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Graph Structure-guided Rice Panicle Skeleton Parsing and
Non-destructive Measurement of Key Phenotypic Parameters
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Abstract; The high-throughput and non-destructive acquisition of panicle phenotypic parameters is a key
step in rice breeding and phenomics research. To address the limitations of traditional manual methods—
which are inefficient and destructive—and the poor flexibility of existing image-based methods that rely on
manual priors, a graph structure-guided approach for skeleton parsing and non-destructive measurement
of key phenotypic parameters was proposed. Firstly, building on the YOLO v9 framework, a more robust
key point detection model was trained by incorporating mixed-background data augmentation and a Wise —
TIoU (WIoU) loss function to improve the detection of panicle nodes and neck nodes. Next, threshold
segmentation and thinning were applied to panicle images to extract skeletal structures and construct an
undirected graph topology. The detected key points were then deeply integrated with the skeleton topology
to classify key point types and assist graph-based algorithms in automatically identifying the rachis,
primary branches, and secondary branches. Physical scale conversion was achieved by using a calibration
object. Experimental results demonstrated that the improved detection model increased mAP for neck
nodes and panicle nodes by 4.5 and 2.4 percentage points, respectively, compared with the baseline,
while recall was improved by 7. 8 and 4. 0 percentage points, and the correct detection ratio of key points

was increased by 4. 6 and 5. 0 percentage points. In structural counting, panicle node counting achieved

Wk H . 2025 -10-01 &[] 0 #]. 2025 -10 -20

E4WE: ERELSHAITRIE (2023YFD1501303 2021 YFD1500204)

EEE N AR (1979—) 5, 802 11, 2N F R A TG ARBS, E-mail : zhouyc2002@ syau. edu. cn
BEEESE: TIE(1980—) %, Hill, F 2N G F 2 5 R F B AL AR AT, E-mail : wangjue@ syau. edu. cn



%14

J ) A T E AT 00 R RE B A AT 5 00 B W 2 BTG R N 1 T vk 93

zero error, and the mean relative errors for primary and secondary branch counts were within 0. 39% and

2.38% , respectively. For dimensional measurements, the mean relative errors of primary branch length,

secondary branch length, rachis length, and internode length were controlled within 3.2% , 7.5% ,

3.1% , and 5. 2% , respectively, with mean absolute errors not exceeding 2.9 mm, 2.3 mm, 2.3 mm,

and 1. 6 mm. The research result achieved automatic and non-destructive extraction of key rice panicle

phenotypic parameters, providing a viable technical solution for high-throughput panicle phenotyping.

Key words: rice; rice panicle; phenotypic parameter; graph structure guidance; target detection
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Fig. 1 Imaging platform and rice panicle structure diagram
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Fig.2  Overall technical framework for extracting key phenotypic parameters of rice panicle
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Fig.4 Rice panicle skeleton extraction process
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Fig.5 Schematics of rice panicle skeleton topology
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B #EAT SCBE BN RE o B B = (1) 9 % A5 B8 I 4R
PR T 04T 5GBS G 0 5 75 30 1 4G D AE 46 5, e
FEARGIAE AL 5 AR b5 b, = (o, 20,0,) VEARE ¢
G s, B B =1{(b,,c,s) 1 B, WP B,{#EH
BT AT 2500 B ST AR U AE , 25 A7 A2 2 B 2R A
AR, D) AR B 5 A R, 0 MR e, i v ARG T AE A Ay il
ET b, BT RHMEEGRS AR EREBE R
I, b — 2Ll i T, 2 H b i S s B A AR P AL T R
b, P DU 2 g ) SE D B SE T (AR i L 92 o
HMBTGES VITTR. N THERR IR T
PR B AR i i B Ao FRUGE DT B, 48 HUIT A 2K
T3l D R ARSI A o 2Rk D3 N RE TR AR AR VR A
A — T AL A P ) 2 S Ry R Y AL, R
T mES N, HWE VI TE, N AR
SN R R B 23 S
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TR 2N TE I G LB YRR
Ml ¢ BN 0 SRR N, B R A e B A
T, 3 Bk — 20 0 4 b o b, 2 AT RS AR A — |
RO 19 70 5, 3 T 3 HORS R SC B R T S 40
2.5.1 R

TN A G R R IESE X N R
8N o Dijkstra 503% 3150 HC B ¢ o %
o, AR T AR A WAE o PN, ), oo 28 8o e e
TN S WmiE. Kie ¢ mos sty s N,
TG RENT ¢ BN, BB AR TR S PN, ) XTI
F0 1 2R R B 1 e S 0 R 1 S R 1 R ) B B
M T AR S A, & N T RE Y A R o O B g O
R ARG T 235 2R 0 T R AR A R, SR AR R, AT
AR RS G 24 FAR G I 5 (4G T 45 R 4R
g AR Y T AR ORGSR

Tl [ G 3T 8 AR MM 1, TE AR 4y S Ab 2x 4
WO A (9 73 32 i (P Se) o 3 %) BT 20 32 4R
N AT R, a] REAR S 225k M BT B AR A
REAT AL TR X — S g, AT R BR N, B AR 2>
5o RTINS O Xk S e G 0 AE 7R T T A BT AL
e P(N,,) TS SE A, BEAR/NT 3 T HR7 A
TE RN Ao AT B Oy SRR N AT B
Ik, RO

N«—NNP(N,_, )U v lv,e P(N_,),d(v,) =3}
(8)

2.5.2 RO RE LRI R

BT ROHR A i A R B T MR 7 SC iR &
N, Bt — B30 B G #EAT i o i f k2 H A
— RN T A RO A A (R — A [ — A — OB
A R i 45 VA A R — 2 AL (BT 6) o

y
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K6 B s 43 2R 7R i)
Fig.6 Example of branch clustering and grouping
BT oy A R v AT B RO R — 25 0 H .
AR o3 i 1 AR LR AN T
(1) WIha Ak 23 W A WLt C,«— () F T RORE 23 7%
G,«— ) T —/ IR BT B A%
(2) i Py g A vy pL B B T, 6 A i o5 T, e

A
W

4 "

20\
#

Dijkstra 575 43 R B) N A & 53 3 a5 00 B g it
1 KR T T B o3 S N, AR H BT B — Ik
B BTS20 32, IRV T80 N R B R Al
HhT W B AR P (T, N, ), #E T # Sz me G
T,:P(T,,N, )N G,

(3) ¥ TR BRSBTS N, W, % C,
MATETESE N, Q) B R F R A Ak N,
LT ) s E AR N, 0k D% 0% R &0, 4
T AR 6 A 55 3 2 v 5 i 5 ) A AR S A8 A7 A o A T
FOWROR T 5 3% 00 s AL T /) — A — OB |, 4%
TIHANZ G, A ST A TCE TS, WAE N, ,
TR A

(4) ERPHR(2) (3), B 258 56 T A BUEER
A i A

Ze3 BR D B AT IBCH AR Y o A O 4 G
Fo BT EE AR 12— AR > R TE
AL EAATERUNE S TE B 2R AL ] — B b 2>
PR 2N 0 SR, DR MR R WD 45 i RORY SR AR — 2P
B A RE MRS R B e T AR K, 4k SR T ) &
G, FIH] Dijkstra 592 1155 2% B9 5 22 18] ) e S 3% 1
FEAR R A B /N T B E (R A 24> 00 32 T R R
ARG IF —AHE , IR BEAIL L 5 Hoh i — > 3 30
VE M T8 . RS I RAE T B C, b, i B8
e B b A BT RO, A R T AT 0 21 60 B
W) 2 7% — USR8 > B, 45 6 R R 2R R Y T SR A
RV R s A A e e ey e T = N N o
2.5.3 /T RBUE YR IK

e B SCER IR —/ R BORE B AR B S G, v, ie
T RS RO R A i B BT O3 SR B B R AR
B R B A — RO, I AR AN B8 B A N
TR ST R C, FRP AR il T
BAAS — YOBURE b 4 B AT R A s s, 3 ¢ T €, BN
PP — KR A A 4, T B 4 R Y BT AT s s AT
OG0, RE H R — OB Sy 3 e R 2 I
Uig i o RN g v S S R AT 43 %, I 3 VALY O 1%
Wit TR R IR 1 TR
B 1. 884> 9% ( Branch-classify, BC)
input: B3 2 g, BORE BRAS WL G, , R A 4R D TC 1)

K G
output;PFjE*Eﬁj\Z&*Xj‘ tree
B U A 73 DAY 25 G tree— ()
PUNFE BB, 254 6, f1 6,78 g kS B P 42
K H S T, B g% 4 6, [T, ] & £
SFHAEELE,
g—g—T,, )\ g TR IR T T RO I 5

for each T in g do /BB
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GIT ]G [T ] -G LT ING,[T,], \5HiH
TR RS 3 S RO S = A B AR AR 4y
THERE, ¥ g Mmoo hE T TH g .8,
gt AEBEPAIRL T, T, $ER 50— A7 A B AR s
N ZETIRIREARHL 6, [T ]NG, [T ]I RK
KT 1
for each g, in {g,,g,,,gc} do  //iBIARGHETH

if length(g,) >1 then

subtree,«—BC(g,,G,,G) , 3% )1 I8 FIH £ 744
tree<—{ T . {subtree, ,subtree, -, subtree,} ) , ¥ f& F|
TR B0 WSS S I B ASAE S5 SRR
return tree

B 1, 0 C, A — GBRE 73 21 e
BRI A, [ L 1 AR H AT R b, e
¥ G, T JZ SR RORE Bt AR T O A Sr B AR, Y
M R A0 > — GRS 0 B 8 AST A R AV i st 222
G, w] B E A AR A R S (— IR R AR ) X SR
I B R . R E G, TP RO RURE A A
AR AR AE R K,
2.5.4  BERhPHEAE

BT Z RANE IS B AR AR S AR G, A

S RERPE G 1IN AT IR B B R S LR 1, R

WATARIB B AL G T SRR R T A 4R
18 1, % Hadamard Fliz 5, Az s AR B8 F 4 PR R
BROEG LG 1, =1.01,, #—2X I, #17E
B BAE A A A S R 1o XF 1 Fn T ik
17 Hadamard FRiz 85, W2 B0 A0 & B i) —(HIE
81,0 1, (AT 5458 2 800T 28 7 Rl il X3 ) i AR S,
PR AR R T B AR B R BUE MR R K E
L, JH R =S,/ WS R 0 1R 2 A7

R ARYE Bk Ok vl Gt — R
R BB . AR A Rl Y ) R — | OB
SCE AR, AR LR RE T B R KT  HAR S
ZHER .
2.6 EFHREMHYEREITE
2.6.1 YyE R

FAEF AR S FREEORES RS,
KIS NIE R KB S K . (BT
P45 SR 45 Ao 8 A AR S 5 ik 1 2L 0 RS AL 4% A
Yy, B R R e e 1 SETTEAR SAR IX BER
G Z X L SE PR B RST o 5 SR AR HIL 5 B O il
ME DL 58 43 BT 0 5 71w, AR RS S EUR G
AN X S AR R Y BN — B, /B IS A
F 3R 2, AE 4 R A 1T 4% R G TR AT 3B WA IE &b
PR BEARE LSRR T B A A B S AT 2k AE R R
PREFFAT . BT b, R A SR [ 25 142 H (i B35 4% A

SRS B8 2 67 A R AR B, B O T B 3 0 A e
FEXF EMR I ATAL IE o A IE 5, BB $2 BUBL 55 4% £ s
AR, MR S BT RS R T AR (IR RN
A SR RO e R A A
1 < L
A:Eg;z (9)

Ao C——HLR T BITHE 1 1 5K
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R
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I, BT € X — A ) GB AR AT A b
LERATRE Ry B . AR I 2 AR 4R 25 B Y A OC B
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MU PR S8 S R R | R o B SR R 3R, B
AR 28 K B S N [ 2 1Y, PRI R 6 1 4 B RUE 1)
BB TR 5 7 1% o T S BRI o 22 > X RS A kY
FEORL B R A 1.5 A Rk 4 B S (A1 o K B B EL,
P B BN T S B C, R BR . % &
BN FERLAR IR R S EARORE B A A R K
JEAR S TRUR A A S IR 1.5 AR
JE A RE A8 B A b 2R A B B o IR B AR 5 /T IR
ST IE ST, R R R R B R X, B
&G = T 20 B LB HES 1.5 R R R K
WAL SR T SRR R R . R R R A 3
SE TR R AT X R A SRR A . AR B 5 N %
BB BEE , XA ) o iy 2 A Rl AT T2 B
M, BBRACRIE Te Fras. IWEH AT DUE Y A
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AR A . PR T 1.5 A5 R0 AR S I 15
TR 5 8250
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Fig.7 Burr removal effect
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3.1 (XESRNERTHED T
311 Rk A

TE YOLO v9c JEfili 5| AASBF 98 £ 10 09 3 T45
SR B 0 B B T O ik, LA RCHE [ 46 2k eR BT 1R
A Ry G B RS I S AR O B A5 A AAORS A B 5 B
ARHE SR FE AT 26 20 2 B8R B JE Al Sk 36 30F fE Ak 5 1

DRl R DU ASE TR ) A M, S5 AR T Y YOLO v9¢,
ZHGEL YOLO v8n . YOLO v10n.YOLO 11n'*',
L K 25 3 1 XUy B A6 0 3 9% Faster R — CNN' g 45
PR o 6 50 R0 1 i T AR S el ) A Al 5 A0 4 A 7 1)
SRA i, F OCHE AUR I Y mAP,  mAP,, o A 1]
ORG24 48 bR HEAT AL, mAPS R mAP, o, 43 il
FRTESIF LB} 0.5 F10.5 ~0.95 2 i) (4 F- 1y
KB, R 1,

F1 FREE TR SR &

Tab.1 Comparison of detection performance of cob key points of different models
- FESY Y TR i/

mAPs, /%  mAPs_o/%  HIR/ % KEFHR/%  mAPs,/%  mAPy /%  HIR/ % KR/ % ms
Faster R — CNN 71.3 21.1 32.6 79.0 65.6 19.0 31.8 65.7 41.5
YOLO v8n 79.8 25.2 84.0 83.5 66.2 19.6 67.1 79.9 12.6
YOLO v9¢ 79.5 25.0 81.2 93.4 69.5 20.9 70.7 83.6 11.2
YOLO v10n 81.0 25.8 78.5 88.6 68. 4 20.2 69.3 84.3 9.8
YOLO 11n 68.2 20.6 70.2 91.0 80. 8 26. 8 85.1 84.0 7.3
AR SRR AY 85.4 28.1 89.0 98.0 72.6 22.6 74.7 88.6 8.7

1 A[ M, 7F YOLO v9c Al 5] A3 58
T B T 5 HE [ U 458 2 oR B Ak IS A5E AR 7E
R OCHE AR I IO A MR T . fifk
J& BB HL7E mAP Fl mAP, o 45 A5 20 HliA 2 T
85.4% f128. 1% , 5 KA YOLO v9c 32 F+#55.9
AE 3R 301 AN A Gy BRI LA A A
T ARG RS B 5 5 R SRR AR S T 4.6 N
Oy R S ARG IR A R LR T 5.0 N E 4
R AR T A A I ASE AR AR SR A A, LA A A
TR 0K 50 % I, %% YOLO v8n., YOLO v10n A
YOLO 11n 4> 34875 8.7 4.3 4.6 N EH 45 . YOLO
In 7EREY 4 0] 26 (85. 1% ) bR I (B H 50

T mAP (68.2% ) R T HAth YOLO BEHL, ffp A 71
7 S5 A5 TE B G DN L 491 9 [ R B By 5 B R A, T
FCAEREAT R MRS B 3 T7 T, 45 2R 50 UE 1 OC B A I
B A R
3.1.2 B R I AR R T il

Mt — Rk T S A H R T L & WloU
9 oK BT IR A B G B RS T AT 55 v B0 ik 57 A
B3 TTMR, 2 T YOLO vOe BUM LT T AR 48 1 1 il
WU o 20 S P O A 3 s L e 2H 5 51N R AR
B A 4 2 A AL PR I A W) — i i i 4 5
MY 25 26 040 T gE 47 xF e dF Al . g5 Rk 2 p
N

R2 XEBARNKRIHEMXBER

Tab.2 Results of ablation study of key point detection model %
s 1 WloU #ii & may - e ;
mAPs, mAPs; o5 PERCIR:S LB mAP, mAPs, o5 FENEIES i 2
79.5 25.0 81.2 93.4 69.5 20.9 70.7 83.6
Vv 82.9 27.3 85.8 97. 4 70. 6 21.7 72. 4 88.0
Vv 81.0 25.2 84.0 94. 6 70. 4 21.2 71.0 84.4
vV % 85. 4 28. 1 89.0 98.0 72.6 22.6 74.7 88.6

TV R R AR AT SOBAR r sUa WloU 4% i %L

H13% 2 nl 1, W S AR e e 9 7 WoU 46t k%
BRIESCRY | B 00 455 28 M B i T B AT W A 1 4
H PS5 T SE e fE . 7RSI AT R
KRS e R BT A G il 3 26 TR ) A6 I fE 7 4
APETE. EREHUN AL B, mAP B2 T 3.4 A H
M, mAP AR TE 2.3 AT AR AR, A BREE TR 4.6
H AT AR T 4.0 AN E 4 A FERE R

F WGP IR AR E I . S5 R R 1T SR AL
Yo 7 A O s TR T A R R AR TR YR
S BE T3 5z A PEBE , U H T 9 figk T A% 101 R0 5 ik Yk %5 o
51 WloU 45 2% pR it i ok 1 /N e 1 g 32 71, 3%
W] WloU i i It fb iy 54 [0 )3 3 A, B & 34 T4 T
SE VAR N R R A IR B 7 A T R W [R
0 SR B 1 ) 5 WloU 4 2% i, 452 Y 76 7k
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oy B IE AR SCHR HY A 1 45 4 5 | S 1) e R 2 L
(L5 O 5 9 A R0 DI 34 v e B T 22 4 i 7
S MR REAEAS | 45 45 O B AR D R 41 45 4 23 A
B OB 9 B A L — RO R AR . R O
REAS (10 1 2 J 2% B L 2 B2 2R A0 1] 8 BT, AN [+ 23
O AR AL T LS R LA
AR T7 5 RE A5 K 3 HOAY B A7 A 5N A e SR [ i
U FE AR AE T, BEAS 4 R B 2R A A R R R 2 1 i
XFREOG Z e A B AR R DR AR R 2 CIEORER Z5) B98I
$E, WA TR AR A AT ) A 2 A 1], R
W DX o AN T — YOO — R 9 2 0 346
Hy o Prde g S5 4 51 53 28R O i, 0 R DB
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Fig.8 Example of extraction effect of rice panicle skeleton
Y UEAS SCT AL RS R AR AL A shGE T H i - i
A RS TSR e SR IOR R R g Sk L R — 2D
T L T R B R 4 MR A R A B R — IO
R B RO S, IR S s R 5 AL
TE 8 2 R Bk AT X e P 3 48 X iR 2% ((Mean
absolute error, MAE) | - 3 # X} i% 2 ( Mean relative
error, MRE) | #] J5 /R 1% 22 (Root mean squared error,
RMSE) LR Pz 2 50 R DEAS 71 80bE fiE o 76 A Bl
BRFEA b SRR R BT A — OB R A
M HOR FE 3R 3 Fos o

3 BYE BT RS Rk — P 3R WA SO 07 1
TERE RS M A S AT i B AR . B SR
JIT A VPG A AS v 52 B 5% 22, Uk WY 9 ) Al A |
SCHE AU BT S . — UOBCRE T B i P 2 AR
B ZE/NT 1% R UIAR SCT7 80 — R B AT R4

®3 WHEBMMLITHER

Tab.3 Counting results of rice panicle components

XA MAE MRE/% RMSE R?
— R 0.04 0.39 0.20 0.998
TR AT 0.54 2.38 0. 87 0. 996
BT 5L 0 0 0 1. 000
TR RE TT o ZIRACREAE S S 4l /D 3% S 0 R 4 3t

OME B A R, (R T5 3k AT K OF 3 R iR 2 4 AE
2. 38% MR, 32 W HO T 52 2% = S 45 4 [R) B
B Raftr St E vk, Bk b, A5k
RE A% S5 UL RS o 9 4 A2 19 e G E T4
3.3 BERERENENEIMESNT
N ZRGEVEAG AT 7 i e RO A S ) R B S8
H A& bR Es 1k, ok — i AR B S
N TN A 2Z 18] ) 22 5, %0 7 125 19 A7 Rve A7 08
AL o B R A (R AR RS 58 A ) B Jgt 4% 9 5%
(RS 25 2 58 ) 4 R AE RE TR R 25 L A7 1 181 A7 2%
SR A RURE Ty v N iR h =N S N AN
il 4 R R TYY (AR R R R A FLAR 5 TG i R L 4
b, LAKGL 96 J7 YR A AN TR R 25 5 A T 1 35 0 1 5 & #
Mo D73k 3 ORI RS L a3k 4 B .
F4 TRERMEERESHNESER
Tab.4 Measurement results of dimensional

parameters in different rice varieties

FEA MAE/
LR ZH

B mm mm %
— B 2.3 2.9 3.1
TOREERE LS 2.0 7.2

RMSE/ MRE/

W% %
AL % 90 MK 2.2 3.0 2.4
Mk N
Tl ) < 1.9 2.5 4.1
Tl H AR 0.1 0.2 14.8
— KRR 2.1 2.7 2.9
AALEREE TREERKE 1.4 1.9 6.5
PR WA R 90  FHEMK 2.6 3.3 2.9
Mk Tl o) < 2.2 2.9 4.9
T4l B A2 0.1 0.2 12.4
SWEE K E 2.3 3.1 3.2
TR E L6 2.1 7.5
b ST AN
RACEERA 0 ke 29 3.8 31
A )
T Al B 2.3 3.0 5.2
Tl H 2 0.1 0.3 15.4

4 GERRW] ARSI AR AN [R] b A A A 0 R
JE 25000t b K 3R B A AR P o DA R 25
KB A B BRI B SR (A B A 2 W R
R I 15 2 3 3l AR, - 2 4 X 152 22 (MAE) #4171
T3 mm P PR X & 22 (MRE) B A 4% 6l 78 8% LU
o BRI, X A — ORORE | RO e B Y
[ FE ) MRE 435 A it 3.1% .3.2% \7.5% 5
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5.2% ,MAE S 3R #Et2.9.2.3.1.6.2.3 mm, iX
FEH I IR T R A 0 I B B R AR e
ML Z T, B B AR 0 0 158 22 AH 4 B 5 (MRE
12.4% ~15.4% ) ,3X £ ZF T HAR G R /b B2
A [ 2 gl TR 258 A 1) 5 i A5 A, X 0 G R A B
THi . R Rk A RAUERTE MR IRE R
(1A 00 15 2 4 A B I, R R A A 5 2 kAT B8 0, T AR
JUHE A 4 2 i DR R A A i 2 K B R B R A 4 T
U A A, 1R 25 A N B . X R R A R ) 2
Z A B R 5 R DU ARG B Y OGN R . AR AR Y
H S Ak )5 v 7 JC T ORI AT $2 T, BE A8 AL HE 1
Hb 58 1 22 i R RE AR A OC R R A SRR I, AT
Tl 20 L A5 TR 235 g AR ity A2 2% P e AR ) A AT R 0 —
B TE E R T L % O v A R A AR AL AT
AL T RENE AR TR B&— 2 ML HM A

4 g

() RSN R 2R G H FREYT S

WIoU i 2% oh Bt Ak )5 , o T 14 B W 25 42 7. AH AR
T YOLO vOc A B 5 315 (1 mAP 43 5] 52 &
45 DA RE 2.4 A SR B EFRS R T8
DA 4.0 A E S, O HE AR IR 5 2 53 5]
BF4.6 NEHSEG 5.0 ADEHT AU T kR
WS 1A A R

(2) %7 AR R R 25 My A AL 1807 TH B AT B
K RE o A A N, BT RO TIC R 22, — IR
15 Z R A AR T R S 1A X 5 25 (MRE) 43 51 A8
L 0.39% 5 2.38% , R W% )7 vk Be 8 T 5E b 52 91
AR A Bk se it

(3) 3% J7 ¥ X ASTR] ity ol i B0 1R 3 S 00 4 3
T AP R . X RITY RS E R R R
TR 2 5 bR A 0 DU 3 R ], — RORARE | R
Ml K B B BT ) K B 9 MRE 43 ) 7E 3.2% |
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WEFE ATy A OG5 SR A S 80 i 4R R 2 %5

& % x

(U] IR, JH o i, BB, 5. T8 B AR Rk 7E B+ 807 [T ] ROl MLm= 41 ,2025,56(3) : 363 —373.
LIU Zeyu, ZHOU Yuncheng, LIANG Chengwei, et al. Method of counting rice grains in ears based on deformable convolution
[J]. Transactions of the Chinese Society for Agricultural Machinery, 2025, 56(3) : 363 —373. (iin Chinese)

[2] ZRk,hmE2. REVAS AT RN B SRECR MR T, AW RE R ,2013,22(7) :41 -47.

LI Hong, WEI Xiaolan. Phenomics: the science for deciphering genotype-phenotype relationships[ J].

2013, 22(7) : 41 =47. (in Chinese)

Biotechnology Bulletin,

[3] ZHANG Y, TANG L, LIU X, et al. Modeling morphological dynamics and color characteristics of rice panicle[ J]. European

Journal of Agronomy, 2014, 52(1): 279 -290.
(4] ®W=3Z .=z

&L TR AR TS G SRR B CSE R T [T]. R AL 41,2014 ,45(12) « 323 - 328.

ZHAO Sanqin, LI Yinian, DING Weimin, et al. Analysis of correlation between image features of rice panicle structure and
grain number[ J]. Transactions of the Chinese Society for Agricultural Machinery, 2014, 45(12) : 323 -328. (in Chinese)
(5]  E& 80, 0 m 4. B I8 A LA TR G J R KRS e 2 S80I S5 3P0 [T]. fEY 34,2022, 48(5) . 1248 -

1261.

WANG Ze, ZHOU Qinyang, LIU Cong, et al. Estimation and evaluation of paddy rice canopy characteristics based on images
from UAV and ground camera[ J]. Acta Agronomica Sinica, 2022, 48(5): 1248 - 1261. (in Chinese)

[6] DHARNI J S, DHATT B K, PAUL P, et al. A non-destructive approach for measuring rice panicle-level photosynthetic
responses using 3D-image reconstruction[ J]. Plant Methods, 2022, 18(1): 126.

(7] iE4Es, BT, 58, 5. MY RBA KRB SR B & Rt se [J]. o E AR ,2023,25(4) :227 - 238.

WEN Weiliang, GUO Xinyu, ZHANG Ying, et al. Technology and equipment of big data on crop phenomics[ J].

Study of CAE, 2023, 25(4): 227 -238. (in Chinese)

(8] EOLE,EH. REAFHMEEYRBA = RREL)].
YU Guanghui, FANG Xuanjun. The concept of phenomics and the development of plant phenomics [ J].

Breeding, 2009, 7(4): 639 —645. (in Chinese)

Strategic

ST E RN ,2009,7(4) : 639 — 645.
Molecular Plant

SUN J, REN Z, CUI J. A high-throughput method for accurate extraction of intact rice panicle traits[ J]. Plant Phenomics,

IKED A, MAYUKO H, YOSHITSUGU T, et al. Analysis of rice panicle traits and detection of QTLs using an image analyzing

HUANG C, YANG W, DUAN L, et al. Rice panicle length measuring system based on dual-camera imaging[ J]. Computers

AL-TAM F, ADAM H, ANJOS A, et al. P—TRAP: a panicle trait phenotyping tool[ J]. BMC Plant Biology, 2013, 13(1) .

[9]
2024, 6(4) :854 — 868.

(10]

method[ J]. Breeding Science,2010, 60(1) : 55 —64.
[11]

and Electronics in Agriculture, 2013, 98 158 - 165.
[12]

122 - 135.
[13]

DUAN L, HUANG C, CHEN G, et al. Determination of rice panicle numbers during heading by multi-angle imaging[ J]. The



%14

J ) A T E AT T B0 R RE B A AT 5 00 B W 2 JOTC R N 1 T vk 103

[14]

[15]

[16]

[25]

[26]

[27]

Crop Journal, 2015, 3(3): 211 -219.

BT L B R A T g B TR A ST I KRR R ARLRHIE SR ORI B B B BN R 5T [T ] A gl R %4241 ,2021,40(1)
227 -235.

YANG Wanli, DUAN Lingfeng, YANG Wanneng. Research on rice phenotypic trait extraction and panicle quality prediction
based on deep learning[ J]. Journal of Huazhong Agricultural University, 2021, 40(1); 227 —235. (in Chinese)

TRIEEE, R BRIl 4. JE T S Faster R — CNN (K R AR BRI 77 i [ 1], ARk MUAR 2 41 ,2021,52(8) = 231 -
240.

ZHANG Yuangin, XIAO Deqin, CHEN Huankun, et al. Rice panicle detection method based on improved Faster R — CNN
[J]. Transactions of the Chinese Society for Agricultural Machinery, 2021, 52(8) : 231 —240. (iin Chinese)

FREEAS  TRMEMR AR R, . YOLO BEyAfE shiig W RAVDF 5 P L 4538 [T]. R MU= 4% ,2024 ,55(11) : 1 -20.
ZHAI Zhaoyu, ZHANG Zihan, XU Huanliang, et al. Review of applying YOLO family algorithms to analyze animal and plant
phenotype[ J]. Transactions of the Chinese Society for Agricultural Machinery,2024,55(11) :1 =20. (in Chinese)

FABAE XN, SR A BT B VD U 2% 04 B BEOK RE AR AR B AR BRI T ] ROl TR A4 ,2021,37(24) ¢ 149 -
157.

WANG Minjuan, LIU Xiaoya, MA Xiaoxiao, et al. Skeleton extraction method of single tillers rice based on stacked hourglass
network[ J ]. Transactions of the CSAE, 2021, 37(24) : 149 —157. (in Chinese)

YANG X, LU X, XIE P, et al. PanicleNeRF: low-cost, high-precision in-field phenotyping of rice panicles with smartphone
[J]. Plant Phenomics, 2024, 6. 1 - 14.

ULTRALYTICS. YOLOv5 (v8.0, v9.0, v11.0, v12.0) [EB/OL]. [2025-05—01]. https: // github. com/ultralytics.
TONG Z, CHEN Y, XU Z, et al. Wise — IoU: bounding box regression loss with dynamic focusing mechanism[ EB/OL].
(2023 =10 -20). https: // arxiv. org/abs/2301.10051.

ABD ELAZIZ M, OLIVA D, EWEES A A, et al. Multi-level thresholding-based grey scale image segmentation using multi-
objective multi-verse optimizer[ J]. Expert Systems with Application, 2019, 125.112 - 129.

ZHANG T Y, SUEN C Y. A fast parallel algorithm for thinning digital patterns[J]. Communication of the ACM, 1984,
27(3):236 -239.

SUZUKI S, BE K. Topological structural analysis of digitized binary images by border following[ J]. Computer Vision Graphics
& Image Processing, 1985, 30(1) :32 —46.

SHOKOUFANDEH A, DICKINSON S. Graph-theoretical methods in computer vision [ M ] / KHOSROVSHAHI G B,
SHOKOUFANDEH A, SHOKROLLAHI A. Theoretical aspects of computer science; advanced lectures. Springer: Berlin,
Heidelberg, 2002, 148 - 174.

ZHANG Z. A flexible new technique for camera calibration [ J]. IEEE Transactions on Pattern Analysis and Machine
Intelligence, 2000, 22(11): 1330 - 1334.

ZH 2 R . — R RO R B R BRBEIE [T ] A PR R4 ,2004,32(12) : 28 - 31.

QIN Xiaowei, CAI Chao, ZHOU Chengping. An algorithm for removing burr of skeleton[ J]. Journal of Huazhong University of
Science and Technology, 2004, 32(12) : 28 —31. (in Chinese)

VEU, A8 IR IE T, . KRR B AR B AR S AL SERE A R SR [T VEH %4 ,2023,49(7) :1735 - 1746.

XU Na, XU Quan, XU Zhengjin, et al. Research progress on physiological ecology and genetic basis of rice plant architecture
[J]. Acta Agronomica Sinica, 2023, 49(7) . 1735 - 1746. (in Chinese)

REN S, HE K, GIRSHICK R, et al. Faster R — CNN: towards real-time object detection with region proposal networks[ C] //

Advances in Neural Information Processing Systems, 2015: 91 —99.



