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3) XQJECNN ;

4) &4 ZL#f>= CNN(DGCNN).

A % dolo] ok 27 Jeje] WA} L et soln vAFE £FE 4N WEAZL] HA ARG
2ol A 91X gwo] EFE 3 EE FeE dolHAEd i /R dgom H4HAG. oW )
AWsrs 24shs 7 43 4% ASA g A4S Agstel Y Fe AFS Us 44 3 A
otk W el A 7 dlolofe] 54 F% % stols wWSE Eestel 47] Bdl BT J)E o}yl M4
of A% V1 B Fol WAHA W AUZ AN, AE dolHelA & AEslw 3 LA A of

NG AR B HE AR W 0F R S aelsiol dh

&,
[
[t
>
40

¢
r

AL AFH AR EADY T £8 BES Adslof shv, 1 A7 e
wol g AW 4 UES hekdop Bk, 3D ¥IE 2ol 24 Jasy T2 o
@ ol | el oplEAe Fred e P o Mol Awwnd, Hae) A
of WAL A A,

1) PointNet:
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2 32 ¥QE FH9-= dlojH &S $ PointNet oF7|HAE YERATH, 3D ¥QJE FE9-= dolH
«] segmentatlonoﬂ A% PointNeto] 7+25 YERAT. PointNet 7+F+ 2] MLP #lolo]E &) AHEE 59
2O & featureE 453}l max-pooling layerS AFE3}o] global featureE FE3Ft}. PointNeto] 2z} ¥91
= feature® FHH o= 5P~o}‘ji HZ =S F7 local 7)8H8HE T TAKHTIE EOIE 94
3 dEs werh. wEA, 4 EQAE A}l local 718FEHY o didt ARE S & gl

Lo |m

2) PointNet++ :

PointNet++= 7 XEIES] AAg 7|81ty Fx25 1T = A& Hud Edolr. o] e =W (global)
o] ohd M2 & 127 2AY(ocal scale)olA FEAQEZE 7|Hto 2 X (feature)E QY3IEE AAH
%ﬂﬂzﬂq.maAWEE%Q%ELleMt?Zﬂ*WﬂL3EW:E§UWM)@d°EL%%1EQO
% (local neighborhood)®] 718}8t2 Fx& A= AAAE 7} AT, 5 5 9 153 ATH 7%
o] wlg} MaET}E. PointNet++2] G-F+= set abstraction (SA) layer, feature propagation (FP) layer F+ &
o] ATOoR o]Fojxw, MEHI} §}7P SA AlZel F dAe|.

AEE WA A dixds ARs] e b W A AEE daEge] AR EAT. Aojd wE Re 7F
A A ol awst @A 7t dl® AR Felol AAEIG. AdHoer 24 O 1 AAZE. Whe E
AES A2 dgste] o Fuldl 25 At PointNet oP7|HA= 259 BE EAEC 24 aokd
SA8& FE67] As A4 aEel WEHo R AT

A FRIE FEherme] fE ERIEC W o vIwke] 54 e B dlolols el AubE ik, d A3
7HE TWPhE oo SRS RNE HiE AREStel s Al 54& A, SA @AM mitd 5743
7IE 54E FFetel 4 ERIES] 548 $457] 918 PointNet oIHAE H8ATh. = 8% 334 EQIE
295 dlolg £&& 9% PointNet++ o|EAE UehdTh 1 43} 74]~% N X (d+C0) Fde 99
o K

A NS ABE EAE F5 e, dE E"JE #xel A9, e EJE 549 24,
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PointCNN

PointCN: & ¥R1E Fopg-= dolHo I3h4 274 4 #AE &8s N dwkstoltt. X-ConvE 4o
A&7 AAA7E PointCW of7I 8ol AAIH AT, o] Aikzabs &5 AEFAdol Agsty] dol o] 4
FAE EAd 7MFAE Fosta 93, X-Conv Z2A20lM K < K 227]¢] Wgk PL MPE A&3te] K
el HA ol ERIEC] dial] o553l

a9 g wEE S4S A8 25 AEFA dolort AR ERIT. daAde AEFAE A 6 48 2=
= Aosy] fs 7P W A AEY dadES ARgstel AAEAY. 22]al X-conv ¥ oA SR
SAEL o2 drde=F e FAEAY. 2JAETE adlel o8 FAHIL X-conv AAE ASH R A8
HH Ay ¥2AE EAo] g AL FQAER FAH ¢ Yo F7F 49 yehdc. BLS 98 ¥AE EX
S Ashy] 98 dz:y-dan PR AREEHAT. = 9% 3AY ¥RIE ZEeE doly ¥s %
PointCNN XL1e] o}7|8|A 5 HolFEth, ABFAM AHEE H2A ol & K2 FAHJL, HEPd IUE

T NeE BAENSH, RIE FFELS DE FAFHU.

4) Dynamic Graph CNN (DGCNN):

o] o7lelA] = PointNettrol A Faahi /M 1§ ek Z2As Al 3) EQES] 27 o] AnE UE Y
of 43 BHAHES AANAY. 2w FrE @ A0 A9 ol%e el o AHeHAY.

EdgeCony 71%& Abgahe] A3k K-H2A ol% Abelel 3714 AaaE Q=
Ak A A o4 mAE ol AgE WPE ALga] AT 4L %;m. N e A



[0114]

[0116]

[0118]

[0119]

[0120]

[0121]

[0122]

[0124]

[0125]

[0127]

ZIHSd 10-2025-0095984

OW Tzt @) 24 TexE 4884 2skeh. 7 delolold EAE WA KA o]l WARAL, web
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D. Alzzmleleldel 45 |7t

7y HJ#d Edeo] Alauld o] (segmentation) ZAdol| tigh A HrleE ASFdolHE AEste] FFATE.
T AEAAERE A E9 £7]-9 segmentation AI}ES FASIATE. & positive FE AR, F7]= negative
S22 P, A9 point7t SHFEA segmentation F A9 true positive(TP.), =7]7} o=z #E
segmentation = AE A false positive(FP.), o] Z¥ segmentation Hol E7]=Z ®7|E 4% false
negative(FN) 2 YEATE. 919 A EZ 53] Recall (R.), precision (P.), Intersection over Union (IoU),

Fl-score (F)& T8h3lal ZHzbe] 42 vh53 o] +3v}.

TPs
Be= 15 1PN, (D
TP
B o =B 2
" TP. + FP, )
TP,
IoU = 3
°Y = TP, {FN, + D, 2
2P R,
P 4
P.+ R, e
AA A3= - 28} 2 A segmentation D EQAE |

REZMAL FEIJEF

(5)

E. ¥d38 54 =% (Phenotypic Trait Measurement)

w3 AE 7B/ (E7]-U-012h) ARS AMESE E g AE FedA 12948 54E 5490, 2839 =
JE SH9-EolA A& Fol, A A4, AE &%, £7] A4, o2 o] ¢ o)X} & F 67k« xdF
EA4E 5490,

ERE ZE9-& dolHeA AEE 4 gle FuEd EAde 1) AAAS 588 549 2) 74 84 33
Y EAolgteE 7 A 3ol dnk. AAAR 2dE 5S4 AE Fol, Ay AW 2 AE 2¥e e
AA A= 25 JUket. 74 84 B3F 5L E7] AA, o2t Ao, o2 yn|et & I AE 7|
S At 8 AEY Folv EJAESHTEY AxA] HAd@d ALB(AE E717F EGA ) 29
atol g Abgste] AR ATE. §ASHA, Foldte] BEE 2QIE SEfe=e] FHu ¢ HA 2z FEAY AelE
o]g3le] ]2} Aol ALttt AE Fol()eh o2 dole thd HAAE AHEste 4T + sy
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Cq = Tmax — Tmin-
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[0128]
[0130]
[0131]
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R
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E

(= 119 (¢) Fx) o2k
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=
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[0138]
[0139]
[0140]
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oy
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o

OpenCV &}o]
2

S
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4

A
A=
T

TR

[0146]

ﬂwﬂo

el
N

T o

7}F(Phenotypic Trait Extraction Evaluation)
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X
Ar

[0149]

MAPE (mean

RMSE(root-mean-square error),

3

9

22|

o
-

T}. MAPEE Rdlo] A

1

o
o

ATt

e

B
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A
<

Al

=

=

o

absolute percentage error), AAAF(R2) A X

RMSE
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P

T
e
Al

1|
N

Al
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[0165]

[0167]

SIHS31 10-2025-0095984

(10)

3>

ZAT gk, Vis WA g g Held 28 mdefA o

Seh9s el E Yehlt BWew (0t 9 dolg (b Hiolx

% 99 ()9 EAE AR Qe LA Feb$ dolE: open 349 BAA oA AA ETE Agste] ol
28 AAYY. F4 A=el wol= AAE EIAE FeEE & 90) (o] EAHT gev], A4 ol
= 99] (o) %4 Hgie}

* Z7]-9d-oli v
A7 A 9 23 Ed(PointNet, PointNet++, PointCNN 2 DGCNN)o] 4 21&& 7|3 (F7]-Y-oj2h) oz Rals}
71 A8 "HZEHJ. 72 dojojy §F FE& XS V|8 oF|EA AAL Ay Fol HAHA gt
PointNet, PointNet++, PointCNN % DGCNN-S Z}Zz} 100, 201, 100 2 20 o= (epochs)® THHTt. st&5E
< PointNet, PointNet++, DGCNNE 73-9- 0.001°]aL PointCNNe] Z-$- 0.00000194t}l. deolge] wjx =7
PointNet, PointCNN % DGCNNe] 79~ 89]iL PointNet++2] 7% 3290|t},
4719 dejd Bde BF dolg & Sl 500719 7 AEdA AEE 800y FH AMER THE T
o2 golEo] XAHHE Holy HNEE AMEst FHEHJT. 48709 /E ¢ AER FAE HRE HNEE A}
435t £ A5 H7FA5UTE. PointNet BAo] FH AJZH2 oF 247k HIAE AEQ] oS A2 oF
S5E-olFUT. u7FA R PointNet++E E#ol] ¢ 3A17F, HAE AEZS o8t o oF 3080 Zag).
17+ 9F 30%0]RAtt. mEx e o 2 DGONN

HFA PointCNNES E3o) ¢F 3X17F 1550 A, HAE AHE9 o= o}
2 H2E AEE oSt o of 3AIZF 35+, oF 45679 £ Algto] 2=,

PointNet# PointNet++E 7' ¥QIE Zet$e=g Egzow Ases: AAHY] wfjid Fhos F2

AlRto] whEt}, mRRIZEAI R PointCNN-S EQ1E —;LE}%E nE Aoz xAHe Ay BAAZ w=rh )

A DGONNKELTE & Algto] Aol o= w2t x4 o2 DECNS ERIE Feh9-59] A4 o]%-S gl

THA BAE EZ] Q8 1 FRE FEe w}aw DGCNN-S oh2 melnt v 5339 ALks E3tst

n2 F8 Agle] ot o e A¥tk. AlEs) @ﬂr Intel (R) Xeon (R) Gold 6230 CPU @ 2.10 GHz < 80,
N 47

oF
o}
256 GB RAM ¥ GPUY NVIDIA RTX TITAN 24 GB

A ARE L 84 s AFAS e a7 Hed Bl BF 483 Adst dewdrt A3E &%

20 eRh A

[ 2] HI=E AE Z7]-d-o]2 &5 93 47[X] M= o2 3D XAE 7N | 2 UEH A HE=
7}
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Segmentation evaluation  PointNet PointNet++  PointCNN DGCNN

Min 92.8 94.4 93.5 924

R, Max 94.6 095.3 94.8 94.2
Mean 93.7 94.9 94.2 933

Min 82.1 93.5 90.2 87.3

E. Max 85.8 94.8 92.4 89.4

Mean 84.0 94.2 91.3 88.4

Min 87.2 943 91.6 89.6

F Max 89.4 95.2 93.3 91.7

Mean 88.3 94.8 92.5 90.7

Min 78.8 89.8 86.6 81.8

loU Max 81.5 91.6 87.3 85.3
Mean 80.2 90.7 86.9 83.6

Min 81.3 90.4 87.4 84.5

Acc Max 83.2 92.5 88.3 86.7
Mean 82.3 91.5 87.9 85.6

H2E do]E 9 PointNet 8 A3}, A AL, AE%, Fl-score, loU ¥ F7]-%-o]2} o
5t A3t = 717; 93.7%, 84.0%, 88.3%, 80.2%, 82.3% % Th.

RZHA R, HIAE AEC] PointNet++ 2@ A3, A AdE, UL, FI-H5, ol 2 &7]-8l-0]4 &9
AYEE 747 94.9%, 94.2%, 94.8%, 90.7%, 91.5% Sitt.

PR R B AE A ES PointCN 23 A3, dd AdE, U=, FI-85,
St A7 94.2%, 91.3%, 92.5%, 86.9% X 87.9% T},

o
(e
ek
i
N
|
4o
o
it
M
ek
1o
o

a8 3 H2AE AES DN £ A3, Ha AdE, AUE, FI-H5, loU ¥ £7]-¢9-0]2} Hato

ZY7F 93.3%, 88.4%, 90.7%, 83.6%, 85.6% Att.

ot

800712 <=
H =

1=

JE >
it
fit

4o Mo
e
it
=~
)
>

PointNet++2} PointCNNe] A8 3g &3 ZAil=
e A QAR ZACAA e wsE B

FF AR 71TH(E7]-¢l-012) B2 LiDAR 3D ERIE FEhe-= dlojH A 74 24 HE 5dY 54 F
Fohz b AgAolh. wie] 71E AT A AR gt RE Y S4S gelsta, o)E 9
Afs 7o B71E Lds] f13 4dA qtHe] FAET. & I 28d i Jed mde b
g g A7)9] 5 A% FE TP LiDAR 3D RUE FH9E delHdA A8 NaE A 2@
SATh. ARSAE Aol Qg ARA AHE AREehs Al o] BElE IRIE VI HESAR AI Vs vE
ot E7]-9-olah Bde] AREEE BHEE Al wol £8FE AR BAS e g1 58 Jhed
Ads Asor FAYY] Wil 71E PREG dsd 5 olok. E7] HA0ly o) el B yn|e] Aol 9l
o YA HES XY T W 7IekEtE BUAAE WS FU2 W A7) AelE Adstew o A=
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PointNet++ #3 AFE 7|¥to w2 FE¥ HdEY 549 AL H/E Feo=z SAHS B4 33 vudo
g A5 MId 3 6714 BdE SA(d: AE Fo], AE & A, AE U=

T 15 487 44 A
A

47 2 9 A

7 RMSEx= 1.07, 1.58 % 0.03cm vk, A& Fol, A= ¥ A4, A& Ad=9 FA MAPEE 2.92, 3.7
1 oldtl. 8 F7] FFdA =7] AAY A R2, RMSE 2 MAPEE ZHzF 0.90, 0.67mm 2 7.34%0k. =<
ojaf ol A FAE o2 Aol9} o2} Fo] R2w ZH7E 0.959F 0.88 o|qdth. o]2f Aolel o]k yu|el F74
RMSE®= 0.37cmé} 0.63cm Avh. ZL2]iL o]2 Zoje} o]2F Yu|e] A MAPE: 1.113 5.76031v}t. 54 2@ Y
54 A7, 271 A4 o2 yvbldl digk 5 F4 ke dadAlE Fela, AE Fol, A=

=
AE A& gooja) o] daAl= U

FEH EE 388 542 AE 7Y XRIE SEg9E B ddo) ugt Gz, FE2d 138y Fd

s My sl AEA A, &7 A4 [R2 = 0.90)F o)Ak E(R2 = 0.88)9] F#A#AAE o 47 iAo vls) of
e oz yeigth. 719 A4S, ofdldlA f= 7] AA A7) Aolet F7]-Q AFolAMe £ 4
T2 Qs ofgh vhe At At dojxE AoR yepwth. fARSHA, o2t A, wdd ot v bt
A Ars ol A 12 o]2b yulel vk o]k FPEjo] AolR e Y 4 k. A&l 7N AE
Fol, A& # A, AE ANd&, 7] AH, 5 o4 do] ¥ 59 o)k F& FHH R27F 0.97, 0.96,
0.94, 0.90, 0.95 ¥ 0.880]22 %5 ZFA 77} LA FABAV AATh. AlzdeA GAH THY 54
I FH e =2 ARdAE 189 54 FES] AT A WA A fe4S S

of oA FF AES E7], o W ojAR 23] 9 471A] 3D ERIE = Vi | 2d 2E(
PointNet, PointNet++, PointCNN 3 DGONN)= AIAISHITE. o] %, &% XQIE Zekg-=E5 o83t 67 &
28] 88 FAS FE3UTF. FAo] 29l 3D ¥IE F$E Holg AEE | 29 HEYT FH A}
L5, B3 A3 PointNet 229 A50] S yetdy. Hd AggxE 9 o]

=l
el
o

o] 3 =]
Hae] 3 A34E A AT, PointNet++ £ mdo] ojejgt AP thF FRAAN 5F FZ g AT
A 24 9499 ArlE FE3e g9 HEd W=
A, aeu ERIES] K-olo® BEAS FE37] f8 24 998 Hoste AL A& 7]8eA

& RagsteE d glo] @A oA @tk Zp Ao thgk o] A<l K

i E Ar)el weh @ebA 7] wtoltt. 48709

52 7]7](machine)(oll: FAFEH)IZ 4L & A= AF vlA (machine-readable
storage media®l AFE WHAS LIeE AT EY R FHE 5 ).

71712, A% AZEEH AdE dHols s&ea, 359 1 |
Al gl whE HAb AA(ell: A AA(A)E TR Aok A7) gEo]l ZEAAC o dgdE 4§, =
ZAAZE AR, B A7) ZRAM L Aojdtdl tE FAHLALES ol&ste] A7l ¥R ddets Ves FH

¥ % quh

Pee Aty wmi umdeel o8 44 Ex AgEs ms 2 B
M4 (non-transitory) AgvlAlel BelZ AFE 5 olek. o714, HIAAA e A4

Z(signal)E 83l ko A A (tangible) 3ttt AS on|d &

=
o,
i)
N
N
2
)
=2
_5‘4_1‘
=2
-
o2
_Bi
ko
rlr
fuie
>
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[0219]

[0221]
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g Alde] waw, B oo A" thkst AA] o Ee] wE WHe HAFEH 23 A (computer
programproduct)ell E3tE o] ATd  Uvt. HAFH Z2IH AFS FFoEA FjR L FufRp el A
2 5 g AFE ZEaY AEL 7R 98 4 e A A (o compact disc read only memory (CD-
ROM)) S HeZ, & ofZgAod = I: Edlo] 2EATDE Tl 2oz wixd 4 . 28l
vz el Ao, HFEH TR AFY Hojk dF = AAe] MY, o EF A ~Eoje MY, EE FA
A o] mRelel e A% wjAle] Aol YAl AHEAL, ArHoR A ¢ ).

SR A4 dlBel e A es(d: BE R 2ead) 747e u4 w£x 249 QA 74" & e
CAEE AT AN A 945 F A% AN T4 a4t ASEAL, wE g2 A8 74 22t o
Arelel ¥ E3E F vk, OAHoR Ei MR, QY P4 LaS(d: RE EE Zzag)e shi
o) AAR BHHol, ERHI) oldel A7 AF T4 arel od FANE N)5e FY = Al 5
& ootk e AAdsel we, BE, Zzog i o p ko o8 faHs B4Ee #xb,
WEA, waa me Fesgsl AaHAY, Holw Q¥ Bao] de wAZ ABEAL, AFHAG, Ei
te Bao] 7kd 4 ek,
o] Awe B wyel sl& ARS dAdon Aud Ao BRE Aow, B o] ket 7)% ol
A A Zre Awhu B owge] BAH S4oA ol g sl tae 54 2 Wgel b
& Aol webq, ¥ wwe] AR AAds B Ay J1% e Bh87] A% ol okl AYe 9w
ZolaL, oldl AAlele] elske] ¥ we] 71% Age] W9k HHEE e ol

10: 2holt} AlA
200 B FHA
300 WS

40: A =y
120 AFH

210 AR A A

_17_



k1

F1

)

g

10-2025-0095984

{CRTE Ixf6 [¥ifha

o
il

(@)

_18_



ZIHSdl 10-2025-0095984

EH2

_19_



ZIHSdl 10-2025-0095984

3D LiDAR Point

Er4
Leica BLK360 | Specifications
Scanning unit
Wavelength 830 nm
Operational range minimum 0.6m - up to 60 m
Dimensions Height: 165 mm / Diameter: 100 mm
Field of View Horizontal 360° | Vertical 300°
Acquisition speed up to 360.000 points/sec
Ranging accuracy 4mm@ 10m/7 mm @20 m
3D point accuracy 6mm@ 10m/8 mm @20 m
Distance measurement method Pulse transit time with waveform digitizing
Camera unit (Imaging)
RGB camera system 15 megapixels, 3-camera system,
FOV: Horizontal 360° | Vertical 300°
Thermal camera Thermal panoramic image,
FOV: Horizontal 360° | Vertical 70°
Eds5

Deep Learning-

Cloud Data

Denoising ]—»[ Downsampling

Based Plant Organs

Preprocessing

Segmentation

PointNet

PointNet++
PointCNN

DGCNN

s N
Accuracy . ( Phenotypic Traits
Assessment A Extraction
N y J ¢
e ™
Manually Collected Component Plant
Data Phenotypmg

Holistic Plant

Phenotyping

Plant Height
Plant Crown Diameter
Plant Compactness

Panicle Length
Panicle Width

[

] [ = Stem Diameter ]
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£dl

=

— "
0z 04 08 0.8 10
0 02 04 06 o8 002 0.4 08 08 '
Original 3D Point Cloud Downsampled Point Cloud Normalized Point Cloud

|

3D Point-Based Deep Learning Architectures (X0 Y0z 2)

PointNet
PointNet++
PointCNN
DGCNN

o

(x4 i 2,0) Yoz 1)

Beatire ik adedon — Annotated Point Cloud
o
‘mrv_ Phenotype Traits Plant Height, Plant Crown meter, Plant Compactness, Stem Diameter,

Extraction Panicle Length and Panicle Width.

H
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5
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=

o

e
=)

input points

input mip (64, 64) feature mip (64, 128, 1024)
transform transform

Max
pooling

nx3
]
!

nx3

shared shared

n x 64

nx 1024
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output scores

p it
£ N £ ) @&:Sﬂmzmgo: )
5 = < 5 > | point features
-2 |28 128 |EE [,
x © & = o @ & =
m o m = O S m = .M [ve) ©
B Bl o 8 3 o E
o~ -
= " shared X | shared 2
== x =
S = c
=h
mlp (512,256, 128) mip (128, m)
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Hierarchical point set feature learning

~
O - ('N, ,

sampling & < sampling &
-« grouping ‘s, grouping

( : Y J\ ), Y |
k .\\‘ set abstraction h ".\ set abstraction

pointnet

. skip link >
A .
concatenation

Segmentation
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HES4

e
=)

B
H

output scores

X-conv

_ mlp=256
N=2048

input points
N x 3

mlp (512,256, 128)

(o]
X
Z

@~

X-conv

_ mlp=256 _
N=768

K=8, D=1

X-conv mlp (256)

[}

X-conv

_ mlp=512

_ K=12,D=2 _

X-conv

-

o N=384
_ K=16,D=2

mip (256)

x.naac mip (512)

X-conv

mip (1024)

X-conv

concatenation
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e
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Point cloud

Segmentation
output scores

mlp{64}

........................... ey e - R ——— =
« spatial 2 . EdgeConv © EdgeConv ©
X | > X —> — x> —> ¢
c transform c - mlp{64, 64} el mlp{64, 64} -~
>
=
<
Q
@
0
=
mlp ._< © h < =
Q.| (256, 256, 128, © | repeating = Ip {1024 @ B
Zleememp gy, Slwamegy, g ey (FL
=] b - Max -
c mlp E.a; pooling
categorical
vector
spatial transform EdgeConv [mlp {a,.a,..... a,}]
© & .
.mnm@ .wnn [ M" — K-nn graph » |Pooling o
S >
b.oa > ™ o 4 >
S < | mlp {a;. az..... an}| % c
v c

EHI0
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EHI11
(b)
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