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c. Citrus slice map of sinograms
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d. Citrus slice map reconstruction
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Note:In figure la, 6 is the sample rotation angle, p; is the detector fixation
position, g(o;,6;) is the projection of 6. pj, g(o,6k) is the complete
projection with angle 6, L(pj,Hk) is the linear expression for the angle 6, and
detector position p;.

Bl KBHARERER

Fig.1 Schematic diagram of the technical principle
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1. Radiation protection kit 2. X-ray detector 3. Sample carrier 4. Rotating
mechanism 5. Lifting mechanism 6. Mobile organization 7. X-ray source
8. X-ray Collimator
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Fig.2  Structural and physical drawings of the line array X-ray
three-dimensional reconstruction device
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d. Distribution curve of pixel gray
value after calibration
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c. Distribution curve of pixel gray
value before calibration
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Fig.3 Comparison of before and after image correction
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Fig.4 Entropy of image information under different tube voltage
and tube current parameters
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Fig.5 Schematic diagram of X-ray projection acquisition of
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Fig.6 Citrus flesh, peel and cavity organization segmentation
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K JH Excel 2021 3 #4f 3EAT 1 31 48 PN AR O 5,
KA Origin # 17 Pearson #H 5¢ 1% 4 #t , K A Matlab
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Table 1 Statistical characterization of citrus sample sets and correlations with volumetric edible rate
I Sl 4 . PNSEES
B J % ‘g + =) 1 fpe 2 b S E{u R
B RIME R&UE RS RSB e | B Tgge  RBTRE
Transversal diamete Vertical diameter . . 3 X Density of fruit . Volumetric edible
Parameters . . Fruit mass/g ~ Fruit volume/cm” Shape index 3 Slice map
of fruit r/mm of fruit /mm /(g *cm™) . rate
edible rate
lzine 68.26~97.18 47.02~93.46  114.85~291.63 145.00~434.80 0.88~1.54  0.51~0.92 0.33~0.53 0.33~0.72
N2 i}
q;[,]ﬁ 78.68 69.95 190.54 256.16 1.14 0.75 0.44 0.55
can
NP
5.66 9.55 42.46 55.59 0.13 0.08 0.04 0.07
Standard deviation
RAE -0.24 0.003 6 0.12 -0.34 -0.12 0.78 0.93 1.00

Correlation coefficient

HIT CARFKT PRI, RERR. iR K
RIVAEHCS BT R R AR SRR R, AT WA A A6 A L
1A Z KA BEAE TR AR A PR B AT R R IR IE S 5 D)
T B AT & 35T X2k CT i Bl b i SR A X 5 R
S HR AR B, FL D) P BE T b 7 A P AR SR B
RS G, DR e D) R AT R S A A AR T

RN FIE 0.93. HGEAMESHH, RUEE
SRR R MR =N 0.78, RUIMHE AT &
ARG RS FEABAFAE — € IO

RS MR AR AT & R R EON-0.34,
WIPTE R A ATR, BEE AR RSERIRIE N,
R s R L R B 5 A 22 18] B TR B AR A o L3z i
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5 08 . 9|4 Calibration o 0-8 11454 Calibration
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Eo,e 206 e

E 057 Zos R2-0.86
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03 04 05 06 07 08
Sl i Measured value

a. 3 S TSR AN T 45 2

03 04 05 06 0.7 08
S {E Measured value

b. VI MR AT £ 3t R A F 45 5

b. Prediction results based
on slice map edible rate

e R NP YE RAG RMSE, ATRIMNISE S 75 % . RPD AR 4>
FriRz.

Note: sz is the coefficient of determination of prediction; RMSE, is the root
mean square error of prediction; RPD is the residual predictive deviation.
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Detecting volumetric edible rate of thick-skinned citrus using X-ray
three-dimensional reconstruction

CAI Jianrong, LIANG Xiaoxiang, XU Qian, XIA Zhongyan, SUN Li, MA Lixin
(School of Food and Biological Engineering, Jiangsu University, Zhenjiang 212013, China)

Abstract: Citrus rich in nutrients is one of the most favorite fruits in recent years. But the thick-skinned citrus is often
accompanied by the fruit hollow, skin thick floating, leading to the low actual volumetric edible rate. Furthermore, traditional
nondestructive testing cannot accurately and rapidly detect the volumetric edible rate. In this study, the line array X-ray image
acquisition and three-dimensional reconstruction were developed to detect the volumetric edible rate of thick-skinned citrus
fruits, including the fruit rotation and lifting, data acquisition, radiation protection and motion control. The fruit rotating device
consisted of a rotating table and a gear motor; the fruit lifting device consisted of a lifting platform and a stepping motor. The
data acquisition device included an X-ray emission source, a line array X-ray detector, and upper computer software. The
radiation protection device was a lead plate with a thickness of 2mm, which was used to prevent the radiation generated by X-
rays from leaking to the external environment. The motion control part consisted of a programmable logic controller and upper
computer software. Taking the Ugli fruit as the detection object, the information entropy of the X-ray projection map was
evaluated to optimize the detection parameters. The optimal tube voltage and current of X-ray source were obtained to be 67
kV and 0.92 mA, respectively. The integration time of the line array detector was 1 ms. Dark-field correction and bright-field
compensation were used to remove the uneven pixel distribution and the noisy background in the initial state of the X-ray
detector before the experiment. A series of 180 X-ray projections were collected in the circumferential direction at intervals of
2.0° rotation. The samples were rotated by 120° with the mid-axis of the fruit as the center of rotation. A series of citrus X-ray
projection maps were captured at three angles of 0°, 120° and 240°, respectively. The X-ray projection maps were converted to
sinograms using the Radon transform. After that, the sinograms under the three angles were reconstructed as the slice maps
using the FBP (Filtered Back Projection). Image segmentation was carried out on the slice maps using image filtering,
enhancement, and thresholding segmentation, in order to form the background, pericarp, pulp, and cavity region. Moreover, the
regional area ratio was defined using the ratio of citrus pulp region to fruit region, whereas, the slice map edible rate was
defined using the regional area ratio. The physical parameters were measured, such as transversal diameter, vertical diameter,
mass, volume, density and fruit shape index of citrus fruits. The true volumetric edible rate of citrus was calculated using the
specific gravity of citrus pulp to the volume of the whole fruit. There was the better correlation between the physical parameters
and volumetric edible rate of citrus. The results showed that there was the higher correlation between fruit density and slice
map edible rate and citrus volumetric edible rate, with the highest correlation 0.93 for slice map edible rate. Finally, the slice
map edible rate was selected as the input feature of the model. The linear regression model was used to quantify the volumetric
edible rate of thick-skinned citrus, with the values of Rp2 (Coefficient of Determination of Prediction), RMSEP (Root Mean
Square Error of Prediction), and RPD (Residual Predictive Deviation) of 0.86, 4.81%, and 2.71, respectively. In conclusion, it
is feasible to quantitatively analyze the volumetric edible rate of thick-skinned citrus using X-ray three-dimensional
reconstruction. The developed approach can also be applied in the nondestructive testing of the quality of agricultural products.
Therefore, the nondestructive testing techniques can be expected to evaluate the internal tissue lesions and external quality of
agricultural products.

Keywords: non-destructive testing; X-ray imaging; three-dimensional reconstruction; slice map; citrus; volumetric edible rate
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