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A b s t r a c t

The paper discusses the use of hyperspectral imaging in the process of assessing the 
quality of barley grain intended for brewing purposes. A specialized research set consisting 
of a spectrophotometer coupled with a CCD camera was used. During the measurements, the spectral 
distribution of each pixel in the image was recorded in the range of 400 to 1100 nm, which made 
it possible to extract homogeneous areas on the grain surfaces. Then, surface texture parameters 
were calculated in the designated areas. Before commencing the classification analyses, the variables 
were reduced using (a) the Fisher coefficient, (b) the classification error coefficient with the POE+ACC 
mean correlation coefficient and (c) the mutual information coefficient MI. The best classification 
results were obtained for the 800 nm wavelength from the isolated homogeneous areas. The accuracy 
of classification has reached 100% in all quality groups.

Introduction

Contamination of barley grains with Fusarium fungi poses a major challenge 
to malting barley production in most agricultural areas worldwide. The quality 
of grain is influenced by many factors, including growing conditions, weather, 
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harvesting method, and post-harvest storage practices. During storage, the right 
environmental conditions in the silo, such as the right temperature and humidity levels, 
as well as ensuring the purity of the grain, are crucial. Grain with increased moisture 
content after harvest requires appropriate preservative treatments, such as drying 
and ventilation, to reduce the growth of pathogens and preserve its quality. Optimal 
storage conditions include grain moisture content of less than 14%, maintaining 
the right temperature, and eliminating pests such as grain weevils. Ensuring these 
parameters is crucial to maintaining the safety and utility value of the grain in the 
long term.

It is important to be able to easily distinguish between high-quality grain and 
contaminated grain. To achieve this, hyperspectral imaging is increasingly being used. 
This technique consists in capturing information from the spectrum of electromagnetic 
radiation in both the visible and invisible range. Its primary advantage is that it leaves 
the sample intact.

Before the barley grain is used for the malting process, it is necessary to assess its 
quality, including the distinction between healthy and mould-infested grain, as well as 
between healthy and rainy grain. Grain infected with fungi is particularly problematic, 
as it disqualifies the entire batch from further processing. A variety of methods are 
used to assess quality, such as organoleptic analysis, microbial cultures, genetic 
techniques (PCR) and visual methods. In recent years, hyperspectral imaging has 
become increasingly popular, which allows materials to be analyzed using cameras 
or spectrophotometers in the range of electromagnetic radiation from 200 nm 
to over 2,500 nm. In particular, far-infrared analysis allows the assessment of the 
chemical composition, the degree of mold infestation and the damage caused by pests. 
This method, although extremely precise, is expensive, difficult to implement and 
limited by a small measurement area, which can lead to unrepresentative results.

In response to these limitations, a new approach to imaging and identification 
of grain damage was proposed, based on hyperspectral imaging using a spectropho-
tometer coupled to a CCD camera. This technique allows the spectral distribution 
of intensity to be recorded for each pixel of the image, generating bitmaps that can be 
subjected to classic image analysis. This makes it possible to select single wavelengths 
in the range of 380-1,100 nm, which reveal differences related to fungal infestation 
or rainfall. This approach is characterized by relatively low implementation costs 
and simplicity of design, which makes it a promising solution in industrial practice.

Grain quality assessment

Barley is increasingly used in Poland for the production of malt (Kawka et al. 
1998). In order to obtain high-quality malt, barley grain must meet certain quality 
parameters (Gąsiorowski 1993, p. 19). Methods of assessing the quality of grain are 
divided into: organoleptic – involving the assessment of grain using the senses of sight, 
smell, taste and touch. This method does not destroy the sample prepared for analysis, 
it is fast, but it is not accurate enough. The second group of methods is laboratory 
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analysis – which involves the study of chemical and physical characteristics that 
are more complex than organoleptic evaluation and often require expensive, 
specialized equipment.

Image analysis

The purpose of artificial image processing or analysis is to automatically 
process and analyze the image of selected objects or the entire environment 
of an automated system in order to obtain useful information about objects 
of interest (e.g. those that are subject to manipulation by an industrial robot) 
or about the environment that may affect the automatically controlled process 
(Tadeusiewicz, Korohoda 1997). To effectively use an image as a source 
of information, it is necessary to convert it into a digital image and then carry 
out an analysis process that includes segmentation, location of objects and 
determination of their characteristics.

Use of spectral data

Hyperspectral imaging (HSI) is a modern, non-destructive analysis method 
that allows spectral data to be acquired for each pixel of a sample image. This 
technology has great potential for the detection of mycotoxins and mycooxygenic 
fungi in cereals, offering an alternative to time-consuming analytical chemistry 
methods. Its use can significantly contribute to the reduction of food and feed 
contamination, as well as the risk of toxic effects on human and animal health. 
In addition, HSI shows high precision in sorting individual grains, which makes 
it an effective tool in the selection of bulk materials. In the case of malting barley, 
it allows you to detect grains that are mouldy, rainy or with a broken germ. 

Existing techniques for detecting pathogen infestation in cereals, including 
high-performance liquid chromatography (HPLC) and enzyme-linked 
immunosorbent assay (ELISA), are widely used to determine deoxynivalenol 
(DON) concentrations in wheat. Nevertheless, these methods have their 
limitations. An ELISA can generate false positive results due to antibody 
cross-reactivity and false negative results due to low sensitivity (de Girolamo 
et al. 2009, Dowell et al. 1999). Chromatography, on the other hand, although 
extremely precise and selective, is associated with high costs and the need 
to destroy the sample.

Optical detection techniques, including HSI, have been the subject of intense 
research in the detection of fungi, especially Fusarium species. Many studies focus 
on the development of classification models that allow for precise differentiation 
between healthy and damaged grains (Delwiche et al. 2011, Polder et al. 2005). 
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Results indicate that NIR (near-infrared) spectra are more useful in classifying 
contaminated grains than VIS (visible) spectra. Studies on the characteristics 
of grain damage caused by Fusarium often use visual evaluation as a reference 
method. Features such as wrinkled surface, pink discoloration, white coating or 
weight loss are used to identify damaged grains (FDK). For example, Delwiche 
and Kim (2000) used a spectral range of 430-860 nm, obtaining a classification 
accuracy of 86.8-98.4% in two different types of wheat. Delwiche et al. (2010), 
on the other hand, obtained 82.5% accuracy of LDA classification by analyzing 
spectra in the range of 1,000-1,700 nm and combining specific wavelengths such 
as 1,199 and 1,474 nm.

Further research by Delwiche et al. (2011) included the use of an additional 
VIS camera (400-1,000 nm) and new wavelength pairs such as 502 and 678 nm, 
which resulted in an LDA classification accuracy of 95%. Key findings indicated 
that pixels originating from the endosperm of the grain provide more useful 
information compared to those located in the embryo.

HSI technology has been used to detect Fusarium fungi in cereals. Delwiche 
and Kim (2000) applied a spectral range of 430-860 nm to the analysis of wheat, 
achieving a classification accuracy of 86.8% to 98.4% depending on the wheat 
variety. In other studies, Delwiche et al. (2011) used both VIS (400-1,000 nm) 
and NIR (1,000-1,700 nm) cameras, which allowed LDA classification accuracy 
of 95% to be achieved, combining the VIS and NIR bands.

Other studies, such as those conducted by Shahin and Symons (2011), used 
the 400-1,000 nm spectral range. Using PCA analysis to select six wavelengths 
(484, 567, 684, 817, 900, 950 nm), classification accuracy of 92.25% was achieved. 
Singh et al. (2012) used artificial grafting with other fungi, such as Penicillium 
and Aspergillus, and analyzed only single wavelengths (870 nm), achieving 
classification accuracy in the range of 88.7-98.0%.

Other examples of research on the use of hyperspectral imaging to determine 
the degree of fungal infection are the work of Singh et al. (2007). They used 
wavelengths in the 1,000 to 1,600 nm range to obtain images of the infected 
grains. Penicillium fungi were classified with 95% efficiency, while grains infected 
with A. niger and A. glaucus were not always classified correctly. Similar work 
has been carried out by Cogdill et al. (2004), Ng et al. (1998), and Person and 
Wicklow (2006). Singh et al. (2009) used images taken in the 700-1,100 nm 
range of infected wheat grains to identify fungi present in Canada. The grains 
were described using 230 parameters (texture, color, shape). The accuracy of the 
classification ranged from 95% to 99% depending on the degree of infection and 
the type/species of pathogen. In a study by Bauriegel et al. (2011), infected 
grain was analyzed using a hyperspectral imaging system in a laboratory setting. 
Spectral differences between diseased and healthy grain tissues at wavelengths 
500-533 nm, 560-675 nm, 682-733 nm and 927-931 nm were used, along with 
principal component analysis (PCA). The severity of the disease was correctly 
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classified (87%), taking into account a visual judgment error of 10%. In addition, 
Thomas et al. (2017) used hyperspectral imaging to record the genotypes of barley 
inoculated with Blumeria graminis f. sp. hordei to characterize the development 
of the disease

In conclusion, HSI has great potential as a method for the rapid and precise 
detection of fungal contamination in cereals. Further development of technology 
and the integration of advanced classification models can significantly improve 
the processes of sorting and assessing the quality of beans.

Material and methods

Purpose of the study

The aim of the study was to develop a method for identifying malting barley 
grains infected with pathogens, damaged by rain and healthy using hyperspectral 
imaging.

Specific objectives:
1.	 Searching for a wavelength that will allow for the best identification 

of grains in specific experimental groups.
2.	 Development of a methodology for segmentation of the grain area, taking 

into account uniform areas of its surface.
3.	 Measurement, identification of textures and construction of a statistical 

model allowing for differentiation of individual experimental groups.

Research methodology

Research material. The research material consisted of spring barley grains 
of the Sebastian cultivar with a moisture content of 12% (Fig. 1). All grains have 
been visually classified by the specialist into the following classes:

–	healthy; 
–	rainy,
–	infected with fungus. 
Healthy malting barley grain has a spindle-shaped shape, light straw color, 

thin husk and is well uniformed in size, which is conducive to the malting 
process. Infected grains are characterized by a dark color of varying intensity 
depending on the degree of fungal infection. Grains damaged by rain also show 
a dark coloration, but caused by discoloration of the seed coat. 
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Fig. 1. Images of malting barley kernels:  
a – healthy kernels, b – black-tipped kernels, c – mold-affected kernels

Hyperspectral measurement stand. The test stand has been equipped 
with a hyperspectral scanner (Fig. 2), a computer and software to control the 
operating parameters of the SpecHyp scanner, such as: image brightness (in the 
range from 0 to max 255), scanning resolution in the X and Y axes (X 245 mm, 
Y 223 mm) and spectral resolution (0.03 nm). The optical system of the scanner 
consisted of: UI-1245LE-M-GL camera equipped with a CMOS sensor – Sapphire 
EV76C560 used to record spatial information, equipped with FL-CC2514-2 lens 
(focal length 25 mm, aperture F1.4-16), an imaging spectrophotometer, whose 
task was to divide the light beam into specific lengths and detect the reflected 
wave from the examined object by the detector. The main source of light was the 
MI-150 illuminator from Edmund. The images for further analysis were saved 
in *.bmp, 24-bit format with a resolution of 1024 × 860.

Fig. 2. Hyperspectral scanner
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Measurement methodology. Among the obtained grains, samples for 
testing were identified and manually divided under laboratory conditions into 
rainy, infected and healthy material. All grains have been numbered and placed 
in special containers. Then, each grain was scanned from both sides, from the 
furrow and ridge sides. After setting all the operating parameters, such as spatial 
and spectral resolution, image brightness and lens magnification, the scan was 
performed. The view of the scanned grain is shown in Figure 3. 

Fig. 3. Scanned grains at the hyperspectral station

100 pcs. of kernels from each class, then randomly divided into two groups: test 
and teaching in a 40:60 ratio, and additionally 40 pieces were randomly collected. 
of kernels from each experimental group in order to check the correctness 
of classification by the discriminant model

SpectraPlugIn software was used to analyse the scanned images, which 
allows the images in individual spectral channels to be viewed. This functionality 
allows for visual assessment of the homogeneity of areas and selection of images 
from spectral channels that potentially show high classification power in the 
context of further analysis. The choice of channels was made on the basis 
of visual evaluation of the images of the kernels obtained in the wavelength range  
of 380-1,100 nm. The selection criterion was the number of details visible in the 
image in a given channel. In some spectral ranges, the surface texture of the 
kernels was uniform, which could limit the ability to identify characteristics 
important for the correct classification of kernels into appropriate classes. Sample 
images taken for wavelengths of 400, 500, 600, 700 and 800 nm are shown 
in Figure 4.
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Fig. 4. Photos of the grain taken at wavelengths of 400, 500, 600, 700 and 800 nm

Finally, two wavelengths were selected for further analysis, which contained 
as much detail as possible on the surface of the kernels – 600 and 800 nm. 
6 experimental groups were obtained for each wavelength: 

–	healthy grains – ventral side – 600 nm (H_V_600);
–	healthy grains – dorsal side – 600 nm (H_D_600);
–	rained grains – dorsal side – 600 nm (B_D_600); 
–	rained grains – ventral side – 600 nm (B_V_600);
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–	infected grains – dorsal side – 600 nm (M_D_600);
–	infected grains – ventral side – 600 nm (M_V_600). 
Further analysis included the use of classical methods of image segmentation 

on bitmap data, including: 
–	determination of the binarization threshold to separate objects from the 

background;
–	determination of the threshold for joining uniform areas on the surface 

of the corresponding grain side and determination of the number of these areas. 
The main goal of this stage was to generate useful masks, so-called Regions 

of Interest (ROIs), representing areas of the grain surface with a uniform texture. 
Differential correlation analysis was used to identify uniform areas, which 
allowed precise control of the number of isolated regions by adjusting the value 
of the correlation coefficient. As part of the analysis, the division of the kernel 
surface into 3, 4, 5 and 6 uniform ROI areas was studied, adjusting the number 
of segments to the specific textural properties of the samples. An example of the 
division into 4 classes of homogeneous areas is shown in Figure 5.

Fig. 5. View of scanned grains after segmentation for 4 homogeneous areas

On the basis of the analysis of the obtained images, it was decided to use 
the division into three areas (Fig. 6) in further analysis. It was considered that 
such a division would enable efficient calculation of textural parameters, which 
in turn should contribute to the development of an effective classification model. 
This decision was also justified by the opinions of specialists in organoleptic 
assessment, who indicated that the division into smaller, more detailed areas 
may make it difficult to correctly identify the assignment of kernels to a specific 

Fig. 6. View of scanned grains after segmentation for 3 homogeneous areas
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quality class. Such a division is consistent with both the requirements of the 
analytical method and the subjective criteria of expert evaluation, which further 
emphasizes its legitimacy in the context of the analysis.

After segmentation, the obtained areas were converted into 1-bit masks (ROI 
file) used in the next stage of analysis. The next step was to apply an image mask 
to the original 24-bit image and then calculate the features describing the image 
texture for a given area (Fig. 7). The MaZda program was used to calculate the 
textures of the image (Szczypiński 2010).

After calculating the textural parameters, a final report was generated, 
containing numerical values describing each analysed area. The final stage 
of the study was the statistical analysis of the results, which consisted of two 
key steps: reduction of the number of variables and classification analysis. 

Fig. 7. View of grains after segmentation into 3 areas and their binary masks
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In order to carry out the discriminant analysis, ten variables with the highest 
discriminatory strength were selected. The multivariate analysis was carried out 
using Statistica v.13 software, using a stepwise discriminant analysis, in which 
the criterion for introducing the next variable into the model was the value 
of the F statistic. The classification model was constructed and optimized on 
a training set, while the test set, including data not included in the training 
process, was used to assess the effectiveness and predictive ability of the model. 
The next group consisted of separately selected kernels to check the correctness 
of the classification model. 

Results and analysis

Whole grain – ventral side

Table 1 shows the results of the accuracy of classification of barley grains 
without segmentation into uniform areas for a wavelength of 600 nm (ventral 
side of the grain). The accuracy of the classification of infected grains was 48%, 
while for the wavelength of 800 nm the correctness of classification improved 
significantly and amounted to 95% (Tab. 2).

Table 1
Results of the correctness of grain classification for the whole grain  

with a wavelength of 600 nm, ventral side

Group Classification 
[%]

B_V_600_WG
[pcs]

M_V_600_WG
[pcs]

H_V_600_WG
[pcs]

B_V_600_WG
M_V_600_WG
H_V_600_WG

88
48
79

36
10
1

4
20
8

1
12
33

B_V_600__WG – black-tipped kernels – ventral side – 600 nm whole grain; M_V_600__WG – 
mold-affected kernels – ventral side – 600 nm whole grain; H_V_600__WG – healthy kernels – 
ventral side – 600 nm whole grain

Table 2
Results of the correctness of grain classification for the whole grain  

with a wavelength of 800 nm, ventral side

Group Classification 
[%]

B_V_800 _WG
[pcs]

M_V_800_WG 
[pcs]

H_V_800_WG 
[pcs]

B_V_800_WG
M_V_800_WG
H_V_800_WG

95
98
88

39
1
4

2
41
1

0
0
37

B_V_800 – black-tipped kernels – ventral side – 800 nm whole grain; M_V_800 – mold-affected 
kernels – ventral side – 600 nm whole grain; H_V_800 – healthy kernels – ventral side – 800 nm 
whole grain
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Segmented grain – ventral side

In the next step, the surface of the kernel was divided into 3 homogeneous 
areas, and then the texture was measured and the results were subjected 
to statistical analysis. The results of grain classification based on textures 
measured from the ventral side at a wavelength of 600 nm are presented 
in Table 3, and the results for the wavelength of 800 nm are shown in Table 4. 
Classification improvements (100% and 93%) were achieved for healthy grains 
scanned at 600 and 800 nm. Similar results were obtained for rained grains. 
However, the grains affected by the fungus were classified at 93% and 86% 
depending on the wavelength.

Table 3
Results of the correctness of grain classification for grain segmentation  

with a wavelength of 600 nm, ventral

Group Classification 
[%]

B_V_600_SG 
[pcs]

M_V_600_SG 
[pcs]

H_V_600_SG 
[pcs]

B_V_600_SG
M_V_600_SG
H_V_600_SG

98
93
100

40
3
0

1
39
0

0
0

42

H_D_600_SG – healthy kernels-dorsal-side – 600 nm grain segmentation; B_V_600_SG – black- 
-tipped kernels – ventral side – 600 nm grain segmentation; M_V_600_SG – mold-affected kernels – 
ventral side – 600 nm grain segmentation

Table 4
Results of the correctness of grain classification for grain segmentation  

with a wavelength of 800 nm, ventral side

Group Classification 
[%]

B_D_800_WG 
[pcs]

M_D_800_WG 
[pcs]

H_V_800_WG 
[pcs]

B_V_800_SG 
M_V_800_SG
H_V_800_SG

98
86
93

40
4
0

1
36
3

0
2

39

H_V_800_WG – healthy kernels – ventral side – 800 nm whole grain; B_D_800_WG – black-tipped 
kernels – dorsal side – 800 nm whole grain; M_D_800_WG – mold-affected kernels – dorsal side 
– 800 nm whole grain

Whole grain – dorsal side

Tables 5 and 6 present the results of the whole-grain analysis from meas-
urements taken from the dorsal side, for wavelengths of 600 nm and 800 nm, 
respectively. The least accurately classified cases were obtained for the classi-
fication of infected grains, with 86% accuracy for the 600 nm wavelength and 
76% for the 800 nm wavelength. The other groups, on the other hand, were 
classified correctly with over 90% accuracy.
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Table 5
Results of the correctness of grain classification for the whole grain  

with a wavelength of 600 nm, dorsal side

Group Classification 
[%]

B_D_600_WG 
[pcs]

M_D_600_WG 
[pcs]

H_D_600_WG 
[pcs]

B_D_600_WG
M_D_600_WG
H_D_600_WG

90
86
90

37
3
3

2
36
1

2
3

38

H_D_600_WG – healthy kernels – dorsal-side – 600 nm whole grain; B_D_600_WG – black-tipped 
kernels – ventral side – 600 nm whole grain; M_D_600_WG – mold-affected kernels – ventral 
side – 600 nm whole grain

Table 6
Results of the correctness of grain classification for the whole grain  

with a wavelength of 800 nm, dorsal side

Group Classification 
[%]

B_V_800_WG 
[pcs]

M_V_800_WG 
[pcs]

H_V_800_WG 
[pcs]

B_D_800_WG
M_D_800_WG
H_D_800_WG

95
76
95

39
5
2

0
32
0

2
5

40

H_D_800_WG – healthy kernels – dorsal side – 800 nm whole grain; B_D_800_WG – black-tipped 
kernels – ventral side – 800 nm whole grain; M_D_800_WG – mold-affected kernels – ventral 
side – 800 nm whole grain

Segmented grain – dorsal side

Another method of analysis was based on the use of spectral data obtained 
from images of grains after segmentation from the dorsal side for wavelengths 
of 600 nm (Tab. 7) and 800 nm (Tab. 8). The classification accuracy for this 
method was over 90% in both cases. Rainy grain analyzed from the dorsal side 
for a wavelength of 600 nm was correctly classified 100% of the time.

Table 7
Results of the correctness of grain classification for grain segmentation  

with a wavelength of 600 nm, dorsal side

Group Classification 
[%]

B_V_600_SG 
[pcs]

M_V_600_SG  
[pcs]

H_D_600_SG 
[pcs]

B_D_600_SG
M_D_600_SG
H_D_600_SG

100
94
85

41
0
0

0
17
3

0
1
18

H_D_600_SG – healthy kernels – dorsal side – 600 nm grain segmentation; H_D_600_SG – healthy 
kernels – dorsal side – 600 nm grain segmentation; M_V_600_SG – mold-affected kernels – ventral 
side – 600 nm grain segmentation
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Table 8
Results of the correctness of grain classification for grain segmentation  

with a wavelength of 800 nm, dorsal side

Group Classification 
[%]

B_V_800_SG 
[pcs]

M_V_800_SG 
[pcs]

H_D_800_SG 
[pcs]

B_V_800_SG
M_V_800_SG
H_D_800_SG

95
88
93

39
5
1

1
37
2

1
0

39

H_D_800_SG – healthy grains – 600 nm grain segmentation dorsal side; H_D_800_SG – 800 nm ​​
grain segmentation dorsal side; M_V_800_SG – grains affected by mold – ventral 800 nm ​​grain 
segmentation lateral side

Whole grain – dorsal and ventral side

A dataset was analyzed, in which the experimental group included textures 
obtained from the entire grain surface, without pagination, for wavelengths 
of 600 nm (Tab. 9) and 800 nm (Tab. 10). However, this type of approach resulted 
in a lower classification efficiency, which was only 60% for the 800 nm and 600 nm 
wavelengths. A particular difficulty was the classification of infected grains, 
with the correct distinction ranging from 59% to 69%. This result is consistent 

Table 9
The results of the correctness of grain classification for the entire grain  

with a wavelength of 600 nm, without division into sides

Grupa Klasyfikacja 
[%]

B_600_WG 
[pcs]

M_600_WG 
[pcs]

H_600_WG 
[pcs]

B_600_WG
M_600_WG
H_600_WG

93
69
81

38
6
0

3
29
8

0
7

34

H_600_WG – healthy kernels – 600 nm whole grain; B_600_WG – black-tipped kernels – 600 nm 
whole grain; M_600_WG – mold-affected kernels – 600 nm whole grain

Table 10
The results of the correctness of grain classification for the entire grain  

with a wavelength of 800 nm, without division into sides

Group Classification 
[%]

B_600_WG 
[pcs]

M_600_WG 
[pcs]

H_600_WG 
[pcs]

B_800_WG
M_800_WG
H_800_WG

83
60
64

34
7
5

3
25
10

4
10
27

H_800_WG – healthy kernels – 800 nm whole grain; B_600_WG – black-tipped kernels – 800 nm 
whole grain; M_800_WG – mold-affected kernels – 800 nm whole grain
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with observations, since fungal hyphae are most often present on the side of the 
sulcus, which is characterized by a specific folded structure, conducive to the 
colonization of fungal spores. The highest classification accuracy was recorded 
for depressed grains, regardless of wavelength. This is justified by the fact 
that the dark tips occur symmetrically on both sides of the grain, which makes 
it easier to identify and classify them with satisfactory efficiency.

Segmented grain – dorsal and ventral sides

Table 11 shows the results of grain classification after segmentation into 
the 600 nm wavelength without pagination. In the experimental system, the 
classification error was 2% for the irrigated grains. In the case of infected grains, 
the error was 21%, with 9 kernels being wrongly assigned to a different group. 
The results of classification accuracy for grains scanned at 800 nm are shown 
in Table 12. The highest number of incorrectly classified grains was obtained 
for grain infected with the fungus (18 cases of misclassification). Rained grains 
were classified with an accuracy of 90%.

Table 11
Results of the correctness of grain classification for grain segmentation  

with a wavelength of 600 nm, without division into sides

Group
Classification 

[%]
B_600_SG 

[pcs]
M_600_SG

[pcs]
H_600_SG 

[pcs]
B_600_SG
M_600_SG
H_600_SG

95
79
76

39
4
0

1
33
10

1
5

32

H_600_SG – healthy kernels – 600 nm grain segmentation; B_600_SG – black-tipped kernels – 
600 nm grain segmentation; M_600_SG – mold-affected kernels – 600 nm grain segmentation

Table 12
Results of the correctness of grain classification for grain segmentation  

with a wavelength of 800 nm, without division into sides

Group Classification 
[%]

B_800_SG
[pcs]

M_800_SG
 [pcs]

H_800_SG
 [pcs]

B_800_SG
M_800_SG
H_800_SG

90
57
74

37
10
6

3
24
5

1
8
31

H_800_SG – healthy kernels – 800 nm grain segmentation; B_800_SG – black-tipped kernels – 
800 nm grain segmentation; M_800_SG – mold-affected kernels – 800 nm grain segmentation
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Grain after segmentation – division into groups

The last analyzed dataset was constructed in such a way that each side 
of the grain was treated as a separate dataset, regardless of whether they were 
healthy, rainy, or fungus-infested grains. In this way, a database divided into 
6 experimental groups was created. Table 13 shows the accuracy results of the 

Table 13 
 Grain classification accuracy results for grain segmentation  

with a wavelength of 800 nm, whole grain

Group
Classifi-
cation 

[%]

B
_D

_8
00

_W
G

 
[p

cs
]

B
_V

_8
00

_W
G

 
[p

cs
]

M
_D

_8
00

_W
G

 
[p

cs
]

M
_V

_8
00

_W
G

 
[p

cs
]

H
_V

_8
00

_W
G

 
[p

cs
]

H
_D

_8
00

_W
G

 
[p

cs
]

B_D_800_WG
B_V_800_WG
M_D_800_WG
M_V_800_WG
H_V_800_WG
H_D_800_WG

100
100
100
100
100
100

41
0
0
0
0
0

0
41
0
0
0
0

0
0

42
0
0
0

0
0
0

42
0
0

0
0
0
0

42
0

0
0
0
0
0

42

H_V_800_WG – healthy kernels – ventral side – 800 nm whole grain; H_D_800_WG – healthy 
kernels – dorsal side – 800 nm whole grain; B_D_800_WG – black-tipped kernels – dorsal side – 
800 nm whole grain; B_V_800_WG – black-tipped kernels – ventral side – 800 nm whole grain; 
M_D_800_WG – mold-affected kernels – dorsal side – 800 nm whole grain; M_V_800_WG – mold- 
-affected kernels – ventral side – 800 nm whole grain

Table 14
 Grain classification accuracy results for grain segmentation  

with a wavelength of 600 nm, whole grain

Group
Classifi-
cation 

[%]

B
_D

_6
00

_W
G

 
[p

cs
]

B
_V

_6
00

_W
G

 
[p

cs
]

M
_D

_6
00

_W
G

 
[p

cs
]

M
_V

_6
00

_W
G

 
[p

cs
]

H
_V

_6
00

_W
G

 
[p

cs
]

H
_D

_6
00

_W
G

 
[p

cs
]

B_D_600_WG
B_V_600_WG
M_D_600_WG
M_V_600_WG
H_V_600_WG
H_D_600_WG

95
80
67
76
74
60

39
1
0
0
7
0

0
33
6
4
0
8

0
1

28
0
4
4

0
2
0

32
0
5

1
0
5
0
31
0

1
4
3
6
0

25

H_V_600_WG – healthy kernels – ventral side – 600 nm whole grain; H_D_600_WG – healthy 
kernels – dorsal side – 600 nm whole grain; B_D_600_WG – black-tipped kernels – dorsal side – 
600 nm whole grain; B_V_600_WG – black-tipped kernels – ventral side – 600 nm whole grain; 
M_D_600_WG – mold-affected kernels – dorsal side – 600 nm whole grain; M_V_600_WG – mold-af-
fected kernels – ventral side – 600 nm whole grain
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segmented grain classification for the 800 nm wavelength. This method allowed 
for a 100% correct classification of cases in the experimental group. However, for 
the 600 nm wavelength (Tab. 14), the classification error increased significantly, 
ranging from 5% to 40% depending on the experimental group.

Summary of results

The best identification of individual experimental groups of grains was 
obtained for the method using grain segmentation at a wavelength of 800 nm, 
taking into account both sides of the kernel. This method allowed for 100% 
correct classification. The graphical distribution of cases is shown in the 
scatterplot (Fig. 8).

Fig. 8. Scatterplot of cases for individual experimental groups

The largest classification error was observed when analyzing the whole grain 
without prior segmentation, at a wavelength of 600 nm, where 26% of the samples 
were misclassified. To minimize classification errors in experimental groups, it is 
recommended to segment the grain into three homogeneous areas, which allows 
to achieve 100% correct classification. Scanning the grain from the furrow side 
is crucial as it minimizes the risk of classification errors. This is probably due 
to the fact that the furrows provide a favorable environment for the establishment 
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and development of fungal spores, which makes them more characteristic for 
the purposes of analysis. In addition, the recommended wavelength is 800 nm, 
as it allows for an improvement in classification accuracy of about 10% compared 
to images obtained at 600 nm, indicating a higher diagnostic value of this 
spectral range.

Conclusion

1.	Images obtained at 800 nm showed the highest precision in the classification 
of experimental groups, while images taken at 600 nm showed an average of 10% 
greater classification error.

2.	The use of segmentation of the kernel surface image allowed for a significant 
improvement in the accuracy of sample classification, indicating the importance 
of the analysis of isolated areas.

3.	The highest classification accuracy was obtained by analyzing the textures 
coming from the grain furrow, where the percentage of correctly classified samples 
ranged from 94% to 98%, which emphasizes the importance of this specific 
surface in the classification process.

4.	The best classification results were achieved using methods that allow the 
selection of 10 key variables for each qualitative group, which indicates their 
high diagnostic value in distinguishing individual classes.

5.	Future studies should significantly increase the number of samples 
analysed and optimise the number of variables to further improve classification 
performance. It is also advisable to conduct comparative studies for other barley 
varieties to verify the versatility and effectiveness of the proposed method.
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