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Abstract: (1) Background: The general use of food-processing facilities in the agro-food industry
has increased the risk of unexpected material contamination. For instance, grain flours have similar
colors and shapes, making their detection and isolation from each other difficult. Therefore, this study
is aimed at verifying the feasibility of detecting and isolating grain flours by using hyperspectral
imaging technology and developing a classification model of grain flours. (2) Methods: Multiple
hyperspectral images were acquired through line scanning methods from reflectance of visible and
near-infrared wavelength (400-1000 nm), reflectance of shortwave infrared wavelength (900-1700 nm),
and fluorescence (400-700 nm) by 365 nm ultraviolet (UV) excitation. Eight varieties of grain flours
were prepared (rice: 4, starch: 4), and the particle size and starch damage content were measured.
To develop the classification model, four multivariate analysis methods (linear discriminant analysis
(LDA), partial least-square discriminant analysis, support vector machine, and classification and
regression tree) were implemented with several pre-processing methods, and their classification
results were compared with respect to accuracy and Cohen’s kappa coefficient obtained from confusion
matrices. (3) Results: The highest accuracy was achieved as 97.43% through short-wavelength infrared
with normalization in the spectral domain. The submission of the developed classification model to
the hyperspectral images showed that the fluorescence method achieves the highest accuracy of 81%
using LDA. (4) Conclusions: In this study, the potential of non-destructive classification of rice and
starch flours using multiple hyperspectral modalities and chemometric methods were demonstrated.

Keywords: Hyperspectral image; VNIR; Fluorescence; SWIR; Multivariate analysis algorithm

1. Introduction

Rice (Oryza sativa L.) is one of the staple food crops across the world, particularly in Asia.
The steaming of the rice grain itself is a traditional cooking method in Korea; however, recently, various
processed products using rice flour, such as cookies, breads, and noodles, have been gaining more
interest among the population. To produce commercial-scale rice products, automatic quality and
quantity evaluation systems are necessary. To evaluate the quality of rice products, determining the
internal and external trait indices is very important. The internal trait indices include starch, protein,
amino acid, and fat, and the external traits include shape, color, and defects in the grains. In particular,
trait changes, such as shape, are bound to occur when the grains are ground, and even starch damage
depends on the milling methods [1].

Optical-sensing techniques, including spectroscopic and imagery methods, have been applied to
evaluate the quality of whole grains or their milled status [2-5]; this provides a fast, low-cost,
and non-destructive alternative to the conventional methods. In addition, near-infrared (NIR)
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spectroscopy has been used as a convenient method for evaluating indices of rice traits, in particular,
the protein and moisture contents. Furthermore, the near infrared (NIR) transmittance method,
with wavelengths of 825-1075 nm, was applied to develop a rice-quality-assessment system for
determining the average protein, moisture, and ratio of the sound kernel from the whole samples.
The prediction accuracy for protein content in brown rice was calculated according to the coefficient
of determination, R% = 0.70, and standard error of prediction, SEP = 0.24%. Moreover, for rice flour,
the prediction accuracy was calculated as R? = 0.76 and SEP = 0.22% [5]. An image-processing method
can detect and identify mixed samples based on their color and shape. However, as some flours are
similar in color, their rapid identification and classification using color image-processing methods are
difficult. Spectroscopic methods also have the potential to demonstrate quantitative and qualitative
analyses of flour products; for example, insect-fragments detection is conducted in wheat flour by
using NIR spectroscopic (NIRS) absorption in the wavelength range of 550-1700 nm [6]; protein
content, such as gliadins and glutenins, in flours is measured using NIRS and predicted using partial
least-square (PLS) method [7]. IR and NIR spectroscopies based on Fourier transform have also been
used for chemical analysis of grain flours [8].

Hyperspectral imaging (HSI) is a non-destructive hybrid image-spectroscopic method, in which
a line-scan or area-scan camera and a spectrometer are simultaneously used to acquire surface
information of the target materials and spectral information, respectively. The HSI system obtains a
3D hypercube that consists of spatial and spectral data [9]. It is convenient to extract spectral data
from the region of interest (ROI) in the image. Moreover, the model for classification using the pixels
in the ROI can be applied to the measured hypercube to visualize the classified results. The HSI
technology was introduced in 1985 and has been used for several decades in remote sensing for
large-scale land-information measurement [10]. In the field of agro-food research, the HSI technology
was adopted 20 years ago and consisted of a line-scan camera with a reflectance and fluorescence
lighting system [11]. The HSI system has also been used for the detection and identification of flour
adulteration [12], and examination of toxicity of aflatoxin B1 for corn [13], fungal growth on brown
rice [14], seed viability, and classification of wheat kernels visibly damaged by insects [15]. Bardedo
et al. (2018) successfully applied classification methods to detect and discriminate sprout damage
in wheat kernels using NIR-HSI and the selected wavelengths (918 and 1411 nm) [16]. Gorretta et
al. (2006) used NIR hyperspectral reflectance imaging (650-1100 nm) to determine the quality of
durum-wheat kernels based on PLS discriminant analysis (PLS-DA) and reported 94% classification
rate [17]. Mo et al. (2017) classified the geographical origin of white rice (Korea and China) by using
visible and NIR (VNIR) HSI technology (400-1000 nm) and PLS-DA with several pre-processing
methods as well as first and second derivatives [4]. Baek et al. (2019) selected discolored and visually
diseased rice seeds through HSI within the 400-1000 nm wavelength range, and they applied several
multivariate analysis methods, such as support vector machine (SVM), linear discriminant analysis
(LDA), and quadratic discriminant analysis (QDA) methods. They reported that each prediction model
shows over 92% accuracy according to the five pre-processing methods with respect to standard normal
variate (SNV), normalization, and smoothing [18].

The objective of this study is to develop a classification model for multiple grain flours using
multiple HSI modalities (VNIR, fluorescence, and short-wavelength infrared (SWIR)) in the ranges
of 400-1000 and 900-1700 nm. The specific objectives of this study are as follows: (1) collect the
multimodal hyperspectral images of grain flours by using three line-scan HSI modalities, and (2)
develop a classification model for multiple grain flours using spectral data and apply the model to the
hyperspectral images to differentiate grain flours.
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2. Materials and Methods

2.1. Sample Preparation

In this study, eight grain flours (rice: 4, starch: 4) were purchased from a local commercial market
in Korea, among which two (Mimyeon) were provided by the National Institute of Crop Sciences
(Southern branch, Miryang, Korea). Three replicas were prepared of all the samples, and their particle
sizes (um) and the constituting damaged starch content (%) were measured using a laser-diffraction
particle-size analyzer (LS13320, Beckman-Coulter, Inc. Brea, CA, U.5.A) and spectrophotometer
(HALO XB-10, Dynamica Scientific Ltd. Livingston, UK), respectively (Table 1). The damaged starch
content was measured according to method 76-31 by the American Association of Cereal Chemists
and was calculated as follows: damaged starch content (%) = A510 x (150/AGS)/W x 8.1, where A510
is the absorbance at 510 nm, AGS is absorbance of glucose standard, and W is sample weight (mg).
The damaged starch content is in the range of 0.3-7.4%, where the damaged content of rice flour
accounts for more than 2.3%, whereas that for starch flours accounts for less than 2.1%. Most rice flours
have 100% rice as their main ingredient; however, strong rice flours comprise rice content of 75.6% along
with gluten, dextrin, and glucose. In this study, the starch samples were extracted from the original
materials, with tapioca and sweat potato starch comprising maltodextrin and guar gum. The samples
comprised weak rice flour (particle size: 54.44 + 0.62 pm), Mimyeon (Milyang260), strong rice flour
(63.12 £ 0.17 um), tapioca starch flour (27.33 + 0.24 um), sweat-potato starch flour (16.79 + 0.75 um),
chestnut starch flour (26.34 + 0.25 um), and mungbean starch flour (514.2 + 12.89 um). Among them,
Mimyeon (Milyang260) was harvested in September 2018 from the rice pads of the National Institute
of Agricultural Sciences (Jeonju, Korea). The harvested paddy rice was stored at 4 °C for 5 months,
and then ground into powder using a grinder (NIAS, in-house manufactured). Mimyeon has two
different particle sizes (128.3 + 0.61 um and 76.33 + 1.02 um), and thus two sample containers were
used for their separate measurements.

Table 1. Flour items attribute and particle size.

. . Damaged
Flour Class . . Particle Size
Name Abbreviation Production Company Ingredients (um) Starcl‘: oSf;mtent
Weak rice flour WF Daedoo Foods Co,, Ltd, Rice 100% 54.44 + 0.62 2.31 + 0.04
Seoul, Korea
. MF1 NICS' RDA, Rice 100% 128.3 + 0.61 744 +0.44
Mimyeon Miryang, Korea
MEFE2 NICS’ RDA, Rice 100% 76.33 + 1.02 442 +0.15
Miryang, Korea
. : 0,
Strong rice SF Daedoo Foods Co., Ltd, Rice 75..6 %, gluten, 6312 £ 0.17 746 + 035
flour Seoul, Korea dextrin, glucose
. Banpong Tapioca Flour . o
Tap“;lcoaus:mh TS Industrial Co, Ltd tozaef)’(ffr’fr? 8?12’; | 27332024 2.16 +0.27
Bangkok, Thailand 8 g
Sweet potato Tureban Co., Ltd Sweet potato starch
starch flour S5 Goyang, Korea 99.9%, maltodextrin 0.1% 16.79 075 0.30 +0.05
Chestnut cs Gongju Chestnut Farm o 0t tarch 100% 2634 +0.25 1.05 = 0.01
starch flour Union, Gongju, Korea
Mungbean MS Nongmin food, Mungbean starch 100% 514.2 +12.89 0.47 +0.03

starch flour

Seocheon, Korea

The sample flours were filled in the sample containers with dimensions of 5 cm X 5 cm X 2.5 cm

(W x L x H) and then flattened. Three sample plates with the eight flours were prepared. The names of
all the eight sample items are displayed beside each sample image. Each sample was named according
to the column number from left, weak rice flour (WF, No.1), Mimyeonl (MF1, No.2, 128 pm), Mimyeon2
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(MF2, No.3, 76 um), strong rice flour (SE, No.4), tapioca starch flour (TS, No.5), sweat potato starch
flour (SS, No.6), chestnut starch flour (CS, No.7), and mungbean starch flour (MS, No.8), respectively.

2.2. Hyperspectral Imaging (HSI) Systems

To acquire HSI data, we used three modalities in the reflectance mode: fluorescence (420-730 nm
at 365 nm excitation), VNIR (400-1000 nm), and SWIR (900-1700 nm). The method of acquiring
fluorescence and VNIR hyperspectral data from the same imaging system is described as follows.
For VNIR and fluorescence data, a line-scan camera creates an image of size, 310 x 502 pixels (MegaLuca,
Andor Technology, Belfast, Northern Ireland), a hyperspectral imager with CMOS focal-plane array for
VNIR wavelengths (VNIR Hyperspec, Headwall Photonics, Fitchburg, MA, USA) and linear motorized
sample carrier (XSlide, Velmax, Bloomfield, NY, USA). The fluorescence HSI system comprises a UV-A
(365 nm) LED lightning system (in-house product) for radiation emission (Figure 1a). The SWIR HSI
system consists of an imaging spectrograph (HyperspecTM NIR, Headwall Photonics, MA, USA)
covering a spectral range of 900-1700 nm (spectral resolution of 3.2 nm); an InGaAs focal-plane-array
camera (640 x 512 pixels, Xeva-1.7-320, Xenics Infrared Solutions, Inc.; Leuven, Belgium), and a 25-mm
zoom lens (OB-SWIR25/2, Optec SpA.; Parabiago, Italy). Figure 1b presents the images obtained
through the HSI system.

Light
source

| Spectrograph {“" }camera
!

]‘ Objective
lens

]
1 Collimaton
lens { :

Halogent
Tungsten

Sample =1 I ]
Container - 1 N -

Figure 1. Hyperspectral imaging system (a) visible and near-infrared (VNIR) and (b) short-wavelength
infrared (SWIR) range. Camera system is stationary and sample holders move.

2.3. Data Acquisition and Calibration.

Multimode HSI systems are used to acquire continuous spectral images of the grain flours. In this
present study, all imaging systems adopted the line-scan mode and the moving sample stage. The HSI
data contain the spectral and spatial information of the target material. In addition, the acquired data
are prone to noise from the environment and facility, and thus data classification was performed using
dark and white references.

To calibrate reflectance images for robustness of image processing, the acquired original image
(RO) must be corrected using dark and white references. The dark image (RD) with block reflectance
was acquired with its opaque cap, whereas a Teflon plate (SRT-151, Labsphere, NH, USA) was used to
acquire the white reference (RW) images. The calibrated image (RC) can be calculated as follows:

Ro—Rp

Re=-9—2D
"~ Rw-Rp

)
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2.4. Region of Interest (ROI) Selection and Extraction of Average Spectrum

To build up a mask image, the calibrated image was used to find an optimal single band.
The dimension can be reduced and data redundancy can be removed from the calibrated data to
present suitable HSI and spectral data. Principal component analysis (PCA) is an unsupervised,
linear data-reduction algorithm that can yield characteristic features by using score (scattering) and
loading (coefficient) vectors. A line plot of the PCA coefficients represents the optimal bands of the
molecular functional group [19].

By using the calibrated image, spectrum data of the flour samples were selected and extracted.
Each modality image has a different size and spectral bands. The dimensions of VNIR, fluorescence,
and SWIR images were 502 horizontal pixels x 520 vertical pixels x 125 bands, 502 x 520 x 65, and 640
x 520 x 224, respectively. The spectrum data were analyzed using PCA, and the loading and score
vectors were plotted in the 2D space.

Figure 2 illustrates the ROI segmentation using SWIR hyperspectral images. Figure 2a presents
the PCA score images, and Figure 2b,c present the line plots of the loading vectors (coefficient) of PC1
and PC2 and their corresponding peak images, respectively. A mask image was constructed using the
histogram method, which implements the flour portion as one and background as zero (Figure 2d).
The 10th band image (1016 nm) was selected to determine the optimal threshold to separate the ROI
from the background (Figure 2e). The black and white mask images were constructed (Figure 2f),
and they visually present the eight selected ROI regions as red rectangles (Figure 2g). The VNIR and
fluorescence images also used the same procedure of mask construction by using the 10th band image
(465 nm), and their threshold values from the histogram were calculated as 5000 and 120, respectively.
By using the mask image, all images were segmented and the average spectrum of the identified
flour regions was identified using the extracted spectral data as a representative of each modality.
A total of 93,118 SWIR data were used for the development of the classification model; these were
divided into training (N = 46,559) and testing (N = 46,559) data for calibrating and validating the
model. The developed model was compared to accuracy (A) and Cohen’s kappa coefficient (K) based
on confusion matrix [3]. Cohen’s kappa coefficient ranges from 0 to 1; the closer it is to 1, the better is
the classification result based on the following calculation: K = (A, — A¢) /(1 —A.), where A, is the
observed accuracy and A, is the chance agreement. Figure 3 depicts the flowchart of the development
of the data processing and prediction model. Finally, we obtained a full spectra matrix comprising
VNIR, fluorescence, and SWIR images of 75,308 samples x 125 bands, 76,886 samples X 65 bands,
and 93,118 samples x 224 bands, respectively.

The PCA allowed us to obtain the representation of the multivariate information, and it was used
for dimensional reduction without supervision. In this study, PCA was used for selecting an optimal
wavelength for classification of the grain flour samples. By using the extracted full spectra matrix of
each modality, we could obtain the PCA results, as shown in Figure 4. The PCA results of VNIR and
SWIR indicated that mungbean starch (MS, gray color) covered other samples on each PC combination
(Figure 4a,c). In contrast, the fluorescence images of the two PC spaces showed distinguishable clusters
(Figure 4b). In the space of PC1 and PC2 for fluorescence range, the grain flour sample clusters were
observed to be separate from each other; the proportion of the variance explains by the PClwas 71%
and PC2 was 26%. VNIR and SWIR demonstrated the proportion of the variance from PC1 and PC2 as
91%, 8% and 65%, 19%, respectively.
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(e) (8)

Figure 2. SWIR range mask making schematic based on principal component analysis (PCA) loading
vector. Three PC images from PC1 to PC3 (a), loading vectors of PC1 and PC2 (b), peak images of
1016 nm (10th), 1167 nm (57th) and 1535 nm (172th), respectively (c). The threshold value of 5000 was
selected based on 1016 nm image (d) and mask (e) from 1016 nm image (f) and boundary as red line (g).

-
PCA scores and Threshold value
loading vectors selection based
to mak k hist S
0 make a masl Istogram Callbratlon
(data by half)
Hyperspectral Image . Data
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Validation
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Confusion & Predicting & Confusion & with
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ROI re-selection Implementation
for evaluation of of the prediction

the prediction model to un-
model accuracy used data

Figure 3. Schematic flowchart of data processing.

2.5. Spectral Data Analysis

The line-scan hyperspectral images could contain noises due to the electromagnetic spectrum
characteristics, and these are generally caused by environmental interferences, such as defects in the
camera or the spectrograph itself or due to mechanical attributes. To remove redundant noise and
suitably perform HSI on the data, a noise detection and removal algorithm was implemented. In this
study, the authors used several preprocessing methods, such as normal scattering correction (MSC),
normalization (between —1 and 1), first and second derivative algorithm (D1 and D2), and moving
average (MA) [20]. MSC is based on the distance between ideal and measured spectra, where the mean
spectrum is usually used as the ideal spectrum. The D1 and D2 methods based on the Savitzky—Golay
algorithm use the window size of 11 and a quadratic filter. MA is a standardization method that uses the
average value of the mean and left and right values. Normalization performs data normalization based
on (Xi-M)/sqrt(sum(Xi-M)?), where, Xi means input data and M is mean of the data. More details about
the preprocessing methods and their application can be referred from the article by [21]. Furthermore,
multivariate analysis methods, such as LDA, PLS-DA, SVM, and classification and regression tree
(CART), along with several of the preprocessing methods were used to develop a classification model,
and their classification results were compared. The accuracy of the developed prediction model
was measured and compared with that of the confusion matrix method based on accuracy (A) and
kappa coefficient (K). The whole image-processing procedure was performed in Matlab (R2016a,
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The MathWorks Inc.; Natick, MS, USA) and spectral data analysis was performed using free software
for statistics, R (ver. 3.6.2, R Foundation for Statistical Computing, Vienna, Austria)

‘C_> . o WF

& MF1
@ - W2
x SF

TS
v S8

MS

PC2(8%)
0
1
£
B?
X% 5%

PC1(91%)

PC2(26%)

T T T T T

5 0 5 10 15
PC1(71%)

4 MF1
+ MF2

10

TS
v 88

MS

PC2 (19%)
0

-10 0 10 20
PC1 (65%)

Figure 4. Eight flour items on PC1 and PC2 space of VNIR (a), fluorescence (b), and SWIR (c). As an
example, fluorescence spectral data (b) performs PC1 has 71% proportion of the variance explanation
power and PC2 has 26%.
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3. Results

3.1. Reflectance Spectral Characteristic

As shown in Figure 5, the three single-band images display the peak band of three modalities
to generate patterns of a grain flour image based on each imaging type. Single-band images of the
peak wavelength obtained from the multimode HSI system show color (Figure 5a), SWIR, VNIR,
and fluorescence, images in the 1060 nm (Figure 5b), 959 nm (Figure 5c), and 518 nm ranges (Figure 5d)
according to loading vectors, respectively. The eight grain flours show similar surface colors except No.
7 (CS) in VNIR and SWIR, whereas fluorescence images show more dynamic and significant surface
colors according to rice or starch flours.

No.1, WF No.5, TS
No.2, MF1 No.6,SS
No.3, MF2 No.7,CS
No.4, SF No.8, MS

(a)

78000

7000
10000

6000
8000

5000
4000 6000

3000
4000

2000
1000 2000

(b) (c) (d)

Figure 5. Three mean spectra of hyperspectral imaging modalities and its peak wavelength images.
Color image of one of samples (a), SWIR is at 1061 nm (b), VNIR at 959 nm (c) and fluorescence at
518 nm (d).

3.1.1. Visible and Near-Infrared (VNIR) HSI

The mean VNIR reflectance spectra of eight grain flours were obtained from the calibrated
hyperspectral images, as shown in Figure 6a. The figure shows that the overall trends of the reflectance
spectra of the selected flour samples. Among them, the chestnut starch (CS, yellow line) shows
relatively broad and strong absorption curves between 400 and 700 nm and peaks at approximately
525 and 551 nm. The maximum peak was observed at approximately 550 nm, and visible bands were
observed in the ranges of 500-565 nm, 565-590 nm, and 620-740 nm related with the green, yellow,
and red absorption wavelengths, respectively. The absorptions at wavelengths of 617, 656, and 681 nm
show the presence of anthocyanin and carotenoids pigments [22,23]. As observed in Figure 6a, the CS
flour shows more dark than other items, and two peaks were measured around 500-600 nm. The bands
between 500 and 600 nm indicate different peaks for different grain types, i.e.; peaks can be observed
for strong flour (SF) at 496 nm, and for tapioca starch (TS) and sweat-potato starch (SS) at 520 nm.
Absorptions were also measured around 760 nm and between 900 and 1000 nm. In the range of VNIR
bands (400-1000 nm), we observed the spectra of the chemical information of rice ingredients, such as
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carbohydrate, protein, amylose, and moisture, which are related to the third overtone absorption of
C-H (880 nm) and second overtone absorption of O-H (750-900 nm) and N-H (962-1000 nm) [24,25].
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Figure 6. Mean spectra of VNIR (a), fluorescence (b) and SWIR range (c) of eight grain flours” data.
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3.1.2. Fluorescence HSI

The fluorescence HSI system was used to obtain the fluorescence images for the eight flours
(400-700 nm), and its mean spectrum is shown in Figure 6b. Through the wavelength range of the
fluorescence excitation, several peaks were measured at approximately 446, 465, 489, 518, 547, 580, 623,
671, and 714 nm. Among them, the peaks at 465 and 489 nm predominantly comprised information
of rice flours (WE, MF1, and MF2), whereas starch flours showed relatively strong excitations at
approximately 465, 489, 518, and 547 nm. Chestnut starch showed relatively low excitation intensity
than the other flour samples.

3.1.3. Short-Wavelength Infrared (SWIR) HSI

Figure 6c illustrates the SWIR image (1000-1700 nm) used for the classification of multiple flours
along with its mean plot. In the 1500-1700 nm range, strong absorptions were observed, along with
peaks at approximately 1520 and 1640 nm, particularly for the rice flours. Starch is a major carbohydrate
reserve and a homopolysaccharide made up of glucose, and mainly consists of amylose (20-30%) and
amylopectin (70-80%) [26]. The spectral data between 1400 and 1600 nm, particularly at 1414 nm,
is related to the first overtone of water and the following hydroxyl groups: O-H stretching vibrations;
O-H and H-O-H combinations of the starch; C-H stretching bond (1338 nm); and C-H stretching,
the second overtone of which is related to anthocyanin content (1292 nm) [23,27]. The content of
amylose in starch is within the range of 1700 and 1800 nm, and the absorption peaks provide chemical
information about the third overtone of O-H stretching vibration (964 nm), first overtone of O-H
stretching band (1414 nm), and O-H stretching and deformation with respect to water content [28].

3.2. Grain-Flour Classification

The classification of the spectral data of multiple grain flours was performed using linear and
non-linear multivariate analysis methods and preprocessing methods. Table 2 shows the results of the
four classification models and six preprocessing methods, including no-preprocessing (NoP) based
on SWIR. The accuracy of the proposed classification model over all previous models was 71-97%;
the LDA with normalization proved to be the best combination for classifying the eight grain flours
with an accuracy of 97.43% and kappa coefficient of 0.97. The LDA showed an overall accuracy of
94% over all the prediction models used in the comparison, whereas PLS-DA showed 87% accuracy.
Among the classification models, PLS-DA with D1 showed 96.4% accuracy, SVM with NoP showed
96.28% accuracy, and CART with D1 showed 95.87% accuracy.

Tables 3 and 4 present the accuracy of the two multimodal HSI data according to the four
classification methods. Each accuracy result presents VNIR (Table 3), and fluorescence (Table 4) data.
In the case of VNIR, the use of SVM with D2 achieved the most efficient accuracy and kappa coefficient
of 92.37% and 0.91, respectively. In Table 4, LDA with data normalization showed the best accuracy
(A =92.28%, K = 0.91), whereas, PLSDA with normalization showed higher accuracy (A = 93.22%) and
lower kappa (K = 0.86) than LDA. Although, PLSDA showed higher accuracy than LDA, as shown
Table 3, PLSDA could not classify MF1 (A = 0.09).
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Table 2. Result of SWIR discriminant accuracy and kappa coefficient of eight samples.

MA PP WF MF1 MEF2 SF TS SS (&) MS A (%) K
NoP 1.00 0.78 091 1.00 1.00 1.00 1.00 1.00 95.87 0.95
D1 0.93 0.75 0.77 1.00 0.97 0.97 1.00 0.95 91.74 0.91
LDA D2 0.99 0.88 0.90 0.97 0.98 0.99 0.98 0.99 95.94 0.95
MSC 0.96 0.59 0.85 0.94 0.94 0.96 0.98 0.77 87.21 0.85
MA 1.00 0.78 0.91 1.00 1.00 1.00 1.00 1.00 95.87 0.95
NM 1.00 0.87 0.96 1.00 1.00 0.99 1.00 1.00 97.43 0.97
NoP 0.81 0.62 0.46 1.00 1.00 0.11 1.00 0.93 74.44 0.71
D1 0.99 0.89 0.93 0.97 0.98 0.99 0.98 0.99 96.4 0.96
PLSDA D2 0.96 0.56 0.79 0.95 0.94 0.95 0.98 0.89 87.63 0.86
MSC 1.00 0.78 091 1.00 1.00 1.00 1.00 1.00 95.87 0.95
MA 0.86 0.53 0.38 1.00 0.92 0.76 1.00 0.97 80.08 0.77
NM 0.92 0.79 0.91 1.00 0.95 0.96 1.00 0.91 92.7 0.92
NoP 0.99 0.88 0.93 0.97 0.98 0.99 0.98 0.99 96.28 0.96
D1 0.84 0.29 0.89 0.91 0.84 0.89 0.98 0.78 79.97 0.77
SVM D2 0.98 0.70 0.92 1.00 0.99 0.98 1.00 0.99 94.24 0.93
MSC 0.93 0.80 0.64 1.00 0.75 0.98 1.00 0.93 87.85 0.86
MA 0.98 0.85 0.90 0.97 0.97 0.99 0.98 0.98 95.2 0.95
NM 0.99 0.89 0.94 0.97 0.97 0.95 0.97 0.98 95.89 0.95
NoP 0.50 0.46 0.66 0.89 0.74 0.78 0.98 0.71 71.05 0.67
D1 1.00 0.78 0.91 1.00 1.00 1.00 1.00 1.00 95.87 0.95
CART D2 0.93 0.75 0.77 1.00 0.97 0.97 1.00 0.95 91.74 0.91
MSC 0.99 0.82 0.90 0.97 0.98 0.99 0.98 0.97 94.81 0.94
MA 0.96 0.59 0.85 0.94 0.94 0.96 0.98 0.77 87.21 0.85
NM 0.96 0.68 0.86 0.94 0.97 0.93 0.97 0.70 87.44 0.86

MA: multivariate analysis, PP: preprocessing method, NoP: no-preprocessing, A: Accuracy, K: kappa coefficient,
WE: weak rice flour, MF1: mimyeonl (128 um), MF2: mimyeon2 (76 pum), SF: strong rice flour, TS: tapioca starch
flour, SS: sweat potato starch flour, CS: chestnut starch flour, MS: mungbean starch flour, LDA: linear discriminant
analysis, PLSDA: partial least square discriminant analysis, SVM: support vector machine, CART: classification and
regression tree.

Table 3. Result of VNIR discriminant accuracy and kappa coefficient of eight samples.

MA PP WEF MF1 MEF2 SF TS SS (&) MS A (%) K
NoP 0.99 0.60 0.61 1.00 1.00 1.00 1.00 1.00 90.03 0.89
D1 1.00 0.60 0.61 1.00 1.00 1.00 1.00 1.00 90.02 0.89
LDA D2 0.99 0.60 0.61 1.00 1.00 1.00 1.00 1.00 90.03 0.89
MSC 0.76 0.50 0.53 1.00 0.97 1.00 1.00 0.99 84.40 0.82
MA 0.99 0.60 0.61 1.00 1.00 1.00 1.00 1.00 90.03 0.89
NM 0.99 0.61 0.60 1.00 1.00 1.00 1.00 1.00 90.11 0.89
NoP 0.85 0.50 0.53 1.00 0.99 1.00 1.00 0.99 86.05 0.84
D1 0.05 0.28 0.74 1.00 0.91 0.99 1.00 0.98 74.53 0.71
PLSDA D2 0.59 0.43 0.48 1.00 0.96 0.99 1.00 0.99 80.76 0.78
MSC 0.58 0.44 0.48 1.00 0.98 0.99 1.00 0.97 80.80 0.78
MA 0.85 0.50 0.53 1.00 0.99 1.00 1.00 0.99 86.05 0.84
NM 0.85 0.55 0.49 1.00 1.00 1.00 1.00 0.99 86.19 0.84
NoP 0.97 0.63 0.65 1.00 0.98 0.97 0.98 0.99 89.71 0.88
D1 0.97 0.61 0.71 1.00 0.98 0.97 0.98 0.99 90.22 0.89
SVM D2 0.97 0.73 0.77 1.00 0.98 0.97 0.98 0.99 92.37 0.91
MsC 0.88 0.61 0.75 1.00 0.97 0.97 0.98 0.99 89.50 0.88
MA 0.97 0.50 0.75 1.00 0.98 0.97 0.98 0.96 88.97 0.87
NM 1.00 0.48 0.78 0.98 0.97 0.97 0.99 0.97 89.36 0.88
NoP 0.95 0.21 0.87 1.00 0.96 0.96 0.98 0.81 84.18 0.82
D1 0.94 0.30 0.88 1.00 0.96 0.95 0.98 0.89 86.36 0.84
CART D2 0.93 0.61 0.29 0.94 0.71 0.92 0.98 0.80 77.82 0.75
MsC 0.25 0.19 0.51 0.94 0.60 0.84 0.98 0.74 63.43 0.58
MA 0.95 0.21 0.87 1.00 0.96 0.96 0.98 0.81 84.18 0.82
NM 0.97 0.20 0.89 0.98 0.95 0.96 0.99 0.82 84.44 0.82

MA: multivariate analysis, PP: preprocessing method, NoP: no-preprocessing, A: Accuracy, K: kappa coefficient,
WE: weak rice flour, MF1: mimyeonl (128 pm), MF2: mimyeon2 (76 pm), SF: strong rice flour, TS: tapioca starch
flour, SS: sweat potato starch flour, CS: chestnut starch flour, MS: mungbean starch flour, LDA: linear discriminant
analysis, PLSDA: partial least square discriminant analysis, SVM: support vector machine, CART: classification and
regression tree.
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Table 4. Result of fluorescence discriminant accuracy and kappa coefficient of eight samples.

MA PP WF MF1 MF2 SF TS SS CS MS A (%) K

NoP 1.00 0.68 0.66 1.00 1.00 1.00 1.00 1.00 92.19 0.91
D1 1.00 0.67 0.68 1.00 1.00 1.00 1.00 1.00 86.74 0.91
D2 1.00 0.67 0.68 1.00 1.00 1.00 1.00 1.00 88.49 091

LDA MSC 1.00 0.41 0.90 0.99 1.00 1.00 1.00 1.00 87.33 0.90
MA 1.00 0.67 0.68 1.00 1.00 1.00 1.00 1.00 87.29 0.91

NM 1.00 0.58 0.80 1.00 1.00 1.00 1.00 1.00 92.28 0.91

NoP 1.00 0.31 0.65 1.00 1.00 1.00 1.00 0.95 92.25 0.85

D1 0.98 0.00 0.97 1.00 1.00 1.00 1.00 1.00 87.30 0.85

PLSDA D2 0.92 0.26 0.70 1.00 1.00 1.00 1.00 1.00 88.24 0.84
MSC 0.95 0.05 0.66 1.00 1.00 1.00 1.00 1.00 87.37 0.82

MA 0.95 0.31 0.65 1.00 1.00 1.00 1.00 1.00 86.64 0.85

NM 0.96 0.09 0.84 1.00 1.00 1.00 1.00 0.99 93.22 0.85

NoP 0.99 0.60 0.77 1.00 0.92 0.89 0.89 1.00 92.20 0.87

D1 0.99 0.54 0.82 1.00 0.92 0.89 0.89 1.00 86.33 0.87

SVM D2 0.99 0.58 0.79 1.00 0.92 0.89 0.89 1.00 88.48 0.87
MSC 0.99 0.39 0.90 1.00 0.92 0.89 0.89 1.00 87.14 0.86

MA 0.99 0.49 0.83 1.00 0.92 0.89 0.89 1.00 86.80 0.86

NM 0.99 0.49 0.83 1.00 0.92 0.89 0.89 1.00 92.98 0.86

NoP 0.99 0.41 0.88 1.00 091 0.89 0.89 0.99 91.67 0.86

D1 0.99 0.37 0.92 1.00 0.92 0.89 0.89 1.00 83.95 0.86

CART D2 0.99 0.40 0.88 0.99 0.91 0.89 0.89 0.99 87.42 0.85

MSC 0.99 0.36 0.90 0.99 0.92 0.89 0.89 1.00 86.93 0.85
MA 0.99 0.41 0.88 1.00 091 0.89 0.89 0.99 78.48 0.86
NM 0.99 0.41 0.88 1.00 0.91 0.89 0.89 0.99 92.66 0.86

MA: multivariate analysis, PP: preprocessing method, NoP: no-preprocessing, A: Accuracy, K: kappa coefficient,
WE: weak rice flour, MF1: mimyeonl (128 um), MF2: mimyeon2 (76 pum), SF: strong rice flour, TS: tapioca starch
flour, SS: sweat potato starch flour, CS: chestnut starch flour, MS: mungbean starch flour, LDA: linear discriminant
analysis, PLSDA: partial least square discriminant analysis, SVM: support vector machine, CART: classification and
regression tree.

Note that in the classification result of the eight grain flours, the result of classification between
MF1 and MF2, which are the same variety, showed different particle sizes of the rice flours. The VNIR
and fluorescence imaging achieved average results of 71.53% and 75.54% based on SVM with D2,
respectively. In the case of SWIR, LDA with normalization achieved an average accuracy of 91.73%.
Furthermore, discriminant analysis was performed for samples MF1 and MF2, and the use of LDA
with normalization achieved an accuracy of 94.18% along with 0.88 kappa coefficient. According
to the result of classification using the multivariate analysis method, SWIR (1000-1700 nm) showed
the potential to detect and classify different particle sizes for the same flour type compared to other
multivariate data-analysis methods [29].

Figure 7 shows the classification result of the three multimode HSI data based on LDA with
normalization. VNIR (Figure 7a) shows 87% and 8.7% of the classification potential of LD1 and LD2,
respectively, while fluorescence imaging shows the potential of 62% and 25% in 2D space (Figure 7b)
and 3D space (Figure 7d), respectively. SWIR using LDA with normalization shows that LD1 and LD2
depict interpretation potentials of 63% and 20%, respectively (Figure 7c). In the figure, on the bottom
right, the gray asterisk represents the data of mungbean starch (MS), which makes difficult to separate
all rice flour samples (WF O, MF1 A, MF2 +, SF X) in the 2D space.
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Figure 7. LDA results of eight grain flours according to VNIR (a), fluorescence (b) and SWIR (c). LDA in
3D space is fluorescence range (d).

4. Conclusions

The study presented the use of multiple HSI modalities and multivariate analysis methods for the
detection and classification of grain flours. Three types of optical spectra (i.e.; reflectances of VNIR,
SWIR and fluorescence) were obtained from the acquired HSI 3D data cube of the eight grain flours.
PCA was applied to reduce the data dimension and select the optimal wavelength for ROI extraction.
Four chemometric methods, LDA, PLSDA, SVM and CART, were demonstrated and compared
with accuracy (A) and kappa coefficient (K). The reflectance of the VNIR, SWIR and fluorescence
HSI demonstrated the model’s potential for classification of multiple grain flours. Among them,
LDA showed the best classification accuracy (A = 97%, K = 0.97) with normalization preprocessing in
SWIR modality. VNIR showed the best accuracy (A = 92.37%, K = 0.91) with SVM and fluorescence
showed the best accuracy (A = 92.28%, K = 0.91) with LDA. Furthermore, the LDA model with SWIR
can distinguish grains of the same type (MF1 and MF2) but different particle sizes through spectral
analysis (A = 91%, K = 0.88). This aspect can be studied in a future work to improve the accuracy
of quality control in the agro-food industry. Moreover, alternative machine-learning methods and
feature-selection methods will be studied in the future by using a big dataset.
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