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PR, ASHIE T ARG P B AR LU ] 0 T oK x5, AL
“AeiEis” SRDK S S R AT, RGIR TS
Ja R BARAR (0 5 AU A, TR BETAL
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VR B A LG T 22 4 J5E it 4 B ) 4G i
B VAR R LR P B R e S S KU T
R —MREA . S ERIE BRI .

1 #R5EZ%
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FoK, 2024 4F 10 ABCGR T2 B=Z M oK OB
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SEMNE A, T E Macklin 355 A 7
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70 SEEG EM RS, RIS MRIHAS A AR A Fl s GZ008
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12,1 REEX G 2RED G EE

cHE GB 1353-2018 (H oK) Awite, i de b RL v i 11
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Vo8 i B A T RBIF W AW oKk R W, 7£20°C. M
SR (relative humidity, RH) A 70% &1 FH:9%, H
BOFF R R A H IR B R IR AT DL B B s R 7 () H
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BAEEHN 0. 20 4. 64 8. 10 Al 12% Kt 55¢
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Fig.1 Flowchart for simultaneous detection of maize mold
infestation ratio and quality prediction
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Fig.2 Acquisition and correction of original maize kernel images
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Fig.3 Image processing and segmentation of maize grains
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TEXT FRAFRLEAT G o Efa, o n Bk 45
(1) 100 A58 B K UG IR IEEAT 3R B . AW 3L T
BOKFFRIE) 48 NG HRFAE, A A HE 24 A BREERAE |
5 ANGUHFRE LA 19 NMESFEE. Rk EEH 100 M
WL KA AL BAFAE~F B 1% BUR IR -
1.4 HIENIE

FT A KL i o s R B 3 A 3 Wk, [ A
Excel 2021 #H47 4 &b 22, f# A GraphPad 8.0 22 [&l, fif
F1 SPSS 27.0 %F #H 5% #0 48 2 AT % 7 AR 2 M 4,
P<0.05 X HAREEER.

2 BREHH

2.1 FRIBZELLHIEKKBGEEERBRER
2.1.1 REEE A 2R KEAE B K5 AEF T
TK G5 5 W SRR AR ) E R R, ARK B &
SR RS T K IE AN A7 2 A i o, il s s, B
HEA B RIRIN, K AE KB AN AL A 32 )5 K
SEENLEEEZER (P<0.05). Hrh, KRB
WET, BRK&EAMEE ETHER, JAEBHEIA
B 2% I, KSR (14.755%) HEEE 548 2 4 bRk
(14%) . MHELZ T, BEEZZLEIRAZIL, BEEEEHL
HERIKI & EBE BN, 4EFTE 12.207%~12.772%
Z I8, ¥R A E R A AR E . X R 2R K
ER IR — 7 T NIE T & W AR WSS, 5y T R
T BKKFRLIRIRAE 71, i FEUK > KER R, i
TEARVEFE (Bl BRI 264 R, K AE LAMRISOK 43 FFRE
Ko E B AR A e, peAh, AR R IR AT REB IR
FORFFRLR B 5k, G INILIRRE T, FEAAE mig IR
BRI R, P T KBRS 5 KK 4
RN T

17 — —+— /K Waterway
—o— [ifi % Land route

7K 434 B Moisture content/%

0 2 4 6 8 10 12
F7% HeAFiMoldy proportion/%
Ve MRERR, RRFRRRER BE (P<005). FH.

Note: Within the same category, different letters indicate significant differences
(P <0.05). The same below.

A5 REEEWSA EKRGKSSEE
Fig.5 Variations in moisture content of maize with different
moldy proportion
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P 5 T 0 3 10 B P T I 1 W KA, RN B AR 5Lk
(3R B IR e B2, AN A8 R 2 I R W R, Jn R
THER %A, BAME, EKBEEAET, HELS

EEBIAN O 38 2 12% I, KGR 1 i1 53.618 mg/100 g
WE A 84.218 mg/100 g (P<<0.05), MEIL 57.070%,
H 4 2 78 L A5 R 4% B IR D B2 %5 T 65 mg/100 g,
BB EAPRAS: 7R L, BRI 0
WA 12% 8, A5 Wi R i 51.978 mg/100 g & & T+ &
67.070 mg/100 g (P<<0.05), M41EHy 29.035%, H %73
ELBIE 10% B AN EARIRE (65 mg/100 @) o %45 FE
Y, firis i R R AOR, ORI R T R A b TR AR,
SR AR s, XA R TR T R [ T SR
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Fig.6 Variations in fatty acid value of maize with different moldy
proportion
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P B8 SZ W AR, 5 BRI Y I 4T R PN 1 AR A R A
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2 12% B, KB R oK 3 E M 16.800 uS/em 2 F F+
EiA 23.244 pS/em (P<<0.05) , M iE A 38.357%; 1M
il 1% B 400 4 R OK 1) T R 16.237 pS/em B E T A&
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Fig.7 Variations in electrical conductivity of maize with different
moldy proportion
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I HIRAE 20 AN [R) i B 1 25 38 ORI S8 8 FOKRFEAR
K%, FAE RS EE N 0.001 g B LT R0 50 B 6K i
Hit. I OpenCV Xf BUEHHTAZ IE 550 %, $REUEELLFE
AHSAR R, 2 H) KB = 51 R A A A
RARMERAIA ik, W 8 . LRMEEIA MR,
SERE TR 5B FOK I T & 515 2 1 AU 2w 2R A
5, WRERB (R 73H14 0.997 F10.980, KA LAH
B E TR MR KRR . TR & 514 5 T FH
A G B 5 R 5 R 5 R
Y, =3.250107x, +0.015 (5)

Y, =2.310x 107 x, —0.071 (6)
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25 —
sl 3=3250%10°x+0.015
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Fig.8 Correlation between maize kernel pixel area and mass
222 REF IR ML
6 IR JBE 2 SIS TR AE I R B R vEE A R AR AL Hh 2

AP R A 2 Wk 9 Bz . £E 100 JOEARII 2R id
o, VAT A5 R f) I R 1 28 e v, XD HE SR HH TR Y
Transformer 45 14 B 2% i) 4= R RFAE SR BURE /7, BEBE A 2R
BB TR AR, DIl 2, VIT BRI S
ety 1E 40 DI ZR A HER SRR IR T 2 98%, R4k
PR T PRI e s, RR I RAENZRd R ik
HPLE A BRI A IR, &, VIT BEALIZRitE
R IA 99.146%, #KFRELE 0.02~0.03 Z [,

100 -

X
E, 90
£ ) ViT
= o 80 /J — Vi
£ § / — ResNet50
ﬁ 2 70 DenseNet121
\%\ ,OED — EfficientNetB0
£ ool ShuffleNetV2
= — MobileNetV2
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ERIKEEpoch
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a. Training set accuracy change curves
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09| DenseNet121
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Training set loss
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Fig.9 Comparison of training processes for different models

TR RL A AR BB A 25 Rk 1 o ViT
MR (4D KR (P, ARZE (R) FF1 4
¥ (F1) 20514 99.00%-. 100.00%. 98.00%- 98.99%,
AHLL ResNet50 #5574 43 5 2 F+ 3.00. 5.77. 0. 291 N F
43 i, A b DenseNet121 5 & 73 5l $& F+ 2.00. 2.04.
2.00. 2.03 N4>, ML EfficientNetBO £ 74 2y 42 T+
6.00~ 6.12. 6.00. 6.06 ~F 45 &1, #HLL MobileNetV2 1
ALy R TE 7.00. 9.62. 4.00. 6.83 N 4> A, M
ShuffleNetV2 #: % 73 5] 2 7+ 10.00. 8.51. 12.00. 10.35
AN R AW FUAE AR s A S5 44 IR Al R & AR
L AE T R AT T YANG 0% (B 58 (HET R N
98.94%) , = B2 K Y AHIE 5T AN £ xf 58 Bk b5 5 AR kL
FKEXK.

R EENTHEER

Table 1 Model evaluation results %
F7 Model A P R Fl

ViT 99.00 100.00 98.00 98.99
ResNet50 96.00 94.23 98.00 96.08
DenseNet121 97.00 97.96 96.00 96.96
EfficientNetBO 93.00 93.88 92.00 92.93
MobileNetV2 92.00 90.38 94.00 92.16
ShuffleNetV2 89.00 91.49 86.00 88.64

W A RRUERR, PRRRR, RFRBREZE, FI R FLES. FH.
Note: 4 denotes accuracy, P denotes precision, R denotes recall, and F1 denotes the
F1 score. The same below.

223 EE e FmRiE

R T BGAEARTE TN £ KB AR LB R R, AN S
BT 6 HAKFEARBATIG, 524 1% B E AL L 2% 1)
BhFEIBIY . 6 ALIE (1) oK B AR L) 40 ) SR AN T8k
AR R SRR ) VAT, T B A LR E S
o, SR WEE 2 Fror, 7F 6 AR, TS K
S 46 1R ZE AT 0.32%~0.75%, 73 4660 1R 24X
0.52%, FBIZITEEA R RR I EOK F AR H e
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PEfg. Zib, PHRIIVE W SCILE AR LU R SR R . o £33 EREGIFESKMEEE RRAEXME
T, fE e e 5 ME, NI H A Table 3 Correlation between maize image features and quality
BN, HETE = R o TAERCER, b N
MK Rt T HESN T A, during water and land transportation and storage
/K% Waterway [t #% Land route
%2 HIBTHHRMTENBTLGIZENMF oy HE gy HE T
Table 2  Error analysis between actual and predicted moldy N : Image L ; L g ;
H © feature  Moisture Fat-ty Electrlp a.l Moisture FatAty Electrlf:gl
proportion % content acid conductivity content acid conductivity
e HEAR ] Tt a5 A He A5 xRz i value value
Nlo. Actual mo;dﬁproportion Predicted m2018d§/ proportion Abso(l)u;&; error 1 E{FEE —0870 -0.749 —0.765 0020 —0.615 —0.033
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4 8.29 7.75 0.54 3 RIBERE -0213 -0402 0402 0332 —0.733 0492
5 10.41 9.87 0.54 4 RIBEVE 0115 0169 -0.319 0455 0670  0.626
6 12.25 11.67 058 G iEiE
5 S 0.746  0.822 0.715 0.077  0.081 0.007
4 M s— O fed =N = N
2.3 ETEIRFHIERN EARMIE R RIUNRE 6 *Gf%*; 0798 0730 0733 0130 0095  0.077
231 ERERATIES KIS S RAEAT 440 KM AT 7 GIBEAE 0108 0218 0270 0156 0248 0213
NIRFTANEAFIE 5 B K32 5RO N 7R R, I 8 GIUEWET 0064 0002 0160 0020 ~0.086 -0.108
SPSS B AR R B 48 A ERRHIE 5 38 Ja K A7k 7> g B
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SR AR SRR BRI, e
53 TR DK B 5 i 02 I 4 Bf 1 2548 TR ATF .
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Ko E AR RAE A B BB AR IE S RIBIER K, X S @il

17 -0.099  0.121 —0.662  —0.024 —0.029  0.081
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Table 4 Screening results of quality characteristics for maize during waterway and land route

K% Waterway

[ Land route

s KGR TS

Moisture content

Hi T AL

Fatty acid value

Electrical conductivity

KNG

Moisture content

RE iR A
Fatty acid value

EEs

Electrical conductivity

1 RiBEMAEX (-0.880) RIBiEFRAEZE (-0.893)

2 SHEEARMEZE (0.742) GiEIEFRHEZE (-0.730)  BiEEARMEZE (0.692)
3 LliERHEZE (0.663)  HIBIEFHME (0.338) HIBEETE (0459
4 [FF M (-0.560) / /

5 L#EEREE (-0.504) / /

6 1 (0.429) / /

7 ROEIEIERE (0.115) / /

S EERHEZE (0.864) /

WK (-0.871)

REERE (-0.733) BIEIERHE (-0.780)

B liE- A (-0.386) S ililEFRAEE (-0.451)
/ /

WK (-0.836)

~ — — o~ ~— ~—

/ /
/ /
/ /

X TR A IE R AR, RIS i 5 KK 7 & K
N, BHIRF G E AR HE, MO EE LK 43 R A
B JRITRRE S B SRR & Tk 3 DN OSERE, 7
AN R RIEERE. B I@IEE LD
MK, BlEME., SEEMRMEZ. Hd, WHREE
KAEW IR pr g N, — 2D I0E 7 AR B 2% i
18N RIS TRR I E M
233 EOR SR FURAEA M AL IR

FET 0 J5 R E 4, 20 IAe 22 Je 2 1k [m] A A
AT E K I S L FE bR . BUPR AR AR IR 7:3 KA Nl AR
Mg, 2R 5 s,

RS KPEEE ERMBRTUNARB R
Table 5 Performance of maize quality prediction models in
waterway and land route transportation

SRS RE 7K Waterway [# % Land route
Quality indicators R* RMSE/% MAE R* RMSE/% MAE
Koy
Moisture content 0.859 0.392 0.345 / / /
Haﬂﬁ%ﬁ{ﬁ 0.955 2.219 1.845 0.930 2.357 1.986
Fatty acid value
GRS

Electrical conductivity 0942  0.573 0463 0.937 1.379 1.242

£ R FORUGEREL RMSE FRB iRz, MAE R ARz,
Note: R? denotes the coefficient of determination, RMSE denotes the root mean
square error, and MAE denotes the mean absolute error.

TEIK PR AIE 26 AF T, 3 i & 5 Fi A 1 T0I00 A5 2R 1)
BURAF: KSR, IRIREME SR RE R (RD
2319 0.859. 0.955 A1 0.942, FHIEA B AL KIS
S5HGE . o, IRIFERME Mk E RE (RD &,
T R, BB TRIRZE (RMSE) 5484t
w2 (MAE) AN K, FERFE T ZIERA S &E
REL

o BE A L) FOKAE R kit i )5, HIRNRES S
SR AR R 43 Hl3E 0.930 5 0.937, RMSE 45 4
N 2.357% 5 1.379%, MAE %3 5~ 1.986 5 1.242,
—BIGUE T Btk B ARRAE X B 08 i AR AL A RGR TR RE
J1, BRE & RUF RS S SN, R RE R
o R C A R AL T A AR S .

24 EXRETLLHISHEIERRE S TN KB 5

AHIF ST H A T A B A LA ARG 0 5 o 5 D25 T
%, R T ARG AT S5 SN, IRATZIE T Bk
A I 5 A S W EUR R IE 2 R N TR R &5 6l
ORI, WIAE B AR AMUAE N E ORI A AL BB, B2
Tn3EE it iz i FE o i o B Ak 5 4 IR R A A O s TR, B
PRSI 9 A 17 18 A 5 H 5 56 o A L A9 1) 388 o v 235 |

Fto MTEMSE)Z T b, AR LGB 3G N2 51 B oKk b
PSR AE IO IR M OO, XA IR EDE T AgiE RS
FMGHFAE (AR S ME BT 45 S fE K% iR A B, &
AR LG 36 0 3 2 S B R OR AR AR IS L KR [R]85
SR ZERAR R, DR ROEEFRHEZE . S Il TE AR ik 22 55 2
IR S SR A S RN B3, MifERG AR, &
A 5] ) 2K 7K 4% 4 W) BV 2% B R R A IR ST B 4D
IRl L0 S0 T K S5 T AS R AIE 5 0 T 48 b TR0 A % 1 e i 3%
(R 3. FET LIRPLE], AOFFCLLE GETFHLRE M 5
g G AE NG — N IR, — 7 A BB RS
VAT VR B 5 ST B RO TE B U oK AR b, 55—
77 T DA 22 Ju 2R P [l VAR A, 0 348 S R OK EMERFAIE LA
TR N TEBIE IS S R o X — VAN T AR -
PRGEARFAE- S R T 1 — AR A K R VP AESE, Ak
AR B Jim ik FE v ) R B e e sl S iRt T RoR S

BT FRVEANNESE, A7 VAR & SE PR s A A
% R RE AL SR Jy . B BT 7T R R R
PR E WA HEIL S (AR EEEEND W
JRBRME, AT AT I CL I A T AT N R —
JiTH,  WTH R R N A BOTE E R S bR TS B A
ICFERE A8, DABR M B 406 T4 5 —J5m,
HE— 2 5] N S2 ) 43 E)53% (40 Mask R-CNN. YOLO %
I, DLy IR SEBR Al 37 5t R oK AT R 3 S 5 R 1
X

3 & 8

ASCE B K AU IE” KRGS, 4
ERBETHLRMG AT .. VIT IR 2 SR 5 £ ou 2k 1 [a)
VAR, SEl T oK AR L Ap) JE A5 A I 5 i 32 R ) [
ST, 3B EEL R

D S5 R E PSR KM SRS . 7=
PIKEE KA T, FKRMEBSEERE: KysEEsEL
L AIA 2% B B R Ot [ 5K 2 sl (14%) 5 &
KRG 0 35 12% B, HARIRR{E S S 2B
GE1E 23 ETE 57.070% F1 38.357%, it T b s 44
EIE (29.035% 55 27.714%) ;

2) BT VIT IR IR ARG IR A S KRG R
RS bR 8 R R AT o Ag FE RSN B AR L], KR L
KIHEZE (4) &L 99.00%, TIM{E 5 252l 1-F 1
At iR AN 0.52%:;
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Image-based detection of maize mould infestation and simultaneous
prediction of storage and transportation quality
WANG Zhigao' , LI Liubin® , XU Ying' , JU Chenghui® , HE Rong**

(1. College of Food Science and Engineering, Nanjing University of Finance and Economics, Jiangsu Provincial Collaborative Innovation
Center for Modern Grain Circulation and Safety, Nanjing 210023, China; 2. College of Life Science, Nanjing Forestry University, Nanjing
210037, China)

Abstract: Maize is susceptible to rapid quality deterioration and fungal infection due to complex environmental fluctuations
during "North-to-South Grain Transfer" strategies. However, conventional detection is often time-consuming, destructive, and
labor-intensive under different storage and transportation environments. It is an urgent need to non-destructively and rapidly
identify the mold ratio, and then continuously predict the quality index. In this study, a synchronous prediction was proposed
for maize mold ratio and storage/transportation quality using advanced image processing and deep learning technologies. Maize
samples with a controlled gradient mold ratio ranging from 0 to 12% were selected as the research objects. A systematic
simulation was conducted on typical temperature and humidity environments of both waterway and overland transportation
routes. Key quality indices of the maize were measured to quantify the deterioration rates in the simulated storage and
transportation periods, including moisture content, fatty acid value, and electrical conductivity. Simultaneously, maize images
were collected using a standard smartphone. Digital image processing was also integrated with the Vision Transformer (ViT)
deep learning model and statistical modeling. The mold ratio was then detected to precisely predict the quality indices. The
results indicated that the high-humidity environment of waterway transportation accelerated the deterioration of maize kernel
quality (P<0.05). Specifically, the moisture content of the waterway samples rapidly exceeded the threshold of 14% in the
national safe storage standard when the mold ratio reached 2%. In contrast, the moisture content of the overland transportation
samples remained stable in the safe range of 12.207% to 12.772%. Furthermore, the fatty acid value and electrical conductivity
increased by 57.070% and 38.357%, respectively, under waterway conditions, as the maize mold ratio increased progressively.
These deterioration rates were higher than those under overland conditions, indicating the lower increases of 29.035% and
27.714%, respectively. In terms of the deep learning algorithms, the ViT architecture achieved exceptionally high precision in
identifying moldy maize kernels, reaching an impressive overall accuracy of 99.00%. Subsequently, a Mean Absolute Error
(MAE) of only 0.52% was achieved, indicating the accurate and reliable prediction of the overall maize mold ratio. Visual
features were extracted and further screened to construct Multiple Linear Regression (MLR) models for quality evaluation. In
the waterway samples, the coefficients of determination (R”) of the prediction models reached 0.859, 0.955, and 0.942,
respectively, for moisture content, fatty acid value, and electrical conductivity. In the overland samples, the R? values of
prediction models were 0.930 and 0.937, respectively, for the fatty acid value and electrical conductivity, indicating accurate
prediction for the quality of maize during storage and transportation. In conclusion, the dynamic quality deterioration of moldy
maize can provide a low-cost, easy-to-operate, and entirely non-destructive pathway for maize quality detection. This finding
can also offer an effective and practical analytical tool to dynamically monitor quality and safety for risk early warning during
the complex grain circulation.
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