2026 4F 7 H 8 & 4

%Ell:l

A (FPHESC) Smart Agriculture

Jul. 2026 Vol. 8, No. 4

ETEANEZHEEGIVGG21 REH/ME
i = R RRIRAN T A

RTA

TN

=

, KB A2,

-~

wl,AMERL, FAANY, hEEL AL,
KITES, R
(1. VLB BB A5 B AFFERT, TL 9 52 210014, Fh [ 5 2. B 5L (5 8 TR KA S AR S 55, 1L 5
210044, Hr[E 5 3. P E OV RRE Bl IR 5 Rl R & RIFFT T, JL 5T 100081, 1 E ; 4. Wb 4l Bl 24 B e AR
FEIT, WAL BT 430064, P E ;5. M KAAZE T 5487 & 2 E R A 1EPG 050 2, VLM 225009, HE)
H E: [BR/EX] LR BEN/NEBERGE, /N rea, AR Rm—A-Pes . fEf . TR
INZE K B AR ORI vk . [ ] AE/NEE 3T R AN - 2 A AR K S BE AT IR L ik i | R

NO R R o SRR PR P P il il o aCa I ], R RIS R 4 206 B APLRAE /N /2 2001 RS . g 25 TG,
AL, IR P ARG R ROR . 2O EMR S T, A3 SRS AN A S X L BOKEA L Rk
NEIEE | EIERRIM A 4 DR BB E . RN Z IR BRI oy, BRSSO 5% 7:1.5: 1.5 B9 He Bl B
PLRI A Rk . il fA4E . L VGG (Visual Geometry Group) 19 8IS 3Lat, 3 i B4 i FUZ

ob Ho o

AB B R

TR IO R B AR 2 45 T VGG21 /A K M AL RO RIS . [ G5 2R A ]
152G USRI T PERE S 4, Horh VGG21 255 1

55 ResNet (Residual Network) 50 #1 Swin—Transformer (Shifted Window Transformer) A%} L 25 SRR, VGG AR

o BORLRBITERELR S T4 )RR, VGG21 8
SERR R A SUNBRIMERERE 2 . R VCG21 M X R L Jihaa AT 4% %

W EE SRR
ELi B
TR %o i S 9 45 AR M0 A TR0 TE A 2K 3 9196 LA 1, X RE AR R 5 REAS AR BIKS JBE .  IRTR AN F 20 9135 3] 96.42%
89.53% F192.85% , Tk AL AT A 300 PR AT 0 ] T B iR R RE ARG, IRBIERRR | A5 S T8 hn S 3 194

7<i/\
EoE

JERERL, X PEEREA IR

ZnHb

ﬁj\%&ﬂ
IAEE . A B F 350355 95.13% . 88.71% F191.80% . K HB R I P A 15 7= B PPk (0 PR P S R A B . ke
WERCR AR, PR B /NZ R R EHRRRE 2, RO . (G510 ] BT IR ANL LGSR VGG21 A5
TR HE I /N 22 B I 20 RN R P R SRR AR, o SR s S R A e i e A R s R AR TR 4
T E/N s o AT E % NEI SN =

fescdy, BARLF S
Bife, MoNZRidnfk . 2 aefb i B AL A R S0 RE .
KA ANEBUKINE; BEIRE; TN Z20EEE; RS L 4R
hE 43S S436.411;TP242;TP391.41 XEAARIRE . A

XEHS: SA202601017
LIANG Wanjie, LIU Xiaojun, WU Qian, SUN Chuanliang, LEI Tianjie, XU Deze, ZHENG Xingfei, ZHU Guanglong,
lish abstract)

TANG Quan. Recognition of Wheat Waterlogging Stress and Regulation Effect Based on UAV Multispectral Images and
——

0 51 &

FUAR LRI, RIGEH, R4, IMESE, IR, IRARE, FB246, R, Wk . T RANLZOLIE A VGG21

AL B /N Bt T TR ORI D vk (], B A (Fh9E30), 2026, 8(4): 60-69. DOI: 10.12133/j.smartag. SA202601017

VGG21 Model[J]. Smart Agriculture, 2026, 8(4): 60-69. DOI: 10.12133/j.smartag. SA202601017 (in Chinese with Eng-
(=]

INAE R R P E AR EEY Z —, TERBRR
B R B CEEMEN, Fenl 7R WA
Wk H I 2026-01-12

e N E PP ot oaa g R

EFE SN BA, L, s

AR, EAEHRE EPEE ., WEREEE | eI R ME
A
9"‘{

B AR, ARSI A H i A B A o A K
PEINRN T Ar B3t 9, A E MR 4 B
(2023YFD2300300) ; {T7# A HF A RIWH (BE2023302)
copyright©2026 by the authors

D, BRI A K FE G . B A R . E-mail: wanjie.liang@163.com
AR IR, W, BRSO, RSO O R A MR E U Y FHESY . E-mail: Leitianjie@caas.cn

(& 5% www.smartag.net.cn 90 3¢ 3B TR 42 30)



Vol. 8, No. 4

RN BT HRANZ ISR VCC21 BRI /N A 5t 35 IR 8RN Ty vk 61

35 AR R T AR 28.7%, T HA AR
Vi W) 3 14 B4 77 345 kg/hm?®, 7 48 [ AK 20%~50%,
PR AL B L KV R i O ENE
BT Z —, WR/NERHE G R AR B
JoihaE i A . R R E AR . E RIS
1%, AR R B R, N
MMEEY AR ET 0 BUKMHE /NG 483
T EADCAEBOREL, WACE YRR, Rl
FERDr= i T, HAZBiHE R, 7™ a0 iR
K7 ik v R R st T AT R R VR AR K bt
PE, WMEEIEA T SEM RO C G E R R4 R 5
i HsRAEYbLEe T, R . Bk, K&
Fis Y A b ) /N2 K 38 RN 396 R 4R R X T 5
WA R BTG . S PEASG B R, b e &
PR B OCHE

A N B 38 2o ] A DAk T T R N B R )
IriEsiam B R . FUMR BRI, CafEs
PELRW LWL, ETIRESIMEAILZt
Tk P4 B H () 5 3 1 3R AR R AE R DUV E X AR AR 9
FAE Py e J7 T o R BT T, FERME A
FHBER BV o B AR 0 R JE ABLZ St ]
18, G55 B IR L FINLAR 2 2] $2 10 A /N A2 (B R
WOk, #REFWMN T LM EE G 20~40 cm %5
[i1] 73 B 2% 22 5 ik A B B4 /N 22 800K T FROR B o
o BAKERAE M AN R 25 (8] 43 BT AP
AGRHLES 0k, BRI, SC /A
RIXEREE I, S5 FRWIGE G 2 IR R A S )
ML (Support Vector Machine, SVM) 45 %Y ¥4 7 f1t) /]
22 AR T FR U O T R ARk R SR A, A SRS B AT
ik 95.6% . 45 G IR BE A B AR 28 I 4% RN 22 53 EIR
Fe AR AEAE Wy IR 5 A2 Wy N A4
Z . #ltn, RANIZE " 454 VGG (Visual Geome-
try Group) 16 ARSI HLHI LI T /IVEA 1 Kk
EIBW, IEHIRILE] 98.25%. WU % " Fil H Mo-
bileNetV3 (Mobile neural Network Version 3) Al
ot 5 A Ghost BEHL G FUHE & i3 (Convo-
lutional Block Attention Module, CBAM), SZFL T %
95 T 2 IR B AR R R AR TR, IE AR
IBEN98% LA Lo XTA % 1 FHTm G R L4
2 BRI SEIE T A2 K B R EE M IR, SVM
TR IE B R GA B 95% LA o XTA %5 ) I AT I
FEATE R = T I X B K A T iR E i T
WY, S5 AR WG BRI R AT AR 4 b AR A5 G 1S FRAE
FE AN [R]5E 7K Jolk30 P2 B2 3 i A 50 25 . B Al

1 B BT AL T 15 AN Transformer B, 4 44
T AN PR RIS WA IEFIRIL91.78%. £
ek EMG AL & T B RGO EE S B, AT LS IR
SRR EE A E ST MERR B AE B A T A
Rl LIU % Y7 255 0 AWLE G iE UG AR 24 )
R4 A AR IR S I U AL BTl SR R I 4y
TIE filA AT LS BRARIR G S U0, U 1 A R A E)
96% LA I HAO % " FIFH Jo AHLZ 61 Fil Sy
RSB/ B ARG, AR T B G R
TIE H B R 3 36 X5k 5 i R X 3, mT 39 331 8 2 %) i) At
B, HRTZA RN 60 G A 2 )
B FE A7 /N2 Tt 7K W3 AN 000 ) 5 SRR A R 5
A 41E

AW TR 455 T AL Z i B VGG21 #i A
Fa T K M AT JE /N R R AR, L
A PN 25540 4538 1o /DN 22 $5 70 A AR it P e A 8 4 9
HRE, FIHEANRE /N WSR2 EIE;
H VGG21 A5 /I8N 32 50 /K k3t A0S [ 98 42 5 it
R R 5 3 ot TR AR 5 R st 6 SR X L
M, ZEA M VGG21 AT 7N 32 357 7K k3 Fn i 4
RN O A PEBE . X I R AT RN R
SN At ST IE S N

1 HIFESLAIE
1.1 HIFBHEE S 418

/NFE FOK 38 R U T 2025 4R /N AR K
x5, TEVLAE R B A B H 1T, 5 AT
b4 32.03°, A4 118.87°, ki Fhm % 25 filds
22 39 JRVLIVE EHES R, ARz W 1y
R, BN 132 em X 81 ecma~1 m’,
TEAEXE A, AR WA AR, B AR ET ] 2024 4 11
H 6 H o 53 FE /N7 35 -l R A0 ol - o I )
ATHUK AR . W R K, fREE R
AbFARFRAS . BOKBFE 45040, 10, 15 do 5t
K3 dE AT IRES, TS B REAR A (REAE
WO+ PR R AR ) RN LR 4R (SR +
BE) 2R, AR 1 R, 144
SRR, RN 3ANEE A L X R i T A
FERFIAR R A T, DL 5 A R R KR )
R

T 56 0 1e) A K SR R 4 Z263E T AHL (DT
P4) RENFHZEZICERIG . DI P4 E—3KHA&
Z % AR T Re A An C AT R . M AL A5 6
CMOS GG iddn, Hri, 1 MR ELBRGH T



62 BEAN (FPIESL) Smart Agriculture

Vol. 8, No. 4

H1 DRk RS R
Fig. 1 Wheat waterlogging stress and regulatory

measures experiment
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Fig. 4 Results of waterlogging stress and regulation experiments during wheat jointing-heading stage
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Fig. 5 Results of waterlogging stress and regulation experiments during wheat heading-grain filling stage
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Table 6 Performance of CK, waterlogging stress, and silicon fertilizer regulation recognition model based on VGG21
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Fig. 6 Confusion matrix of VGG21 model for CK, waterlog-
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Recognition of Wheat Waterlogging Stress and Regulation
Effect Based on UAV Multispectral Images and VGG21 Model

LIANG Wanjie"?, LIU Xiaojun'?, WU Qian', SUN Chuanliang', LEI Tianjie”,

XU Deze',

ZHENG Xingfei*, ZHU Guanglong’, TANG Quan'

(1. Institute of Agricultural Information, Jiangsu Academy of Agricultural Sciences, Nanjing 210014, China; 2. School of

Ecology and Applied Meteorology, Nanjing University of Information Science & Technology, Nanjing 210044, China; 3. In-

stitute of Environment and Sustainable Development in Agriculture, Chinese Academy of Agricultural Sciences, Beijing
100081, China; 4. Institute of Food Crops, Hubei Academy of Agricultural Sciences, Wuhan 430064, China; 5. Joint Inter-
national Research Laboratory of Agriculture and Agri-Product Safety, the Ministry of Education of China, Yangzhou Uni-
versity, Yangzhou 225009, China)

Abstract: [Objective] In recent years, global warming and increasingly frequent extreme precipitation events have intensified waterlog-

ging stress in agriculture, establishing it as a major abiotic threat to food security.To achieve scientific and precise control of wheat wa-

terlogging disaster and increase yield, a rapid, accurate, and non-destructive method for identifying wheat waterlogging stress and reg-

ulation effect was proposed. [Methods] Field trials of control (CK), waterlogging stress, silicon-fertilizer regulation, and amino-acid

regulation were conducted during the jointing-booting and flowering-filling stages of wheat. During the experiments, unmanned aerial

vehicle (UAV) multispectral images of the wheat canopy were collected using DJI P4 Multispectral. The multispectral image had five
bands, namely blue (B), green (G), red (R), red-edge (RE) and near-infrared (NIR), with reflectivity values of (450+16), (560£16),
(650+16), (730+16), and (840+£26) nm, respectively. At the end of the experiments, grain yield was measured for each treatment and
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used to evaluate the effectiveness of the regulation measures. The multispectral images were processed, which included radiometric
correction, geometric correction, image alignment, segmentation, etc. Then a dataset was established that includes four categories:
CK, waterlogging stress, silicon fertilizer regulation, and amino acid regulation. The stratified sampling was used for dataset partition-
ing. According to the ratio of 7:1.5:1.5, all original multispectral images of each category were randomly divided into the training, val-
idation and testing set, respectively. Then, the original images were segmented into data blocks of 48x48 pixel size for model training
and testing. A wheat waterlogging stress and regulation effect recognition model using visual geometry group (VGG) 21 was estab-
lished by adding convolutional layers, adjusting the convolutional layers of convolutional block, replacing activation functions, and
optimizing model hyperparameters based on VGG19. The VGG21 model included 4 convolutional blocks and the convolutional layers
were 3, 3, 6, and 6, respectively. To verify the performance of the VGG21 model, the accuracy, precision, recall and F-Score of the
ResNet50, Swin-Transformer, VGG19, VGG21, and VGG23 models were compared under the same conditions, and the confusion ma-
trix and Grad-CAM (Gradient-Weighted Class Activation Mapping) were employed to evaluate the CK, waterlogging stress, and sili-
con fertilizer regulation model. [Results and Discussions] The performance comparison results showed that the VGG model performed
better on multispectral image data recognition than the ResNet50 and Swin-Transformer model, and the VGG21 model demonstrated
the most favorable overall performance. The comprehensive analysis of model recognition performance showed that the accuracy of
the VGG21 model was more than 91% for silicon fertilizer regulation and waterlogging stress. And the precision, recall, and F',-Score
for silicon fertilizer regulation samples reached 96.42%, 89.53%, and 92.85%, respectively. When the silicon fertilizer regulation and
stress recognition model was used for amino acid regulation sample identification, the accuracy, precision, recall, F',-Score were com-
parable to the amino acid regulation and stress recognition model. A recognition model for CK, waterlogging stress, and silicon fertil-
izer regulation was constructed using VGG21, and the precision, recall, and F',-Score for silicon fertilizer regulated samples achieved
95.13%, 88.71%, and 91.80%, respectively. The confusion matrix of the CK, waterlogging stress, and silicon fertilizer regulation mod-
el indicated that there was a high proportion of misclassifications between CK and waterlogging stress samples, resulting in a low ac-
curacy of model, which only reached 77.45%. The heatmap analysis results of the CK, waterlogging stress, and silicon fertilizer regu-
lation model indicated that after passing through the fourth convolutional block, the concentrated regions of the output features for
misclassified CK and waterlogging stress samples became more dispersed, and even disappear. The CK and waterlogging stress sam-
ples with unfocused region heatmap accounted for a large proportion in the dataset, which led to poor recognition of these two types
of samples by the regulation model. The comparison between recognition results of VGG21 model and the yield of regulation experi-
ment showed that the silicon fertilizer had a better regulation effect, and the wheat regulated by silicon fertilizer had significant spec-
tral and image features with high recognition accuracy. [Conclusions] The results demonstrated that UAV multispectral imaging tech-
nology and VGG21 model were feasible and useful for recognizing waterlogging stress and the regulatory effect of wheat. This tech-
nique could provide theory and technical support for integrated waterlogging management of wheat and for refined, intelligent wheat
production management. However, the quantitative relationship between the identification results of regulation effect and yield was
still unclear. In future research, it will be necessary to quantify the increased yield of regulation measures, and then use statistical
methods to quantify the quantitative relationship between the yield-increasing regulation effect and identification indicators of recogni-
tion model.
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Foundation items: National Key R&D Program (2023YFD2300300); Key Research and Development Program of Jiangsu Province
(Modern Agriculture) (BE2023302)

First author: LIANG Wanjie, E-mail: wanjie.liang @163.com
*Corresponding author: LEI Tianjie, E-mail: Leitianjie@caas.cn



