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Abstract

At present, the internal quality detection method of pumpkin seeds has the problems such as low efficiency and poor accu-
racy. Therefore, the combined terahertz time-domain spectroscopy (THz-TDS) imaging technology and K-Means image
segmentation method was proposed to achieve efficient and accurate detection of the internal quality of pumpkin seeds in
this paper. The samples were prepared based on national standards, and four types of samples were made broken grain 1,
broken grain 2, empty shell pumpkin seeds, and whole pumpkin seeds. The terahertz images of the above four samples were
acquired, respectively. The acquired terahertz images suffer from the problem of indistinguishability where the husk meets
the kernel. Therefore, the K-Means algorithm was used to segment the terahertz image. By calculating the area ratio of
pumpkin seed shell and kernel, the grade classification of pumpkin seeds was realized. However, the conventional terahertz
image acquisition was time-consuming. In this paper, the frequency domain spectrum was obtained by the Fourier trans-
form of the 0.1-5.0 THz time-domain spectrum of the mixture of pumpkin seed husk and pumpkin seed husk kernel. The
characteristic frequency was determined by analyzing the maximum peak and characteristic peak of the frequency domain
spectrum, and the single frequency image was obtained. The detection error of the single-frequency image was analyzed by
calculating the ratio of the defect area between the real image and the single-frequency image. The average detection errors
of single-frequency images were about 6.27% and 4.27% at spatial resolutions of 0.4 and 0.2 mm, respectively.In the qual-
ity detection of pumpkin seeds, the single-frequency image can realize the rapid detection of the quality of pumpkin seeds
under the premise of ensuring accuracy.

Keywords Pumpkin seeds - Terahertz time-domain spectral imaging technology - K-Means algorithm - Fullness - Fourier
transform - Single-frequency image

Introduction

Pumpkin seeds are dry and mature seeds of Cucurbitaceae
pumpkin, are rich in nutrients, and have certain medicinal
value [1]. With the quiet rise of the pumpkin seed deep
processing industry at home and abroad and the continu-
ous increase in the export of pumpkin seeds, the cultivation
area of pumpkin is expanding year by year. The quality of
pumpkin seeds has an important impact on the processing
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and export of related products in the later period. Due to
improper planting or storage, the seeds inside the shell of
pumpkin seeds are often damaged, empty shells, or other
abnormal conditions. If the selected pumpkin seeds have
the above abnormal particles, the quality of the products in
the later stage will be affected. Therefore, it is necessary to
detect the internal quality of pumpkin seeds.
Thousand-seed weight is a common method for quality
inspection of pumpkin seeds, that is, the weight of one thou-
sand seeds is generally measured by the seeds in the air-dried
state. Three groups of 1000 seeds are randomly selected and
they are weighed respectively to obtain the average value
[2]. However, this method has the disadvantage of low effi-
ciency and poor accuracy. Virgilio G Uarrota et al. [3] used
a combination of near-infrared spectroscopy (NIR) and Stoi-
chiometry to achieve rapid, simple, and inexpensive identifi-
cation of soybean seeds with high or low vigor. Lalit Mohan
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Kandpal et al. [4] used the near-infrared hyperspectral imag-
ing (HSI) system combined with the PLS-DA-SR method
to predict the vigor of melon seeds with the classification
accuracy of the validation set of 94.6%. However, both of
them can only be used to detect seed vigor and they cannot
be used to visualize the inside of thin-shelled seeds.

Terahertz time-domain spectroscopy is a new approach
that has emerged in recent years by combining imaging and
spectroscopy information. Terahertz waves have highly
transmissive, low-energy, and fingerprinted, and many
molecules exhibit unique absorption or scattering spec-
tra in the terahertz range, so the terahertz can be used as a
non-ionizing alternative to generate high-resolution images
from inside objects [5], and it has good penetration to many
dielectric materials and non-polar substances. So, it has been
greatly applied in the fields of agriculture and food safety
[6, 71, security inspection [8, 9], and medical treatment [10].
Ju Xingang et al. [11] used the Maximum Between-Class
Variance (Otus Method) to segment the moth-eaten area
in the insect-eaten wheat image collected by THz, and a
genetic algorithm was proposed to improve the efficiency of
the maximum between-class variance method to solve the
optimal threshold and effectively identify Out of the moth-
eaten area inside the kernel. Gente et al. [12] used terahertz
time-domain spectroscopy instead of x-rays to distinguish
between healthy and defective seeds of sugar beet. Yew Li
Hor et al. [13] used terahertz spectroscopy and imaging tech-
niques to detect voids, cracks and defects in cork stoppers.
Liu Cuiling [14] used terahertz time-domain transmission
imaging technology, combined with morphological filtering
and K-Means image segmentation to explore the internal
quality of sunflower seeds. Those researchers have realized
the detection of the internal quality of the sample, but no
solution is proposed for the problem that terahertz imaging
is time-consuming and cannot be used for rapid industrial
detection.

Compared with existing methods, terahertz can be used
to take on the internal state of pumpkin seeds without dam-
aging the outer shell. Therefore, in this paper the terahertz
time-domain spectral imaging technology was proposed to
detect the internal quality of pumpkin seeds, the images of
pumpkin seeds with different defect degrees at 0.1-5 THz

(a)

(b) (c) (d) (e)

were obtained by a terahertz imaging system, and the images
in the appropriate band (1-1.5 THz) were selected based on
their signal to noise ratio, The K-Means algorithm was used
to achieve the segmentation of pumpkin seed kernel and
pumpkin seed shell area, and the defect degree of pumpkin
seeds was calculated to realize the grade classification of
pumpkin seeds. However, conventional terahertz imaging
was time-consuming. The time domain spectrum of pump-
kin seed husk and pumpkin seed husk kernel mixture in the
range of 0.1-5.0 THz was obtained by terahertz spectros-
copy, the frequency domain spectrum was obtained by Fou-
rier transform, and their spectral characteristics were ana-
lyzed to determine the characteristic frequency to obtain a
single-frequency image. The defect identification error of
the single-frequency image was determined by comparing
the area ratio of the defect area between the single-frequency
image and the physical image to verify that the feasibility of
the single-frequency terahertz image can be used to achieve
rapid and non-destructive detection of the quality of pump-
kin seeds.

Experiment
Experimental sample preparation

The pumpkin seeds used in the experiment were purchased
from Huayue Trading Co., Ltd. in Bayannaoer, Inner Mon-
golia. In order to study the feasibility of terahertz time-
domain spectroscopic imaging technology for the detec-
tion of pumpkin seed defects, three abnormal samples were
prepared based on SN/T 1963-2007 “Import and Export of
Pumpkin Seed Kernels and Sunflower Seed Kernel Sensory
Inspection Methods”, which were broken grain 1, broken
grain 2, empty shell grain and whole grain for control exper-
iments, as shown in Fig. 1 a, b, ¢ and d. Some pumpkin seeds
were taken, separate their shells and kernels were separated
to make pumpkin seed shell tablets, and then some parts of
the pumpkin seeds were taken to pulverize the whole grains
to make tablets of the mixture of pumpkin seed shells and
kernels. The thickness of the tablets was 0.8 mm, as shown
in Fig. 1 e and f. The pumpkin seeds used in the experiment

Fig. 1 Experimental sample of pumpkin seeds a broken grain 1 b broken grain 2 ¢ empty shell grain d whole grain e Pumpkin seed shell 0.8 mm

tablet f Pumpkin seed shell kernel mixture 0.8 mm tablet
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were all dried at 60 °C for five hours before preparing the
experimental samples to reduce the influence of the water
in the pumpkin seeds.

Experimental instrument

Image acquisition was performed using the TAS7500 tera-
hertz time-domain spectroscopy system. The principle is
shown in Fig. 2: the femtosecond pulse emitted by the femto-
second laser has a wavelength of 1550 nm and a pulse width
of is less than 50 fs. The femtosecond pulse is divided into
pump light and probe light by an optical splitter. The pump
light enters the terahertz emitter and produces terahertz radi-
ation. The terahertz pulse emitted by the emitter is focused
on the sample after passing through a set of metal parabolic
mirrors, and then the terahertz wave passes through the sam-
ple and it is focused on the detector with the sample informa-
tion. At the same time, the detection light is also irradiated
on the detection crystal. The THz frequencies used in the
experiments are between 0.1-5.0 THz, and the maximum
area of the transmission scan can reach 150 mm X 150 mm.
The movement of the X—Y horizontal platform is driven by
a stepping motor to realize point-by-point scanning of the
sampling area.

Terahertz data acquisition

The ambient temperature of the laboratory is controlled at
about 23 °C, and the spectral data of 0.1-5.0 THz is meas-
ured, the resolution is set as 7.63 GHz, and the number of
single-point scans is 256. During the experiment, it is neces-
sary to use an air compressor to continuously input dry air
into the experimental chamber to keep the humidity of the
experimental chamber below 10% to reduce the influence

delay line

of environmental moisture on the experiment. Each sam-
ple is measured 10 times, and the average value is taken
as the terahertz spectrum of this sample. In the terahertz
band, the polyethylene is transparent, and polyethylene does
not absorb terahertz waves, so a polyethylene plate with a
thickness of 5 mm is used as a platform for placing pump-
kin seeds. The terahertz spatial resolution is set as 0.4 mm,
the average number of scans per point is set as 16, and the
images of 0.1-5.0 THz are collected.

From the time domain waveforms in Fig. 3 a, it can be
seen that the maximum peaks of the pumpkin seed shell
and pumpkin seed kernel mixtures are different. The longer
the scanning time, the delay times of different substances
are different, and the longer the delay time of the substance
signal, the worse the peak attenuation signal is. This phe-
nomenon is caused by the absorption, reflection and disper-
sion of terahertz pulses on the sample surface. In addition,
the wave amplitude of the sample exhibits a certain degree
of attenuation due to reflection, dispersion and absorption
at the sample surface. There is a considerable attenuation
of the amplitude but little change in the waveform, which is
caused by the reflection and scattering of the sample signal
and the overall absorption of the terahertz wave signal by
the sample.

As shown in Fig. 3 B, the absorption curves of the pump-
kin seed shell and the pumpkin seed kernel mixture are dif-
ferent. The small absorption coefficient of the pumpkin
seed shell indicates that the cellulose and lignin contained
in the pumpkin seed shell have little absorption of terahertz
waves, and terahertz waves can easily penetrate the shell of
pumpkin seeds; while the strong absorption coefficient of the
pumpkin seed shell kernel mixture indicates that other sub-
stances such as oil in the pumpkin seed kernel have strong
absorption of terahertz, and terahertz cannot easily pass
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Fig.2 Principle of THz time-domain spectroscopy system
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Fig.3 Time domain waveforms
and absorption coefficients of 0.08
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through. It indicates that terahertz can be used for nonde-
structive detection of the internal quality of pumpkin seeds.

Data processing

Terahertz images of 0.1-5.0 THz were acquired, and the ter-
ahertz images of four frequency bands (0.1-0.5 THz, 0.5-1.0
THz, 1.0-1.5 THz, 1.5-2.0 THz) were extracted. By com-
paring the image information, the pumpkin seed images of
1-1.5 THz had the highest signal-to-noise ratio, and the out-
line of the pumpkin seed shell kernel and defects were vis-
ible. The image segmentation algorithm was used in MAT-
LABR?2018b to segment the 1-1.5 THz images to achieve
the segmentation of seed kernels from the background. The
image was processed by the image segmentation algorithm
to achieve complete separation of the pumpkin seed kernel
from the background and accurately present the inner kernel
of the pumpkin seeds.

Threshold segmentation algorithm

The threshold segmentation algorithm uses a fixed threshold
value within the whole image to segment the image, and the
threshold value is determined by the gray level histogram
of the target and background in the image, and when the
gray level histogram has a bimodal distribution, the gray
level corresponding to the valley between the two peaks is
selected as the threshold value. Pixels with gray level values
greater than the threshold are set as white, and pixels less
than or equal to the threshold are set as black [15].

Edge detection

Edge detection is a very important method for image feature
extraction in the field of computer vision. Edge detection
is used to find the set of pixel points in an image where
the pixel brightness changes dramatically, and these sets are
expressed as contours [16]. The edge points of the image are

0.5 1.0 1.5 2.0
Frequency (THz)

(b)

detected and the points are connected according to a certain
method to form the contour of the target.

K-means algorithm

The K-Means algorithm is an unsupervised learning and also
a division-based clustering algorithm [17]. The basic idea
of the K-Means algorithm: the similarity measure is used
to measure the relationship between all data in the dataset,
and the data that are more closely related are divided into
a set. The K-Means algorithm needs to select K initialized
clustering centers, and the distance from each data object
to the K is calculated, Then, the mean value of the data
objects in each cluster is recalculated and the mean value is
used as the new cluster center, and finally the distance from
each data object is calculated to get the new K initialized
cluster centers and they are redivided. Later, the initialized
clustering centers need to be recalculated, and the process is
repeated until all data objects cannot be updated to the rest
of the dataset [18].

Quality evaluation index

Pumpkin seed fullness is an important indicator of pump-
kin seed grade classification. By region labeling the images
obtained by K-Means algorithm, the number of pixel points
of shell and kernel is calculated. The fullness of pumpkin
seeds is obtained by the ratio of the pixel points of shells and
kernels of pumpkin seeds.

The formula for pumpkin seed fullness is (1).

Sl
F=21
5, (1)

where: F represents pumpkin seed fullness, S, and S, rep-
resent the number of pixel points occupied by kernels and
shells within pumpkin seeds on the image.

Based on SN/T 1963-2007 “Import and export of pump-
kin seed kernels, sunflower seed kernels sensory inspection

@ Springer



1580

B.Lietal.

methods”, the grade of pumpkin seeds is classified. The
number of kernels whose cotyledons are broken and muti-
lated and whose lost part reaches or is greater than one-half
of the volume of the complete particles of this product is
regarded as broken kernels. And the broken kernels account-
ing for less than 3% are AA grade pumpkin seeds; those
less than 5% are A grade pumpkin seeds. The nondestruc-
tive detection of fullness of pumpkin seeds by terahertz
time-domain transmission imaging technology is of great
significance to achieve the classification of pumpkin seeds
by grade.

Results and discussion
Image segmentation

The inner kernel of pumpkin seeds is encased in a shell.
Normally, the physical and chemical properties of the inner

(a) (c) (d)

Fig.4 THz images of pumpkin seeds at 1-1.5 THz a broken grain 1
b broken grain 2 ¢ empty shell grain d whole grain

(b)

Fig.5 Histogram of pumpkin «10%

kernel of pumpkin seeds without damaging the shell cannot
be obtained. The terahertz waves can pass well through the
shell of pumpkin seeds and the information about the inner
kernel of pumpkin seeds can be obtained. The terahertz
image of pumpkin seeds obtained by terahertz time-domain
transmission imaging is shown in Fig. 4, it can be seen from
that the morphology of the inner kernel of pumpkin seeds is
clearly presented, but the edges are blurred and the distinc-
tion between shell and kernel is not obvious.

Image segmentation is one of the important prerequi-
sites of image processing, and segmenting precisely the part
you need from a complex image background is beneficial
to achieving accurate judgment of image features and it is
important for the direction of crop quality detection [19].
Four commonly used algorithms for image segmentation
of crops are threshold-based, clustering-based, edge-based
and deep learning-based image segmentation algorithms,
respectively. To be able to accurately identify the state of the
inner kernel of pumpkin seeds, several segmentation algo-
rithms are used to segment the terahertz images of pumpkin
seeds and the algorithm with the best segmentation effect by
observing the image features is selected.

The grayscale histogram of the image is shown in Fig. 5,
and the values of 148, 165, 181, 199, 214, and 232, which
are the valleys between the bimodal peaks, are selected as
the threshold values of the threshold segmentation algorithm
to segment the terahertz image of pumpkin seeds. In thresh-
olding, the threshold value is the key to the image segmenta-
tion effect, and the manual threshold segmentation based on
the gray histogram of the image has a great randomness for
the threshold selection of the image due to the lack of the
typical bimodal structure of the gray histogram of pumpkin

seeds grayscale
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Fig.6 Segmentation results of
THz images of pumpkin seeds
under different thresholds a
Threshold of 148 b Threshold
of 165 ¢ Threshold of 181 d
Threshold of 199 e Threshold of
214 f Threshold of 232

o0 oV
00 00

(a) (b)

(a) (b) (c)

Fig.7 Pumpkin seed segmentation images based on different opera-
tors a Sobel operator b Laplacian operator ¢ Roberts operator

seeds. As shown in Fig. 6, the images segmented by different
thresholds have indistinguishable shell-kernel connections
and are grouped together.

The edge detection Sobel operator is often used for the
edge detection task of images with more noise and gradual
grayscale; the Laplacian operator is often used to normalize
the detection results and perform variance calculation, which
can be used on the blur detection task; the Roberts operator
is often used for the edge detection task of images with obvi-
ous vertical edges or with steep low noise. In this paper, the
edge segmentation of pumpkin seed images is performed by
these three operators, and the results are shown in Fig. 7. In
the edge-based image segmentation algorithm, because the
terahertz image of pumpkin seeds has both the edge informa-
tion of the inner kernel and the edge information of the outer
shell, the edge segmentation cannot guarantee the continuity
and closure of the edges. There are a large number of broken
edges in the area where the shells and kernels meet, and it
is difficult to form a complete region. So, the segmentation
effect is poor.

The K-Means algorithm iteratively divides the samples
by presetting the initialized clustering centroids K [20]. The
value of the initialized clustering centroid K has a direct
impact on the image segmentation results. By trying dif-
ferent k-values, the obtained results are shown in Fig. 8.
When K =5, the segmented images have indistinguishable
shell and kernel connections and are lumped together. When
K =6, the distinction between the shell and kernel of pump-
kin seeds is obvious, the edges are clear, and the inner kernel

elslefo
S

Fig.8 K-Means image segmentation results for different states of
pumpkin seed images a K=5b K=6c K=7

morphology is completely expressed. When K =7, the inner
kernel morphology can be seen, and the distinction between
the shell and kernel is obvious, but the image is cluttered
with too much information in color. Therefore, the initialized
clustering center K=6. It provides great convenience for the
subsequent fullness calculation.

Analysis

In the image segmentation of terahertz images of pumpkin
seeds, the threshold segmentation algorithm, edge detection
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algorithm and K-Means algorithm were utilized, due to the
lack of typical bimodal structure of the gray histogram of the
threshold segmentation algorithm, the threshold value of the
image is difficult to select, so the result of image segmenta-
tion is poor. In the edge detection algorithm of the com-
plex edge information of pumpkin seeds, the continuity and
closure of the edges cannot be guaranteed, resulting in the
existence of a large number of broken edges, which makes
it difficult to achieve effective segmentation. The K-Means
algorithm can be used to accurately segment the shell and
kernel information of pumpkin seeds, and the segmenta-
tion effect is good at the shell and kernel junction, which
improves the fullness calculation accuracy.

Single frequency images

Conventional terahertz image acquisition is a full-band
image, which has a long acquisition time and cannot be used
to achieve rapid detection the quality of pumpkin seeds. In
contrast, single-frequency images of terahertz have a short
acquisition time and low acquisition cost, and have the
potential to replace terahertz full-band data acquisition for
rapid nondestructive detection of pumpkin seed quality [21].

Single frequency image analysis in different
terahertz frequencies

The frequency domain spectraof the terahertz time domain
spectral signals of the pumpkin seed shell and pumpkin seed
shell kernel mixtures were obtained by Fourier transforma-
tion, and it is shown in Fig. 9. In this paper, the frequencies
of 0.89 THz and 1.51 THz at the maximum peak and the
frequencies of 1.78 THz and 2.31 THz at the two charac-
teristic peaks of the pumpkin seed hull kernel mixture and
pumpkin seed hull are selected as the imaging frequencies

0.01 0.69 1.8 —— Pumpkin seed shell-kernel mixture
——ﬁ/\’\/\—\/ — Pumpkin Seed Shells

= 0001 \\/ 2
> LA
= \/
=]
= 1E4
=5
=
< IE5

1E-6

1 2 3 4 5
Frequency/THz

Fig.9 Frequency domain spectrum
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of the single-frequency images. The images after 2.31 THz
are too noisy to be used.

Figure 10 shows the single frequency images of pump-
kin seeds at different terahertz frequencies. At 0.89 THz,
the inner kernel of the pumpkin seeds is visible, but the
edges of the pumpkin seeds are blurred. At 1.51 THz, the
defective pumpkin seeds are visible, and the outline of the
pumpkin seed shell edge is visible with good identifiability.
However, when the frequencies are 1.78 THz and 2.31 THz,
the terahertz images of pumpkin seeds become blurred again
and the shell-kernel contours are not distinguishable. When
the frequency is 2.50 THz, the image is distorted and the
internal information of pumpkin seeds cannot be effectively
identified. Therefore, the single-frequency image at 1.51
THz is chosen for the subsequent processing and calculation.

Defective degree analysis

Although the single-frequency image can be used to distin-
guish the edge contour of pumpkin seeds, it cannot be used
to effectively distinguish at the junction of kernel and shell.
However, the defective degree of pumpkin seeds is visible,
so the quality of pumpkin seeds can be reflected by the seg-
mentation of the defective area and the calculation of the
area of pumpkin seeds.

Table 1 shows the magnitude of the defect area of differ-
ent pumpkin seeds of single frequency images and 1-1.5
THz images. The comparison of the defect area on the sin-
gle-frequency image and the 1-1.5 THz image show that the
accuracy of the single-frequency image is reduced. Taking
the 1-1.5 THz image as the standard, the detection error of
a single-frequency image is 8.59% in the broken grain 1,
5.38% in the broken grain 20.65% in the empty shell grain,
and 0O in the intact grain, respectively.

Experimental validation

Based on SN/T 1963-2007 “Sensory Inspection Methods
for Import and Export Pumpkin Seed Kernels and Sunflower
Seed Kernels”, 14 sets of experimental samples of pumpkin
seeds with different defect degrees were made as valida-
tion sets to verify the accuracy problem of single-frequency
images for the detection of defects of pumpkin seeds. The
physical images of 14 sets of pumpkin seeds and the single
frequency images at 1.51 THz were collected. The spatial
resolution of the single-frequency images is set as 0.4 mm,
the resolution is 7.63 GHz, and the average number of scans
at a single point is set as 16. By image segmentation algo-
rithm, the defective area of pumpkin seeds is segmented and
the percentage of the defective area is calculated. The detec-
tion accuracy of the single-frequency image is examined by
using the percentage of defect area of the physical image as
the standard.
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Fig. 10 Single frequency
images of differentfrequencies

0.89THz

Table 1 Comparison of defective area of pumpkin seeds in different
images

Different quality pumpkin seeds 1-1.5THz  Single fre- Error
image/ quency image/
pixel pixel
Broken grain 1 2585 2363 8.59%
Broken grain 2 14,330 13,559 5.38%
Empty shell grain whole grain 30,308 30,112 0.65%
0 0 0%

A threshold segmentation algorithm is applied to the
physical image to obtain the binarized image of the physi-
cal image, the area of the defective region and the intact
grain is calculated, and the defective area percentage of the
physical image is achieved. The single-channel image for
the terahertz single-frequency image is extracted (the second
channel is selected), and then the single-channel image is
threshold segmented to obtain the binarized image, and the
area of each region is calculated to realize the calculation of
the percentage of the defected area for the single-frequency
image, as shown in Fig. 11. The accuracy and feasibility of
the single-frequency image for pumpkin seed detection are
examined by comparing the defect degree of the physical

2.31THz

1.51THz

2.50THz

<« D

Defectiv
e part

Fig. 11 Image segmentation

image with that of the single-frequency image, and the
experimental results are shown in Table 2.
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Table 2 Perceptage of fiefective Physical image Single frequency Physical image Single frequency
area of pl%rnpk.m seedsin 14 images(0.4 mm) images(0.4 mm)
groups with different degrees
of defects 1 36.52% 29.86% 8 38.70% 31.87%

2 65.63% 58.13% 9 60.77% 53.89%

3 37.73% 30.55% 10 22.34% 13.98%

4 21.32% 14.40% 11 24.07% 19.75%

5 47.25% 42.44% 12 35.69% 29.74%

6 62.40% 56.59% 13 60.73% 54.87%

7 66.69% 61.50% 14 37.08% 31.58%

Table 2 shows the comparison of the percentage of the
defective area of pumpkin seeds between the physical image
and the single-frequency image (spatial resolution 0.4 mm).
Compared with the physical image, the single-frequency
image has a certain error in detection accuracy, and the
average detection error of the single-frequency image of 14
groups of pumpkin seeds is about 6.27%.

It is speculated that the spatial resolution of the single-
frequency images may be one of the factors affecting the
detection error, and seven experimental samples of pumpkin
seeds with defects closest to 50% are selected, namely, the
3rd, Sth, 6th, 8th, 9th, 12th, and 13th groups of pumpkin
seeds. The spatial resolution is set as 0.2 mm, other condi-
tions are kept constant, and the image data of pumpkin seeds
are collected. The images are segmented, and the percentage
of defective area is calculated, and the results are shown in
Table 3. With the spatial resolution of 0.2 mm, the aver-
age detection accuracy of single-frequency images of seven
groups of samples is about 4.27%, and the detection accu-
racy of single-frequency images is significantly improved. It
can be seen that the single-frequency images can be used to
achieve rapid detection with guaranteed detection accuracy.
It provides a theoretical basis and experimental reference for
achieving rapid, nondestructive and accurate detection of the
quality of pumpkin seeds.

Conclusion

In this study, the problem of pumpkin seed fullness was
studied by terahertz time-domain transmission imaging.
Firstly, the transmission terahertz images of pumpkin seeds
with different defective degrees were obtained, and then
the K-Means image segmentation algorithm was used to
segment them, the detection accuracy of the inner kernel
morphology of pumpkin seeds was improved, and the non-
destructive detection of pumpkin seed fullness was achieved,
thus it was verified that the combined terahertz time-domain
spectroscopy imaging technology and K-Means image seg-
mentation method could be used for nondestructive detec-
tion of pumpkin seed grade. However, the normal terahertz
imaging time was time-consuming. So, the single-frequency
terahertz time-domain transmission image was used to detect
the quality of pumpkin seeds the average detection error was
about 6.27% at 0.4 mm spatial resolution and about 4.27% at
0.2 mm spatial resolution when comparing the percentage
of the defective area of single-frequency images and physi-
cal images of pumpkin seeds. It is verified that the terahertz
imaging technology in single-frequency image can be used
for fast, nondestructive and accurate detection of pumpkin
seeds quality with guaranteed accuracy.

Table 3 Percer}tage of qefective Physical image Single frequency Physical image Single frequency
area of pl%mplfm seeds in 7 images(0.2 mm) images(0.2 mm)
groups with different degrees
of defects 3 37.73% 35.44% 9 60.77% 56.94%

5 47.25% 43.20% 12 35.69% 30.78%

6 62.40% 59.51% 13 60.73% 56.75%

8 38.70% 32.74%
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