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Fig.1 Multimodal three-dimensional reconstruction system for
greenhouse tomato plants

g = RSB, ARSI 180 em. %
120 cm. 55 160 cm, PN 000 TR A0 JEC TR A A 0 I ' D s
LED Yt 6 400 K. 70 W 1 Philips YeUR 41 i
SOC710 il A AW BEHEHT 7, ik iaH N
400 ~ 1000 nm, WEH N 128, BWE > HFHEN
696 pixelx510 pixel, W& EREWRE . Kinect f£IHKIEH
2.0 LA, H Color Camera 11 Depth Sensor 2541 %, #{f
RGB E14 73 #:2%9 1 920 pixel x 1 080 pixel, ¥ K157
HERA 512 pixel x 424 pixel, WiZHK 30 Mi/s, WEHH
T 0.80~4.00 m. HENEREKE N 31.4 ecm, TN
214 cm, SHEN6 cm, JEREREEZEN 20 cm, MAEHE
B2 360 ©, fEZ)EE 180:1, IXBIMLIL i EE FABRFTHLAL ,
XS AL STBYG ik L, BES 7 #E3 0.000 5°, &

RIKERE 0.01°, #2528 5 HW-36MT-3PG 1] g 245 i 2%,
36 % 1/0 Fy N, HAHiN 20 2%, it 16 %, HNE3
A% = 100 KHz PG 7 sk e ik o, JBAS #2101
RS232C. KJE T AR AL 2% 4 Intel(R) Xeon(R) E-2176M
CPU @2.70 GHz, W77 & A 32G, NVIDIA Quadro P600
4G BFR. RGEGHIHAFHEZ Visual Studio 2015 Fl
Matlab 2017a /B & 4w e .

WE 1b fizs, N SOCT10 &6 e AR SR S 1
El% (466.93 nm A , il 1c fror, A Kinect ££ /%
PSRN RGB BI%, Wi 1d Fizn, N Kinect 15 K28
MR IR, R EBUE MR R IR EEE S W .

WM 2 fion, BEFHEKZES - REERSE T
EREE: 5, VI RASH: FEEHE SOCTI0
TG AR AR AE I BE %k 5E < Kinect 5 3% N 3B 803 4
AR Ceys ¢) FIEERR (f, £,) ~ Kinect &5 KA G H
CEEBS PRS0 | MR ROT X 347 A B8 Y L (B IX 4k PR
HD L AEbR = gEE I ALE Ve 320, Kinect fif
B EARE KRR 2 ML T H BT E & % 1 RGB-D B,
A48 £ R A 1R ) S %S LA T e 6 36 T 1 B R 41 6
B W a8 = A AR, THEAR E G G, FEARYE O v h e
G OARFRANE R B B0, 20 AR
RGB-D EgMZ il EG R4 RIEMmEE, ERE
LR B RGB-D BMEMZ etk E%, ML
KA, BTG IR 3600/ Vy. BV, FAIAHEEO
WSRO ST ARAI A OC R EE, K SOCT10 Bd%AX
KEREHE B 5 Kinect f£ %45 K4 1) RGB BUZ AT AT
e, RS, 2V EIE PG R 3R A A
AR ¥R R, NG B S SR LA 22 AH SRR FE AR AR, T
B AR, TR R RN 2 AN I B e s i R A
FHL, MRZHEES=gEREZE: R Kinect fLERAE P HE
S8, KA RGB-D EURFEHN =4 s MR
Kinect 1% /8% 2% #F 55 Bl A AE R O R X 38 (region of
interest, ROD) T3 VEH (ROI X185 2= f HoAh i 5 X 45
FIRE IR R 2 X 38D 5 X = 4 2 i3 AT 0 T S A AR
B PR TIAL s AR I & e el v O AR A, XA
AT AL RS AR M, W E B e flh 0 S & Kinect
AFRRIES (0, 0, 00, WRIGHEEIEFMERE, KBS
WA AT IR A e, SEILZ M s bR R —
SRJG TS AS S =B RBE T ICP FoHE, faxt =4ks =
HATRERAE, e S gEE . TR A AR AT
5T RGB I EN B S 2 A], B LATE SEI = 4
MR EERN, RIS 7 S =g R E .
1.2 HEAEXZ S ESEGEHE

SOC710 =i AR AR £ 22 S 4K FE B8R0 = o5t
R MG, T Kinect {4845 K% RGB BUE AR E KIE, 2
SEPLEAAEE S BAS SR, TR EARN 261
W BIREE AR, RIS = 4E 25 A AL bR B RGB fH
A% 6 K 4% . SOCT10 B A1 Kinect 5 2 7] 3 EiAF
TENE RS e F P AN 4 TRORS B0 ¥ 1) . AT 9 % F AR
PEAHDC TR B, Kt 2 i SO RO HE 42 R A A



136 Ll THE2AH (http:/www.tcsae.org)

2019 4F

Step 1: ¥l 241
SOCT10W Beif# . Kinect N i 2%
Ce.c ff) « Kinecttd BIfEEH. | .|
RGBSR,

!

Step 2: Kinectf 48 [ b it :
VLN & e oM SV 1 B P o o 4 2 A L
T RGB-DIE G e ¥y — 4 sl 2=
Y IR UL i N
Kinect XA M HKRGB-D 14 BORE R R i L
SOCTI0RAEZ L KL

Step 4: LA G2 A LA :
T2 R I HE 2 8
AT T 2 AL

EZ PN U
He bR R GE— AL FICP RS L A

] :

EEEETE

B B =,

_‘ e £ TG S 15360°/ V), ‘

|§mﬁwzﬁ§zmﬁﬁﬁ@|

Step 3: 2 #L M fEAKRCB-DIE R K AR
SOCT10% Je ik ¥ 5 R4

Step 5: LA =Y H 4l

B2 BEHBEKRSBRE =L TEALN
Fig.2 Flowchart of multimodal three-dimensional reconstruction
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Multi-modal three-dimensional reconstruction of greenhouse tomato
plants based on phase-correlation method

Sun Guoxiang™?, Wang Xiaochan'?, Liu Jingna®, Sun Ye!, Ding Yonggian'?, Lu Wei'?
(1. College of Engineering, Nanjing Agricultural University, Nanjing 210031, China;
2. Jiangsu Province Engineering Lab for Modern Facility Agriculture Technology & Equipment, Nanjing 210031, China)

Abstract: In order to realize plant morphological measurement and physiological diagnosis, a multi-modal three-dimensional
(3D) reconstruction method was proposed. This reconstruction method further laid the foundation for plant phenotypic
measurement. Due to the complexity of 3D geometric morphologies, only two or two-and-a-half-dimensional images of
greenhouse plants can be captured at a single angle of view (AOV) by the imaging sensors. However, 3D point cloud
reconstruction of plants requires images captured at multiple AOVs. In addition, the 3D geometric morphologies of plants
undergo significant changes during the full-growth-cycle and to acquire suitable 3D plant images, it is necessary to frequently
adjust the sensor position. Therefore, sensor position and AOV directly affect the plant phenotyping efficiency. Developing an
efficient and accurate multi-view 3D point cloud reconstruction method that meets the need for full-growth-cycle,
high-throughput 3D reconstruction and phenotyping of greenhouse plants is therefore pivotal to the development of
high-throughput plant phenotyping techniques. So a multi-modal three-dimensional reconstruction method of greenhouse
tomato plants under different measurement positions and angles was proposed, and to solve the problem of multi-spectral
reflectance mapping and multi-view point cloud 3D reconstruction, multi-spectral reflectance images were registered to
RGB-D image coordinate system by phase-correlation method, and a multi-view RGB-D image 3D reconstruction method
based on self-calibration of the Kinect sensor was established which realized the reconstruction of RGB 3D point cloud model
and multi-spectral reflectance 3D point cloud model of the plants. The two-dimensional multi-spectral image registration
quality was evaluated objectively by the normalizing gray-scale similarity coefficient D, the spectral overlap rate in the region
of interest (ROI) C, and the mutual information value and the Hausdorff distance HD was applied to objectively evaluate the
reconstruction accuracy of the three-dimensional point cloud reconstruction of the plant. In total, 30 greenhouse tomato plants
were used in this study with each plant reconstructed from four angles of view at angle intervals of 90 degrees. The obtained
results showed that the average values of C and D were 0.920 6 and 0.908 5, respectively. After registration, the mutual
information value increased by 9.81 % and the canopy multi-spectral images could be registered accurately to the depth
coordinate system. The ratio of the HD distance set of reconstruction point cloud less than 0.6 cm was 78.39 %, the ratio of
less than 1.0 cm was 91.13%, and the mean value of the tomato distance ensemble HD,,, was 0.37 c¢m, depicting that the
tomato plant 3D point cloud model had high reconstruction accuracy and could be applied to multi-modal 3D reconstruction of
greenhouse tomato plants. This research integrated the traditional 3D geometric morphology measurement system and plant
physiological information diagnosis system, and as such the external morphology and internal physiological information of the
plants could be measured in the same imaging room. It provides a precise and efficient measurement method for
high-throughput plant phenotypic measurement, and is of great significance to the development of modern intelligent facility
horticultural management and plant phenomics.

Keywords: image reconstruction; three dimensional;, stereo vision; phase correlation; multi-modal; multi-spectral,
three-dimensional reconstruction; greenhouse tomato; plant phenotypic



