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Abstract


Chlorophyll is an essential pigment for photosynthesis in crops, and leaf chlorophyll content can be used as an indicator for crop growth status and help guide nitrogen fertilizer applications. Estimating crop chlorophyll content plays an important role in precision agriculture. In this study, a variable, rate of change in reflectance between wavelengths ‘a’ and ‘b’ (RCRWa-b), derived from in situ hyperspectral remote sensing data combined with four advanced machine learning techniques, Gaussian process regression (GPR), random forest regression (RFR), support vector regression (SVR), and gradient boosting regression tree (GBRT), were used to estimate the chlorophyll content (measured by a portable soil–plant analysis development meter) of rice. The performances of the four machine learning models were assessed and compared using root mean square error (RMSE), mean absolute error (MAE), and coefficient of determination (R2). The results revealed that four features of RCRWa-b, RCRW551.0–565.6, RCRW739.5–743.5, RCRW684.4–687.1 and RCRW667.9–672.0, were effective in estimating the chlorophyll content of rice, and the RFR model generated the highest prediction accuracy (training set: RMSE = 1.54, MAE =1.23 and R2 = 0.95; validation set: RMSE = 2.64, MAE = 1.99 and R2 = 0.80). The GPR model was found to have the strongest generalization (training set: RMSE = 2.83, MAE = 2.16 and R2 = 0.77; validation set: RMSE = 2.97, MAE = 2.30 and R2 = 0.76). We conclude that RCRWa-b is a useful variable to estimate chlorophyll content of rice, and RFR and GPR are powerful machine learning algorithms for estimating the chlorophyll content of rice.
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1. Introduction


In recent years, precision agriculture has been gaining momentum [1]. Rice is one of the three major food crops in the world and covers the largest planting area in China [2]. Therefore, monitoring the phenotypic information of rice plays an important role in precision agriculture. In the photosynthesis process, chlorophyll is an essential pigment whose content is related to the phenology and health status of crops [3]. Besides, the chlorophyll content is close to the nitrogen nutritional status of crops, since most part of nitrogen was contained in chlorophyll [4]. As a result, crop chlorophyll content can indirectly predict soil nitrogen conditions and guide the application strategy of nitrogen fertilizer, which can increase the overall crop profitability.



Previous studies have revealed that remote sensing is a reliable and effective technology for obtaining crop biophysical and biochemical information [5,6,7]. In particular, hyperspectral remote sensing has narrow and continuous spectral bands, providing almost continuous spectra, which is more sensitive to specific vegetation properties such as nitrogen status, canopy biomass, and chlorophyll content [5,8]. Many studies have developed a large number of spectral indices to estimate the chlorophyll content of crops based on hyperspectral remote sensing reflectance [9,10,11]. Although most of these spectral indices perform well in estimating crop chlorophyll content, it is difficult to interpret their physical meanings as most of them are in normalized radio or normalized difference form. In addition, the first derivative of a spectrum, having physical interpretability that can indicate the rate of change in reflectance, was widely used to evaluate crop chlorophyll content [12,13]. However, the first derivative of a spectrum can only reflect the rate of change in reflectance near a specific wavelength on the micro level. Some other information, such as the rate of change of reflectance within a wavelength range, is ignored, which may provide more sensitive information for the chlorophyll content estimation. As a result, the rate of change in reflectance between wavelengths ‘a’ and ‘b’ (RCRWa-b), proposed in this study, is the promotion of first derivative of spectrum, which can not only reflect the rate of change in reflectance at a certain wavelength, but also the rate of change in reflectance between any two wavelengths.



The processing techniques used for retrieving vegetation characteristics can be divided into two broad groups: physically-based algorithms and empirically-based algorithms [14,15]. Compared with physically-based algorithms, such as PROSAIL [16] and N-PROSAIL [17], empirically-based algorithms have low complexity, high computational efficiency, fewer required variables, and provide reliable results [15,18]. Empirically-based algorithms, especially machine learning algorithms, including random forest (RF) [19], support vector regression (SVR) [20,21], neural networks (NNs) [22,23], and the Gaussian process (GP) [24,25], have been widely used to evaluate chlorophyll content of vegetation. However, few studies have investigated and compared the performance of different machine learning algorithms in estimating the chlorophyll content of vegetation. In addition, the optimization process of some key hyperparameters that can greatly affect the performance of machine learning algorithms, was not deep studied or ignored in previous study.



Therefore, this study has two major objects: (1) investigating the potential of the rate of change in reflectance between wavebands in estimating the chlorophyll content of rice; and (2) comparing the performance of four advanced machine learning technology, GP, RF, SVR and gradient boosting regression tree (GBRT), in estimating the chlorophyll content of rice.




2. Materials


2.1. Experimental Site and Experimental Design


Field experiments were conducted at the Modern Agricultural Science and Technology Innovation Demonstration Park of Sichuan Academy of Agricultural Sciences, Chengdu, Sichuan, China (Figure 1a). Multi-temporal field campaigns were conducted between 12 July and 17 September in 2019 (Table 1). In this study, two rice fields (marked as 1, 2 in Figure 1b and labeled as Field1 and Field2, respectively) were selected. There are hundreds of plots in Field1, and each plot was planted with a different rice cultivar. Field2 is a replication of Field1, and the two fields had the same planting density (26.67 cm × 20.00 cm) and received the same irrigation, and field managements. The spatial distribution of sample plots is illustrated in Figure 1b.




2.2. Data Acquisition


In this study, spectral measurements of rice plants were collected using a PSR 3500 spectroradiometer (Spectral Evolution Inc., Lawrence, MA, USA) at 0.2 m above the top of the canopy. Before each measurement, a white reference panel with a reflectance of 99% was used for calibration. The spectroradiometer used covers the wavelength of 350–2500 nm, and the spectral resolutions are 3 nm at 700 nm, 8 nm at 1500 nm, and 6 nm at 2100 nm. Besides, after the spectroradiometer completed one set of measurements, the instrument resamples the spectra by 1.3 nm at 350–1000 nm, 3.5 nm at 1000–1800 nm and 2.5 nm at 1800–2500 nm. Within each sample plot, three sampling points were random selected. At each sampling point, ten reflectance spectra were measured resulting in a total of 30 spectra; the average of the thirty reflectance spectra was then used to represent the reflectance spectra of the sample plot. To minimize atmospheric perturbations and BRDF effects, all spectral measurements were measured on clear sunny days between 11:30 a.m. and 2:00 p.m. [5]. Previous studies have demonstrated the capability of soil–plant analysis development (SPAD) value for plant chlorophyll content estimation [5,26,27,28]. In this study, a non-destructive and portable SPAD meter (SPAD-502 Plus, Konica Minolta Sensing Inc., Osaka, Japan) was used to collect measurements of light absorptions of the leaf at two wavelengths (650nm and 940 nm) [1]. At each sample plot, three leaves of the top layer were randomly selected, and two measurements were taken at the middle and top of each leaf. As a result, the average of the six measured SPAD values was used as the final measurement representing that sample plot.





3. Methodology


3.1. Theoretical Background


3.1.1. Gaussian Process Regression


Gaussian process regression (GPR) is a powerful machine learning algorithm and has been widely used in remote sensing community, including estimating aboveground forest biomass [29] and soil salinity [30]. GPR is suitable for solving problems with a small sample size; when the sample size is large or has high dimensional features it becomes inefficient. In the GPR model, a relationship was established between the input variables    x i  = [  x  ( 1 )   ,  x  ( 2 )   , … ,  x  ( B )   ]   and output variable   y ∈ R   using the following equation [31]:


   y ∧  = f ( x ) =   ∑  i = 1  n    α i  K (  x i  , x )    



(1)




where    x i    is the explanatory variable used at the training stage; n is the number of samples;    α i    is the weight coefficient, and K is the radial basis kernel function (RBF), whose equation is as follows:


  K (  x i  ,  x j  ) = β exp ( −   ∑  b = 1  B     (  x i  ( b )   −  x j  ( b )   )  2  / ( 2  σ b 2  )   )  



(2)




where  β  is a scaling factor, B is the number of input explanatory variables (B was set at 4 in this study, see Section 4.1), and    σ b    is a dedicated parameter controlling the spread of the relations for each particular input variable [31]. Three model parameters (  β ,  α i  ,  σ b   ) can be automatically optimized by maximizing the marginal likelihood in the training set [31,32].




3.1.2. Random Forest Regression


Random forest (RF) is an ensemble learning method based on multiple decision trees, which combines Breiman’s idea of "bagging" and random selection of features [33,34]. The following steps are needed to build a RF model. Firstly, based on the training dataset, a homogeneous subset is generated by bootstrap aggregation algorithm. Then, by selecting random samples and variables from the calibration dataset, each sub decision tree is grown to its maximum depth, and this process can be executed in parallel. Finally, all of the sub decision trees are put together to generate a random forest model [30,33]. When building a random forest model, it is necessary to determine two parameters, the number of decision trees in the bagging framework and the number of variables in the decision tree framework [30]. RF algorithm has a strong anti-over-fitting capability without losing information, and can always lead to the convergence of generalization error, which has been used in many previous studies on chlorophyll [33]. Random forest regression (RFR) is the regression version of RF.




3.1.3. Support Vector Regression


Support vector regression (SVR) is the regression version of the support vector machine, which has been developed on the basis of statistical learning theory [35]. It fits an optimized hyper-plane to a set of input features to establish a linear dependency between n-dimensional input variables and a one-dimensional target variable. Kernel function maps training samples to high-dimensional features that are nonlinearly related to the original feature space and enables the new data distribution to fit into a linear model [36]. In SVR, there are four kinds of kernels: linear, polynomial, Gaussian, and sigmoid [37]. In the field of remote sensing, the Gaussian kernel has been widely used [33,36] and was selected in this study. In SVR, the kernel parameter (gamma) and regulation parameter (C) can affect the performance of the model [31]. Therefore, the two parameters C and gamma should be correctly determined.




3.1.4. Gradient Boosting Regression Tree


The gradient boosting algorithm, a machine learning technique, is an optimization algorithm based on the error function and can be used to solve classification and regression problems [38]. It can generate a strong prediction model by integrating weak prediction models, such as the decision tree [38]. The gradient boosting regression tree (GBRT) is an iterative decision tree algorithm composed of multiple decision trees, which makes GBRT difficult for parallel computing. The core idea of the GBRT is that each calculation is done by a basic model, and the subsequent calculation is undertaken to reduce the residual of previous model and to create a new basic model in the direction of gradient with reduced residuals [38,39]. Therefore, a strong prediction model can be obtained by adjusting the weight of the weak prediction model. In the meanwhile, the loss function can be minimized [38]. Typical parameters of GBRT include learning rate (a contribution extent of each decision tree), n-estimators (the number of sub-decision tree), and max depth (the maximum depth of a sub-decision tree) et al.




3.1.5. Cross Validation and Parameter Optimization


Cross validation (CV) is a statistical analysis method to test the performance of the regression model. The basic idea is to group the original sample data, and take one set of data samples as validation set and the other as training set. K-fold cross validation is a common cross validation method. In this study, K was set as 8.



Grid search (GS) is a parameter adjustment algorithm. For each combination in the parameter combination list, the GS instantiates the given model, performs K cross validation, and takes the parameter combination with the highest average score as the best choice. In the regression problem, mean square error (MSE) is normally used to evaluate the model performance and was selected in this study. In general, the smaller the MSE, the better the performance of the model.



In this study, GS combined with CV, labeled GS-CV, was used to select optimal parameters.




3.1.6. Performance Assessment


The performance of four machine leaning algorithms, GPR, RFR, SVR and GBRT, were assessed and compared using statistical metrics including root mean square error (RMSE; Equation (3)), mean absolute error (MAE; Equation (4)) and the coefficient of determination (R2; Equation (5)).



RMSE is considered a standard metric for measuring errors of regression models. It is significantly influenced by large values and outliers of the input data [31,40]. Therefore, RMSE and MAE were combined to evaluate the variation of model errors. The higher R2, lower RMSE, and lower MAE indicate a better model. Furthermore, the smaller the difference between RMSE and MAE, the smaller the variance between the errors [31].


  RMSE =     ∑  i = 1  n       (  y i ^  -  y i  )  2   n       



(3)






  MAE =  1 n    ∑  i = 1  n    |   y i ∧  -  y i   |     



(4)






   R 2  = 1 -     ∑  i = 1  n     (  y i  -  y i ∧  )  2        ∑  i = 1  n     (  y i  -  y ¯  )  2       



(5)




where    y i ∧    and    y i    are the computed and measured SPAD values of the   i - t h   sample respectively;    y ¯    is the mean values of the measured SPAD values; and n is the total number of samples used.





3.2. The Rate of Change in Reflectance between Wavelengths ‘a’ and ‘b’


To estimate rice chlorophyll content, rate of change in reflectance between wavelengths ‘a’ and ‘b’ (labeled as RCRWa-b) was defined as the slope ( w ) of the straight line:


  y = w x + c  



(6)




where the equation of  w  is:


  w =     ∑  i = 1  m    y i  (  x i  −  x ¯  )       ∑  i = 1  m    x i 2  −  1 m    (   ∑  i = 1  m    x i 2    )  2       



(7)




where    x i    is the   i − t h   wavelength between wavelength ‘a’ and ‘b’,    y i    is the reflectance corresponding to    x i   , and  m  is the number of wavelength between wavelength ‘a’ and ‘b’.



In other words, RCRWa-b is the slope of one straight line that obtained by linear fitting the wavelengths (from ‘a’ to ‘b’) and reflectance corresponding to wavelengths (from ‘a’ to ‘b’). For example, Figure 2 shows the rate of change in reflectance between wavelengths 553.9 nm and 571.4 nm (labeled as RCRW553.9–571.4), which is −0.0304.




3.3. Analytical Framework


Figure 3 gives the workflow of the proposed methodology used in this study for estimating the chlorophyll content of rice plants. Firstly, features of RCRWa-b were obtained by preprocessing the in situ hyperspectral data. Secondly, the coefficient between RCRWa-b and SPAD value was calculated. Thirdly, four features of RCRWa-b were selected according to the correlation coefficient between RCRWa-b and SPAD value. Then, the rice SPAD estimation database was divided into training and validation sets. Next, four machine learning models were established based on GS-CV and the training set. Finally, the performances of the four models were assessed and compared. Section 4.1 and Section 4.2 show the details.





4. Results


4.1. Features Selection


Previous studies have shown that there is a strong correlation between the first derivative reflectance of plants at 500 nm to 750 nm and the chlorophyll content of plants [12,13]. In addition, some vegetation indices (see in Table 2, [41,42]), derived from the green, red, red-edge, and near infrared (NIR) bands were used to estimate the chlorophyll content of vegetation. Moreover, spectral wavebands in the green band (500–580 nm), red band (630–690 nm), and red age band (700–750 nm) region are considered to be the useful range for estimating chlorophyll content [4,43,44,45,46]. Therefore, the reflectance between 500 nm and 800 nm is the preferred wavelength range to estimate the chlorophyll content of plants. Figure 4 shows all of the spectra measured between 450 nm and 850 nm (500–800 nm are useful range).



In this study, the correlation coefficient (R) between RCRWa-b and SPAD value was calculated, and the correlogram is shown in Figure 5. In Figure 5, the ranges of ‘a’ and ‘b’ are both from 500nm to 800 nm with ‘b’ > ’a’. According to Figure 5, there is a strong correlation between RCRWa-b and SPAD value when ‘a’ and ‘b’ are: (1) both in green bands; (2) both in red bands; (3) both in red edge bands; or (4) both in NIR bands.



However, there are some features of RCRWa-b that do not have obvious physical significance. For example, when the ‘a’ and ‘b’ of RCRWa-b are 520 nm and 640 nm respectively (See in Figure 6a), there is a peak reflectance between 520 nm and 640 nm where the reflectance rises firstly and then falls. In this case, the RCRWa-b cannot reflect the change rate of reflectance between 520 nm and 640 nm. When ‘a’ and ‘b’ of RCRWa-b are 600 and 700 nm respectively (see in Figure 6b), RCRWa-b also does not have obvious physical significance, because there is a trough between 600 nm and 700 nm. Therefore, the features of RCRWa-b were not considered when both ‘a’ and ‘b’ fell under the following conditions (there is a crests or troughs in Condition 1 and Condition 2): Condition 1: a < 550 nm and b > 550 nm; Condition 2: 550 nm < a < 680 nm and b > 680 nm. The range of wavelength ‘a’ and ‘b’ corresponding to these two conditions are shown in Figure 7 in green.



In addition, although some RCRWa-b have obvious physical significance, they were removed because the correlation between SPAD and they are poor (abs(R) < 0.2), and the range of wavelength ‘a’ and ‘b’ of these RCRWa-b were shown in Figure 7 in yellow.



To choose effective features and reduce data redundancy, we calculated the correlation coefficient between the features of adjacent wavelengths. Figure 8 depicts that there is a strong correlation between two RCRWa-b with adjacent wavelengths (in Figure 8a, 536.3 nm is close to 540.7 nm and 543.7 nm is close to 549.5 nm; in Figure 8b, 658.2 nm is close to 662.3 nm, and 665.1 nm is close to 670.6 nm). Therefore, it was necessary to remove redundant features and select only a few features.



In this study, some RCRWa-b that have no obvious physical significance were removed. Besides, since there is multicollinearity between two RCRWa-b with adjacent ‘a’ or ‘b’, we select one feature with the strongest correlation with SPAD in each of the following four conditions (from Condition (1) to Condition (4), the correlation between SPAD and RCRWa-b alternated between positive correlation and negative correlation):




	
Condition (1): the range of wavelength ‘a’ and ‘b’ of RCRWa-b is shown in Figure 7 in dark blue;



	
Condition (2): the range of wavelength ‘a’ and ‘b’ of RCRWa-b is shown in Figure 7 in brown;



	
Condition (3): the range of wavelength ‘a’ and ‘b’ of RCRWa-b is shown in Figure 7 in light blue;



	
Condition (4): the range of wavelength ‘a’ and ‘b’ of RCRWa-b is shown in Figure 7 in red;








As a result, four features were selected, which are RCRW551–565.6, RCRW739.5–743.5, RCRW684.4–687.1, and RCRW667.9–672, and the four selected RCRWa-b were labeled as Four-RCRWa-b. The scatter plots between SPAD readings and the four selected RCRWa-b are shown in Figure 9.




4.2. Model Configuration and Training


In this study, the random stratified sampling method was used to divide the dataset into a training set (80%) and a validation set (20%). In addition, a fixed seed of random numbers was used to make the training dataset and validation dataset of all generated models fixed. The statistical characteristics of the dataset are shown in Figure 10. As can be seen in Figure 10, some statistical characteristics such as, mean (36.94 and 36.78), max (46.00 and 46.80), min (23.7 and 20.6), standard deviation (5.81 and 5.97), and coefficient of variation (0.157 and 0.162), of the validation set and training set are close. Moreover, the data distribution of the training and validation set, a significant factor influencing the model performance, is consistent with the total data set, since the statistical characteristics of them is close.



Using the training set and GS-CV, configurations of those four machine learning models were optimized.



For the Gaussian process regression model, the hyper parameters:   β ,  α i   , and    σ b    (see in Section 3.1.1) were automatically optimized during the training process and the generated Gaussian Process Regression Model was referred to GPR-M.



For the random forest regression model, the number of features was set to four, which is equal to the number of input features when establishing the sub-decision trees. Another parameter, the number of sub-decision trees (n-estimators), was determined based on GS-CV. In addition, some parameters such as the max depth of sub-decision trees, the minimum number of samples for leaf nodes and other parameters are the default value from the “sklearn.ensemble.RandomForestRegressor” of the Python toolkit: scikit-learn 0.22. The MSE of models with different n-estimators is shown in Figure 11. According to Figure 11, when n-estimator is 200, the generated RFR model referred to as RFR-M achieves the smallest MSE. Besides, the importance of the four features were obtained by RFR, with RCRW551.0–565.6 identified as the most important feature. Meanwhile, the correlation between SPAD value and RCRW551.0–565.6 is the highest, therefore, RCRW551.0–565.6 is considered the most useful feature.



For the support vector regression model, the MSE of models with different C and gamma are shown in Figure 12. When C is 25.4 and gamma is 21.2, the gendered SVR model, referred to as SVR-M, achieves the smallest MSE.



For the gradient boosting regression tree model, the number of features during establishing sub-decision tree, the max depth of sub-decision trees, the minimum number of samples for leaf nodes and other parameters use the default values from “sklearn.ensemble GradientBoostingRegressor.” of the Python toolkit: scikit-learn 0.22. The learning rate was initialized to an empirical value of 0.1. The number of sub-decision trees, marked as n-estimators, was optimized by GS-CV, and the MSE of models with different n-estimators is shown in Figure 13. According to Figure 13, when the n-estimators is 20, the generated GBRT model gets the smallest MSE. Since the parameter learning rate can also affect the performance of the GBRT model along with n-estimators, after getting an appropriate n-estimator the two parameters, n-estimator and learning rate, need to be tuned together. Meanwhile, the product of n-estimator and learning rate should not change. Therefore, several groups of parameter values were used to tune the performance of the GBRT model, and the MSE of models with different groups of parameters are shown in Figure 14. According to Figure 14, when the n-estimator is 40 and the learning rate is 0.05, the generated gradient boosting regression tree model(GBRT-M) gets the smallest MSE.




4.3. Performance of Four Machine Learning Algorithoms


In this study, the optimal parameters of four machine learning algorithms for estimating rice SPAD were determined by GS-CV. To compare and assess the performance of the four generated machine learning models, training set, validation set and selected parameters were used. The final training and validating results of the four generated machine learning models, GPR-M, RFR-M, SVR-M, and GBRT-M, are shown in Table 3, Figure 15 and Figure 16.



It can be seen in Table 3 and Figure 15 that only three models, GPR-M, RFR-M, and GBR-M had an acceptable goodness-of-fit to the training set. The highest fit was achieved by the RFR-M (the RMSE, MAE, and R2 are 1.54, 1.23 and 0.95, respectively), followed by GBR-M (the RMSE, MAE, and R2 are 2.46, 2.02 and 0.87, respectively) and GPR-M (the RMSE, MAE and R2 are 2.83, 2.16 and 0.77, respectively). In contrast to the three models, SVR-M had the worst fit using the training set, the RMSE, MAE, and R2 are 3.89, 2.78, and 0.58, respectively.



Regarding the validating results (shown in Table 3 and Figure 16), the RFR-M had the highest prediction performance (RMSE = 2.64, MAE = 1.99 and R2 = 0.80), followed by the GBRT-M (RMSE = 2.69, MAE = 2.11 and R2 = 0.78). The differences between the performance of GPR-M (RMSE= 2.97, MAE = 2.30 and R2 = 0.76) and SVR-M (RMSE= 2.99, MAE = 2.23 and R2 = 0.76) is small, but both of them are slightly worse than the validation result of GBRT-M.



Previous studies have developed some vegetation indices to examine the chlorophyll content of plants (see Table 2). In addition, the correlation between the spectra’s first derivative and SPAD value was calculated and the spectra’s first derivative at 556.9 nm (labeled as FD556.9) had the strongest correlation with SPAD value. To further investigate the potential of the selected four RCRWa-b in estimating the SPAD value of rice, the predicted results (see in Table 4) of these vegetation indices and FD556.9 were obtained based on four machine learning algorithms and GS-CV. According to Table 4, four selected RCRWa-b generated higher accuracy than these vegetation indexes and FD556.9.




4.4. Changes of Rice Chlorophyll content during growing periods


There were five sample plots on July 12, and 15 sample plots on all other dates. To improve the standardization, only the SPAD values collected from 21 July 2019 to 6 September 2019 were considered. Figure 17 shows how the mean of SPAD value (15 sample plots) change during these growing periods. According to Figure 17, the mean of the SPAD value first rose and then decreased.





5. Discussion


There have been, in the literature, many studies on estimating the chlorophyll content of the rice plant using machine learning methods. However, few studies have compared the performance of various machine learning algorithms in estimating the chlorophyll content of rice. In addition, the parameter optimization process of machine learning has been described in detail in a few studies. In this study, four machine learning models, GPR-M, RFR-M, SVR-M, and GBRT-M, were optimized and established based on in situ hyperspectral data and GS-CV parameter optimization algorithms. In addition, the performances of RCRWa-b, first derivative of spectra, and some indices for rice chlorophyll content estimation were compared. According to the selected features and the prediction results, the following outcomes were observed.



The RCRWa-b proposed in this study has apparent physical significance, which reflects the rate of change, either fast or slow, of reflectance between two wavelengths. There are redundant data between two RCRWa-b with adjacent ‘a’ or ‘b’ since collinearity exists between these two RCRWa-b. In this study, the RCRWa-b with the strongest correlation with SPAD value was selected from each wavelength range (four wavelength distribution ranges in total, see in Section 4.1) and four RCRWa-b were selected finally, which were RCRW551.0–565.6, RCRW739.5–743.5, RCRW684.4–687.1, and RCRW667.9–672. The performances of the four machine leaning techniques show that RCRWa-b is a potential variable for estimate the chlorophyll content of rice, and the predicted result indicates that these four features selected are effective to estimate the chlorophyll content of rice using machine learning algorithms.



Among the four generated machine learning models, the RFR-M yielded the highest accuracy in either the training set or validation set. However, the result of the training set is better than the result of the validation set, which indicates that the generalization of RFR-M is relatively poor. This may be due to the natural limitation of this algorithm, which often requires a relatively large data set, otherwise it could lead to an over-fitting problem [30].



The performance of the GBRT-M was the second best after RFR-M, and the performance characteristic of GBRT-M was similar to RFR-M, that is, although the GBRT-M showed an excellent goodness-of-fit, it provided relatively poor prediction results. However, in contrast to the RMSE and MAE of the results of RFR-M, the MAE of the training set and validation set of GBRT-M were very close, and the RMSE of the training set and validation set of GBRT-M were also very close. Therefore, compared to the RFR-M, the GBRT-M is more generalized and shows a stronger stability.



Regarding the SVR-M, this model had difficulties in learning from high SPAD values and lacked the sensibility to the high SPAD values, and the model showed under fitting, hence resulting in poor generalization, which mainly manifested in the R2 of predicted value using the training set is small and lower than the validation set, and the RMSE and MAE of predicted result of the training set were high, and higher than the validation set. The poor prediction using the training dataset and the large difference between the performance of the training set and the performance of the validation could be attributed to the fact that: (1) the parameters (C and gamma) selected by CV-GS are not optimal; (2) SVR has low potential to estimate SPAD values of rice by using the variable of RCRWa-b; or (3) both (1) and (2). Therefore, new machine learning parameter optimization algorithms should be considered to find the optimized values of the two parameters or new variable need be developed when using SVR algorithm for estimating the SPAD values of rice.



For the GPR-M, this model shows great generalization and robustness in estimating the SPAD value of rice by using four selected RCRWa-b when the data set is not large enough, which is mainly manifested in the R2, MAE, and RMSE of the predicted result for the training set being close to the R2, MAE, and RMSE of the predicted result for the validation set, respectively. Besides, although the performance of GPR-M is not the best, it is very close to the best one. Overall, GPR is a powerful machine leaning technique in estimating the SPAD value of rice.



By comparing the predicted results of Four-RCRWa-b, FD556.9 and some vegetation indices based on four machine learning algorithms (see Table 4), we found that: (1) no matter which algorithm is used, CI-green gives the worst result; (2) Four-RCRWa-b, FD556.9, MTCI and Re-NDVI show similar performance when using GPR; (3) the R2 of FD556.9 and Four-RCRWa-b are similar when using SVR, but the RMSE of the two show a relatively large difference; and (4) comparing with vegetation indices and FD556.9, Four-RCRWa-b gives the best results when using RFR, SVR, or GBRT. Therefore, when comparing with FD556.9 and certain vegetation indices, Four-RCRWa-b shows greater potential in estimating rice chlorophyll content, which is likely because Four-RCRWa-b considers more including the green, red, and red edge bands that are more chlorophyll sensitive.



Given the potential of Four-RCRWa-b in estimating rice chlorophyll content, its application to satellite data faces a big challenge because of the coarser spectral resolution of satellite sensors. The method is expected to work well when applying to unmanned aerial vehicle (UAV)-based hyperspectral imagery.



As the spectra measurements were performed on sunny clear days between 11:30 a.m. and 2:00 p.m., there may be some minor BRDF effects caused by the change of sunlight direction. Therefore, two sample plots (measured in different time) with the same SPAD value on 21 July 2019 (labeled as Sample1 and Sample2, and the solar altitude angle of Sample1 is greater than Sample2) were selected to investigate the influence of the BRDF effects caused by the change of sunlight direction on SPAD estimation. The spectra of Sample1 and Sample2 are shown in Figure 18. When the solar altitude angle was large, the reflectance in the near-infrared bands showed a significant increase than in visible bands. In addition, the RCRWa-b of Sample1 and Sample2 are also compared (Table 5). As shown in Table 5, when the solar altitude angle increased, the positive RCRWa-b values slightly increased, and the negative values slightly decreased. Table 6 shows the predicted results of Sample1 and Sample2 based on four generated machine learning methods. As seen in Table 6, the difference in predicted results between Sample1 and Sample2 is small. Therefore, we conclude that between 11:30 a.m. and 2:00 p.m., the BRDF effect caused by the change of solar altitude angle has little influence on SPAD estimation.




6. Conclusions and Recommendations


This study investigated the potential of RCRWa-b for estimating the chlorophyll content of rice plants using in situ hyperspectral data. Results of four advanced machine learning methods, including GPR, RFR, SVR, and GBRT, were investigated and compared. Based on the findings in this study, we conclude that:




	
The RCRWa-b has high potential in the estimation of the rice chlorophyll content.



	
RCRW551–565.6, RCRW739.5–743.5, RCRW684.4–687.1, and RCRW667.9–672 are effective features for estimating the rice chlorophyll content.



	
Compared to FD556.9 and some vegetation indices (MTCI, Re-NDVI, CI-green), Four-RCRWa-b generated better results.



	
Among the four machine learning techniques, GPR-M, RFR-M, SVR-M, and GBRT-M, RFR-M showed the best accuracy, and GPR-M showed the best generalization in estimating the chlorophyll content of rice.








Given the encouraging results from this study, limitations exist and should be addressed in future research. The field measurements cover only a portion of the rice growing period. In future studies, chlorophyll measurements covering the whole growing season should be collected and analyzed to evaluate the validity range of the proposed method. Furthermore, the method should be tested on other crop types to see if it will produce the same results.
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Figure 1. (a) Location of the field experimental site. (b) The spatial distribution of sample plots. 
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Figure 2. The straight line obtained by linear fitting the reflectance value and the corresponding wavelengths. 
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Figure 3. Proposed workflow for this study. 
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Figure 4. The measured spectra of rice plants between 450 nm and 850 nm. 
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Figure 5. Correlogram between rate of change in reflectance between wavelengths ‘a’ and ‘b’ (RCRWa-b) and soil–plant analysis development (SPAD) value. 
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Figure 6. (a) The reflectance and wavelength corresponding to RCRW520–640; (b) the reflectance and wavelength corresponding to RCRW600–700. 
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Figure 7. The range of wavelength ‘a’ and ‘b’ under some restrictions. 
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Figure 8. (a) The correlation coefficient between RCRW536.3–543.7 and RCRW540.7–549.5; (b) the correlation coefficient between RCRW658.2–665.1 and RCRW662.3–670.6. 
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Figure 9. Scatter plots between (a) SPAD and RCRW551.0–565.6, (b) SPAD and RCRW739.5–743.5, (c) SPAD and RCRW684.4–687.1, (d) SPAD and RCRW667.9–672.0. 
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Figure 10. The statistics characteristics of dataset. 
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Figure 11. The mean square error (MSE) of random forest regression model of different n-estimator. Note: the range of n-estimator is from 10 to 300 and the step length is 10. 
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Figure 12. The MSE of the support vector regression (SVR)model with different C and gamma. Note: The range of parameter C is from 2M to 2N and M is −6, N is 6 and the step length between M and N is 0.1; The range of parameter gamma is from 2M to 2N and M is −6, N is 6 and the step length between M and N is 0.1;. 
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Figure 13. The MSE of gradient boosting regression tree model(GBRT-M) with different n-estimators. Note: the range of n-estimators is from 10 to 100, and the step length is 10. 
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Figure 14. The MSE of the GBRT-M with different n-estimators and learning rate. 
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Figure 15. Scatterplots between the measured SPAD value and the predicted SPAD value using the training set. Note: (a) GPR-M; (b) RFR-M; (c) SVR-M; (d) GBRT-M. 
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Figure 16. Scatterplots between the measured SPAD value and the predicted SPAD value using the validation set. Note: (a) GPR-M; (b) RFR-M; (c) SVR-M; (d) GBRT-M. 
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Figure 17. Dynamics of mean of SPAD value during July 21 to 6 September 2019. 
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Figure 18. The spectra of Sample1 and Sample2. 
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Table 1. Dates of measuring and the number of sample plots.
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	Date of Measuring
	The Number of Sample Plots in Field1
	The Number of Sample Plots in Field2
	The Total Number of Sample Plots





	12 July 2019
	5
	0
	5



	21 July 2019
	11
	4
	15



	25 July 2019
	11
	4
	15



	7 August 2019
	11
	4
	15



	15 August 2019
	11
	4
	15



	23 August 2019
	11
	4
	15



	29 August 2019
	11
	4
	15



	6 September 2019
	11
	4
	15










 





Table 2. Vegetation indices examined for chlorophyll content estimation.
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	Index
	Equation
	Reference





	MTCI
	      R  753.75   −  R  708.75      R  708.75   −  R  681.25       
	[10]



	RE-NDVI
	      R  790   −  R  720      R  790   +  R  720       
	[41]



	CI-green
	      R  780      R  550     − 1   
	[42]










 





Table 3. Performance of the four machine learning models using the training set and validation set.
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SPAD Estimation Model

	
Training Set

	
Validation Set




	
RMSE

	
MAE

	
R2

	
RMSE

	
MAE

	
R2






	
Gaussian Process Regression Model (GPR-M)

	
2.83

	
2.16

	
0.77

	
2.97

	
2.30

	
0.76




	
Random Forest Regression Model (RFR-M)

	
1.54

	
1.26

	
0.95

	
2.64

	
1.99

	
0.80




	
Support Vector Regression Model (SVR-M)

	
3.89

	
2.78

	
0.58

	
2.99

	
2.23

	
0.76




	
Gradient Boosting Regression Tree Model (GBRT-M)

	
2.46

	
2.02

	
0.87

	
2.69

	
2.11

	
0.78











 





Table 4. Predicted results of some indexes using four machine learning algorithms and grid search-cross validation (GS-CV).
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Index

	
Machine Learning Algorithms

	
RMSE

	
MAE

	
R2






	
Four-RCRWa-b

	
Gaussian Process Regression

	
2.97

	
2.30

	
0.76




	
Random Forest Regression

	
2.64

	
1.99

	
0.80




	
Support Vector Regression

	
2.99

	
2.30

	
0.76




	
Gradient Boosting Regression Tree

	
2.87

	
2.11

	
0.78




	
FD556.9

	
Gaussian Process Regression

	
2.70

	
1.89

	
0.77




	
Random Forest Regression

	
3.94

	
3.55

	
0.60




	
Support Vector Regression

	
3.40

	
2.64

	
0.76




	
Gradient Boosting Regression Tree

	
3.11

	
2.50

	
0.71




	
MTCI

	
Gaussian Process Regression

	
2.94

	
2.28

	
0.75




	
Random Forest Regression

	
3.29

	
2.45

	
0.70




	
Support Vector Regression

	
3.18

	
2.28

	
0.71




	
Gradient Boosting Regression Tree

	
2.96

	
2.3

	
0.78




	
RE-NDVI

	
Gaussian Process Regression

	
2.95

	
2.30

	
0.76




	
Random Forest Regression

	
4.09

	
3.06

	
0.61




	
Support Vector Regression

	
3.08

	
2.12

	
0.73




	
Gradient Boosting Regression Tree

	
3.61

	
2.62

	
0.68




	
CI-green

	
Gaussian Process Regression

	
4.31

	
3.02

	
0.64




	
Random Forest Regression

	
4.01

	
2.81

	
0.54




	
Support Vector Regression

	
3.86

	
2.48

	
0.57




	
Gradient Boosting Regression Tree

	
3.55

	
2.40

	
0.61











 





Table 5. The Four-RCRWa-b values of Sample1 and Sample2.






Table 5. The Four-RCRWa-b values of Sample1 and Sample2.





	Sample
	RCRW551–565.6
	RCRW739.5–743.5
	RCRW684.4–687.1
	RCRW667.9–672





	Sample1
	−0.017
	0.578
	0.079
	−0.007



	Sample2
	−0.016
	0.517
	0.066
	−0.005










 





Table 6. The training results of Sample1 and Sample2 based on four generated machine leaning models.






Table 6. The training results of Sample1 and Sample2 based on four generated machine leaning models.





	Sample
	GPR-M
	RFR-M
	SVR-M
	GBRT-M





	Sample1
	39.32
	40.50
	40.65
	39.40



	Sample2
	41.05
	39.97
	40.70
	39.13
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