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Methods A total of 120 seeds from 3 common Citrullus lanatus varieties, “Ruixin”, “Langchao 1” and “Xiangxiu”,
were selected as experimental samples, and THz transmission spectral images were collected. First, a method based on
Sym6 wavelet transform was used for spectral denoising and image correction. Subsequently, correlation coefficient
imaging was employed to reconstruct THz pseudo-color images of the seed coat and kernel, and the DeepLab V3+
semantic segmentation model was applied to achieve precise segmentation of tissue regions. From the segmented
images, 9 morphological parameters were extracted from each of the seed coat and kernel, resulting in a total of 18
phenotypic features, which were used to construct a seed coat feature set, a kernel feature set and an integrated feature
set. Variety identification was performed using 3 kinds of machine learning models: extreme learning machine (ELM),
random forest (RF), and support vector machine (SVM). Results The coefficients of determination between THz
imaging measurements and manual measurements for the seed major axis and minor axis reached 0.830 and 0.916,
respectively, verifying the high accuracy and reliability of THz technology. In terms of variety identification, the
integrated feature set combined with the RF model achieved the best identification performance on the test set, with an
average accuracy of 88.0%, showed significant improvement compared to models based on single-tissue features.
Conclusion This study demonstrates that the THz spectral-based method enables non-destructive and accurate
measurement of phenotypic traits in Citrullus lanatusv seeds and effective variety identification, providing a new
technical approach for the evaluation of Citrullus lanatus germplasm resources and breeding research.

KEY WORDS: terahertz imaging; Citrullus lanatus seeds; phenotypic traits; non-destructive detection; variety

identification

0 35

O TR S 3 [ 1 i i e 2 5 e, 7E 3R 1 SR gk
FEATE S 2 R R E A, HT R SRR E ALK
W R A 0. FERFFAUE T E RO 84,
H A R RRPERANTER . RN )R A5 IR % 5E |
i R R IE T Bt L o AT I S fly . Fh e K &
BLOER AR R A S AR, DAL R O R R,
b R BVREAEAS AR 5T A 5 A Wy = o g S5k, ()RS
SRR RS IRG | E | Gk PR . B O A T H AR
Hit, AT REEATF R 5L 5 PR R X8 V5 M ED 38
FAER, XFEFD R R TRS o B B 2N N AT sk A AT
T LR, 30t S TG IR Rl R AR 7 S BRI A S 1T

SR, AESADT R BG5BT . A ik
TRV T B R IR TANBIE S B3R, k% & fh 71
WTETEAS | SRR B S) VG TR fiz HA — 5L B 4%
¥, o] WGAHALEE Tl AHBLAL BB R BRI T2 1H B €2 . &L
PGS AME B, Toik 283 Fh Bz BR300 2] 4 R B 52
AR GEEM . I, R F—FlHA B Ay %) T B
RS R RN ES, TFR, BAOEE AR
RIECPRE | SRR AE R TR AR s, AR ™ St A T €Tk 45
B S H AR EE WA, Hop, Kk
(terahertz, THz)U, RIHARRAG S8 | KBRS A8 80
P AT SR B AR 7 i DAL e SR A ARG 0 45
WRIWHE KNGS, SEEEEHNEGE. Ta

il

SMETESFBARMALL, THz HREWA R 2 04 AR5~ IR A 114
Fi e, HEARBUN AR S S8R R, Mk T HT#
BV | ALREPICRIZ R R, 5 X SHERERMLL,
THz 6 T RERRAR(ZY 4 meV), JOHLBHRIS, AR Fh1H
AHE A, TR X STER A REIR M3 FEAE B, T THz B
S8R {5 R A BE T o 4% SO ORI 11 B L, A T
LRMESHEEFEE. B, THz SR T F &R
TG HL A AL SR = A, R PR N AR AL
PRSI (Y AR T

HET, EANShEE TR THz BARTERN TR0 )5 1
AT T SR IIRER, AV LT THZ LB UG 1
ARFAERNF TGRS, $RBCFEDEREIF S Z R 26
RO, ST X 75 SR IR R RS BE 431 Taylor S50
HMH THz BUREEAR, 25650 K73 H SR M2 M 4, XF
RS AR AT HEAT 70 R, U T AR 23
BEROR . ST A OLRE T 1 e i A A R TR
KR T TARAEOIE ST, il 2R Fak PSRy 1 b
B, AT TR R, O AU i TGRS I Ty
PEACARME T 2% . TERh 005 S BRI b, Tiang SUTIR
1 THz SO 85 2000 2605k, MR I3 B BL iy /N4
HEATSE 5 Haog WIS THz IO S R AR,
ZEE MR BT, RSB TORS B 2R A S X TR
5 E A

PSP IIE T THz BEARLEAREUFNF N ET AT |
SER 5 SR BT AR . SR, BUA IR Z M E T
HIH THz Sl A7 B S5 BUE P2 26, B X0 7 A S



102 B 2 4 A D A 4R

FH1TE

TEFCRIT AN ER | 20 2 B2 i AT R I o S e o
PR A RIR T BTk 5E s b o DR, AR SR THz 4]
TR A N AME SRR IE A RAERBOT %, DL
XU IR TR EAR BORE B . o i il A ORI A

1 RS

1.1 HMREMEE

S5 BT FH B PE IR -1 B R R B SR AR ST F 5
B, BERAMRICHT . O RS EE R 1 5w B3 A
A FPE RIS AR SR AL IR IR 40 AL, JEit 120 RiFEA
A S T A R DL R S Ak L, ELA e A R R
BLMCRES FRA —EES, BANARN. SRR
S BB B R AR U R A B 1S5 B, A S, A
TR PR F R B4 . FERBIMARIR, S 5 R
E{EY R IETE 52 i AN L U T US4

TeraPulse 4000 THz Y% X (£ TeraView 23 wl): AL
TEUR 4> I Gt (attenuated total reflection, ATR)FH4: . B5f 38355 i
1% (time-domain transmission spectroscopy, TRA)HF
35 5 AR B
1.2 THz FiEEGRE

LI IR AT, AR AT IRAIS 30 min, PAFAIR
THz {55 5B RRRMEE. RERER, K& UG
PRSI E A 8 mmx8 mm, FaAKBEE N 200 um,
JHBR R G NTMEE, HRERESEESHEREY
WIS, 1 A 2o A ] Ak 38 A VG IO T 5 1 A A6 335 5 AR
PERATRR PO AL E . TR D L ST A
FEMHAETT K X5 YO L 200 um KR S 8, RZE
B4 THz I RS AR R 23 AL, M
RAE 8 mmx8 mm XN & 1B G
13 BIELESERGE
1.3.1 THz k# BEgEHR 2

EXF THz BHEOGIE AR AR 1 R 5 32 5 K IR AR
AR TR A, RS T/ M 25 e (wavelet transform,

(a) Pyl WOGIEE

W) 5 LA T 20 ol X 2 /N SR ARTE 1~5
JZ2 03 RO R 1 R G G S PP, B 2 TR BRI 1Y
Sym6 /N PRBCHAT — R AR . BE IR X e 9 O6TE
BRI AR RE, BRI G A R AL . 18] 1
Jr/R T T BT MR AR LU RCR, AT WAL 3 R EE R
A -2 1 A

(d) Coif5 (e) Bior2.2

(f) Haar

B BAEBEREA THZ B4

Fig.l THz image of samples after preprocessing

g IR A AT AR I N R g R 22 5, SR A OE
RBRG AR T4 LA THz BEUR . B EREA
B RAMEE SO S AR L SR AR GRS B /R A
KRB, AR 7 SR s B AR A BB 2)

Fi{~ THz EURPAEESIAMmZEIG, P4 X I
AHOC R BB AR, X F 22 P9 NR  BRESE, THz kb
FEZE B TR B R XS 5 il B e, ORISR
itk ARG IS A SRR EERRAIG, SRS A . Xt A
T 2 e T R JEE B 6 THz {55 i i s 21

EF X FE AL G A AR X0 SR . 55 R B (]
I, KT DeepLab V3+IE X HIBAI T A 3. K
WA, kG R ASR UL T OCH A . DeepLab V3+
BSR4 9% MobileNetV2 15 R8T M4, 454252
[B) G PR AL A T 22 ROBE SRR . YIRS B0 B a0
T AR R Sgdm, WIERF S FN 0.0001, HEARRECH
2280, HEEK/NH 1, 5 BRECH 2 AR BREL . DR i

0.9300 0.9540
0.8200 0.8403
0.7100 0.7445
0.6100 0.6308
0.5100 0.5350
0.4300 0.4303
0.3200 0.3255
0.2100 0.2203
0.1100 0.1100

(b) Ff B AR A

(o) FMZAHR AR

K2 ARARBUGREEM G THz KR

Fig.2 Reconstructed THz images using correlation coefficient imaging method



5154 Ay S SR ORBRAE P Y P IR T R B MR TSI 5 RS 103

INEEASE UG AU, SR T K/ R . ekt . A
B A 38 5 R o 43 I RCRDE A R AR R UE R (pixel
accuracy, PA)FI2Z I L (intersection over union, IoU), F'fZ
SYEIM PA Ol 96.69%. ToU g 91.3%, Fi{-4r%If) PA 2k
96.20%. loU Jy 87.3%.
132 HERABLRIRR

EToa#EN MR, PR ERA R, 55
I A R S R R LT 18 MBS RASE, W
JAK L EAR . KA . B0 I A WA
DI B AR A% . XS SR R T R I N AME S
FRE, T TR SR gt o b SR AU i) 22 4 SR A A
i L
133 AP A BER Mk o ik

HARFEN THz G SR 2 48 B2 B 28R BITE Y I
ol J5 S8 50 e B 1 I g, AR 9 R T SR IR R AR A
TR B SNSRI . BTG, A AT (R 4H SURRAE 1 2 )
TUHR, WE T AR . AR LR R A B A 3 R
fE% AN 4E . KEJS, & M) BR % >J L (extreme learning
machine, ELM)*! BEHL Ak (random forest, RF)*4H1 3 4%
] &L (support vector machine, SVM)?*! 3 Fli4 s b 2432
Ao TESNUESENS b, 4 120 DFEASE 3:1 LhBIREDLIR 2
YIZAEFIAR, IF 8 MR 2 S RIRPFAE R 20
WO DL 20 YRR T 1 4y FEUE R R AR TR A2 Ak
PERERYIRZAE IR, LALHR PRIT A 45 R A SE TR
1.4 HUEALIE

AW EHE AL F S GE T3 R EL R P THz )6
TS AL B K PG S A /E MATLAB R2021a Ji58 T 42
SCEL; DeepLab V3+ih X 4r A B FE T MATLAB Deep
Learning Toolbox #5#; RAVEHRE WS TT4rHT5 KR 2
{4 ] OriginPro 2021 (OriginLab Corp., USA); & 4 R
T H 5 B UEFE MATLAB R2021a Hh5E A%, R A A 4
SCELET ELM ., RF, SVM B3k, Geitsadrim, R
S FRB . B IR G 43 BT K THz 05045 B 56 UE (TR
ZH R, BT AR 2% (root mean square error, RMSE) | “F-1
%851 [ 47 LR 2 (mean absolute percentage error, MAPE)]
WTE ER BB R S R A BB TR R 20
WE K B 73 VI 2548 5 0 AR i 58 R iR SR s, 25 1
DL 2 3 ZEUER R (%) R o

2 GR55HH

2.1 MFREMRGE TSN

R LTS AN [ DY I ol 8] F) R B 22 5, AR P
R HOE S AT T RGOV . a2 BoR, A
b M P IR BRI EAR A AP 5 22 57 . sl s Kl
AT AR, HE— X PR 18 BRI R AT

Gt oy, R RN KM . SME . FE . Pz
B, bRiEZ . BRAE 6 MEER, Kb, TR R
SRR EORE R, AR 5 R BN 3 I g OB B . AR
WL, KB 18 AERMUERFERRZEERN
1.76%~29.87%. Frp, P miflS KRB R, AKRF K
JA L TR BRI A OGRS R B
i 10%, Jmd B R R XS5 R, R
PR SR A T SRR AF A 35 25 5, HLSR— U R
SHECEL S TERIFN TR e . I, JRIRZ4EE . B4l
SN RIS RUELE AT, XTS5 B0 PG IR 5 5% V6 A A o 2
ESHEM BAEENBELE L.

SR A ST 25 22 BV R 1A B S e e, AR o A e
IR AR S R BN AR B HEAT T HISEHE T, IR A R
AT AT AL R BL(E 3, BE MK P<0.05) 43 Ml R HA:
(WFhFRH . TR, Al 4 S B BAR 22 ) A AR
FIFMEER, UL ERRAERN R/ PHR AR ks 34—
5, BRI A, R R 4, (2)Fh i X
SR B 5 X A AT — g ARG, TR X R B
Iy DX A S AR DG, R AR R,
A ) R R (3) D Bz e TR A SR TR A k] ) A G
REIMLT 0.5, ZH(UETMLRKR . R RV, UK
SEANRF R R AVIC TR A R AR F RIS FEE, FILW
TR AR~ A 1 IR IAE R BUE W AT P B EE 2
2.2 THz RIGNEREELIELER

REUE THz RUR R G R R G AT AT S22, K
G A s 0 S e S T e A T
AR RS, g5 RN E 4 FR . ST AT (E 4a),
THz (5 N TS {E R — 3, A R 25
R*=0.830, ¥ 5 #liR2% RMSE=0.046 mm, V¥4 % 1 43
LhiR22 MAPE=12.39%, X FHhTih(& 4b), M —8
PEFE RS, RE3AF) 0.916, RMSE=0.028 mm, MAPE=6.63%.
WABHR A HE R RS EE |, BE#E 0, Xekg
RFW, EF THz BRI & vk B B B A R AT 1Y)
A, IR 2L T2 B, RefS T S i A%
ES N 5 8
23 ETREFMEMNGMENERSHER

SR PEA 22 24 B TE 25 2R AU AE 7Y TN ol 68 3] o A B
AWFSENTRD B SR IREURY 18 A FRBUHEAS BT IH—
A4 IR S 357 ELM ., RF., SVM 3 FlvE iR Bk, Scoipg
JIRR T AR S ] o RH R BB I PR 25 SR LR 2. ik 2 1]
N, HET RN R AR SR R 50 73.33% . 74.00%F1
79.00%, T Fh {7 F B AU HET R 2008 60.67% .
66.00%F1 57.33%, AR 80.00%, FEHHH—H L yFM
5 B L SE B S S RS



104 B 2 4 R A I A 4R ERVE
#1 ANMTFREMKEEST
Table 1 Numerical statistics of phenotypic traits of watermelon seeds
FAMEAR STN: 1 Ine/MA SRR ¥ FrfEZE 5 R EU%
J 140.93 112.500 126.400 126.700 6.2000 4.89
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[ E A% 44 .41 35.160 40.020 39.940 2.0000 5.03
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KA 4423 26.550 34.580 34.240 3.7400 10.99
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= BLE 0.85 0.161 0.541 0.518 0.1300 24.93
LRy 89.94 2.510 81.340 72.860 21.6600 29.87
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NS EA ) 0.0543 0.11431.0000 0.0712 0.1861 0.0360 0.0116 0.1973 — 0.60
VAN NEREY 09781 0.9996 0.90790.0825 1.0000 0.1682 0.1445 0.1714 0.0632 0.1626 0.1384 0.1826 0.1606 L 050
V\]Jﬁ‘f{ 0.1346 0.1760 0.0501 0.0219 0.0712 1.0000 0.8958 0.9096 0.1735 0.0443 0.1522 0.9001 ’
rafiEg;a] 0.1345 0.1674 0.0163 0.0073 0.0714 0.1861 0.1682 0.8958 1.0000 0.8733 0.8954 0.0135 0.0105 0.1625 0.9972 L 0,40
[ZSRRE:1] 0.1434 0.1435 0.0812 0.1535 0.1043 0.0587 0.0061 0.03600. 1445 0.9096 0.8733 1.0000 [JEZETHWEEL] 0.0746 0.0302 0.1255 0.8746
rSsEx] 0.1133 0.1707 0.0877 0.0631 0.1292 0.1714 0.8954 0.5794 03525 0.8992 0.30
ESFEREE 0.0126 0.0626 0.1213 0.1743 0.1668 0.1296 0. 0632,0.1735 0.0135 [(EHLNENER] 1.0000 0.1521 0‘19760‘0153
W{ﬁ,[}ﬁ 0.1695 0.1655 0.1578 0.1258 0.0002 0.0983 0.0003 0.0116 0. 1626 0.0443 0.0105 0.0746 0.0597 0.1521 1.0000 0.0774 0.0892 0.0027 0.20
Ij\] [E”Xj)j 0.2055 0.1365 0.0211 0.0793 0.1362 0. 1384 0.1522 0.0302 [1EEP£10.1976 0.0774 1.0000 0.9315
PN X 3 3] R 0.1804 0.0138 0.1299 0.1377 0. 1826 0.1625 0.1255 EREE] 0.0892 0.9315 1.0000 0.1613 0.10
V\] @E@ 0.1244 0.1598 0.0275 0.0066 0.0799 0.1973 0. 1606 0.9001 0.9972 0.8746 0.8992 0.0153 0.0027 0.1613 1.0000 0
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Fig.3 Correlation between seed coat and kernel phenotypic traits
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Fig.4 Error evaluation between THz imaging measurements and manual measurements
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Table 2 Modeling results using single-tissue phenotypic traits
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