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LIRS S AR AR, R BESREUG N2 R MRS &,
TERT IR BEN G E . T X FHEER—FES
AGEAR, H AT C &N T LB I, AR &
WERRY, R PR Ra. FLIR BRI, KR4 BESL
DO, /NG Sy BEMERIR R AL T — Rl AT 4T 1038 12
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1 & CT RGERFIR R

1.1 REGLEK

AL CT R EEMIFHEMNL 1 (A CPU 3.2
GHz, W 2.98 GB, &F ATI Radeon HD 5450). PLC
il #% 2 (programmable logic controller) (CP1H,
OMRON, HA)., EER S 3 (Nova 600, OXFORD,
BEED. JEECEE 4. FHURIIEE 5 (2520DX, VARIAN,
EE) & 5 ADIREBERA P, KRR BEWE 1
e SelfrrlE A/ N I BB & b, D
SRR ST X R EENEREAR, IRV R G KIS
B4 45 PLC, PLC #MillZMieit & SCIURE A i 45 [|) P Jie
B, P FHERRR DA SRR A BN 1 X 59 2R IR A T B
I, R — B 40 AR R AR A BGHT  Eg, R
SoOE oz W 4 S R v R 5 FBP (filtered back
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projection) FEPIAIEALFE GPU (graphics processing
unit) JHEEVEPOR BN R E R R, e AT RS A
BN W 2 B g R AT R i S AR BE, IS 4 HL
HNESBERMRSHPY, CT SR EHYE T X H4kiE
I AR B U A AR Y RIER A e X (D,
SRJE 44 Radon 28 #AF 350 H i IR

1= (D
T T PRI #5221 1) X R 2R, 1o IS X
SRR (CD, wARBYI I RE, L AR
JERE (mm).

FANF

= ' A
b. NESYEEX SR UG E
a. Computer and control unit b. X-ray imaging device for wheat tiller
1. TFEHL 2. PLC 42488 3. MUEERSTLRIE 4. IREF & 5. FHIRIS
6. N IRIHE A
1. Computer 2. PLC controller 3. Micro focus X-ray source 4. Rotation stage
5. Flat panel detector 6. Wheat sample

A
a. THEHLE R T

H1 CTAasiuamTEH
Fig.1 Schematic diagram of CT system

ARG [P e = 2 BT 35 I [ S AX A% 2 7] (National
Instruments) f¥] LabVIEW #ff. VARIAN 2 A]ff] VIVA
B, 2 EMECA T K Microsoft Visual Studio #f4F. B
Jeilid VIVA 358 BT AR N &S 0 i 2 A HE AN 3 2
1o 2R J5 183 LabVIEW 358 1 X2 MG R AR A )
e IEE . R Microsoft Visual Studio 3%k
SEYLWT 2 @A BE UG A R B, AR s A B

(dynamic link library, DLL). # /5 F|H LabVIEW $f Fik

DIReSEm, SNy BRI HE . REE . AbBE—141k.
1.2 RiR%H

EH T ICEE B SR 2 U H i AR R 33°, S AP ARERINN =
FRSE (195 mmX 244 mm), A5 H 24 5 2RI 5 P AR
BRI 2 2 1A] (BN 634 mm IS 2RIE & T ) X 5F£ERI
U A7 o AR 3%, 25 RE B /N AR AR IR S B R T 9F:
SRR AT e i (10 723 (8] 4 A, AT rh ok i rR) fl R B 5T
LRV BRI FEA B 258 305 mm, JEFiZ G S5 T 3R
HU ) X-ray #5652 ) HE P PR ATIA 61 um x 61 um. 55
EH R RS H L 1 PR,

®x1 NECT REMESH

Table 1 CT system performance parameters for wheat
TERE S
Z4) Parameters Performance
parameter value
X LR FAMY B & X-ray anode voltage/kV 40
X H 2P IR X-ray anode power/W 40
52 ) P Projection image resolution/(umxzm) 61 x 61
W2 E I R e 61 x 61
Tomographic reconstruction image resolution/(umxum)
AN 2 B 305
Distance between wheat and detector/mm
X A B B -
Distance between X-ray source and detector/mm
BERR/ANEZ RAR A1 K 360
Number of image collected per wheat
FLURIERS f ¥ Single rotation angle/(°) 1
1% ZTH AR Pixel area/(mmxmm) 195 x 244
B HEFF Pixel matrix 1536 x 1920
14 A BE Pixel pitch/(umxum) 127 x 127

2 REMRRGE
2.1 REHR

ARG —FLIERHL 5 MR/ SRR (125 2668,
1637 2533, 13 166, B3 2566, £33 2153), B
P 25 kK, —3 125 BRANEREAR, ISR BRI
FIF R RIS R A /N 22 1) 3 S fE KB Rl T, AR5
W1 38 D B R, 3T 8 mm Y X0 22 e b
SRR, fRIEHIERE— M, BJEKE . B FRAER
IR 20101 RIS e/ KRR R AR
IEFRFIKIRE R, fr/NERERD 90 d G URIHAT /N2 4 BE
LA TSI S N T38AIF
2.2 RIEEKLE

CT RG MM HIEAEPERIT: D T X H4
AR, RFLIREEESRITE 20 CUAKN; 2) 4T
TR LRIEAERIM ZS, X RGHATRAE; 3) RN RER
o FHIWCRENER SRR EREENR; 4) RER
—WRFEAR G, E T —HRAEAG%SRE, HEEITEA
KEETEs 5) RS TRIZE AT ML

BT RAEAER N, &R TR/ NEREAN
107 B/ N L BARmE SR oN: 1) 2 4R

TN BN B Ay BE A, FH 2 AR A8 40 ) SR
SYBEMPE, L 2 NFTTSHEMFIE MR 7 BERUR 4 BE ff
BN T EAE; 2) WA ER>T CT RGN, K
EREE s 3 KRN E AR EE NI O (E
Ja 5 N AT TR R, X HFRET CT &4
R, REHRLE N 4) 2 4R N B A s £ R,
A3 0 R R 1 AR o BE I 4y BE SRR 4 BEAE R, HY 2
N FITASHE (1) 7 345 4 B 25 K0 A 4y B8 BE JEL 1 N T3
21E,
2.3 RIEHEAMIRIZEL

AP AT X B CT M/N s BEMR
WHREUT I, AR WE 2 Fin, BEASCERWE 3
N, HARPZE T AR

F—RESAET
LB RIE K

A—RESAET
LRBEFIH BIE KA

v v
[BERROUBNER ]  [BRROIBIGEX ]
v v

FBPELAGPUNN FBPRELMGPUM
EREBNERER | | REREE R
s ¥ v
e orsuafw%u | OTsUﬁﬁﬁ%ﬂ |
RN
v v
PR PR R I
BB B
————— Rt T Sl Ml
XS ‘6}%‘ ‘5}%‘ TriE TYEE
BEC g | || | mE B

7E: ROIAEEIGHRIX; FBP AUEB R % GPU ARG T,
Note: ROI is the region of interest; FBP is the filtered back projection algorithm;
GPU is graphic processing unit.
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Fig.2 Flow chart of technical route for wheat tiller traits extraction
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a=

T NFBEME, () x N PIHAPRFIERREER, mm; y WP E 5
FEES, mm: D NABEEM, mm; o NABEKHKE, mm: b JysrBERLAH
K, mm; 4 NBEIEERE, mm; d NPBEEEE, mm.

Note: « is the tiller angle, (°); x is the Euclidian distance between two point in the
same plane, mm; y is the distance between two planes, mm; D is the tiller
diameter, mm; a is the major axis of wheat tiller, mm; b is the minor axis of wheat
tiller, mm; d| is the tiller cavity diameter, mm; d is the tiller wall thickness, mm.

B3 BBRAERESERRRIAA

Fig.3 Flow chart of image processing and tiller traits extraction
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SYBE X-ray BEIEG AR 3b, SRJE BB [ e B
360 AN BT IR G 2 R I 5% B ] 3¢, R T80
AR FBP Bk, A PRSI m A R . 125
R P My 2R AR B B (/N 22 43 BRI IR 45 4, FLE
RN 3d Fros .

AT IR IR X 3 (region of interest, ROI)
SR B AL FE T ik 5, B CT W2 S i
JITTHARE I (8], SEIIL/INFE 43 BE PN R I J2 45 4 (1 DRk 3 2
2.3.2 A EEAIMEIKA IR

INFE Sy BE W 2 PG AR R RSB B 4 R inidk

EEXE/NZE oy B R S R EAR, W S R KRR
(OTSU) HENHE /&g, R Z AR KRG T =
AP A 3e), ARG R 25 B/ DX RV T o 1 S e
PP 36), PR FEE X b ic 7 iR ) AN N
SBEX IR 3g), fn it H/NE S BRI 4 B
SYBEZEMLL 4 BERE SRS BE A FE (N1 3h), BARTHE TR
W,

Y BERCRLI TR B0 @ X AN LG

OYBEFE of it KHE X 5%, S BIAE R AR
FERIWT R T BUR O, S BIE— V)G, HECFEA 2
R REE S x, I H R G C AN KR T ) TE LRy,
R AT CAH 5 40 BE AR  (©)

a = arctan(x/y) 2

SrBEZEM D BITHEL: BB BRSBTS, T
wKH o 555 b, NITTHE H 22

D = (a+h)2 (3)

SYBEREIL o [THE FESHM T B IR S SREL N B

BEE ELAS oy, AT UT 5 L BE R
d=(D—d))2 4
2.3.3 A%

BT FREUGE R, W RGWER 107 4/
TR BEEL . P EBEMARE. SPBEZM. pEEREE S5 AT
B XS EERVPN T VR FE o IR 25 L 1S 1) ST 3 48
S E 4R Z (mean absolute percentage error, MAPE)
FARHEZE (root mean square error, RMSE){IiH5 515N

MAPE = 1 3 [%a =i | 1090, (5)

nig Xmi

RMSE = /lZ(xm —%,;)° 6)
=]

Kb n WEEARL xu NRGWEME, x, WA TIE.
3 WMEERSH

3.1 RBEMERE

BT Bk /NS EEE @A B T R, AR X
107 /N RERR SR B BT 43 BE P9 SRR AT 04T AR
RGNy BER. S BEMPE . MR 5 A\ Tl =
T RN A RGOSR . b, N TIE/NEREA
PIMEMRAI B S RGN & & A —8 (XIS LT
Sem &b, AN @ B R B e AR A BE A RS RN
B LR 2

B da 25 BEELIN R el A 5 N 00 {8 A 0] Bk
A, W&H R*=1, MAPE = 0%, RMSE =0, &X&%
W7y BERLAIHERTE N 100%. B 4b 0 EEMERI RS
I EAE 5 N TR A EL B s I, W& R = 0.77,
MAPE = 3.65%, RMSE =2.96°. [ 4c /& 22411 R4 &
{E5 N T EAG st Egos B, A& B R°=0.91, MAPE =
4.84%, RMSE =0.17 mm, BAKERSTE 101 &A1,
YLRH R4 R G0 2N T &K, X n] Ag 2 ik
36N A AR R ROG o BE SR AT N, R R 0k
ERFICERS, EFRM TSN TNERZE. K 4d 2
BEJE I R0 & 5 N TR AE 15 LS B, aTE
R*=0.87, MAPE = 7.86%, RMSE = 0.12 mm. 45¥#%
HAZG AR EPNEREE, RGNEES5 A TllE
EEE B8, R R MR T Xray CT #
AT CAAERS (10 5 /N 22 73 BETEAS R AIE
3.2 RGMEME

KRB R G USRI [0 K Z) 200 s/bk, EGE .
BG 23 BT A MR SR BN (8] K24 120 s/kk, BT MG E 2.
EUE o BT I PR SR BORT DL S BUECR R HFRAT AT, WA TR
BEE IR T KN [], A RS0 E A 200 s/tk.
WHZ RS — FELE TAE 24 h, Bi6 b 1 d ATLAIN&E: 432 #k
N
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Fig.4 Results of system measurement and manual measurement
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AWEIC RGeS H e B 7 RO Has R Ansk 2 s
ATTFEE NTIETNEMEE, 8 %em AR 2
RIS, L RAE B4R BN T AR PRI 107 MR/ 22 fE
PRAC ZR I (B K 292 30h, PRI E L RL N
1000s, MARGERLATE 6 h, TR SHL 5 15,
FED ARG EARRGER LU N DO b B B i —
B, JFRE RN LR EAEE M. S o7 B s,
SAEEYIAEAEL,  [FIREAT DA AR 453 1 sk s 0 F 5 AR
TE SRR A FLR 2 9 A58, HET 2k m] I
ST AL, ATTIEAME AT EASREUN 2 73 BE 1 N
BRI BEEER, IERe N Z 0 BEZ AL B R LT
FEHERI /N2 oy BEMEAR, LAy BRI & D i) mT L6 0 77
BEB B B YE RECN 0.855, ARG A 1.
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Table 2 Performance comparison between CT system and other

methods
ik SRR R W A
MJth d Phenot 'At it Destructive Measuring efficiency/
ethods enotypic traits or not (s HY
e OYEERUE, JrEEZEME,
NTL&E INEEREIE, 4 BEAY z 1000
IR e %5
CT R4t & VBEREIE, JhBEf i & 200
ey AVEEZEML JhEEREE, n
AV ik e 5 s T T 2 1800
AL TR I3 BEE & PRid

4 LHiL5THe

INZE P BE NN A KR ML E TR AR A, FLEEH
BEJE S5 HUEMRRE IR VIR, 0 BE8. ) B A B
Wil /NFZFRIRTY /NS 0y BE TR A SRR A IR AT FE 0 /)N 22 38t
e B IR N L BRA EHE L, APt 7 —
P T X-CT W& /N5 BRI T

1) ARSCEFR AN 53 BRI A P ARAE IR IR, #y it 1
—E X HEMERE RS, BRG] Lo, P
SREUNZ ZEAT W E MR, e R R 20 i R0 SE L
XN S BETE A FARHE AR . . BRI, BFXT
107 BR/NZE kAT 7> BEWTE B, H B3R BEIR RS
HOFESBER. SEEME. AR, W{Ing R ER
MEHK5Z (mean absolute percentage error, MAPE) 433l
N 100%- 96.35%- 95.16%. 92.14%; #r#EZ% (root mean
square error, RMSE) 73514 0+ 2.96°, 0.17 mm. 0.12 mm.
DA B 4510 R IAE R G B A s SR T

2) ABERGIEY RMHT K. TR SR
YD, ZERAT SEA YRR IR (A] W,
LA, LLAMRAREE) AHER R, AR AR IR AR
PE—FloEr AR T B

3D ARG BN 7y BETEAS R AIE 32 B W] WOk
W N A RIS g o mr ol R
RESRIDVEII R TS B, 0 B TR PR 44 00 00 B K5 52 5
WK, BLJCVEINERE R, 5 PR B AR T DS A
FHBR, HEE, MU B GiEEE .
WEAHI A/ N 5 BETEAS M AR T — Rl i 7702
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Non-destructive detection of wheat tiller morphological traits
based on X-ray CT technology

Wu Di*, Yang Wanneng™?, Niu Zhiyou®, Huang Chenglong®*
(1. College of Engineering, Huazhong Agricultural University, Wuhan 430070, China;
ge of Lng 8, g Ag D,
2. National Key Laboratory of Crop Genetic Improvement, Huazhong Agricultural University, Wuhan 430070, China)

Abstract: Wheat tillers play an important role for nutrition transport to support the wheat growth. The wheat stem diameter
and thickness are closely related to lodging resistance. Meanwhile tiller number and tiller angle directly determine the plant
type of wheat. Therefore, the morphological trait extraction of wheat tillers is very important to the study of wheat genetics
research, breeding improvement and functional genes location. With the development of the wheat cultivation and genetic
breeding, the fast and accurate measurement of morphological traits for wheat tillers is imperative. However, the traditional
method for tiller trait measurement is still manual, which is destructive and time consuming. Although a lot of efforts had been
made to extract the tillers traits generally based on visible light, it is not able to acquire the inner information of wheat tiller
and is affected seriously by tillers overlap. To solve the problem, a nondestructive technology for wheat tillers measurement
was proposed and equipped with X-ray CT imaging device. In this study, the X-ray CT imaging system was constructed with
the Micro-focus X-ray source and flat detector, which was used to obtain the sinogram images of wheat tiller with the spatial
resolution 61 um by 61 um, and totally 360 images were collected for every one degree rotation for each plant. Then the FBP
and GPU algorithms were adopted to reconstruct the tomography image of wheat tillers based on the sinogram images, and the
inner information of wheat tiller was visible in the image. Moreover, the specialized image analysis algorithms were designed
to analyze the wheat tomography image, in which the algorithms of background subtraction, OTSU segmentation, removing
small region, and connected region identification were applied to extract the tiller regions. After that, the wheat tiller
morphological traits were extracted by the following methods, the tiller numbers were counted based on the number of
connected areas, the stem diameter was computed by the information of area external rectangle, the tiller wall thickness was
extracted with the information of area external rectangle and cavity rectangle, and tiller angle was obtained by the triangle
relation of tomography images at different heights. Finally this method was evaluated by 107 wheat plants, which belonged to
five different wheat varieties. After the wheat plants were measured by the system automatically, the plants were measured by
manual method for comparison to evaluate the system measurement accuracy. The experimental results showed that the system
measurement accuracy of the tiller number was 100%, the mean absolute percentage error of tiller angle, the stem diameter and
the stem wall thickness were 3.65%, 4.84% and 7.86%, respectively and the RMSE for above traits were 2.96, 0.17 mm, 0.12 mm,
respectively . The R2 value of tiller angle, the stem diameter and the stem wall thickness were 0.77, 0.91 and 0.87, respectively.
The results demonstrated that this method had a good consistency with manual method, and performed a high accuracy for
wheat tiller morphological trait measurements. In this study, the image acquisition efficiency was about 200 s per plant and the
time used for image analysis was about 120 s per plant. Considering the parallel implement of image acquisition and analysis,
the system efficiency was about 200 s per plant and was able to measure approximate 432 wheat plants in one day. Compared
with manual method, this technology was able to detect the internal information of wheat tiller with high-accuracy and
nondestructive. Moreover, it was able to extract novel phenotypic traits, which may contribute to the functional genomics and
lodging resistance research of wheat plants. In future, more detailed information of wheat tiller such as vascular bundle, leaf
sheath could be analyzed based on the higher resolution X-ray imaging device and more intelligent algorithms.
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