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Automatic Extraction of High-throughput Phenotypic Information
of Grain Based on Point Cloud

HUANG Xia'? ZHENG Shunyi'? GUI Li'? ZHAO Like'’ MA Hao'
(1. School of Remote Sensing and Information Engineering, Wuhan University, Wuhan 430079, China
2. Collaborative Innovation Center of Geospatial Technology, Wuhan 430079, China)

Abstract; Large amount of grain phenotypic information is needed in researches such as digital grain
traits investigation, phenotype and gene association analysis and digital agriculture simulation. A method
for automatic extraction of grain high-throughput phenotypic information based on point cloud was
proposed, aiming to automatically obtain three-dimensional (3D ) grain model and 40 phenotypic
parameters. Firstly, the classification of grain point cloud was completed through cluster analysis.
Secondly, 3D grain model was reconstructed with cylindrical mesh method. Finally, according to the
characteristics of different phenotypic parameters, 11 primary parameters, 11 derived parameters and 18
shape factors were automatically extracted. Experiment using data obtained by hand-held laser scanner
(Handyscan 700) showed that the measurement result could reach millimeter level. The weight of each
phenotypic parameter was analyzed based on principal component analysis method. With parameters
measured by vernier caliper and Geomagic Studio as the true value, the average relative error of length,
width, height, surface area and volume, the cross-sectional area of three principal component sections
was 1.14% , 1.15% , 1.62% , 0, 1.82% , 2.12% and 2.43% , respectively. Compared with the
manual measurement method and the software measurement method, the results of the proposed method
was competitively accurate, which had advantages of batch processing, automation, less manual
intervention (only in data acquisition) and high efficiency.

Key words: grain; phenotypic information; point cloud; automation; batch processing

Weks H 1. 2017 —08 — 16 &l H #: 2017 —11-16

EEWE: ERAKREFILETA (41671452 41701532) | ¢ 5 48 5 A BBl 45 9% & 350 %% 4 391 A (2042016k£0012 ) F v [ 1 4 5 B 2% 5t
4351 H (2017M612510)

YEEBIN: WEE(1989—) 4, W42k, F 8N F = 45 A5, E-mail: yuxiuhx@ whu. edu. cn



258 & Ak Bl B ¥ R

2018 4

0 3

FA A R AR R 2 B AR,
— I TIERE UKV B R G500 — A ) sl A A 4%
PR IR EE S 18 T i A R BL 2 B . RALER A= 1Ak
AN B IR D)2 A B IR A 3 B, A TR A O A
PRI A A Y R (SRR 4. RSN
iORE R e SR N N SN ISR PR 1| SR (7]
R BB, m] DL <7 A A A5 36 B 22 () A G I8 20 A
( Genome wide association study, GWAS) ™ | i 1fij il
ok 5 PR 7 3 3k ) S R ek LA H RO . KRS AR RL Y
TERFNA 98 R B R IR FRAE RS B X R
WK AR A R B AR B AR D B 3t A5 A i i A
PG 3 S T B o S Sy A R S T T A R Y o
TN (/& E S 1 S R N i N
S B R, PR, e i B SR IO R R A
BAoEE,

EER A RERE R FERA TR,
TR RT3/, T 000 i 2 TR M , B &)
FLRBRFC 00 RE A9 22 5 AR R T 48 2 1 1< A
Bi, AN BEN i 2 A5 B RIS B AT R MR AR L 3R
RIE R AREE

AL B 1Y REUR JE i A kA5 B H
B T Al AE L A 3 T R A LA
B & Y R KPF AT SmartGrain'® | Tmage) " |
CellProfiler " 1 P-TRAP'"™ ) J WinSeedle 25 i\l
PR e R R S B A L R A R A
HE T X g — LA AL AT — — 5 I, IR A BE S
ARLRBG B I &, R, A e E T T AL
R HEAT 28 B f AR I S T R R R L B
A shAt L, B, 7R BRI L
TR ANERR Y, Ry RN R — AR,
B R, BRI K

PTAER 3D B BB H 5,/ H AR B9 = 4 &
AR TR R 3D R ARl iy
HILAT T Y . OGAWA 467 Fl /] 3D
AR T A ZAF AR, S T AR =
o A, (ELIH 7 VR U S B ALY A AR, R
AR, 7 AR LR S R B R
M BARRE T RS R MR, 5T 2 Mt
PC AR 2B 14 kL ) = 4E 1, (H b Oy ik iy S0
KA RLHEAT 22 £ BESA IR, AR B FR BT R I, B
SR . XU RS R 4 B R T
PRI CF =30 AREL T 500 ALK A5 Fb 5~ 1) = 4k i
G RS BT R ORI B R R A
Z R0 I Geomagic Studio B 4F3& — 5 LAY , 3% BE £

il

AR R B 00 A Bl A S ORI i AR 2

AR R B B S A St 5 2 R A EMR 3
ARLANRE 52 A RL = 2 3 TE BN AR B AE 2 R 4
HC 3 TR 2 R ol AR R ek 4 R
RIS R B3 1%, AR SCHR ) — ol 5 71 Al %o 5 £,
£ (Axis-aligned bounding box, AABB) 2.3 ) K 5 &
IR T7 5, BT = A MOAK Y SR T AR AT S RO
AR R 6 0 0 1 ) T ) 4 A T AR A AR
2%

gi b o TSI R R A S R 3 SR,
BT L R AUE B B SR ECRE , AR SO $0E A
Tl AR Tl A A R A A e R P A B S AR v ]
PR R G S AEAREOR fE B BEBR VL Kt
VAR S, $2 ) — P Ik T 5 10 48 e 0 it
FRAE R SRR k. %I B R PR A
3l 1 RIS R = 4ERL AL 40 DR ASHL, LU
IR I ST A 7 o P B A — T A L i e e SR RS
JSNSRRIE/LY rRr s

1 #R57F*E

L1 #ERE

5 100 A7 45 e o 75 Aol 87 1 TG (OB T A
£, % il Handyscan 700 % 45 3% 8% % 3146 (G AT
FUHE  BRAS AR 1 = 2k 15 2 B0

Handyscan 700 %1 5 $§ {3 % 01 J50 8 12 = £ )
R AR A A OE R AT R
o 3 5 o B R AR BT E H AR b S R O R
e B — R 1 = 5% Z2 AR, DT 5 B A 1 5 1]
i {5 B . Handyscan 700 B3 U4 7 Hi 52
OB R R 0.030 mm. 7E 4 A8 R [ I
FCHEAE 69 VXelements 275 AT S B 2 75 28 B 9 = 4k
B R AR L

& 1 2 100 k745 7 1B AN 25 860 1) 45 41 B4, A
25 0T LA AL B2 R 1 25 2 50 40 A L A8 R
SHREASE

,: NM“#M s

T
iy

R 4,
“\%ki'ﬁ:ﬁh o

[EI WA TSR €
Fig. 1  Cloud point data of grain
1.2 7%
AR SO A3 KL AR B P HOT % £ 200 O 3 R
Or A RLRCE PUAL B, B AT 2 23 28 K 2SS A L



5 43

WA BT AR R E R R A SRR 259

2 B G O — 28 s = R T AR IO R A — A
T R AAE BRI, SE AR 40 SRS By A 3)
e
1.2.1 4p2%

XA R SRR 2 R 2 AT V- TS A R A
B P bR ROR R /D TRk R AT R T LA F
[IRIN S| R ) e g )

Ax + By +Cz+ D =0 (1)
) |Ax, + By, + Cz, + D |
a(iy e 2)
VAT + B+ C
R AB.C T T R R AR
D—H %k
X\ Yin E R AR AR A

WAR G RTHEMBME T(T B2 1558 5%
JE) I g AR R R, A 2a AT (A B i TR
d(0) /DT LEMBIUE 7,00 @ g0 F 1A L, W 2a
HOR A B9 5

SCBLAR B ALY SR U, WA 2b B R T
A FG B 1) e L R 2 A7 5 ke AR R AT 0 28 . B
AJEHE ARSI n AR 1T 2 A

"II' 49‘:. 4méﬁ@
& &

(©

AR — I A 0 850 2 B MR Al E R A
R BE B (AR SCR DR ER B ) 28 X, 412 B 8 0 1Y
2AREARRE WM I HAREA N 5 —26 3 n - ]
550 3 0 HIREE 2 R AEAR R A n -2 28 KR
P, B 2 IR B A B 25 58 B BAEL, AN 2¢ T .

T PR Y B R 2R A R — e Bl
RMBLG WA 2d Pros, A Sk A 90 B R — 2K 5]
FILA R R — I MR 200 X 26 5 k47 4k
o TR RIFEA SR N, P2 R R AEA R
RN, AR NNFBIE T, (T, =0.5N,) A&
PO R R, ELAE MM B 4 R A 2e B .

TE 52 B Bl A0 R I, AR AR 2 H B A R B 1
HREEAE— AN O, B THESREMN, F2
FAE AT b3 A B TR o X T 33X B 9 45 R, AR 3L
TETHA AR RLR TS BN FAR AR . FIETTIE A N,
RF T, (15N WEAE 2% HARAS 1k — 45 8L,
R Z AR, BARMBR % R WA 2e FroR,
SOR AN 2 RORSTE — & A AR, B 26 D R K 3
BR R R REER, B —RA PR R, s
973 A RO 2 A5 L S S

fr‘ ‘.?r‘

(d) () ®

M2 Hhmzndk

Fig.2 Classifications of grain cloud point

1.2.2 =4

BRI R 2 E A RS E B R T =
YA, AR ASORL R RRAE R, AR —
Sy A7 B o TLART AR U0 SR R T 0L A 1 O A
LA il T

SR FH BT 48 1 10 19 B A 4B I (k= 15) , Hy o
14 4B 3ok A8 1 B T o A SCAR Ik E I P S = Y
B Jy 2250 1

ny

M = z (Pi_pio)(P,-—P,-O)T (3)

i=1

S, ——SEABI P R

P HEABBRI i 0 AR

P, SEA B 8 25 B T A

2 (3) AR e M g 3 1 46 e , G I g
PR e, 5 o F T 5 A0, X 1 0 /MRS (L P
A 11 04 5 0 o 30— 30 2 403
G 35 0% 7 R

M' = 2 nn; (4)

A n,—— 8w A B

RAFZHIER 3 MR AL AL A (A, <A, <
A A FE R 6, = A/ (A, + A, +4,) (=12,
3) o W2 ASE/N B RFAE AR N B 2 A 32l =R AH DAY
SR AR oSERESTINAEp A

LA/ N AR A ARG 107 1) 238 o) A9 Sk A T )
7 1) B AR R AR B B R T B S 2 A
R A DT IO A 5 1 PR 455 A 2 A0 S T S 4D
BN RPN . PR ARARIE N (& 8, ), —
T 630 ot £ 7 A

G.(x) =a,x, +a,x,x, +a,x, +a,x, +asx, +a,
(5)

R

1]T,a=[al a,

K a, ~a; T FE R A g
iwx=[x xx % x x

ay ay as ag) ', MALA 1 Hbs A
G(x) =min Y (a'x)’ =

jes;

mina’ ( Z xx; )a (6)

jes;




260 & W LW ¥ i 20184
A S wUR AR I AR BRPT A8RLAE XA 3 FAE D U i i S E

J0X =Y xR L OE S I,

jes

X 1) e /N AE AR X R A R A 1] 28 R U B bR 1 7
1.2.3 ZH0TE
1.2.3.1 HAZSM

(1)AABB i Hl & 52 UK 58 5 2 5L

R A A 1275 A bR R UG BP0 42 R Ak
PRREFEA W, AR s R R EiHR,
o AABB 40 [ &7, 90 B0 3 B 45 KA At BRI,
A SCHEXT AR AT AL R B 4, [ AE 2 Ry AL bR R R AT:
BT AR G — W =8l (X Y BhA Z gh) oy
Mo BIEJG MR RLAE 2R b RE LS N B R
9 JLART HCs Sy T, 35 0 R T (A R K Al 5 e il A
BRI AT T XOY 1 KA X, iy Y
M, Z WS FARARIE I . Wi 3 s, A2 B R A
i S 400 T 1 48R, A IL R 48 A A T 7 i R A o

v I

K3 ARdRie %
Fig.3 Coordinate rotation
Oy MOk BEAT M bR e o AR A RE B LA
P AN SR AR Y 1 Al 6 Al B s A Sy A8k LA 23
S — =M bR Ay

y|=R| ¥ (7)
X (%,90,2) Jii 1 AL A
(%, 5, 2) 4 Jay B AR
R—Jie % Ji [

IR0 (3) M BT Ay A B = 4 A3 B0 P 7 25 0
W, SRAFIZFE R Y 3 SRR AIE 10 1 A4 BG4 86 B4 1D g By

R=[r, r, r] (8)
Ao r,.r, A0 05 2 Db O 25 B )RR AR
XTI P AR )

HRAE e B R, A 52 BRAT B AL bR 22 R 1 8 kL
TE2 R R P A S — LS, Rk, R4
KL =4l 19 $5c K fe /D Ak A B AT 45 21 AABB 40 [ & 1
8 Nk, HETI A AABB [ &

PR AR B &5, AT — A3 R AABB 4
P 6 0l 2 — TR LA N T A B — R AT A

A =K BRI AR R B8 o JNnIET 3 Ry 1D
h B4R V58 L

(2) = R AT 33 i AR

AR R B = 232 1B AT A6 A = A RRS AR L A 3R
1 FR S, BB A 4 R B = A 8 T AR Z A

S = Z s (9)
A A——=MIB B
L PR P IDITIE A
(3) A5 B 19 T TR SR AR
AR R = A R = o PO A B Y B P s ]
HARBLV P i 155 = AP i SO R Z AL
wzz(—lﬁw

X N——IE S HER S, BUE Y 0 5 1
Vi—5%5 i D =B RSO R

N RRBAT 5 FE,0 M1 233 iz =
9 325 16 0 i) RS 1) B T O — A 5 AR AL
B b YA = AT T2 AN A S £ T, B0 R TR
o =AY 5 B R o R B AR
4 iR A B .CH=FMIEH 3 AT A, By .ol
A B [ C e T b A 8507 TR, B g o™ T 4 1)
Jrh 3 AT AR M T TR R ABCA B, Co A BRI 2
KN

S,

(10)

V. =V(A,ACB) + V(A4,BCC,) +

V(A,BC,B,) (11)

A[)

FT I
B4
Fig.4 Convex pentahedron
X FAT: 0 DU T A, A 4 S TR = 2 AR AR )
WA (e vy 20) (%, 50, ) (%5, 55, 25) Fl(ay,
Yoo 2) LR BUF B AN
V(2 ,y0520) 5 (%5,05,2) 5 (%5,55,25) 5 (%,,54,2,) ) =

Xy =X Xy =X Xy T

1

ST YTh Y (12)
2, =2, 3 —Z 2 —Z%

DRLIME 6 G IHe = 0 ) A% ABE 2R R LAY O e ) T A
T E S =ML B RS W 4 R,
NABC (TR 4% A B .C HORAF A, 15 B4 T Ah bs &
L35 1) 57 1) 7 1] 582 10, W32 = A0 T8 1 iy 5
RBNIE, # AABC (T g% A C B HKATi#, U



5 43

TR G BT T R R R A

NERSIE/ I EF 261

Z=SAIE  BOE AR BUN B

(4) ™A 3 K ) T ] 5 ) T AR

ASSCHEE T Ak, A R ] TR G (C) A
P AR (A) o A SCHF R AR AL 3 A 220w, /)
BRIV AR S5 — L = = F2 8053 43 8 44 80 10 A )
T 50 TET DA K RSP P THT o AR 350 T A 497, S R
it 8(8 N 2 A% i = B 5 ) <RI R mi 4Rl i IR AR
LA =4 0 B O T ER AN IAT Sa O, g
I A5 R LB L 1 S TR A5 0, 6 JHG o i
Fr e LT

(1) L X Bl o )7
PEAT TR HES

(2) fdi FH 2 st AL - #0 B &: DLTH 05 5K
MZEBNH B B AR, P A O U A 3
B AN T AL A T B 2 R T R

LY R R R SO AR B A

Mg — iR

Y/mm

-3 0 3 -3 0 3
X/mm X/mm
(a) FK (b) HIAR

B Sl T JE KR R
Fig.5 Perimeter and area of a profile

1.2.3.2 HAESHEAIERKE T

AIAHESE N A (R PSE012 ~22),

BG4 RO R A A B - KOF- T 5 AN JE AR
PP LA S B R R AR SO 3 A
T8 (7KF- 5T ey N T oz R 00 TET y2) % B A T AR
R FR R R 18 24 R | P54 23 ~
40, JEARHT-(f, ~f;) MUEBEHRE (o) THEA N

LT bk A,
= 47A (15)
) EHA MM (B Sa P2 @ ) , i T
ol 26 S BT SR Y F h £ T A AT A K /
. fo=t (16)
C:z«/(xi_xi+l)2+(yi_y,‘+1)2 (13)
- fi= (17)
N - S
Pl T TR AR Ry A A S L SR L = A B 44
fi=—% (18)
HRUE AT 5b) 5 AN bl
4A
AZZ‘% (14) e — (19)
i=1
8 > . — A 2
XH g S 1 AT = AR 0 T AR =t (20)
AUMBEABREA LA, WELPSH 1~ . md
. /\':F' @,[ﬂ/\ﬁifﬂ 1% s lbho itqj » HUEE'(JJK w HU@E@%
Fx1 404N RESH
Tab.1 40 phenotypic parameters
7 e EA S 75 e EA S 75 e EA
1 N F A 15 V aass (AR A 29 c.. YN THT S 2 B R K
2 14 R 16 S/v ﬁ*ﬂﬁiﬂitt 30 S PEEIZAR A F 1
3 l IS 17 S/1 K 1 31 Srs PENTEIE AR A F 2
4 b JE 18 S/b Fﬁﬁmﬁ I 32 S T IE R H T 3
5 h = 19 S/h TR JE T 33 S PEITEIEAR A F 4
6 C,, VIS EHITTTIEEN 20 v/i K I 34 Soue PETEIEAR A F 5
7 Ay 7K - 1) T 17 AR 21 V/b AR E B L 35 c,. T ) TR R A
8 C.. E NGRS 22 V/h PR T 36 Siy: TR R AT 1
9 A Y\ v T AR 23 Coy IR - THT R v T A A 37 Say: T TR ] 2
10 C,. REINTNERS 24 Siay K5 1B R R 1 38 Sy ) T R R T 3
11 Ay o 1) T T AR 25 Sauy K P T R R 2 39 Say: T 3 TR B R PR 4
12 /b KB 26 Sauy K T R T 3 40 Soys T E EDE R B F 5
13 I/ Kt 27 Sany KT TR IR R 4
14 b/h Be i L 28 Ssuy K- E HB R B F 5

2 K54S H
16 52 B 2 Fh b | G 28 R 2 00 (3 KA 0 ) 3 2

FI 15 ~ 30 B0 Fh 37 AR S0k T 100 K B 45 R
THAVRLE B R 8 1 S IR B . 2P K
B3 4 RKE 7E — R 19 2R, A SCSE I T R 96 B4



262 & Ak Bl B ¥ R

2018 4

BLI = 2 FEAER 40 AR A SR HE I
2.1 XRERSERLESN
6 AR = 4ERIT . [ 6a 96 KA KL
(1 = HERERY 1] 6b Sy LKL A5 KL = 4E AL, A
Rl LA R A SO R A Y A R = 4R R ) B2
2 ~4 SR AR R B SEA SR AT R
SR AR 10 de KAH B/ ME RIS W3k 2
B AR 2 i B FE AT i i B A Y

(a) (b)
K6 Ak =4EfiA
Fig.6 3D models of grain
{EL2E 5850/ PR BR e R 1 T T R R ] I A 22
SRR

=2 EAXBY
Tab.2 Primary parameters
S/mm?> V/mm? 1/mm b/mm h/mm C,, /mm /l”/mm2 C.,/mm /l“/mm2 C,./mm /I”/mm2
& R 68. 11 44. 14 7.77 4.20 3.17 18. 85 23.83 17.67 17.77 11. 41 9. 60
e /IME 46. 10 18. 26 5.89 3.19 1.34 15.29 16. 45 14.23 8.73 7.77 3.72
H{H 59. 46 33.43 7.04 3.72 2.59 20.70 17.53 14.71 16. 34 7.44 10. 17
=3 TEBH
Tab.3 Derived parameters
/b I/h b/h V_ aass S/V S/1 S/b S/h v/ V/b V/h
TR ME 2.25 5.51 2.87 89.56 2.69 9. 60 18. 54 40. 26 6.24 11.33 15.55
I /ME 1. 64 2.00 1. 13 36.23 1. 54 6.59 12.94 16. 58 2.54 5.22 8.95
HE 1.90 2. 84 1.49 67.79 1.82 8. 45 16. 00 23.61 4.75 8.98 12.97
F4 INERSHWEANHRET
Tab.4 Shape factors of three principal component profiles
f1 fz f3 f4 fs ¢

e KAE 0.91 0. 40 0.08 0.61 1. 10 1.27

IR T (ay) T /ME 0.79 0. 30 0.05 0. 46 0.93 1. 10

I 0.85 0.34 0. 06 0.53 1.01 1. 18

xR 0.82 0. 84 0.07 0. 49 1.23 2.29

YT (xz) MY 0. 44 0. 40 0.02 0.21 0.91 1.22

H{E 0. 69 0.49 0.04 0.38 1.04 1.47

e KAE 0.96 0. 96 0.23 0.94 1.18 1.59

Tl 35 T (yz) % /ME 0.63 0.41 0.07 0.35 0.85 1.04

B 0. 89 0.52 0.15 0. 69 0.99 1.13

W5 S B, AR AR L B ) T AR ] I B
BE/INK N SRR T X 46 2 00 4 S AR A B
A5, DRI, A8 KA 85 2 A 8 AT T DX 4 R SIRE A
e, 7E—E R L 1 A8 ELHE S WA R HE IR R .
3R 4 PR, AR AT AE S BRI IR 19 22 57
PR, B 1 AR R A AR 24019 22 5%, il 4, A ]
K8 A RL AT A= 2 BT AR PR 7 B — s AR T o
2.2 ETERSHTHSHNESN

A SCHEHUAY 40 A S BOR b b 2 B 108 T 4R
(g JLATIE S, ol i T 3 1) TR A L AR R L
P F2 1053 3 A7 125 %0 48 R 26 B 2 M B kAT
BT, S A R AR A

FIHT SPSS B fEXF 40 4> 2 Bt 47 = Al 43 #r
AT 6 A E T, RBUGTHR AR O 93.356% il i E
J53 3 B AR AR ) i R B GRH 85% RYESK . th SPSS
BRAF TS B0 & 32 R AEH | RS TR 3R A

Gy AT B o DL 3 A 1 U7 25 DTBR 2R O AER , EE T
BRIE IR EE G A5 I B AR
Y =0.096 5X, +0.063 6X, +0.099 1X, +
0. 118 6X, +0.010 4X, +0. 146 3X, +
0.129 8X, +0. 085 0X, +0. 097 5X, +
0.128 3X,, +0. 131X,, +0. 040 2X, +
0.0118X,, +0.023 9X,, +0. 064 4X , +
0.0235X,, +0.059 3X,, +0. 024 1X ; +
0.044 5X,, +0. 070 4X,, +0. 060 1X,, +
0.094 6X,, —0. 060 3X,, +0. 060 1X,, —
0.134 1X,, 0. 023 2X,, +0. 045 9X,, +
0. 007X, +0.064 5X,, —0. 068 4X,, -
0.010 5X,, 0. 078 7X,, —0. 065 9X,, —
0.006 4X,, +0. 1123X,, 0. 112 2X,, -
0.047 2X,, 0. 101 2X,, —0. 078 4X,, +
0.001 2X,, (21)



5 43

WE L BT A WA RS ERRLEE

NERSIE/ I EF 263

Ao

Y—'/ﬁ\’*iﬁ/’{j(«ﬁ (5] %‘ﬁﬁi}’
Xl “'X40

— R 1 RS RLAY 40 PNERBSHL

1 2 3 4 5 6 7 8 91011

SR E/%
=

13 14 15 1% 17 18 19 20 21 22

TS

B 0] 25 B S 5OR A, N 7 R o
B 7 J& AR SCHRBURY R 1 Hp 40 A3 T S 500 AL

27 28 29 3

7 ARRASHE
Fig.7 Weight of grain phenotypic parameter

HE . ELT WL, 45X R T S ALE (1740 x
100% =2.5% ) (280 R RS KA 30 4
SR, /N T AR B AT K EE L8 R AR P T
AR T35 10 S8
2.3 BESHESF

Y I SR A0 RS BE, AR SCR RS BE
0.01 mm f{iF bR R R, M4 96 KL A KL (B 25K 1% /Y
4 R RL) K TEFE R N B S B EEIE N 2
A (CEAE) , 5 0E B & 1% 25, SE(E I 3 Ik
N0 S 405 2 v AR R BRURN 1 T AR Y 2 % {E e
Geomagic Studio & — @ I, l§ F Geomagic Studio 7%
A EHH R A 0 P BE A S A KA flORS BE O
o

&l 8 J& 4 b 2R B 5 1 55 2 5 1R 22 40 M o
MWE 8 ATUEH, AR MERMS RS

B mrE wRkf = RUME
Rl
*. 1 1 | | 1 1 1
S v 1 b h A A A

S8

Geomagic Studio Il & {8 AH [F] . < | T8 F &5 19 Je /N 48
X iR ZE IR 0 mm , fie /N A 5% 25 35 O | B K 48 %
B2 N 0.20.,0.10,0. 07 mm, 5z K AH X157 254
2.63% 2.59% T 2.89% . . FE F = 03 48 6
22N 0.08,0.04.0.04 mm, V- ¥ A X = 22 K
1.14% . 1.15% 1 1.62% , 3 A~ % M m 5
Geomagic Studio Jll &t {H %) F ¥ 4 XF 5% 22 7 5 K
0.62.0.44 0. 19 mm”, f K4 %% 254 1.1.0.91,
0.81 mm*, fiz /D46 % 3% 2% 24 0. 11.0. 08 ,0. 06 mm’,
3 A AR Y Geomagic Studio I {E F) ~F- 49 AH X
PR 1.82% 2. 12% F1 2. 43% , ft KA X} 1%
ZH 3.64% 3.71% F1 3.92% , fz /)N HH %% 2 K
0. 14% 0.25% F1 0.29% ., — fi§ 3¢ T I 4 o) 0 5 8

RIES5% T AT LI TERE B b A SCHR I
5T DL R B R

SO0 wEm =Rk =R

b

2l L |I ILJLJL

wn
\\}“

P8 A e U '?é%%ﬁﬁﬁ%??ﬁ*ﬁ

Fig.8 Error analysis of measured and reference phenotypic values of grain
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