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Abstract: The quality assessment and grading of agricultural products is one of the post-harvest
activities that has received considerable attention due to the growing demand for healthy and better-
quality products. Recently, various non-destructive methods have been used to evaluate the quality
of agricultural products, which are very desirable and faster and more economical than destructive
methods. Optical methods are one of the most important non-destructive methods that use the
high speed of light detection and computer data processing and are able to evaluate the quality and
classification of products with high accuracy. Among the optical methods, visible-near-infrared
(Vis/NIR) spectroscopy is considered one of the most accurate methods. In this research, Vis/NIR
spectroscopy technology was used in the spectral range of 350-1150 nm for non-destructive detection
of some quality parameters including pH, TA, SSC, and TP of two varieties of Red Delicious and
Golden Delicious apples. Various pre-processing models were developed to predict the parameters,
which brought the desired results with high accuracy so that pH prediction results were for yellow
apples (RMSEC = 0.009, r. = 0.991, SDR = 2.51) and for red apples (RMSEC = 0.005, r. = 0.998,
SDR = 2.56). The results for TA were also (RMSEC = 0.003, r. = 0.996, SDR = 2.51) for red apples
and (RMSEC = 0.001, r. = 0.998, SDR = 2.81) for yellow apples. The results regarding SSC were
for red apples (RMSEC = 0.209, rc = 0.990 and SDR = 2.82) and for yellow apples (RMSEC = 0.054,
SDR = 2.67 and r. = 0.999). In addition, regarding TP, the results were for red apples (RMSEC = 0.2,
re = 0.989, SDR = 2.05) and for yellow apples (RMSEC = 1.457, r. = 0.998, SDR = 1.61). The obtained
results indicate the detection of the mentioned parameters with high accuracy by visible/infrared
spectroscopic technology.

Keywords: spectroscopy; multivariate regression analysis; computational intelligence; apple

1. Introduction

Today, with the growth of the population and the increase in demand and the dis-
appearance of commercial borders for food products, the necessity of mechanized and
modern agriculture has already become apparent, and we have witnessed a high volume
of food products exchanges in the world. On the other hand, many developed countries
such as Japan and the European Union have defined high-level standards related to the
quality and health of imported food products in order to meet people’s demand; therefore,
in order to conquer global markets and compete with other countries in exporting products,
we must take steps towards the further development of post-harvest technology.

Manual sorting and grading are expensive and unreliable because human decisions
in determining quality characteristics such as flavor, taste, and appearance are different
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from each other, and it is a time-consuming task, which in any case is related to the mental
and internal characteristics of humans. The quality is influenced by various factors such as
cultivation methods, weather, soil conditions, etc.

Various definitions have been provided for quality. According to the American Society
for Quality Control, quality is a subjective concept for which each person has their own
definition. In technical applications, quality has two meanings: (1) Quality refers to the
characteristics of a product or a service because these characteristics must be able to satisfy
customers. (2) Quality refers to a product or service free from any defect or deficiency [1].
From the point of view of the horticultural product producer, quality means that the
product has a high performance and also has a suitable appearance with few defects. This
product should also be resistant to pests and diseases and have high firmness, ease of
harvesting, and high quality of transportation. The important parameter for the seller and
distributor regarding product quality is good appearance along with firmness and shelf life.
Quality management of agricultural products is, on the one hand, an option to respond
to the expectations and demands of consumers of agricultural products, and on the other
hand, it is an option for success in the competitive market of agricultural products. The
discussion of quality management of agricultural products has a prominent position in
today’s modern world because today, with the improvement of the living standards of
citizens and a large number of producers, a product with low quality or disadvantage in
competition with other producers cannot have a special position [2].

Due to the change in the nature of the demand of the consumers of agricultural prod-
ucts to buy products that have high quality and health, the development of accurate and
fast quality-control systems is very important. At present, visual inspection is still widely
used as one of the common methods of quality control, which is, however, dependent
on personal thinking and is time-consuming, laborious, and tiring [3]. In cases where
ultraviolet light is used by trained operators to identify fruits whose tissues are diseased
or rotten, in addition to the disadvantages mentioned in this type of visual inspection,
human skin is also at risk [4]. Commonly used instrumental methods are mainly analytical
chemistry methods such as mass spectrometry, which have disadvantages such as being
destructive, time-consuming, producing a small number of examined samples, and some-
times needing long sample preparation. Therefore, it is very important and necessary to
use accurate, reliable, efficient, and non-invasive alternatives to evaluate the quality of
agricultural products. Recently, optical measurement technology as a potential tool for
non-destructive analysis and evaluation of food quality and health has reached a stage
of development that is available and usable. Especially, integrating both spectrometry
and imaging in one system can obtain point information of the product and lead to many
successful applications in the field of agricultural product quality evaluation [5].

Non-destructive methods are those that do not have photochemical, photophysical,
chemical, mechanical, and thermal destructive effects on the product. These methods make
it possible to inspect and determine their characteristics without damaging or destroying
the products. In recent years, much research has been recorded in this field. These methods
have been created based on the detection of different physical properties that have a good
relationship with the quality of products, but only some of these methods have been able
to be justified from a technical point of view [6].

In non-destructive methods, there may be more than one factor affecting the obtained
data, which causes measurement errors, and for this reason, these systems require accurate
calibration [6]. Using these methods has become easier with the advancement of technology
and the use of modern equipment. The diversity and abundance of quality parameters
of agricultural products has been the most important reason for the development of non-
destructive methods.

Recently, with the development of computer science and chemistry and the increase
in the ability to use spectroscopic techniques, the use of this method in various fields,
especially in the field of food, has attracted the attention of many researchers. For non-
destructive measurement of quality factors, there are fast methods such as ultrasound,
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microwave absorption, nuclear magnetic resonance (NMR), and near infrared spectroscopy
(NIR). Among these methods, infrared spectroscopy is of interest and has been widely
used in various sectors of the food industry [7]. The use of visible-near infrared (Vis-NIR)
spectroscopy (Vis-NIRS) to analyze fresh produce in postharvest applications is a relatively
mature topic [8]. NIR can assess several constituents at the same time; therefore, it is also
efficient for mass screening [9]. This method has advantages such as its high speed and less
time-consuming nature [10,11]. Compared to destructive methods, NIR spectroscopy is less
expensive because other materials such as reagents or chemical reagents are not needed to
perform the test except for electricity consumption, and a large number of samples can be
analyzed by developing a calibration model, and the samples do not need any preparation
before performing the test [12].

In a study, Huang et al. (2017) examined the days before decay (DBD) of peach fruit.
Using NIR and electronic nose, they reached favorable results with a rate of 82.26% [13].

Soltani et al. investigated the possibility of using visible/near infrared spectroscopy
(Vis-NIR) for the detection of poison residues (profenofos) in tomatoes. Their experiments
were performed on tomato samples with different percentages of profenofos poison com-
pared to the control sample (without poison). Vis/NIR spectral data of poison solution and
tomato samples without poison and impregnated with different concentrations of poison
were recorded in the range of 400-1050 nm by a spectroradiometer. To classify tomatoes
with poison content at lower and higher levels than MRL as healthy and unhealthy samples,
respectively, discriminant partial least squares analysis models based on different spectral
preprocessing methods were used. Using the smoothing-Gaussian filter preprocessing
method with the lowest standard error in cross-validation (SECV = 4.2884) was chosen as
the best model for this study. Moreover, in the calibration and prediction sets, the total
percentage of correctly classified samples was 91 and 92.4%, respectively [14].

The results of Munawar et al. (2022) for measuring the quality characteristics of
intact mangoes using near infrared spectroscopy along with three different regressions,
namely partial least squares regression (PLSR), support vector machine regression (SVMR),
and artificial neural network (ANN), with the coefficient of determination of calibration
(R2cal) = 0.97 and prediction (Rzpred) = 0.8, the root mean square error of calibration
(RMSEC) = 25.29 and prediction (RMSEP) = 28.42, and the ratio of prediction to deviation
of 4.02 showed that NIRS technology combined with suitable regression approaches has
promising results for non-destructive determination of TA of intact mangoes [15].

Vis-NIR spectral signal detection of pomelo fruit during storage in the study of Xu et al.
(2020) showed that combining modeling methods and extracting optimal information with
Vis-NIR is a suitable solution for determining the content of pomelo juice after harvesting
and providing references for non-destructive internal quality detection of large fruits [16].

By combining a portable NIR spectrometer and chemometric techniques, Amuah et al.
(2019) simultaneously identified organically produced pineapple fruits from conventionally
produced fruits and predicted TSS. In their method, organic fruit was accurately identified
from conventionally produced fruits with a 100% identification rate. For TSS quantification,
the MSC-PLSR model provided Rp = 0.851 and RMSEC = 0.950 °Brix and Rc = 0.854 and
RMSEP = 0.842 °Brix, respectively [17].

In the study by Castrignano et al. (2019) entitled “Assessing the feasibility of using
a miniature near-infrared (NIR) spectrometer to determine the quality characteristics of
tomato fruits”, simultaneously, several quality characteristics were determined using
reference methods: fresh weight, pH, dry matter, color values, electrical conductivity,
titratable acidity, and soluble solid content. By combining the spectra with chemical
features, they found that the best way to obtain NIR data on tomato fruits is to scan the entire
equatorial region due to the heterogeneous internal structure of the fruit. Furthermore,
after a suitable pre-processing of the data, accurate predictive models were obtained using
partial least squares (PLS) regression to estimate the physical and chemical properties of
tomatoes in a fast and non-destructive way [18].
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Shao et al.’s (2019) study used visible and near-infrared reflectance spectroscopy (Vis-
NIR) to identify the degree of cherry bruising at a wavelength of 2500-350 nm. Spectral
sampling data were extracted from normal, mild, and severe bruising samples. Principal
component analysis (PCA) was performed to determine the first principal components
(PCs) for cluster analysis among samples. Their results showed that Vis-NIR reflectance
spectroscopy integrated with multivariate analysis can be used as a fast and safe method to
determine the degree of cherry bruising, creating a basis for cherry grading and post-harvest
quality control [19].

In the research of Pourdarbani et al. (2020), the soluble solid content, pH, total acidity,
and ascorbic acid of apple fruit were also successfully estimated using NIR technology [20].

Bian et al. (2021) studied the classification of apple juice based on variety and ge-
ographical origin. They used PLS regression and fluorescent spectroscopy to analyze
fluorescent spectra with two types of apple fruit. The results showed that fluorescent
spectroscopy combined with PLS method was successful in controlling the quality of fruit
juice [21].

Based on the mentioned cases, the present research used NIR spectroscopy and PLS
regression to non-destructively detect the quality parameters of apple fruit. This method
is of great importance due to its lack of need for sample preparation, no need for special
skills, field usability, fast measurement, and no waste generation and its accurate, reliable,
efficient, and non-invasive nature.

2. Materials and Methods
2.1. Sample Preparation

In this study, 120 apple samples, including 60 Red Delicious and 60 Golden Delicious
apples, were randomly selected from among the fruits of an orchard in Ardabil. The samples
were of the same size and appearance, without any damage and disease. The samples
were spectrophotometered without any preparation, which is one of the advantages of
visible/near-infrared spectroscopy.

2.2. Used Spectroscopic Equipment
2.2.1. Spectroradiometer

Vis/NIR spectroscopic tests were performed using a spectroradiometer model PS-100
(Apogee Instruments, INC., Logan, Utah, USA) with a CCD detector, 2048 pixels, and with
a resolution of 1 nm and a probe in the wavelength range of 350-1100 nm (Figure 1).

Spectrometer

_» Reflectance probe

Standard disc

Fiber optic cable

Figure 1. Spectrometer.
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2.2.2. Preparation of Vis/NIR Spectra of Samples

Vis/NIR measurements were performed in the spectral range of 350-1150 nm. Before
spectrometry, dark and white (reference) spectra were first defined and stored. In this way,
first by turning off the light source, the dark spectrum was taken. Then, in the bright light
source mode, a standard disc (Figure 1) that had a high reflectance of 97% was used to
store the reference spectrum. Vis/NIR spectroscopy was performed for all apple samples
in four areas with an angle of 45 degrees using a prop, and the spectra were saved in each
area (Figure 2). The average spectrum obtained from each sample was considered as its
representative spectrum.

Figure 2. Measurement of Vis/NIR spectra of apple samples.

2.3. Reference Measurements (Destructive)

(1). pH measurement was based on the method of Hasanzadeh et al. (2022) [22] with
digital pH meter model inolab 7110;

(2). Measurement of TA was based on the method of Jalili Marandi et al., 2004, with the
following formula [23]:

ml(NaOH) x N(NaOH) x acidmeq.factor

TA = —
mljuice

x 100 1)

(3). Measurement of SSC was based on the method of Hasanzadeh et al. (2022) [22]
with an optical refractometer model PAL-1 manufactured by ATAGO, Japan, with an
accuracy of 0.1 °Brix;

(4). Measurement of total phenol (TP) was based on the method of Du et al., 2009 [24]
with spectrophotometer model (Termo One C-Termo Scientific-Waltham, CA, USA).

2.4. Model Development

By removing the noises and reducing the spectral data to the range of 450-1250 nm,
spectral data preprocessing was done using Unscrambler X 10.4 software (CAMO Software
AS, Oslo, Norway), and the best preprocessing was selected among them. In order to
validate the ability of the developed models, the data were randomly divided into two
categories: calibration and prediction, with a ratio of 70% to 30%. For this purpose,
validation of compiled models and selection of the best model was done by calculating Rc,
RMSEC, Rev, RMSECYV, and SDR based on the study of Hassanzadeh et al. (2022) [22].

Figure 3 shows the block diagram of the test steps.
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Figure 3. Block diagram of test method.

3. Results

3.1. Multivariate Regression Modeling

According to the results of RMSEC (lowest value), Rc, and SDR (highest value), the
best pre-processing was selected among the available pre-processing for each parameter.

3.2. pH Detection

The presented results related to Vis/NIR spectroscopy in Table 1 show that in both
red and yellow apples, all the pre-processing performed as well as the spectra without pre-
processing in ability to predict pH. The best-developed model for red apple pH prediction
was obtained in 2%'Derivatives preprocessing with RMSEC = 0.009, r. = 0.991, SDR = 2.51.
In yellow apples, the best pH prediction with acceptable accuracy was related to MSC
preprocessing (RMSEC = 0.005, r. = 0.998, SDR = 2.56).
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Table 1. Validation results of PLS models based on different preprocessing methods of NIR spectra
for pH of red and yellow apple cultivars.

Cultivars Preprocessing Optimal LVs R RMSEC Rev RMSECV SDR
No preprocessing 11 0.936 0.019 0.900 0.031 2.49

Gaussian filter 11 0.962 0.019 0.891 0.033 234

Smoothing S.G 11 0.936 0.024 0.838 0.040 1.93

18tDerivatives 10 0.990 0.009 0.969 0.017 2.54

Red 25tDerivatives 9 0.991 0.009 0.979 0.014 2.51
Delicious Normalize 11 0.977 0.015 0.929 0.026 2.97
SNV 11 0.976 0.015 0912 0.030 2.57

MSC 11 0.983 0.013 0.948 0.022 3.35

MSC + SNV 9 0.977 0.005 0.973 0.005 3.45

No preprocessing 11 0.997 0.008 0.993 0.014 2.69

Gaussian filter 11 0.996 0.010 0.988 0.018 253

Smoothing S.G 11 0.977 0.025 0.933 0.044 3.08

18tDerivatives 11 0.998 0.006 0.997 0.009 3.07

Golden 2tDerivatives 7 0.997 0.007 0.996 0.010 3.65
Delicious Normalize 11 0.998 0.007 0.995 0.012 2.30
SNV 10 0.997 0.009 0.992 0.015 2.04

MSC 11 0.998 0.005 0.996 0.010 2.56

MSC + SNV 10 0.997 0.009 0.992 0.015 2.04

The best prediction models are in bold.

The graph of model error changes vs. number of the main component in Vis/NIR
spectroscopy in Figure 4 shows that for red and yellow apples, at the beginning, the model
error is high in the number of LVS less than the optimal LVS due to poor fit, until the model
error decreased with increasing LVS and RMSECV = 0.014 in LVS =9 for red apple and
RMSECYV = 0.010 in yellow apple in LVS = 11. Figure 5 shows the predicted pH values by
the best prediction model based on Vis/NIR spectra versus the measured values by the
pH meter.

0.14
012
0.1
0.08
0.04
0.04
0.02
a

EMSECV

0.08
0.06
0.04

EMSECWV

002

(b)

Figure 4. Changes of RMSECV vs. LVS to predict pH for the best preprocessing (25tDerivatives) for
red (a) and (MSC) for yellow apples (b) in spectroscopy.
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Figure 5. Predicted values of pH with the best developed models vs. its measured values (a) for red
apple (b) yellow apple in Vis/NIR spectroscopy.

Moons et al. (1998) reported a correlation coefficient equal to 0.78 and a standard
error of prediction of 0.10 for apple pH prediction, which is consistent with our results.
Of course, since the equipment and working range of spectrometers and the mode used,
the type of pre-processing and chemometric methods, as well as the variety and quality
characteristics of fruits and many other things are different, it is suggested that the results
of spectrometry are not compared with each other [25].

3.3. Detection of Titratable Acidity (TA)

Table 2 shows the results of calibration and prediction of titratable acid (TA) for red
and yellow apples, respectively, with the PLS model developed based on the combination
of different pre-processing and Vis/NIR spectra. Based on the results presented in Table 2,
red apple TA in the preprocessing of 1%tDerivatives resulted in the best prediction results.
The accuracy of the results obtained in this preprocessing (1%'Derivatives) indicates that
use of the Vis/NIR spectroscopy method was able to detect titratable acid with moder-
ate accuracy (RMSEC = 0.003, r. = 0.996, SDR = 2.51) for red apples. In yellow apples,
SNV and MSC + SNV preprocessing also predicted the TA value with moderate accu-
racy, and because the results of both methods were similar, they were chosen as the best
prediction results.

Figure 6 shows the RMSECV diagrams in each LV for the best prediction model in red
and yellow apples based on Vis/NIR spectroscopy. According to the figure, the mentioned
multivariate regression models had the lowest RMSECV at LVS = 10 for both red and
yellow apples, which provided the best results for predicting the TA index of the samples.
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The results of predicting titratable acid based on Vis/NIR spectra for red and yellow apples
with the best regression models developed for each are shown in Figure 7.

Table 2. Validation results of PLS models based on different preprocessing methods of NIR spectra
for TA of red apple and yellow apple cultivars.

Cultivars Preprocessing Optimal LVs R RMSEC Rev RMSECV SDR
No preprocessing 11 0.985 0.006 0.953 0.012 3.54

Gaussian filter 11 0.958 0.437 0.872 0.787 1.75

Smoothing S.G 11 0.964 0.010 0.884 0.019 2.24

1%t Derivatives 10 0.996 0.003 0.989 0.005 2.51

Red 25tDerivatives 11 0.993 0.004 0.980 0.008 3.32
Delicious Normalize 11 0.991 0.005 0.973 0.009 2.79
SNV 11 0.990 0.005 0.970 0.009 2.72

MSC 11 0.993 0.004 0.979 0.008 3.32

MSC + SNV 11 0.990 0.005 0.970 0.009 2.72

No preprocessing 11 0.997 0.002 0.991 0.004 2.90

Gaussian filter 11 0.993 0.004 0.979 0.007 2.66

Smoothing S.G 11 0.953 0.010 0.861 0.018 22

18tDerivatives 11 0.998 0.002 0.996 0.003 23

Golden 2tDerivatives 6 0.996 0.003 0.993 0.004 3.90
Delicious Normalize 10 0.997 0.002 0.992 0.004 3.90
SNV 10 0.998 0.001 0.996 0.002 2.81

MSC 9 0.997 0.002 0.994 0.003 2.81

MSC + SNV 10 0.998 0.001 0.996 0.002 2.81

The best prediction models are in bold.

0.03
0.04
5
9 0.03

= 002
é A
0.01

0

0.04
0.033
0.03
0.023
0.02
0.01%
0.01
0.00%

RMSECV

0 5 10 15 20
LVS
(b)

Figure 6. Changes of RMSECV vs. LVS to predict TA for the best preprocessing (15!Derivatives)
(a) for red and (SNV, MSC + SNV)) for yellow apples (b) in Vis/NIR spectroscopy.

In the research conducted by Nturambirwe et al. (2019) [26] in the field of predicting
the titratable acid of apples using spectroscopy, the prediction accuracy of this attribute
had a correlation coefficient of 0.7, and the root mean square error of prediction was 0.1 in
the limited wavelength regions of 7498.1-9403.5 cm 1.
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Figure 7. Predicted values of titratable acidity (TA) with the best developed models vs. its measured

values for red apples (a) and yellow apples (b) in Vis/NIR spectroscopy.

3.4. Detection of Soluble Solids Content (SSC)

Table 3 shows the results of calibration and validation of PLS models based on different
pre-processing of Vis/NIR spectra for measuring soluble solids content (S5C) of red and
yellow apple samples.

Table 3. Validation results of PLS models based on different preprocessing methods of NIR spectra

for SSC of red apple and yellow apple cultivars.

Cultivars Preprocessing Optimal LVs R RMSEC Rev RMSECV SDR
No preprocessing 11 0.967 0.389 0.900 0.684 2.53

Gaussian filter 11 0.958 0.437 0.872 0.787 2.20

Smoothing S.G 11 0.892 0.691 0.638 0.285 1.35

18tDerivatives 10 0.988 0.228 0.970 0.370 2.69

Red Delicious 25tDerivatives 10 0.990 0.209 0.972 0.360 2.82
Normalize 11 0.986 0.248 0.956 0.453 2.83

SNV 11 0.984 0.267 0.950 0.481 2.60

MSC 11 0.985 0.255 0.961 0.424 2.09

MSC + SNV 11 0.984 0.267 0.950 0.481 2.60

No preprocessing 11 0.998 0.065 0.995 0.117 2.86

Gaussian filter 11 0.997 0.089 0.990 0.168 3.56

Smoothing S.G 11 0.986 0.206 0.954 0.377 3.37

18tDerivatives 7 0.997 0.093 0.994 0.132 2.63

Golden Delicious 25tDerivatives 7 0.998 0.075 0.996 0.107 2.88
Normalize 10 0.997 0.088 0.993 0.145 2.77

SNV 9 0.996 0.103 0.991 0.161 2.89

MSC 10 0.999 0.054 0.997 0.093 2.67

MSC + SNV 9 0.996 0.103 0.991 0.161 2.89

The best prediction models are in bold.



Sustainability 2022, 14, 14918

11 of 16

Based on the validation of models in red apple (Table 3), the best multivariate re-
gression model in Vis/NIR spectroscopy was determined for predicting soluble solids
content by preprocessing 25! Derivatives in this variety. This model was implemented in
LVS =10, where RMSEC = 0.209, r. = 0.990, and SDR = 2.82 were obtained, indicating the
good accuracy of the developed model. The SSC of yellow apple was best predicted by
Vis/NIR spectroscopy in MSC pre-processing with LVs = 10, RMSEC = 0.054, SDR = 2.67,
and r. = 0.999. These results are depicted in Figure 8.

2

EMSECV

=
Lh

14
12

0.8
0.6
04
02

RMSECV

(b)

Figure 8. Changes of RMSECV vs. LVS to predict SSC for the best preprocessing (25!Derivatives)
(a) for red apples and MSC for yellow apples (b) in Vis/NIR spectroscopy.

Figure 9 shows the predicted values of TA by the best prediction model based on
Vis/NIR spectra vs. the measured values.

The results of the research findings of most researchers show that the soluble solids
content of different apple cultivars can be predicted with good accuracy using the near
infrared spectroscopy method. In the research conducted by Xiaobo et al. (2007) [27] to
predict SSC, the value of correlation coefficient was 0.83 and the root mean square error
of prediction was 1.1. In another research, McGlone and Kawano (1998) [28] were able to
predict the amount of soluble solids content in apples with R? = 0.93. In addition, Fan et al.
(2020) concluded that the developed device had considerable potential to detect the SSC of
apple in practical situations [29]. Tian et al. (2020) confirmed the accuracy of Vis/NIR for
rapid and real-time detection of internal quality of thick-skinned fruits [30].
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Figure 9. Predicted values of soluble solids content (SSC) with the best developed models vs. its

measured values for red apples (a) and yellow apples (b) in Vis/NIR spectroscopy.

3.5. Detection of Total Phenol (TP)

The validation results of PLS calibration models based on the combination of different
pre-processing of Vis/NIR spectra to predict the total phenol (TP) of red and yellow apples
are given in Table 4. Table 4 shows that in Vis/NIR spectroscopy, the 25'Derivatives with
RMSEC =2.752, rc = 0.989, and SDR = 2.05 was selected as the best prediction model for red
apple total phenol. In yellow apples, MSC + SNV and SNV pre-processing were selected as

the best models with the results of RMSEC = 1.457, r. = 0.998, and SDR = 1.61.

Table 4. Validation results of PLS models based on different preprocessing methods of NIR spectra

for phenol red and yellow apple cultivars.

Cultivars Preprocessing Optimal LVs R RMSEC Rev RMSECV SDR
No preprocessing 11 0.976 4.161 0.925 7.312 2.73

Gaussian filter 11 0.971 4.538 0.911 8.027 2.49

Smoothing S.G 11 0.947 6.119 0.841 10.738 1.86

18tDerivatives 11 0.988 2.865 0.965 4.970 2.02

Red Delicious 25tDerivatives 11 0.989 2.752 0.966 4.931 2.05
Normalize 10 0.965 5.015 0.904 8.342 2.39

SNV 11 0.980 3.797 0.926 7.525 2.65

MSC 11 0.985 3.282 0.949 6.225 3.21

MSC + SNV 11 0.980 3.797 0.926 7.525 2.65

No preprocessing 11 0.997 2.067 0.993 3.548 3.03

Gaussian filter 11 0.995 2.889 0.987 4.943 2.09

Golden Delicious Smoothing S.G 11 0.981 5.968 0.938 11.027 2.76
18tDerivatives 7 0.995 2.812 0.992 3.941 2.93

25tDerivatives 7 0.998 1.767 0.996 2.462 3.30

Normalize 11 0.998 1.739 0.994 3.251 2.94

SNV 11 0.998 1.457 0.997 2.360 1.61

MSC 10 0.998 1.941 0.994 3.198 1.32

MSC + SNV 11 0.998 1.457 0.997 2.360 1.61

The best prediction models are in bold.

The error changes of the models based on the change in the number of the main
component for TP in Figure 10 show that in Vis/NIR spectroscopy, both red and yellow

apples had the least error in the best pre-processing at LVS = 11.
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Figure 10. Changes of RMSECV vs. LVS to predict TP for the best preprocessing (25tDerivatives)
(a) for red apples and MSC + SNV and SNV for yellow apples (b) in Vis/NIR spectroscopy.

The predicted values of TP by the best model vs. its measured values are shown in
Figure 11 based on Vis/NIR spectroscopy.

Pissard et al. (2013) [31] developed an LS-SVM model to predict total phenol content
in apples using spectra recorded in the 400-2500 nm region. In his research, it was proved
that the S-G derivative is the best pre-processing method. This model performed well
with rp = 0.97 and RMSEP = 140 mg/g. A similar result was obtained by Bureau et al.
(2012) [32], who applied mid-infrared spectroscopy in the range of 6378-9900 nm. The
PLS model they created performed very well, with rp = 0.98 and RMSEP = 0.09. They also
found that phenolic compounds, unlike sugar and organic acid content, can be affected
by sample oxidation, abrasion, and storage temperature in descending order. These two
pieces of research proved the possibility of predicting the total phenol level in apples using
spectroscopic technology.
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Figure 11. Predicted values of total phenol (TP) with the best developed models vs. its measured
values for red apples (a) and yellow apples (b) in Vis/NIR spectroscopy.

4. Conclusions

The results obtained from this research showed that non-destructive method of
near-infrared spectroscopy by spectroradiometer model PS-100 with a CCD detector of
2048 pixels in the range of 110-350 nm with a transmission mode has a high ability to
measure the pH, SSC, TA, and TP parameters of red and yellow apples.

In this research, spectrometry was first performed using a spectroradiometer. Then,
reference measurements were performed using chemical properties. The results of the data
analysis showed that the SDR of the best prediction accuracy related to pH parameters
for red and yellow apples is 2.51 and 2.56, respectively; TA for red and yellow apples
is 2.51 and 2.81, respectively; and for SSC in red and yellow apples, it is 2.82 and 2.67,
respectively, which indicates excellent accuracy (SDR < 2.5). In addition, SDR of the best
prediction accuracy related to TP parameter in the spectroscopy method for red apples was
2.05 with good accuracy (SDR < 2) and for yellow apples was 1.61 with moderate accuracy
(SDR < 1.5).

The parameters studied in this research are of particular importance due to the pre-
vention of product wastage by determining its ripening time, shelf life, and export benefits.

According to the results obtained from this research, the following are suggested in
future research:

e  The results of this research should be used in order to build a system for the diagnosis
and grading of apples based on qualitative characteristics and based on radiometry;

e  The non-destructive method of Vis/NIR spectroscopy should be used to detect other
quality characteristics that are difficult to measure by destructive methods, including
apple antioxidants, amino acids, vitamins, etc.;

e  Separate calibration models should be developed for quality evaluation of other
important apple cultivars.
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