
fIE b £ T8 RE SR w5 0 A SvB e, X T BB DO AR AR AE ) AT kA T LA
ARG A RIS TGS, R S INE A RIR 2 I RFEAE B, IXAE S A A
BB R AR T A X LB T Bh T B A & MR A& 7k . 2 R BIREE SRl
R TERE, RFRE 20T B RSO 2 I, AN S AT B A TR X
JPERE R ATEAE FARAL . REE, SRRE A U A 7 B i S e A R &R, 4
BRI ST e . TR BEUR (0 AT 1 DA SRR AT 55 (R 7 2R
6.3.4 =T ZHESEIER A AutoML )il AR

N T RCEEA T HTPP F &7 i =5, AFEWHFE T AutoML 7E HTPP 4
SR SEBR N 1. % 6.4 PRI T A AutoML FiARMEE EC. KA1 Na‘figs |,
AutoML HJFH S ELIT 5% D % D5.

96



RO 22 A S

£ 6.4 ET AutoML fEE AR EC. KAl Na*

Table 6.4 Estimating of EC, K*, and Na* in lettuces based on AutoML

Phenotypes AutoML R RMSEC R/2 RMSEV Rp? RMSEP RPD

TPOT 0.8175 0.8991 0.7544 0.9924 0.7606 1.0267 2.0438

EC (mS/em) —AutoKeras  0.8547  0.8022  0.8542  0.7645  0.8399 _ 0.8395  2.4994
< (opm) TPOT _ 0.7526 1265617 0.7265 118.8560 0.7045 138.0683  1.8395
AutoKeras  0.8846 864447  0.8699  81.9809  0.8496  98.4882  2.5788

Na' (ppm) __TPOT 08666 114411 08546  10.3807 08538 117345 26150

AutoKeras  0.9036 9.7256 0.8851 9.2280 0.8896  10.1938  3.0102

ST WL IR B SERE 77, TPOT 193 AR AE =P[R R 2 B I s 1 1k
BEMHRTE, IF HIXFMRTHEET R 6.3 did MR Rifi e (EC: RS2 = 0.8175,
RMSEC = 0.8991, R\2 = 0.7544, RMSEV = 0.9924, Ry? = 0.7606, RMSEP = 1.0267,
RPD = 2.0438; K*: R = 0.7526, RMSEC = 126.5671, R.? = 0.7265, RMSEV =
118.8560, Rp> = 0.7045, RMSEP = 138.0683, RPD = 1.8395; Na': R = 0.8666,
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Figure A1 Actual picture of digital refractometer and pH value meter
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Table A1 Samples lost during the experiment
Cultivars May 15, 2021 May 20, 2021 May 25, 2021
Butter - 4 6
Leaf 6 2
Roman -
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Table A2 Configuration of SpecNet2D

Branchl Branch?2 Branch3 Dense module
Convolution layer Convolution layer Convolution layer
64@1>3 64@1>3 64@1x1 Flatten 20480

MaxPooling layer 2
Convolution layer
128@1>3
MaxPooling layer 2
Convolution layer
256@1>3
MaxPooling layer 2
Convolution layer
512@1>3

MaxPooling layer 2
Convolution layer
64@1>3
MaxPooling layer 2
Convolution layer
64@1>3
MaxPooling layer 2

MaxPooling layer 2
Convolution layer
64@1x1
MaxPooling layer 2
Convolution layer
64@1x1
MaxPooling layer 2

Dense layer 512

Dense layer 256

Dense layer 128
Dropout 0.5

itk 28 Adam, loss ¥ RMSE, batch size = 4, epochs = 2000, learning rate =
0.0001. M, k&K (batch size) fRFRINZRAIEBIFHLE 2% 1 258 2R
WERE (epoch) J& A RHESE I EHE, AR IL BRI Z 28 i) — R e8Il 2k 2
21 (learning rate) 12 fil] A5 Ak L 27 > o 5 b R B 0T F) e 2
SpecNet1D [ S 4L B W% A3.

2% A3 SpecNetlD EEE

Table A3 Configuration of SpecNet1D

Model Hyperparameters
Dense layer 512

Dense layer 256

SpecNet1D Dense layer 128

Dropout 0.1

Dense layer 64

Dropout 0.1

AL %N Adam, loss &y RMSE, batch size = 4, epochs = 1000, learning rate =

0.0001.
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Table A4 Parameter setting of various models in Table 3.3

Models Settings of parameters

nLVs =10

nLVs =10

nLVs =12

nLvs =11

nLVs =11

nLVs =11
a = 86, n_neigh = 258, distance = 1, weighting = 1
a =75, n_neigh = 232, distance = 1, weighting = 1
a =73, n_neigh = 229, distance = 1, weighting = 1

PLSR

LWR a =74, n_neigh = 258, distance = 1, weighting = 1
a =75, n_neigh = 258, distance = 1, weighting = 1
a =79, n_neigh = 258, distance = 1, weighting = 1
intercept =1
intercept =1
intercept =1
MLR intercept =1
intercept =1
intercept =1
topo = [‘HH’, ‘L-’], epochs = 40
topo = [‘HH’, ‘L-’], epochs = 40
topo = [‘HH’, ‘L-’], epochs = 40
ANN topo = [‘HH’, ‘H-’], epochs = 40
topo = [‘HH’, ‘H-’], epochs = 25
topo = [‘HH’, ‘H-"], epochs =45
linear kernel function, C = 0.35, e = 0.2, tol = 0.001
linear kernel function, C = 0.5, e = 0.2, tol = 0.0001
SVR linear kernel function, C = 0.5, e = 0.5, tol = 0.0001

linear kernel function, C = 0.5, e = 0.5, tol = 0.001
linear kernel function, C = 0.4, e = 0.5, tol = 0.001
linear kernel function, C = 0.4, e = 0.5, tol = 0.001

T AR E: MWS: WS = 5; SG: HHHE AEE = 15, 20
¥ o=2, FPHH =0; FDR: THHEAEGE = 15, WA = 2, M = 1
SDR: iIH A% =15, ZWAME =2, FENE =2; WT: NEHEEDA harr, 42
B EH = 1,

EBESHONE: PLSR: nLVs — AL EMHHE; LWR: a — %S4 n_neigh
— AR E; distance — 1= MRIREE RS, 2= SKEEE; weighting — 1= —¥J7, 2
= —!XJ7; MLR: intercept — 0 = ANiF5HAME, 1=1154IE; ANN: topo — UG R AL
H= XU IEVI s, L= &iEm%: SVR: C— IENESE: e — ESSHMRIE: to

e
- //e\'?jllt‘}go
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Table A5 Parameter setting of various models in Table 3.4

Models Settings of parameters

nLVs =11
nLVs =13
nLVs =13
nLVs =13
nLVs =12
nLVs =12

PLSR

a =59, n_neigh = 208, distance = 1, weighting = 1
a =63, n_neigh = 196, distance = 1, weighting = 1
a =63, n_neigh = 191, distance = 1, weighting = 1

LWR a =61, n_neigh = 160, distance = 1, weighting = 1
a =68, n_neigh = 206, distance = 1, weighting = 1
a =80, n_neigh = 231, distance = 1, weighting = 1
intercept =1
intercept =1
MLR !nterceptf 1
intercept =1
intercept = 1
intercept = 1
topo = [‘HH’, ‘H-’], epochs = 40
topo = [‘HH’, ‘H-"], epochs = 35
topo = [‘HH’, ‘H-"], epochs = 40
ANN topo = [‘HH’, ‘L-’], epochs = 20
topo = [‘HH’, ‘L-’], epochs = 15
topo = [‘HH’, ‘L-’], epochs = 45
linear kernel function, C =0.35, e = 0.2, tol = 0.001
linear kernel function, C = 0.5, e = 0.2, tol = 0.001
SVR linear kernel function, C = 0.5, e = 0.2, tol = 0.001

linear kernel function, C = 0.5, e = 0.2, tol = 0.01
linear kernel function, C = 0.4, e = 0.1, tol = 0.001
linear kernel function, C = 0.4, e = 0.2, tol = 0.001

TALPR T B 53R A4 FETH .
R A6 R 35 FENMERSHRE

Table A6 Parameter setting of various models in Table 3.5

Phenotypes Models Settings of parameters
nLVs =3
PLSR nLVs =3
0 nLVs =3
SSC (%) a =15, n_neigh = 231, distance = 1, weighting = 1
LWR a =15, n_neigh = 231, distance = 1, weighting = 1
a =20, n_neigh = 231, distance = 1, weighting = 1
nLVs =4
PLSR nLVs =4
pH value - nL\_/s =4 ——
a =8, n_neigh = 206, distance = 1, weighting = 1
LWR a =8, n_neigh = 206, distance = 1, weighting = 1

a =15, n_neigh = 206, distance = 1, weighting = 1
CARS Z#ixE: A=9, fold =5, method = ‘center’, num =50, HH, A N

AR, fold Jyog IR T#L; method JNTRALIET7i%: num 95 RIERAEIREL
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Table A7 Concrete spectral feature selected using CARS in Table 5

Phenotypes Models Pretreatment Wavelengths (nm)
419;415;1000;439;942;435;448;972;456;674;954
SG ;628;995;992;828;944,472;637,656;630;937,487;

619;639;825;646;677;463,;667;559;665;621;568
660;653;663,649;602;605,639;635;670,596;786;
PLSR FDR 949;612;959;884;714;498;698;712;962;741;400;
402;404;406;408;415
972;977;942;801;982;487;765;472;852;948;874;
SDR 899;974,847,889;503;937,985;760;494;796;505;
448;483;755;904,912;769;786;463

419;415;1000;439;942;435;448;972;456;674;954
SG ;628;995;992;828;944,472;637;656,630;937;487;

619;639;825
660;653;663;649;602;605;639;635;670;596;786;

LWR FDR 949;612;959;

884,714,498;698;712;962,;741,400;402;404
972;977;942;801;982;487;765;472;852;948;874;
SDR 899;974,847,889;503;937,985;760;494,796;505;
448;483;755;904;912;769;786;463
600;602;612;621;632;609;463;591;487;490,593;
614;501;532;619;639;476;811,498;808;510;598;
521;651;912;644,474,860;512;584,503;748;485;
523;589;658;818;472;830;635;729;653
589:612;609;621:;487;632;872;602;887;485;490;
600,;815;448;818;806;474,498;808;501,570;828;
635;796;472;523;867;452;642;430;535;461;987;
582;912;745;492;644;463;789;512;496;510

600;681;677;548;525;972;644;705;691;487:;490;
501;503;729;609;612;589;719;543;498;703;474;
476;724:580;818;820;755;630;568;656;658;698;

738;483;485

SSC (%)

MWS

pH value PLSR SG

WT
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600;602;612;621,;632;609;463;591;487;490;593;
614;501;532;619;639;476;811;498;808;510;598;

MWS 521;651;912;644;474;860;512;584;503;748;485;
523;589;658;818;472;830;635;729;653;736;496;

441;705;432;492;580;957

589;612;609;621;487;632;872;602;887;485;490;
600;815;448;818;806;474,;498;808;501;570;828;

SG 635;796;472;523,867;452;642;430;535;461;987;
582;912;745;492;644,463;789;512;496;510;459;

619;521,470;605
600;681;677;548;525;972;644;705;691;487;490;
501;503;729;609;612;589;719;543;498;703;474;
476;724;580;818;820;755;630;568;656;658;698;
738;483;485;463;922;924;862;864

LWR

WT
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AT 55 [F R o X iR 3 3 S LA DR 1 S [0 40 N TR R 5 3047 — S5 HLAR E I RFAE SR B
BEREHL UL, P LUK S BUZAE — R TERE R, AT R AN B 1 A X
AT AR TF] R A 4

Kl B2 (C) JE/RH] LSTM % 0B F 2P B IeIRES ARG I “117 S5kt
BLGIRZS M5 BAE WS T (K G BEE o, 2 4R (A2 A% 0 o e TR IS 18] PP 51 500405 1
Mo FE, CREAOCEEE R, BRORARIE K LI 0 B dls i 47 HA R0 A5 15 21 )5 22 1 i [)
e PTG b R T A HEAZ R B T ] RN BN ] B R
W TR R e R BT . X BN . R B iR
FE i AT RS A0 i 1 o JRIEERFE ISR, X8 0] G544 B A% 2] B4R I % B A7 B
POFAE R, AT 56 X 2 7 Ab BRI 1] P 37 25040 7 T PR e FEE A 280

5 LSTM A%, GRU Kl B2 (D) Frax, SIUH EMRSERRI Sk . & s
FTRE B TR EEIAEES LSTM SIS IR ST, 1S54
LSTM s {fst s I I A4 it T3 Re T — 5o X FHERREI & -6 GRU [ 4d R 450 SE I
i, [ BT L S I I R B D (5 4 v A

BRNN (WKl B2 (E)) JEE ML Z H P MG PRI H A RNN BT Rl i A
XA 2 5 A R P SR TE, EATME— A FIZE T 8% B W EdR LB 7 1) . B —A
AT HIRZE B0, 10/E A, BRI LR LSTM 5 GRU 25K /] (15 Bh 45 #4 SE B
BRNN (1% B At Jo A5 3 B 8 3880 1F ) & 1) ST NP 1, AT 30 0 sk A SRR 1 -
TR, Sdi AP GH T, BRNN AEA RO IR 5 I 544 N Bt i i
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(A) (C) Cell state
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b % sigmoid tanh
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&
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multiplication  addition
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B B2 RNN fEZEHIEERE (A) LK TD (B)s LSTM (C). GRU (D) M BRNN (E) 7E RNN
PR R
Figure B2 The data flow of RNN framework (A) and the specific usages of TD (B), LSTM (C), GRU
(D), and BRNN (E) within the RNN

fEif % HTPP &, WI7E 1 h N5 600 m? CFH4T 2500 MERD IR
Yyt J2 A O VEARRAE TAE, Bl AL FERCR B804 45 B P B REW IRIES:
RIELLAW, HEAE-RZANZURIELEE. %7 GH8 7 =FfE&EE, B8 RGB
FAHL 2008 AHBLRTEO B 1A SRR B e o ) Bl o X Le K04l it 5 i A 2. HortControl
KRG HB T, AEREDREEL T 14 MARKRESE, OFErEwE. 5.
PR wORPRs . . M A AR AR R SRR AR R AR
WO ERE . B TaE (NDVD., H— R MR (NPCD MY
CRAHRE (PSRD. Horr, §7 11 ARAURR R GH s TR, HA#)E T
JEARRM, WfE=MEE TR XEERSEHR T, 152 R % Bl.
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Table B1 The detailed description of the 14 phenotypes
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B R BRI ST B, EVEYG —aT CLm b e 36 7
(em®) EOBUIIEA, FEH A RS — e TR TR St i
e TR, NN IR R, TR A e 1 S AT 2 5 LA A T W
PRI (TS (R T RI AR R
i PRI s 2 SHESUAEA = o O Aok B Je b BT
L 7 B
TR PR 5 M CLRE e H e o L o i e, RNk, T 7 B
BT ORI X —-BEOR RN T BRI MRk E RS T kb 5 B —
(M) MR FE. ARECZ T, 20 bk R O TR P TS R B R
Sy SNSRI O BE S MBS RO, R MR
i ¥4 RGB {67 i1 BE Bl HSV Bt 2 ), HRi f Yo e 0 B
O T A R R TR AT T ) B R BT, 3 AR T
(o FUIFE, 170 A A BT
WER T A B, R L A DR T R Rt T A LA, 3
(em?) o, S B A AT TR, 7R LA
PFETRUES T BRE BOm D A L 5 T 7 X S EL B 7, 1 A G A 2 2
(cm?/cm?) MM ERR 2 5
=2 uf
e BT T S = T XY VT S X 7 78 25 e 4
R I R R T R AT S A R, M B AR LU A A A
(cm2/cm?) FEAE X-Y P B BGE R S FsR A5
@ﬁifﬁ WO 5 R P AR O 55 B 2 VR S 2
THHEAR(NIR —Red) / (NIR + Red), 5AH GRS <, NDVI F{EARFE
NDVI 7 i o s R B ek A, 7 NDVI (% Bk 25 B S
30 B 0 O AR T 2 10 A R
TH5 A (Red — Blue) / (Red + Blue), SMtasREamaio, RN, MR
WA Bk BT TR 2R TR B S S A . 23[R J e 2 IF
NPCI B REEHL T R B ARAT R . NPCHEI 26 FIZE X 10 S A S B 48
A I T R . NPCI BB 4 R (BT e
(6, DRI 2 Ar R 2 5 B2 O K i
THE AR (Red — Green) / NIR, 5% MMM SRR M LLBIAEOC, MUY= E
PSRI i, WHEEA R AEMAE, I TGO s L G, 2 B b

FEIS, K% b RS RESAIN I, PARHEY) G2t S i E

HTREAPRZS I k, w&AXT 524 rFEARIAT T SSC A1 pH EMIME . SR
SRS 5 @RS E1E LK B2,

* B2 B RMATERNHE

Table B2 The amount of each cultivar used for modeling

Phenotypes Cultivars Sample numbers
Butter 152
SSC (%) and pH value HLiZ? 19900
Roman 92

129



fik B

Inception FEEL 1) 24 ik B 41 B3 Fiw.
% B3 Inception HER BB

Table B3 Configuration of Inception module

Phenotypes Branchl Branch2 Branch3 Branch4 Dense Training
parameter
Convolution Convolution MaxPooling Convolution GlobalAveragePooling  Epochs =
layer layer layer 2 layer 384 1500
64@1>5 64@1>3 128@1>5
Convolution Convolution Convolution Batch
SSC (%) layer layer Dense layer 64 size = 6
64@1>5 128@1>5
Convolution Convolution
layer layer
64@1>5 128@1>5
Convolution Convolution MaxPooling Convolution GlobalAveragePooling  Epochs =
layer 2 layer 384 500
128@1>5
Convolution Convolution Convolution Batch
pH value layer layer Dense layer 256 size = 6
64@1>5 128@1>5
Convolution Convolution
layer layer
64@1>5 128@1>5

PLSR 1 SVR )2 %% & 3% B4.
2 B4 PLSR Al SVRECE

Table B4 Configuration of PLSR and SVR

Models Phenotypes Settings of parameters
SSC (%) nLVs =13
PLSR pH value nLVs =12
SVR SSC (%) linear kernel function, C = 0.5
pH value RBF kernel function, C = 0.42

W 72 AR IR S 40 15 B N3k BS T .
# B5 Optimal-Spec A Z R Z MR BRI E

Table B5 Configuration of residual and attention module of the Optimal-Spec models

Phenotypes Branch3 Branch4 Attention Training
parameters
Dense (tanh) Epochs = 1800
SSC (%) Residual: Convolution Densleg(ztanh)
0 layer 128@1x1 384 Batch size = 6
. . Epochs = 800
oH value Residual: Convolution Batch size = 6

layer 64@1x1L
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RNN [ Z#1% & L3 B6.
%% B6 Optimal-Spec-RNN &I fr B

Table B6 Configuration of Optimal-Spec-RNN models

. Training
Phenotypes RNNs Settings of parameters parameters
Convolution layer Epochs = 2000
16@1>2
Convolution layer Batch size = 6
SSC (%) D 16@1x1
Convolution layer
8@1x1
Convolution layer Epochs = 950
64@1>2
Convolution layer Batch size = 6
pH value TD 64@14
Convolution layer
128@1x1
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xR TS E W& CL TR .

B C1 MR WE
Figure C1 Actual picture of chlorophyll meter

SRGAN MR ZRgI T e C1 Ak . 2 i AR il o = K3 M . 25,
R PR G EE —NERZE, BEEBEN ReLU BUE R HHEAT IR AR e, K,
GEAEAE RS 16 MRZEII PR, BAREINTE B ERERE. 13—
AEEDL J: ReLU PREUKIRL, FAEREE AN 1Bk ER%EH: (residual connection); %%, %
PN FRFERLY, 76— R FRFEERE TS, B 58 R w5 2 43 il TBOK 2 5 R
ST 2 A5 EL 4 £, AMSEIL T BHR R I R R T, 2T SRGAN KA de 4, N
H 7 NMERZHR, XEBRZ A5 4fE H— LA AT LeakyReLU BUE R, T AL
T MNREM LR BRI A . FERAESR N 48 T T, SR 71X 28 X 2% 2= 8] =
FIRCE BEAT IR, AR R ZRRILE CL. PSNR A1 SSIM H TR 4 Fi & . PSNR LA
-0 (dB) NEAL, RO HIRAS T R IE S A e A A A, e T R E R
o BRI, PSNR {E#E 40 4 VUMEH Sk UG s e, B5 EGE ER m AR
fel; 30 21 40 7 DIVE EI A A PSNRE R R KGRI, JREHFAE—ERE, (HUMER
PGPy : 20 F 30 43 UL PSNR A8 IR B GRS 402 1K T 20 43 DU PSNR
EME S RN REA %, 5 PSNR A, SSIM 2&—/NERAL LR, HE
{EYEE -1 2] 1. SSIM M 2 PR UG R AL, b 1 RERMIE EE 4
SEAAAE, Ti-1 RS P S e AR . B IX PR AR, T DORS R PR A A EE

BEGAE, e E @R EE R, RGPt 7 EE R R
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B
% C1SRGAN REEE
Table C1 Configuration of SRGAN
Generator Discriminator Feature extraction network Training
parameters
MobileNet (‘conv_pw_6’) Epochs =200
Number of Number of EfficientNet (‘block4c_project conv’) Batch size = 4

convolution,
batchnormalization,
and LeakyReLU is 7

residual
networks is 16
VGG16, VGG19 (‘block3 conv3’)

[FRFE SR I 24 1K) SRAGN 1) 2 fi5 1 4 £ ERAEIIZREE SR PSNR #1 SSIM 40 ]
C2 fizn. 4% PSNR MMk, 4 £ LRHEMEGRH BT 2 i LRFE. 540,
4% FRFERI A 45 RABIRAIT . 2 £5 FRAE, VGG19 1 MG & g i = AKX T 55 4 =F,
EfficientNet 7€ 120 2| 170 MHJIIZRA W, HERH VGG16 1 MobileNet . M PSNR
A1 SSIM HIZERHKFE, FILUKBL 4 FPRFAESR B 25 () 2 % FoRAPESS IRAE 175 DI 3
Ja, RMRARE TR EEMIIGERET, 28E 10 DMINZRH IR SRGAN
RURLE, BT DAREBIIGR T 170 SIS 0 ROREAY T i 28 (0 BSREB 2 HE R 4R Tt

40 1.0
) . 0.8 .
= 30 EfficientNet_scale2 ‘ —— EfficientNet_scale2
o MobileNet_scale2 % MobileNet_scale2
z —— VGG16_scale2 w —— VGG16_scale2
&~ —— VGG19_scale? ———VGGI19_scale2
— EfficientNet_scale4 0.6 —— EfficientNet_scale4
20 ——— MobileNet _scale4 —— MobileNet_scale4
—— VGG16_scale4 —— VGG16_scaled
VGG19_scale4 04 VGGI19 scaled
0 50 100 150 200 0 50 100 150 200
Epoch Epoch

B C2 ARSI SRAGN [ 2 (571 4 £ L RBEIGEE 5
Figure C2 Training results of 2x and 4x upsampling of SRAGN for different feature extraction
networks
RE B GIRE TR LN RE, ERENTRRCER TR AT LLEE € & R bR
BEAT VR, AN AT AL S EE . fR PSNR A1 SSIM - CIREEHITEBER AR, A
AT UM T P-4l SRGAN IR I M7k, W AR T P-4 BB S B 7 A2 R
P HEA AL BRI . BL MobileNet /EJRF LRSS 1) SRGAN £ H 2 AE 55 R I i
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N, B, CAtboyEEdE, 5 DUREE T R E A S MR AT TR, tHE TR
ff] PSNR 1 SSIM {H. fi# C2 s, 4 f5 ERFEAETA TR BT 2 5 EoRAE, H
H Lanczos #fifH 7 ik sR S R AR R A Y, X5 SPAD HMME AR — 8. Br T
Lanczos ML PEIEE T iEAE 4 15 ERFFHIRASH PSNR {ERIE 30 24k, HAl 7 k4,
RENET 30, XRWIFHERAEEBREE ERBCRAT 5

*® C2 HEEERNEGREFN

Table C2 Image quality assessment of the reconstruction by interpolation methods

SR Methods Scale PSNR (dB) SSIM

Cubic 2 26.6944 0.7598

4 27.6172 0.7756

Linear 2 29.0777 0.7893

Image interpolation 4 30.4736 0.7921
Near 2 26.4844 0.7418

4 28.6999 0.7810

Lanczos 2 29.7861 0.7840

4 31.6979 0.8173

TG B R IR B IR S BNk C3 s o
R C3 MBI E

Table C3 Configuration of spectral model

Branchl Branch2 Branch3 Branch4 Attention Dense Training
parameter
Corll\églLlthlon Cor}\ggLurtlon MaxPooling Conl\;;)/Lurtlon Dense Dense Epochs =
64@11 64Q 13 layer 5 1o8@1xe  (elu)192  layer 128 1000
Convolution  Convolution  Convolution o
layer layer layer Dense Batch size =
(relu) 384 6

128@1>3 64@1>5 128@1>3
Convolution Convolution
layer layer
64@1>5 128@1>3

BEof B T MG HOE IR B2 2 SO R LR BT B I R I S RO B AT T VR
B, BARMNTW SHR CA. ERBE SRR T, FRRIOGE T ORBIR B & S A ——
BiT #A R, Z%FALE T hub.KerasLayer £ LN, b4h, i&KH T ResNet Fl
MobileNet X PiFFIR %% STHESE, (A 7 HAE ImageNet ZidisE EHIIZRARE . X Fh
TIEAMURI T DA 5 ORUR 2 S e, s alad 5 N TR R SR $ iy 17 A AL )1 4k
R A A R R AE R A
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xR C4 BRI E
Table C4 Configuration of image model

. . Feature Training
Methods Fine-tuning Attention parameters

Reshape Concatenate Epochs = 1100

BiT, ResNet, MobileNet, and Primary Congglzlg(ir:éayer Dense (relu) Batch size = 6

feature Convolution layer Dense

256 @1>5 (softmax)
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Figure D1 Actual picture of EC meter, potassium meter, and sodium meter
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SpecTimelmageNet A 44U D2 Frow, HEAIAEHLZEE T SpecTimeNet #5241 Al
SpeclmageNet F4 3 .

M 1 [
Recurrent neural network: Residual Branch3 Image data network

———— -
| Image feature extraction |

| based on primary feature |
i and deep learning model H

H

8 3
A 28|z :
£l K1 R ' ®
2 B BRI ‘
] * = [=)
s Z = Attention 1
- D
1
A J
® . \@
+ Fusion Attention

Kl D2 MRS SIHERE S8 (SpecTimelmageNet) ZE#4)
Figure D2 Custom deep learning feature fusion model (SpecTimelmageNet) architecture
B e LR E % A S 4% D1-D3 v, Hi EC, KRI Na'f)i)Il 25 &
43731y 1500, 1200 Fi1 1200, batch size #54 6.
# D1 SR ACE

Table D1 Configuration of spectral model

Phenotypes Branchl Branch2 Branch3 Branch4 Residual & Attention Dense
Convolution Convolution . Convolution Branch4 & Residual
layer layer MaxPooling layer Convolution layer Dense layer
Y 4 layer 3 y Y 64
64@1x7 64@1>3 128@1>5 128@1>5
EC Conlvolution Conlvolution Conlvolution
ayer ayer ayer
(mS/cm) 128@1>3 64@1>3 128@1>6
Convolution Convolution
layer layer
64@1>3 128@1>5
Convolution Convolution . Convolution Branch4 & Residual
layer layer MaxPooling layer Convolution layer Dense layer
Y Y layer 3 y Y 64
64@1>5 64@1x7 128@1>5 128@1>5
K* (ppm) Convolution  Convolution  Convolution
layer layer layer Dense (Mish) 192
128@1x7 64@1>3 128@1>5
Convolution Convolution
layer layer Dense (Relu) 384
64@1>3 128@1>5
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x£ D1 (8
Convolution  Convolution . Convolution ~ Branch4 & Residual
layer layer Ma:zP:rog ng layer Convolution layer Densg 4Iayer
64@1x1 64@1x<7 y 128@1>5 128@1>6
Convolution ~ Convolution  Convolution
Na* (ppm) layer layer layer Dense (Mish) 192
128@1x7 64@1>3 128@1>5
Convolution ~ Convolution
layer layer Dense (Relu) 384
64@13 128@1>5
xR D2 WHFIIEEREE
Table D2 Configuration of time-series model
RNN Phenotypes Settings of parameters
Convolution layer 64@1>2
EC (mS/em) Convolution layer 64@1x1
. Convolution layer 64@1>2
D K" (ppm) Convolution layer 128@1x<1L
Convolution layer 32@1>2
Na* (ppm) Convolution layer 64@1x%1
Convolution layer 64@1x1
& D3 EMBHRAEARE
Table D3 Configuration of image model
Methods Fine-tuning Feature Attention
Reshape Concatenate
M-R50*3 Convolution layer 512@1>6 Dense (relu)

Convolution layer 256@1>6
PLSR 1 SVR (S i & L& D4.

%2 D4 PLSR 1 SVREZE

Dense (softmax)

Table D4 Configuration of PLSR and SVR

Models Phenotypes Settings of parameters
EC (mS/cm) nLVs =12
PLSR K* (ppm) nLVs =12
Na* (ppm) nLVs =12
EC (mS/cm) linear kernel function, C = 0.3
SVR K* (ppm) linear kernel function, C = 0.4
Na* (ppm) RBF kernel function, C = 0.25

138



RO 22 A S

AutoML IS B W3R D5.
% D5 AutoML 28

Table D5 Configuration of AutoML

Methods Phenotypes Settings of parameters
EC (mS/cm) max_trails = 30, loss = ‘mse’,
AutoKeras K* (ppm) metrics = ‘mse’, epochs = 500,
Na* (ppm) batch size = 6
EC (mS/cm) tion = 50. polulation si
TPOT K* (ppm) generation = 50, polulation size

N = 20, verbosity = 2
Na* (ppm)

AutoKears Z#ix B : max_trails A2 K KR 455 & . TPOT: generation
NIGATEERAC T FE B AR population Jy4EAC R B 78 3 P 4 A A HE b () AN 5
verbosity 4 TPOT fEiZ 1T &Ik £ /D5 E.

TPOT Jy =Mk ke (A L3 D6

% D6 TPOT R A

Table D6 The model selected by TPOT

Method Phenotypes Models
EC (mS/cm) RidgeCV
TPOT K* (ppm) LinearSVR
Na* (ppm) RidgeCV+ExtraTreesRegressor

EC MMM & — Fh iy 5 W B 22 X5 IE % [ 19 ( Ridge Regression ) i 74
(RidgeCV), ‘& TAIERIHRTERE, HAESULREPARM T L2 JEBIENALT. 1
[0 U2 — P 7] F T AL BRARFAE [8) £ £ 5 B R 2R CEDA N AR TRIAH OC BE ) IR 0L
WG E ML IR > B &5 3 P R 1R L& . 76 RidgeCV EZIH, “cv” &
A2 X HGAIE (Cross-Validation), XX —MPFESEiHERNZ AL RE 7%, AT RA R Got b
FTAN ) 00 7 Bt B DL F f O IE MM S 80 22 3o ik 85 R At 4R 23 B 2 A4~/
H, W — o FAERIE BV RE IR UESE, AR FER LR, @ X Fh oy
AR R A fe e RS RS ). RidgeCV 2 B 84T IX — I 2 Sk 3 31 A2 1 1 )
244 alpha. TPOT IEFE[H) RidgeCV BLALFHIE scikit-learn [ iR A ERIN S H0%
B KRR 2 M SRR B AR (LinearSVR), “E0/& SVM - [a1 I3 ] i ) — A
AR, 5T K0 SYM BERZEEL,  BIERRAH) SVM AL R 3 — N 2 i iR 0k
R SEEE L, RN S MU FOR ZE AR B, DLA R RIFHIZALRE ). BT
SHEEN C =10 CENLSHD. dual = True CFRZRLAL il 8 K A 5o 48 1] £
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epsilon = 0.1 (FETIZEHIB{E ) loss = ‘epsilon insensitive’ (25 REEAL) F1 tol =
0.1 CERALRARKIA D). Na iR im0 R4, SEfi M RidgeCV xf Jsdh %k it
ATAG L, FRAG B85 AR NBIMAIRHE, SRJGIEL X R R 5 MR IR g —A
A i il LA [ VA8 (ExtraTreesRegressor) . % vt BEALI & —Fh 48 % ) ik, il
SRR A 2 b B LR B AR AN 23 B SR AU 2 AN PSR, IR BT ) Ak B 4
BEAT V-2 LR AL 1) 8 S0G P Az il 405 o I 45 5 A A (RIS 2R 1) SR mT DA
PEAR P AEEE, ARt m AR E R . B— M PIRF Y RidgeCV
AR I ERN S BB, o AP ExtraTreesRegressor S 4% &y bootstrap =
True (JEFH EBIRAEE). max_features = 0.65 (3R e fE 43 F1 i 22 2% 1 AR B BB
min_samples_leaf = 4 (5 S AUA B/ MEAEE D min_samples_split = 5 (#F7
BT S T AR B NEEAS S A n_estimators = 100 (RS 4E i b PR AE 2 EED .

fEsRse . AutoKeras iy EC. KA Natix =R AU IS BAT 5, 2 BIE
RV IES ARSI M 5. RAERTAE, (5 AutoKeras e AT 1T-4K 21K I 2%
MEZESRAOREF | — Btk o = PhEHRABEAS T LR 9 45 244 W3¢ D7,

# D7 AutoKeras )45 HESE

Table D7 The network framework selected by AutoKeras

Method Data modalities Networks
Convolution layer
Spectra Convolution layer
Pooling layer
Autorceres Time-series BRNN
BRNN
Image ResNet50

FEALBDGIEEIEIT, AutoKeras # & | — M EINELL KGR F IR —MBLE
ki, PRSI R, XM, £1% EC RHIEER 1 16 M5
FZ, 1 KA Na* S s E T, SRERNEEN 32 4~ =R R T,
WAL Z IR T RN 2 BT T RAE . X TR 7 515005, AutoKeras #4#E T—4
H 4> BRNN #EZ MR 45 #), Hp&A BRNN ¥%H LSTM g, #4 LSTM #.t
Bl 7 28 M IT. & TEGEE, AutoKeras NI BELHKFH T FIZEH) ResNet50 ##14
2% . ResNet50 M) 2 N FH T UG AT %, o & M RESR IR ) C3RAHIE .
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