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Note: P is a point of the sample; P’ and P" are the projections of P on the left and
right cameras, respectively; X is the horizontal axis of P’ on the left camera
image; X is the horizontal axis of P” on the right camera image; 4 is the pixel
focal length of the left and right camera lenses; Z is the distance from P to the
imaging planes of the left and right cameras, mm; B is the baseline distance of
the optical centers between the left and right cameras, mm.
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Fig.1 Schematic diagram of binocular vision principle
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Fig.2 Polar line correction effect diagram
B IS5 R 6 R AT T AR AR N
I(x,y) =A(x,y)+ B(x,y)-cos(p(x,y) +a) (3)
K, Ix, y) BRBE (v ) Bbr ERDESR, A(x, y) TP
Btog, B(x, y) B WHIREE, o y) o ZRER
FIOHE , o RN, SHIFEAEL o 7058 04 2r/3+ 4n/3,
Iy (x,y) = A(x,y) + B(x,y) - cos (¢ (x,y))
I (x,y) = A(x,y) + B(x,y)-cos (¢(x,y) + 21/3) (4)
L(x,y) =A(x,y)+B(x,y)-cos(¢(x,y) +4n/3)

$538 (@) 3 AR, ARARAEE] o(x, 7):

I—1,
—_— 5
21]—10—12) ( )

LA ZE R AR AL 1 B = R IR AR A
KL B AL B ER S B, BB ML N T BRI AL
PR, 19 BESMANT AL, Fo ERATHALRTF . A
KT 2 AN A 22 IR B I R A AL B FFi, 2 AAh 22 2
FEA ROV NEETESE SE= YIS R (WS S5 G
PAXUAT AN 22 M, PR ASAS R SR FE AR KT AR AL o) R g, 3E
1T &N R AR R N:

_Pr1 =01 > P
%r{%—%+hwﬁwz
K, o, ARXTAHEAL o, A1 o, KIS, o, JEIT )G HI4E0)
AL @, AT (7) THEAS R

p(x,y) = arctan(

(6)


http://www.tcsae.org

5520 1 WA RS B X0 H S5 R = 45 5 g (BRI K M 5 bl i 189
¢:¢+Mmm%(n ¢_¢yh] ) M 536027 /DN 13602, ARG S = EE AU AL R
e T,-T, % 7 T 2.5%, H 2= EBINE LT RE SE.

A, round RVUFANEEL Tv T, 930N 0, 5 o, FIFH.
AR = A 22 IR AT AL TR, AR AENL A
PEREFILLINE £+ fon f; 05N 1/64. 1/56. 1/49.,
SRR S M EMA: A WERIE. =0
PLEARGL T JG, 754 72 A ABNLSR A I AR 7 R 3 AT A7 A4
VURC ATHSE A ZE (B . DL AEMLERAS A AL ] B s H
bR, WEARZRAE A A MLIRTS AR AL B S 4R ULEC &, UTAD
MUCLE/NEECAAN W e, Hat B 5N
0,p" (x,y)=0
Ip" (x,y)—p” (x+d,y)|
X, Cx, p, d) HRMFEFE, d A p'(x, y) MALZEAE,
P'(x, y) 5 p"(x, y) BRI LX AN S A LR ASL . 2 ),
KA B WAR RIS DS E SRRk it —
PR Z RSB . ML A Es R 3a Fos .

WL 440
Depth/mm

435

430

425

420

C(x,y,d)={ €

a. 2K
a. Disparity map
B3 mAMEZALELZH
Fig.3 Final disparity map and point cloud map
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Fig.4 Comparison of point cloud images before and
after down-sampling
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Fig.6 Schematic diagram of point cloud completion and
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Fig.7 Schematic diagram and physical picture of binocular
structured light system
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Table 1 Results of manual measurements of fruit appearance
indicator
IKRFRH Eiztan s /ME IZPNE] FHME
Fruit types Index Minimum value Maximum value Average value
. WA F 4/ mm 2.51 17.64 9.77
ji i P em? 210 380 289.00
R KHAE/mm 80.43 98.09 86.85
M AR /em? 128 310 191.22
Orange R KEf#/mm 65.13 87.20 75.75
A AR /em? 215 366 264.54
Pear R KHEA/mm 74.14 88.22 80.36
2 HERESH

2.1 WBEEHXRGEERIE

BN 50, 60, 70, 80 mm ] 4 AN G BR A e
() =4 d g 4 Rk 2 s

MERHF A ULEH, HEEEZS N 51661 59.12,
70.50. 79.60 mm, AHXT iR 2N 3.32%. 1.47% 0.71%
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Table 2 Reconstruction results of four Teflon balls

FrRAELF

Standard % % HAE HiE Eﬁé *ﬁ iRz
parts Actual diameter/mm Reconstructed diameter/mm Relative error/%
Bifllll 50 51.66 332
Bifllzz 60 59.12 147
B£§133 70 70.50 0.71
Bifll44 80 79.60 0.50
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Fig.8 Reconstruction results of apple deformity index
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a. Point cloud completion and
onvex hull-based volume extraction
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b. Extraction of maximum diameter
based on OBB bounding box
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Fig.9 Reconstruction and extraction of volume and maximum
diameter method for spherical fruits
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Table 3 Coefficient of determination of fruit volume point cloud
extraction and manual measurement results based on different S

angle

F; TR TS gl

(°) Apple Orange Pear
36 0.935 0.965 0.983
37 0.944 0.972 0.988
38 0.951 0.978 0.993
39 0.956 0.983 0.996
40 0.972 0.988 0.998
41 0.959 0.991 0.998
42 0.956 0.993 0.995
43 0.950 0.996 0.992
44 0.942 0.997 0.984
45 0.932 0.997 0.970
46 0.921 0.996 0.951

I BANTENEYS ZHMMRKRA, ).
Note: f is the maximum angle between the point cloud normal vector and the Z-
axis, (°).
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Fig.10 Comparison of manual measurement and point cloud
estimation results for the volume and maximum diameter of
spherical fruits
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Table 4 Comparison with the results of other literature

e PR bR [EONELD W B0
Type Evaluating indicator Maximum diameter Volume Reference
oy h R - 0.966
Pleurotus eryngii RMSE - 12.89 cm® (28]
ik R - 0.830
Grape RMSE - 0.18cm’ 2]
TERRSE R - 0.861
Cauliflower RMSE - 19.57em® 30
N R 0.933 0.993
Carrot RMSE 1.54 mm 607cm’ 127
3R R 0.948 0.967
Apple RMSE 1.74 mm 0.03mm 31
il R - 0.997
Melon RMSE - 377em’ B2
KERIE KR R 0.92 0.99 .
Spherical fruits RMSE 1.82 mm 6.01 cm® AXER
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Measuring the appearance indicators of spherical fruits using binocular
structured light 3D reconstruction

CHEN Xujia , PENG Yumeng , YU Shenggqi , HU Dong™
(College of Optical, Mechanical and Electrical Engineering, Zhejiang A & F University, Hangzhou 311300, China)

Abstract: Three typical types of spherical fruits, namely apples, oranges, and pears, have accounted for 40.86 % of the total
fruit production in China in 2023. However, there is a huge trade deficit in the import and export trade of fruits in China.
Furthermore, grading technology has limited the largest production and consumption of fruits. Appearance indicators, such as
size, volume and deformity index, are the main external quality traits of fruits in commercial grading lines. Alternatively,
computer vision has been widely used in the field of nondestructive detection of fruits and vegetables, due to the simple
operation, non-contact and low cost. The surface information can be obtained to measure the external indicators using two-
dimensional images. However, some limitations are still remained to capture the detailed appearance indicators, especially in
the high-accuracy measurement. Compared with traditional two-dimensional images, three-dimensional (3D) imaging with the
depth information can be beneficial to the appearance indicators of fruits. Among them, binocular structured light is the
promising 3D reconstruction with the cost-saving, high-precision and non-contact extraction. This study focuses on spherical
fruits, selecting apple, orange, and pear as representative examples, with the aim of constructing binocular structured light
imaging to obtain surface contour information. The system was also validated using standard samples. Single-view point cloud
reconstruction was performed as well. Three-step phase shifting was used to determine the wrapped phase. While multi-
frequency heterodyne was applied to determine the absolute phase. Afterwards, stereo matching, disparity optimization, and
point cloud calculation were conducted to obtain a 3D point cloud map. A rotary table was utilized to match the point cloud
images from different perspectives to the same coordinate axis. Coarse point cloud registration was also achieved. A complete
point cloud was obtained to conduct more precise registration using the iterative closure point (ICP) to obtain. Finally, the 3D
reconstruction of spherical fruits was realized. The deformity index of the apple was extracted from the reconstruction image of
single-view point cloud using normal vector angle. According to the normal vector angle, the point cloud of the fruit stem
position was projected to the bottom of the fruit point cloud image. The complete fruit point cloud was improved to calculate
the convex hull of the point cloud for the volume of fruit. The maximum fruit diameter was extracted through oriented
bounding box (OBB) bounding box. The experimental results show that the relative error was within 4% in the external
dimensions of standard parts using 3D reconstruction. Taking manual measurement as the references, the values of coefficient
of determination (R%), root mean squared error (RMSE), and mean absolute percentage error (MAPE) were 0.97, 0.755 mm,
and 7.23%, respectively, for the measured apple deformity index. In the volume of spherical fruits, R* was 0.99, RMSE was
6.015 cm®, and MAPE was 1.946%, while those were 0.92, 1.823 mm, and 1.859%, respectively, for the maximum diameter.
The 3D reconstruction with binocular structured light can be expected to significantly enhance the accuracy and efficiency in
the appearance indicators of spherical fruits. The finding can also provide a valuable tool to improve fruit quality control and
grading.

Keywords: 3D reconstruction; binocular structured light; spherical fruit; deformity index; volume; maximum diameter.
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