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Featured Application: Quantitative models for visible near-infrared ray spectroscopy have rarely
been exploited for the measurement of soil-available potassium. These results show that the
predictors of soil-available potassium exhibit different influences with 29 pretreatment methods
and eight regression algorithms. We found that a combination of three methods, Savitzky-Golay,
standard normal variate, and dislodge tendency, had better stability than other pretreatment
methods. The boosting algorithms that form an ensemble of multiple weak predictors have
better accuracy and stability than other regression algorithms. Therefore, a more robust and
trustworthy visible near-infrared ray (VIS-NIR) model is proposed, which can be used across
industries to quantify the soil-available potassium concentration.

Abstract: The application of visible near-infrared (VIS-NIR) analysis technology to quantify the
nutrients in soil has been widely recognized. It is important to improve the performance of regression
models that can predict the soil-available potassium concentration. This study collected soil samples
from southern Anhui, China, and concentrated on the modelling methods by using 29 pretreatment
methods. The results show that a combination of three methods, Savitzky-Golay, standard normal
variate, and dislodge tendency, exhibited better stability than others because it was the most capable
of achieving levels A and B of the ratio of performance of deviation. The boosting algorithms
that form an ensemble of multiple weak predictors exhibited better performance than partial least
square (PLS) regression and support vector regression (SVR) for the prediction of soil-available
potassium. These regression models could be employed to precisely predict the soil-available
potassium concentration.

Keywords: visible near-infrared ray spectroscopy; soil-available potassium; pretreatment;
regression model

1. Introduction

Soil-available potassium is one of the most important nutrients for crop growth, and its availability
is related to the soil organic matter content. Therefore, it is of great significance to guide fertilization and
promote the development of precision agriculture by the rapid and accurate acquisition of soil-available
potassium nutrient information. However, traditional methods used to detect soil nutrient information

Appl. Sci. 2020, 10, 1520; d0i:10.3390/app10041520 www.mdpi.com/journal/applsci


http://www.mdpi.com/journal/applsci
http://www.mdpi.com
https://orcid.org/0000-0002-0827-2962
http://www.mdpi.com/2076-3417/10/4/1520?type=check_update&version=1
http://dx.doi.org/10.3390/app10041520
http://www.mdpi.com/journal/applsci

Appl. Sci. 2020, 10, 1520 20f18

are all based on chemical analysis and have high requirements for detection personnel, low detection
efficiency, high cost, a likelihood of causing environmental pollution, and other problems, and can
no longer meet the development requirements of modern precision agriculture. In recent years,
near-infrared analysis technology has received increasing attention for the quantitative determination
of soil nutrients due to its advantages of easy operation and no pollution [1-6].

Visible near-infrared ray (VIS-NIR) spectroscopy of soil nutrient elements mainly focuses on
organic matter, nitrogen, and water, and only a few studies have focused on the quantitative prediction
of soil-available potassium. Some experts have researched the application of VIS-NIR spectroscopy
for the determination of soil-available potassium. He et al. utilized infrared spectroscopy and
the Least-squares support vector machines(LS-SVM ) model to predict the nitrogen, phosphorus,
and potassium concentrations in soil in 2011 [7]. Liu Xuemei and Liu Jian-She utilized the standard
normal variate (SNV), multiplicative scatter correction (MSC), and Savitzky—Golay (SG) methods
for pretreatment in the VIS-NIR spectral range, which is only from 325 to 1075 nm. The results
showed that the coefficient of determination (R?) was 0.82 and 0.72 for available phosphorus and
available potassium in soil, respectively [8]. Jia Shengrao et al. used the recursive partial least
squares(RPLS) method to detect the soil-available phosphorus and available potassium, and the R?
and the ratio of performance of deviation (RPD) were 0.61 and 0.76 and 1.6 and 2.05, respectively [9].
The soil-available potassium content exhibits an unbalanced distribution; therefore, as the diversity of
the soil samples increases, the difficulty in predicting soil properties accurately increases. Wang Wen-Jun
et al. separated the available potassium content in soil into high and low levels, which were
individually calibrated by the partial least squares (PLS) method, and showed that the difference in
the soil-available potassium content might influence the performance of the VIS-NIR regression [10].
In these studies, these quantitative prediction methods were meaningful for the analysis of these spectral
algorithms [7-11]. Despite VIS-NIR spectroscopy having been extensively used for the prediction
of soil nutrients, the regression model for soil-available potassium exhibited the worst performance.
Consequently, the main purpose of this study is to gain an understanding of the pretreatment and
regression algorithm required for VIS-NIR spectroscopy to determine the impact of soil-available
potassium; thus, this study not only compares various pretreatment and regression methods but also
finds the advantage of those methods.

This research mainly studied yellow loam in southern Anhui Province. Through field soil
sampling, indoor physical and chemical analysis, spectral acquisition, pretreatment methods, and so on,
a series of working, valid boosting regression algorithms were calibrated for soil-available potassium
content with a near-infrared spectrum. Meanwhile, the performance of these models was evaluated
via the RPD and ratio of performance to interquartile distance (RPIQ) to analyze the reliability and
stability of soil-available potassium predictions. This manuscript also provides a reference for the
remote sensing monitoring of soil information.

2. Materials and Methods

2.1. Experimental Materials

Yellow loam is a classic soil in Anhui, China. Thus, the sample collection areas were Yellow
Mountain and Shi Tai. This experiment collected 188 samples by diagonal sampling, from which
rocks and debris were removed. Then, all of the soil samples were brought back to the laboratory and
naturally air-dried in a ventilated environment. After drying, the soil was ground and screened to
2 mm, and each soil sample was divided into two parts, one for use in a hyperspectral experiment as
shown in Figure 1 and the other for chemical testing of the flame photometer [12].
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Figure 1. The indoor spectral acquisition system.

The chemical testing of the flame photometer was completed by other professional testing
organizations to determine the concentration of soil-available potassium. The VIS-NIR measurements
of the soil were conducted in the laboratory utilizing Ocean Optics OFS51700, the parameters of which
indicate that the spectral range is 350-1700 nm, and the spectral resolution is 2 nm within the spectral
range of 350-900 nm, and 5 nm within the spectral range of 900-1700 nm. Soil powder was placed
into the sample containers with the insides covered with black cloth. Then, three sets of each sample
were randomly selected for spectral measurement, and the average spectra were taken as the original
spectrum of the soil.

2.2. Pretreatment Transformations

The basic pretreatment transformations for VIS-NIR are Savitzky—Golay (SG), first derivative
(FD), second derivative (SD), standard normal variate (SNV), multiplicative scatter correction (MSC),
logarithmic transformation (LG), mean centre (MC), and dislodge tendency (DT) [13-16]. The SG
method is very important to guarantee that the edge band is removed from the spectral curve, which
has extensive noise, and this process improves the signal-to-noise ratio, enhances the function of the
central wavelength point, and retains the peak characteristics of the original spectral signal to the
greatest extent. FD and SD can both eliminate the effect of the linear baseline but result in amplified
noise. SNV calibrates the effects of soil particle size and surface scattering [17]. MC and DT both
reduce the spectral offset. Therefore, this manuscript combined the 29 pretreatment algorithms that are
shown in Table 1.

Table 1. Pretreatment methods applied to the visible near-infrared (VIS-NIR) of soil samples.

Pretreatment Method Abbreviations
Reflection spectrum without pretreatment method RS
First derivative FD
Second derivative SD
Standard normal variate SNV
Multiplicative scatter correction MSC
Logarithmic transformation LG
Mean center MC
Dislodge tendency DT
Dislodge tendency with standard normal variate SNV + DT
First derivative with standard normal variate SNV + FD
Second derivative with standard normal variate SNV + SD
First derivative with multiplicative scatter correction MSC + FD
Second derivative with multiplicative scatter correction MSC + SD
First derivative with logarithmic transformation LG +FD
Second derivative with logarithmic transformation LG + SD
Savitzky-Golay SG
First derivative with Savitzky-Golay SG + FD

Second derivative with Savitzky-Golay SG + SD
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Table 1. Cont.

Pretreatment Method Abbreviations
Standard normal variate with Savitzky-Golay SG + SNV
Multiplicative scatter correction with Savitzky—Golay SG + MSC
Logarithmic transformation with Savitzky—Golay SG + LG
Mean center with Savitzky-Golay SG + MC
Dislodge tendency with Savitzky—Golay SG + DT
Dislodge tendency with standard normal variate and Savitzky-Golay SG + SNV + DT
First derivative with standard normal variate and Savitzky-Golay SG + SNV + FD
Second derivative with standard normal variate and Savitzky—-Golay SG + SNV + SD
First derivative with multiplicative scatter correction and Savitzky—-Golay SG + MSC + FD
Second derivative with multiplicative scatter correction and Savitzky—Golay SG + MSC + SD
First derivative with logarithmic transformation and Savitzky—Golay S5G+ LG +FD
Second derivative with logarithmic transformation and Savitzky-Golay SG + LG + SD

2.3. Regression Algorithms

In chemometrics, partial least square (PLS) regression and support vector regression (SVR) are
commonly used to build calibration models [17-19]. PLS analysis was utilized as a method to extract
the latent variables (LVs) of the spectrum. LVs are important to reduce the dimensionality and represent
the main soil nutrition information for regression prediction. SVR, a state-of-the-art learning algorithm,
has a theoretical foundation in machine learning methods [17]. PLS and SVR both utilize a kernel
function to map input variables to a high-dimensional feature space, such as a sigmoid function and
radial basis function (RBF). Therefore, the comparison of the performance of linear and nonlinear
functions is essential for analyzing models of the soil-available potassium.

Gradient boosted regression trees (GBRTs) and adaptive boosting (AdaBoost) regression are
ensemble boosting methods that can be used to reduce the error of any ‘weak” learning machine by
repeatedly running a given weak learning machine. GBRTs are a generalization of boosting to arbitrary
differentiable loss functions and considers additive models of this following form:

M

F(x) = Z Ymhm (x) 1)

m=1

where hy, is the newly added tree to minimize the loss L, and vy, is the step length. GBRT requires a
decision tree of fixed size for weak learning [20,21].

The AdaBoost regressor is a meta-estimator that begins by fitting a regression to the original
dataset and then fitting additional copies of the regression to the same dataset, but the weight of the
instances is adjusted according to the error of the current prediction [22]. The working mechanism of
the AdaBoost method is illustrated in Figure 2. D(X) in the figure is the dataset with training samples.
The AdaBoost method demonstrates little effect of the overfitting issue and shows better stability with
noisy data.

In this work, GBRT and AdaBoost both utilized the decision tree for weak learning and the least
squares as the loss function. The main parameter is equal to the number of weak learners that are
named estimators. Therefore, estimators are important to obtain better performance of the GBRT and
AdaBoost models.
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Figure 2. Schematic diagram of adaptive boosting (AdaBoost) regression.

]

2.4. Evaluation Metrics

This manuscript compares the accuracy and stability of different regression models of the VIS-NIR
spectrum. Therefore, the evaluation metrics of the coefficient of determination (Rz), root mean square
error (RMSE), mean absolute error (MAE), and the ratio of performance of deviation (RPD) have been
adopted to evaluate the prediction [7-11]. These methods have been widely used for regression models
of the spectrum.

The RPD has been used for several years by NIR scientists working on agricultural products and
has been widely appropriated by soil science researchers.

1 n A2
RMSE — \/ EDINC/E ) 2)

SD _ J 712?:1(]/1' _]_/)2
RMSE (=12, (vi— )

SD is standard deviation. Table 2 shows the different levels of the model for the different
RPD values.

RPD =

®)

Table 2. The ratio of performance of deviation (RPD) level.

RPD Level
RPD > 3.0 A
20<RPD<3.0 B
1.5<RPD <20 C
RPD <1.5 D

The RPD value could be an important criterion, but Bellon-Maurel pointed out that soil physical
properties and chemical contents both exhibit a biased normal distribution; therefore, the ratio of
performance to IQ (RPIQ) value is more objective than RPD [23]. RPIQ is based on quartiles, which
better represent the spread of the population. The quartiles are milestones in the population range:
Q1 is the value below which we can find 25% of the samples; Q3 is the value below which we find 75%
of the samples; and Q2, commonly called the median, is the value under which 50% of samples are
found. RPIQ is the ratio of IQ to RMSE, where IQ is the difference between the third quartile Q3 and
the first quartile Q1. A larger RPIQ value indicates improved model performance. The formula is
shown as follows:
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The sum of ranking difference (SRD) is simple to understand the comparison of regression models

and provides an easy tool to evaluate the methods [24,25]. Therefore, this manuscript compared the
R2, RMSE, MAE, RPD, RPIQ, and SRD of these regression models.

RPIQ =

3. Results and Discussion

3.1. Dataset Statistics

The total number of soil samples was 188, which were split into a training set and a testing set
by the Kennard-Stone (KS) method at the proportion of 7:3 [26], which is often used with VIS-NIR
spectroscopy for model construction and model testing. The number of training sets was 131, and the
number of testing datasets was 57. The data statistics are presented in Table 3. Table 3 also reveals that
the data distribution of the available potassium content of the soil in the training set is similar to that
in the testing set.

Table 3. Soil-available potassium sample statistics.

Type Number Max/mg-kg~1 Min/mgkg~!  Average/mgkg-l Standard Deviation
Total 188 670 60 190.6 133.1
Train 131 670 60 190.7 134.7
Test 57 600 60 188.2 128.0

The pretreatment method is indispensable during the training of a regression model and is also a
key step for quantifying the analysis of the VIS-NIR spectrum. Information on the VIS-NIR spectrum
of soil would be effective to filter noise and reduce the complexity of the pretreatment methods,
but different methods have different effects on various regression models. Figure 3 shows the VIS-NIR
spectrum with 29 pretreatment methods and a reflection spectrum (RS). Figure 3a is without the SG
method, and Figure 3b is the SG method. The SG method reduces the noise of the spectrum and makes
the curve smoother. The DT method creates pristine peaks in the spectrum, but the peak value of
the original spectrum becomes zero. MC not only reduces the spectral offset but also weakens the
characteristic points of the spectrum. The two scattering correction methods of SNV and MSC did not
significantly change the spectral curve. FD, SD, and LG made great changes to the VIS-NIR.
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Figure 3. Average spectral contrast map of different pretreatment transformations. (a) Average

spectrum without the Savitzky-Golay(SG) method; (b) average spectrum with the SG method.

3.2. Performance of Regression Models with Different Pretreatment Methods

This study compares 240 regression models with eight regression algorithms and 29 pretreatment
transformations for the VIS-NIR spectrum. Figure 4 exhibits the R? values for the training and testing
sets of the regression models, and Figure 4a,b represent the prediction R? values for the training and
testing datasets, respectively. With different pretreatment methods, Table 4 and Figure 5 exhibit the
RPD levels and RPIQ of the regression models.
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Table 4. RPD level of regression models with different pretreatment methods.

Pretreatment Methods PLS_Linear PLS_Sigmoid PLS_RBF SVR_Linear SVR_Sigmoid SVR_RBF GBRT AdaBoost
RS B B B C D B D D
FD C D D D D D A A
SD C D D D D D B B
SNV B B A D C B A B
MSC C B A C C B A B
LG B B A B C B D D
MC B B A C C B D D
DT B B A C C A B B
SNV + DT B B A D C A B B
SNV + FD C C D D D D A A
SNV + SD C D D D D D B A
MSC + FD C D D D D D B A
MSC + SD D D D D D D B B
LG+ FD C D D D D D A A
LG +SD B D D D D D B B
SG B B B C D B D D
SG + FD C B B D C D A A
SG + SD C D D D D D B B
SG + SNV B B A C B B A B
SG + MSC D B A B D B A B
SG + LG B B A B C B D D
S5G + MC B B A C C B D D
SG + DT B B A C B A B B
SG + SNV + DT B B A D C A A A
SG + SNV + FD B B B C C C B A
SG + SNV + SD C D D D D D B B
SG + MSC + FD B B B D D D B A
SG + MSC + SD D D D D D D B B
SG + LG + FD B B B D C D A A
SG +LG +SD B D D D D D A A
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The nonlinear function was employed to train PLS and SVR. Therefore, the PLS models with linear,
sigmoid, and RBF functions are respectively referred to as PLS_linear, PLS_sigmoid, and PLS_RBF,
and the SVR models with linear, sigmoid, and RBF functions are respectively named SVR_linear,
SVR_sigmoid, and SVR_RBE. RS indicates the VIS-NIR without any pretreatment. Thus, the results
show that a few of the pretreatment datasets exhibit worse model performance than the RS dataset.
In particular, the SVR algorithm has more models with R? values lower than 0.2 compared with the
PLS algorithm in Figure 4. Following the consideration of the pretreatment methods, the R? value
of PLS_linear with SG + MSC + SD was determined to be less than 0.2. However, R? values of SVR
linear with MSC + SD, SG + SD, SG + LG + FD and SG + LG + SD are less than 0.2, but the R? value
of PLS with a nonlinear function (sigmoid and RBF) is not only greater than 0.2 but also better than
that of SVR. Therefore, PLS with a nonlinear function is more suitable for the regression prediction of
VIS-NIR. In Figure 4, the R? values of the boosting algorithms are all greater than 0.4, which means
that the boosting regression algorithm is preferable to the other methods. In particular, the R of GBRT
with the testing dataset is considerably greater than 0.5, and the R? with the training dataset is close to
1. Therefore, it is significant to choose adaptive pretreatment and regression algorithms to predict the
content of soil-available potassium by VIS-NIR.

In Table 4, the RPD level of the regression models is compared to determine the influence of the
different pretreatment methods based on the testing dataset. Level A denotes that the regression model
has the best stability, and level D means the worst. The RPD using the RS dataset as a baseline shows
that a level A model is difficult to achieve without pretreatment. SVR_sigmoid, GBRT, and AdaBoost
on the RS dataset are level D, but the PLS algorithm with linear and nonlinear functions was level B.
The regression of the RBF kernel function using partial pretreatment methods could achieve level A,
but the model with linear and sigmoid kernel functions could not attain level A, even if all pretreatment
methods were used. In conclusion, regression algorithms and pretreatment methods are significant for
the prediction of the VIS-NIR of soil-available potassium, as shown in Table 4. Table 4 reveals that the
prediction performance of different pretreatment methods at different levels.

Through the statistics, Figure 5 shows the visualization of the RPD level of models with
29 pretreatment methods and RS in order. The black areas represent level D, the grey areas represent
level C, the yellow areas represent level B, and the orange areas represent level A. There are six
pretreatment methods, and RS could not achieve level A with any regression algorithms. Only the
SG + SNV + DT method has four models with RPD level A, and SG + DT and SG + SNV not only
have two models with RPD level A and five models with RPD level B but also have only one model
with RPD level C and zero models with RPD level D. Therefore, SG + DT, SG + SNV, and SG + SNV
+ DT are the most stable pretreatment methods for the prediction of soil-available potassium with
regression algorithms.

Table 5 shows the number of models with different RPD levels. The statistics show that
the number of PLS_RBFs with level A is the highest, but the boosting algorithms represent more
stability because GBRT and AdaBoost show the highest numbers of models with level A and level B,
showing that these levels were both meaningful for predicting the content of soil-available potassium.
Therefore, the boosting algorithms are better than PLS and SVR with linear and nonlinear functions.

Table 5. The number of different models at varying RDP levels.

RPD PLS_Linear PLS_Sigmoid PLS_RBF SVR_Linear SVR_Sigmoid SVR_RBF GBRT AdaBoost

Level A 0 0 12 0 0 4 11 11
Level B 17 18 6 3 2 10 13 13
Level C 10 1 0 9 12 1 0 0
Level D 3 11 12 18 16 15 6 6

Figure 5 and Table 5 indicate that there are few models at level A; therefore, other evaluation
metrics are needed. The RPIQ value was computed as an important evaluation metric and is presented
in Figure 6 because the content of soil-available potassium has a biased normal distribution. The green
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color represents the RPIQ values of GBRT and AdaBoost on the testing dataset. Figure 6 shows
that most of the pretreatment datasets exhibited improved performance when boosting regression
algorithms were used for prediction of the content of soil-available potassium. Dark green indicates
the RPIQ values for AdaBoost with all pretreatment methods. AdaBoost performed extremely well
with SNV + FD, LG + FD, SG + FD, SG + SNV + FD, and SG + LG + FD because the RPIQ values were
greater than 3. Additional methods all had values less than 3, except for GBRT with DF. The RPIQ
value of SG + LG + FD is the maximum for AdaBoost. As a result, the next part is the comparison and
analysis of the best regression models.

PLS_linear " PLS_sigmoid = PLS_rbf M SVR_linear M SVR_sigmoid M SVR_rbf " GBDT M AdaBoost
a5

FILELLLIL LLILFILEFF S OLLLLLS
A0 8 O & N FFF L0
NN IR R I A i > PRI I ey
S S & FF o KRR S e
GG FG o

Figure 6. Ratio of performance to interquartile distance (RPIQ) value of regression models with different
pretreatment methods.

3.3. The Best Regression Models of Visible Near-Infrared (VIS-NIR)

This manuscript demonstrates the performance of all the best models that not only contain PLS,
SVR, and boosting but also ElasticNet, Lasso, and Ridge [27,28] because these three methods are also
used frequently. Table 6 shows that PLS, SVR, and boosting algorithms are the best because the RPD
levels of ElasticNet, Lasso, and Ridge are only level B or level C. The best model for the PLS algorithm
is PLS_RBE, which has LV and Gamma parameters of 27 and 0.1, respectively. The LVs of PLS_linear
and PLS_sigmoid are 14 and 16, respectively. The best model for the SVR algorithm is SVR_RBF, which
has C and Gamma parameters of 150,000 and 0.1, respectively. The kernel function of RBF is shown to
be better than the linear and sigmoid functions. The C values of SVR_linear and SVR_sigmoid are
40,000 and 1,270,000, respectively. The number of estimators is 3100 and 100, respectively, for GBRT
and AdaBoost. Considering the R? of these best models, PLS_linear, PLS_RBF, SVR_RBF, GBRT,
and AdaBoost are over 0.9 with the testing dataset, and the RPD level of only PLS_linear is B. The best
pretreatment methods for PLS_RBF, SVR_RBF, GBRT, and AdaBoost are DT, SG + DT, FD, SG + LG
+ FD, respectively. Therefore, different regression algorithms correspond to different pretreatment
datasets to achieve optimal performance.
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Table 6. The performance and parameters of the best regression models.

Regression Training Dataset  Testing Dataset RPD Pretreatment Parameters
Model R? RMSE R2 RMSE Level Methods
PLS_linear 0.90 443 0.903 39.8 B SG + LG LVs =14
PLS_sigmoid 0.90 424 0.887 429 B SG + MC LVs =16, Gamma = 0.005
PLS_RBF 0.97 23.3 0.928 34.3 A DT LVs =27, Gamma = 0.1
SVR_linear 0.90 42.5 0.876 45.0 B SG+ LG C =40,000
SVR_sigmoid ~ 0.88 47.1 0.842 49.8 B SG + DT C =1,270,000, Gamma = 0.005
SVR_RBF 0.95 28.9 0.923 35.5 A SG + DT C =150,000, Gamma = 0.1
GBRT 0.99 5.53 0.939 31.5 A FD Estimators = 3100
AdaBoost 0.99 13.7 0.941 31.2 A SG + LG+ FD Estimators = 100
ElasticNet 0.84 53.2 0.818 54.6 C SG +FD L1=0.3, Alpha=2x10"°
Lasso 0.83 56.3 0.843 50.7 B SG Alpha =0.02
Ridge 0.9 419 0.853 49.0 B SG + LG + FD Alpha = 0.0001

Figure 7 shows the RPIQ values of the best models from the discrete levels of the RPD value.
The values of SVR_RBF, PLS_RBF, GBRT, and AdaBoost are more important than those of the other
methods, and GBRT and AdaBoost are preferable to PLS_RBF and SVR_RBE.
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Figure 7. RPIQ and accuracy of the best regression models.

Figure 8 shows the comparison diagram of SVR_RBEF, PLS_RBF, GBRT, and AdaBoost with the
testing dataset. The details of the evaluation metrics show that the RPD value of GBRT is higher than
that of AdaBoost, but AdaBoost has better accuracy and stability than GBRT from the comparison of
RPIQ values. Meanwhile, the RZ and RMSE values of AdaBoost are also preferable to those of GBRT.
Through the above analysis, the AdaBoost algorithm was determined to exhibit the best performance
in predicting the soil-available potassium content by VIS-NIR.
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Figure 8. Scatter plots of different models with RPD level A. (a) SVR_RBF; (b) PLS_RBF; (c) GBRT;
(d) AdaBoost.

3.4. Two Sub-Ranges of Soil-Available Potassium by Boosting Methods

From the data in Table 3, the soil-available potassium concentration range was between 60-670 ppm
for the training set and 60—-600 ppm for the test set, with the average lying at approximately 190 ppm.
In addition, given that the concentration range is so wide and the average is below 200 ppm,
the concentration range was split into two sub-ranges. A “low concentration” between 60 and 300 ppm
and a ‘high concentration” between 300 and 600 ppm were trained by two boosting algorithms for a
more robust and trustworthy model.

The samples were separated into two sub-ranges, and the number of low- and high-concentration
samples was 148 and 40, respectively. Tables 7 and 8 show the statistics.

Table 7. Low concentration of soil-available potassium sample statistics.

Type Number Max/mg-kg~1 Min/mgkg~!  Average/mgkg-l Standard Deviation
Total 148 290 60 129.73 46.35
Train 104 290 60 130.19 47.23

Test 44 260 60 128.63 44.19
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Table 8. High concentration of soil-available potassium sample statistics.

Type Number  Max/mgkg1 Min/mgkg™1  Average/mgkg1 Standard Deviation
Total 40 670 300 416 101.7
Train 28 670 300 415 101.3
Test 12 630 300 418.3 102.5

GBRT and AdaBoost are trained and tested with all pretreatment methods. Figure 9 shows the best
prediction with the low concentration and high concentration. For the low concentration, the AdaBoost
with 2000 estimators is the best. The pretreatment method for this model is SG + SNV + DT. The best
R?, RPD and RPIQ values of the low concentrations are 0.945, 4.3 and 6.75, respectively. For the high
concentration, the GBRT with 400 estimators is the best, and the pretreatment method is SG + SNV +
FD. The best R2, RPD, and RPIQ values of high concentrations are 0.947, 4.04, and 4.98, respectively.
Figure 9 shows that the AdaBoost and GBRT methods have accurate and stabilized predictions of
soil-available potassium.
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Figure 9. Scatter plots of best models with different concentrations of samples; (a) AdaBoost with low
concentration samples; (b) Gradient boosted regression trees(GBRT) with high concentration samples.

3.5. Discussion

Based on VIS-NIR spectroscopy, training and testing datasets were established with the original
spectral reflectance and 29 pretreatments. These pretreatment methods include Savitzky—Golay
(SG), first derivative (FD), second derivative (SD), standard normal variate (SNV), multiplicative
scatter correction (MSC), logarithmic transformation (LG), mean center (MC), dislodge tendency (DT),
and various combinations of these methods. However, not all pretreatment methods are effective,
and SG, SNV, FD, and MSC are used more frequently than the other methods [8,19,29,30]. As a standard
preparation of the soil spectral curves, Savitzky—Golay appears in almost every application [30]. In this
manuscript, the performance shows that MSC + SD, SG + MSC + SD, SD, SG + SD, SG + SNV + SD,
and LG + SD are worse than RS. In paticular for SD, only SNV + SD and SG + LG + SD achieved
RPD level A, and the best models were entirely without the SD method. The SD method may be
seriously disturbed by the features of the VIS-NIR. Therefore, the SD pretreatment method was not
useful for the prediction of the VIS-NIR spectrum of the soil-available potassium content. Twenty-three
pretreatment methods were better than RS, 10 without SG and 13 with SG. Only three of the methods
did not include SG from the best 11 models. Therefore, the SG method has a great influence on the
prediction of soil-available potassium content. The frequency of the DT method is most common after
SG in the best models, and the DT is a transformation that usually occurs after SNV. Hence, SG + SNV
+ DT is the best pretreatment method in this study, with most models at RPD level A.

The different regression models have linear and nonlinear kernel functions. From Table 6 of this
manuscript, the linear regression models are more stabilized, especially PLS_linear, which has the
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fewest number of models with RPD level D. The sigmoid kernel function is the worst, and the RBF
kernel function is better than linear functions. The best models of PLS and SVR are PLS_RBF and
SVR_RBEF. The accuracy of the regression model with the RBF function reached the best performance.
Therefore, the feature of the VIS-NIR follows the normal distribution. The methods of PLS [9,10,29,30]
and SVR [17,18] are widely used for the calibration of VIS-NIR spectra, but boosting regression
algorithms are almost never used. GBRT and AdaBoost, which are boosting algorithms, can be
effectively calibrated to predict the soil-available potassium content. Boosting is a frame algorithm
that produces a predictor in the form of an ensemble of multiple weak predictors. GBRT improves
the prediction accuracy by building each decision tree for the past residuals rather than the response
variable [21]. The AdaBoost algorithm trains a weak classifier step by step, and every weak classifier is
trained on a different weight set of the sample subset. Then, a strong classifier is finally constructed by
selecting each training iteration [22]. GBRT calculates the gradient value to locate the deficiency of the
model, but AdaBoost is based on loss assessment of the prediction to adjust the weight of the sample
subset. From the above figure and table, both algorithms have better performance than other regression
algorithms. GBRT and AdaBoost both exhibit the best prediction of soil-available potassium content
by VIS-NIR. It is important to solve the problem of fairly comparing the models [24,25]. For VIS-NIR
model analysis, the common evaluation metrics are the coefficient of determination, root mean square
error, mean absolute error, residual predictive deviation, and the ratio of performance to IQ [7-10,29,30].
The accuracy of the models can be weighed by R?, RMSE, and MAE. These models with the same
RPD level represent consistent stability; therefore, the stability can be analyzed by RPD and RPIQ [23].
Meanwhile, the sum of the ranked differences [24,25] was calculated for a fair comparison of models.
Table 9 summarizes these metrics of the regression models with the prediction of the concentration of
soil-available potassium by VIS-NIR.

Table 9. Evaluation results of the regression models with the testing dataset.

Evaluation Methods SVR_RBF PLS_RBF GBRT AdaBoost
SRD 180 200 110 144
R? 0.923 0.928 0.939 0.941
RMSE 35.5 34.3 31.5 31.2
MAE 23.4 252 17.9 18.8
Level of RPD A A A A
RPIQ 2.75 2.84 3.10 3.12

The RPDs of the four regression models were all level A. Considering the SRD, R2, RMSE, and RPIQ
shown in Table 9, the boosting algorithms of GBRT and AdaBoost were significantly superior to SVR
and PLS. GBRT is better than AdaBoost according to SRD and MAE, but AdaBoost is better than GBRT
according to R? and RPIQ. Therefore, the two boosting algorithms had their own advantage for the
prediction of VIS-NIR regression.

To yield a more robust and trustworthy model, Figure 9 shows the prediction of two sub-ranges
with boosting algorithms and all pretreatment methods. The models with low and high concentrations
exhibited better performance than those with all samples but showed only minor improvement.
These reasons are analyzed as follows:

(1) The samples were collected from two places that are far apart. Therefore, two sub-range samples
both have some outliers that would affect the performance of these models.

(2) The number of samples with a sub-range was not enough for training. The regression algorithm
is better if there are more samples.

Although the performance did not improve, the pretreatment and boosting methods have a
positive influence on the quantitative model. Therefore, future studies should focus on outlier analysis
methods and collect more samples to build a more robust and trustworthy model that can be used
across industries for NIR quantification.
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4. Conclusions

Algorithmic models (models built from data) exhibit high predictive performance [31], but a
trustworthy model that can be used across industries for NIR quantification is difficult to build.
This manuscript analyzed 29 pretreatment methods with the original spectrum reflectance dataset and
240 regression models using evaluation metrics. The results are summarized as follows:

(1) The samples and near-infrared spectral features of soil-available potassium both have a normal
distribution. Therefore, the PLS and SVR algorithms need the RBF kernel function to fit the
nonlinear features of the VIS-NIR, and the evaluation of accuracy and stability needs the metric
of the RPIQ value.

(2) Near-infrared spectral curves with different combinations of pretreatment methods had great
differences for the calibration of NIR quantification. The combination of Savitzky—Golay;,
standard normal variate, and dislodge tendency is the best pretreatment method, and the
combination of multiplicative scatter correction and second derivative being useless with or
without Savitzky-Golay. The pretreatment methods for the best model of level A are dislodge
tendency for PLS_RBF, Savitzky—Golay and dislodge tendency for SVR_RBE first derivative for
GBRT, and the combination of logarithmic transformation and first derivative with Savitzky-Golay
for AdaBoost. Therefore, first derivative, dislodge tendency and Savitzky-Golay are the most
useful to search for the best regression model of the VIS-NIR. In this study, the single and mixed
pretreatment methods can both help train the regression model for the optimal prediction of
the VIS-NIR.

(3) The chance to build a robust and trustworthy model that can be used across industries for
VIS-NIR quantification increases as the sample size grows with the use of boosting algorithms.
Boosting algorithms are better than PLS and SVR algorithms, although they have the problem
of overfitting. The R? values of GBRT and AdaBoost with all testing datasets were 0.939 and
0.941, respectively, while the R? values of AdaBoost with low concentration and GBRT with high
concentration were 0.945 and 0.947, respectively; the RPD levels were A. The performance of the
boosting algorithms is better in this study than in other expert studies on the prediction of the
concentration of soil-available potassium [7-9].

The feasibility and effectiveness of these calibration methods were verified through a series of
comparative experiments, but the reliability of the regression model can be weakened because of the
complicated natural samples and the actual environment. Considering this problem, the calibration
methods for other soil-available nutrient elements will be greatly challenged in the natural environment.
Therefore, our future study will include calibration methods for other nutrient elements and the
solution to solve the problems present in the natural environment.
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