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Abstract: Rapid determination of the mechanical performance of coniferous wood has great impor-
tance for wood processing and utilization. Near-infrared spectroscopy (NIRS) is widely used in
various production fields because of its high efficiency and non-destructive characteristics, however,
the traditional NIR spectroscopy analysis techniques mainly focus on the spectral pretreatment and
dimension reduction methods, which are difficult to maximize use of effective spectral information
and are time consuming and laborious. Deep learning methods can automatically extract features;
data-driven artificial intelligence technology can discover the internal correlation between data and
realize many detection tasks in life and production. In this paper, we propose a SE-DenseNet model,
which can realize end-to-end prediction without complex spectral dimension reduction compared
with traditional modeling methods. The experimental results show that the proposed SE-DenseNet
model achieved classification accuracy and F1 values of 88.89% and 0.8831 on the larch’s test set,
respectively. The proposed SE-DenseNet model achieved correlation coefficients (R) and root mean
square errors (RMSE) of 0.9144 and 1.2389 MPa on the larch’s test set, respectively. Implementation
of this study demonstrates that SE-DenseNet can realize automatic extraction of spectral features and
the accurate determination of wood mechanical properties.

Keywords: near-infrared spectroscopy; coniferous wood; compressive strength; deep learning;
SE-DenseNet

1. Introduction

As an important raw material for production, wood plays a significant role in many
aspects of daily life, such as the manufacture of furniture and the construction industry.
Currently, there is a shortage of forest resources in China; therefore, it is crucial to use wood
resources rationally and efficiently; mechanical strength testing of wood is a crucial aspect
of wood resource utilization. The mechanical strength of wood mainly includes compres-
sive strength, tensile strength, bending strength, hardness, etc. Current research focuses
primarily on bending strength, while relatively little research has been reported on com-
pressive strength, etc. [1]. The traditional method for determining the mechanical strength
of wood requires destructive testing on wood specimens, which is expensive and causes a
great waste of resources. Coniferous wood has a regular structure and a soft composition,
making it an essential mechanical wood. Therefore, it is essential to develop an effective
and nondestructive method for testing the mechanical strength of coniferous wood [2,3].
Commonly used non-destructive testing methods for wood are ultrasonic testing meth-
ods [4], stress wave detection method [5], X-ray inspection method [6], near-infrared
spectroscopy [7], etc. In recent years, near-infrared spectroscopy (NIRS) methods have re-
ceived an increasing amount of attention and research due to their ease of operation, safety,
and environmental protection [8]. NIRS reveals the structure and composition information
of organic matter by using the principle that the NIR absorption wavelength and intensity
of different groups or the same group in different chemical environments are significantly
different [9]. Researchers have made a number of advances in the non-destructive testing
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of the mechanical strength of wood using NIR spectroscopy. Samuel Ayanleye et al. [10]
used NIR spectroscopy to predict the density, modulus of elasticity (MOE), and modulus
of rupture (MOR) of two coniferous woods. They also investigated the effects of wood
surface roughness, infrared spectral range, and machine learning model on the prediction
models. The results demonstrated that the prediction accuracy of NIRS data obtained
from rough surfaces was higher, and the proposed adaptive neuro-fuzzy inference system
(ANFIS) had better prediction accuracy on MOE and MOR compared with multilayer
perceptron (MLP) neural network (NN) and partial least squares (PLS) models. M. Mancini
et al. [11] collected chestnut wood samples from three different species sources in Europe,
preprocessed the raw spectra, constructed a regression model, and applied variable selec-
tion techniques to enhance the model performance; finally, the root-mean-squares error of
cross-validation (RMSECYV) of the MOE regression model was 696.01 MPa, and R? was 0.78.
Hao Liang et al. [12] extracted the characteristic wavelengths closely associated with the
Mongolian oak MOE using a cooperative interval partial least squares and step-by-step
projection algorithm and used a back propagation neural network (BPNN) to construct a
calibration model with correlation coefficients of prediction (RP) reaching 0.91 and the root
mean square error of prediction (RMSEP) reaching 0.76 MPa.

In recent years, with the rapid development of technologies such as artificial intelli-
gence, big data, and cloud computing, new chemometric methods for spectral analysis
have become the center of attention and a popular topic among researchers [13]. As one of
the preferred research methods, deep learning methods are gradually applied to the field of
NIR analysis [14]. Ba Tuan Le [15] applies deep learning-stacked sparse autoencoder (SSAE)
methods to extract the advanced features of the NIR spectroscopy, and then builds the
prediction model using the affine transformation (AT) and the extreme learning machine
(ELM). The results show that the proposed method is superior to other typical NIR analysis
methods. Yi Chen et al. [16] proposed convolutional neural networks (CNNs) combined
with NIR spectroscopy for tobacco leaf maturity level; experimental results showed that
the CNN discriminant models were able to precisely classify the maturity level of tobacco
leaves in three categories (upper, middle, and lower position) with accuracies of 96.18%,
95.2%, and 97.31%. Jingru Yang et al. [17] applies the basic convolution block, the residual
block, and the inverted residual block into the network architecture designs, proposed
TeaNet, TeaResnet, and TeaMobilenet for tea quality control, which reach up to a 100%
accuracy rate. Zhe Xu et al. [18] used DenseNet to predict the soil organic matter (SOM)
content based on visible and near-infrared spectroscopy, which achieved a result with
a coefficient of determination (R?) = 0.892 + 0.004 and a ratio of performance to devia-
tion (RPD) = 3.053 & 0.056 in validation. Liang Zou et al. [19] presents a one-dimensional
squeeze-and-excitation residual network (1D-SE-ResNet) to construct the complex rela-
tionship between pork freshness and NIR spectroscopy. Compared with five popular
classification models, 1D-SE-ResNet achieves classification accuracy of 93.72%.

This paper proposes a SE-DenseNet method; this model combines the DenseNet and
Squeeze-and-Excitation (SE) module, which can realize the automatic extraction of spectral
features. The established qualitative and quantitative models based on SE-DenseNet
achieve good determination results, which realized the nondestructive determination of
mechanical strength of coniferous wood by NIR spectroscopy.

2. Materials and Data
2.1. Specimen Preparation

In this study, three common coniferous woods, larch, hemlock, and mongolica, were
chosen as the experimental objects, with wood’s smooth grain compressive strength serving
as the mechanical index. In accordance with the standard GB/T 1935-2009 [20], standard
specimens were created with dimensions of 30 mm x 20 mm x 20 mm, with the length
along the grain direction. Finally, 200 specimens of larch, hemlock, and mongolica with
flawless smooth-grain compressive strength were obtained.
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2.2. Dataset Acquisition

As shown in Figure 1a, the NIR spectrometer utilized in this study is the Ocean Optics
(USA) NIRQuest512 spectrometer, which has a detection wavelength range of 900-1700 nm,
a spectral resolution of 3 nm, an indium gallium arsenic detector, and a full-signal signal-
to-noise ratio of 4000:1. The spectral data should be collected by controlling the stability
of the ambient temperature and humidity to eliminate the influence of the environment.
Before the collection, the instrument should be calibrated. The environmental spectrum is
first measured and stored as dark spectrum. Then, the whiteboard spectrum is measured
as a bright spectrum, and the wood spectrum data is measured after subtraction. This
can ensure that the collection is not affected by the instrument error. In this experiment,
diffuse reflectance spectra were collected at three different locations in the upper and
lower sections of the specimen. The average value was taken as the final spectrum of the
specimen, and SpectraSuite (Ocean Optics, Dunedin, FL, USA) software was used to control
the acquisition process. According to the standard GB/T 1935-2009 [20], the specimen
is placed at the center of the support of the WDW-100 universal testing machine (Kexin,
Changchun, China), Figure 1b shows the device. The load is applied at a uniform speed,
the specimen is destroyed within 1.5 min to 2.0 min, and the damage load is recorded. The
compressive strength is calculated as the damage load divides by the area under stress.

(a) (b)

Figure 1. Experimental data acquisition devices: (a) Spectral acquisition device; (b) Universal
testing machine.

3. Methods

As shown in Figure 2, after the spectral data and compressive strength data are col-
lected, the outlier samples are rejected first. Then, the spectra are processed, and dimension
reduction is performed. Finally, the Partial Least Squares Discriminant Analysis (PLS-DA),
Support Vector Machine (SVM), Random Forest (RF), DenseNet and SE-DenseNet meth-
ods are used to establish the qualitative classification model. The Partial Least Squares
Regression (PLSR), Support Vector Regression (SVR), and Extreme Learning Machine
(ELM), DenseNet and SE-DenseNet methods are used to establish the quantitative regres-
sion model.
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Figure 2. Technology Roadmap.

3.1. Data Preprocessing
3.1.1. Outlier Samples Rejection

Due to improper operation during the acquisition process, value entry error, model
misfit, and other reasons, there are usually a small number of outlier samples in the raw
data. In accordance with the standard GB/T 37969-2019 [21] and the standard GB/T 29858-
2013 [22], outlier samples must be eliminated prior to spectral preprocessing. The outlier
samples are divided into two categories: high leverage value samples, whose spectra
are significantly different from the average spectrum of the entire model sample, and
samples whose predicted values are significantly different from the reference values. In
this paper, high leverage value samples and reference value outlier samples are rejected by
constructing a full-wavelength PLSR quantitative model in TQ Analyst (Thermo, Waltham,
MA, USA).

3.1.2. Spectral Data Preprocessing

In the process of spectral acquisition, due to differences in acquisition time and
light, as well as issues with the instrument itself, the original spectrum often contains a
great deal of irrelevant information and noise; therefore, the original spectrum must be
appropriately preprocessed after acquisition [23]. Common spectral preprocessing methods
include baseline calibration methods represented by first-order derivative (D1) and second-
order derivative method (D2), smooth denoising methods represented by Savitzky-Golay
(SG) convolution smoothing, and Wavelet Transform (WT) to remove high-frequency
noise, scattering correction methods represented by Standard Normal Variables (SNV)
and Multiplicative Scattering Correction (MSC) to reduce the effect of solid particles. The
centering method represented by mean centering, normalization, and Vector Normalization
(VN) reduces the error caused by the mathematical operation of matrix inverse. In this
study, a large number of combined pretreatment methods were compared, and it was
determined that neither the baseline calibration method nor the normalization method
played a positive correction role. In this experiment, WT adopts db4 as the wavelet base
and uses soft threshold method for noise filtering. Finally, the combination of WT and MSC
was selected as the spectral pretreatment method.
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3.1.3. Spectral Dimensionality Reduction

Full-spectrum, near-infrared wavelengths contain a great deal of redundant infor-
mation; however, spectral data dimensionality reduction [24] can preserve the effective
information of the spectrum and thus improve the accuracy of the model prediction. Spec-
tral downscaling includes two types of methods, feature selection, and feature extraction.
Feature selection is the process of filtering feature wavelengths or feature bands using
specific methods, which do not alter the nature of the original feature space but rather select
key features to form a new low-dimensional space. In this paper, the Successive Projections
Algorithm (SPA) and the Competitive Adaptive Reweighted Sampling (CARS) [25] method
are used to select features. The objective of feature extraction is to transform the original
high-dimensional spectral data into a low-dimensional space in which each dimension is
independent of the others through a mapping relationship. The feature extraction methods
used in this paper are Principal Component Analysis (PCA) and locally linear embedding
(LLE) [26,27]. In this paper, the combination of CARS for feature selection and LLE for
feature extraction can remove redundant information to the greatest extent.

3.2. Traditional Modeling Methods

There are two main types of models for NIR spectral analysis: pattern recognition
models and quantitative correction models [28]. In this paper, conventional pattern recog-
nition models are employed. There are PLS-DA, SVM, and RF models, which primarily
accomplish the classification of coniferous tree species specimens and the preliminary
classification of specimen compressive strength grade and are advantageous to the rapid
identification of specimen mechanical properties in wood processing. The quantitative
regression models used in this paper are PLSR, SVR, and ELM, which primarily complete
the accurate prediction of mechanical values of coniferous tree species specimens.

3.3. SE-DenseNet
3.3.1. DenseNet

DenseNet [29] is a kind of Dense connected neural network, whose network structure
is similar to ResNet. First, a large-scale convolution is carried out; then a pooling layer
is connected, and then the Dense Block and Transition Layer are moved into several
consecutive submodules. Finally, a pooling and fully connected network structure is shown
in Figure 3 below. DenseNet accumulates the feature map of each layer with the feature map
of all previous layers in the dimension of channel number. Each layer of the network learns
the feature value in a small amount, and the feature is reused, which can reduce the amount
of computation, reduce redundancy, and solve the problem of gradient disappearance.

Transition Transition

Dense Block 1 '

Dense Block 2

Figure 3. DenseNet model diagram.

3.3.2. SE Module

The Squeeze-and-Excitation (SE) module is a computing unit, which learns the im-
portance of each channel of the input feature map, multiplies the obtained weight with
the corresponding channel, and outputs the calibrated feature map by the weight of each
channel [30]. It strengthens the useful features and weakens the useless features, so as to
improve the discrimination ability of the neural network. As shown in Figure 4, first, the
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feature graph X of the L-th layer is transformed into a tensor U; by convolution operation,
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Figure 4. SE module diagram.

In Equation (1), BN represents batch normalization processing; f(-) is the ReLU
function; WL~1 and W are the convolution kernel of size 1 by 1, 3 by 3, respectively.

Then, the Squeeze operation is carried out, which is the global pooling layer. The shape
of the feature graph [M, H, C| is compressed into [1,1, C], and the numerical distribution of
¢ channels in the feature graph of this layer is obtained. The mathematical description is
shown in Equation (2):

1 .
ze = Foy(uc) = MxH Zf\il Z]Iil ue(i, ) 2)

where, 1, represents the feature diagram of the c channel after the convolution operation.
z. is the feature diagram of the ¢ channel after Squeeze operation. M, H, C represent the
three-dimensional information of the eigenmatrix Uj.
Then the Excitation operation is carried out; its mathematical principle is shown in
Equation (3):
e = Fuul(2, W) = 0(g(z, W) = o(Waf (Wrzc) ©)

where, W; € R(C/B)xC; W, € RE*(C/B); ¢ is the Sigmoid function, § is the dimensional
transformation rate.

Finally, the c elements of the obtained scale matrix s. and the ¢ channels of the feature
graph Uj are corresponding and multiplied one by one to get the output Y = [y1y2 - - - yc|.
The mathematical principle is showed in Formula (4):

Y = Fscale<ucl SC) = Sc-Uc 4)

In Formula (4), s. represents the vector obtained after Squeeze and Excitation, and
its dimension is ¢; u. represents the feature map after the convolution operation, and the
number of channels is c.

The SE module, first Squeeze and then Excitation on the input, maps the feature
graph into a global real number in the channel unit, and finally multiplies the real number
corresponding to the input to complete the correlation learning of each channel of the
feature graph.

3.3.3. SE-DenseNet

SE-DenseNet proposed in this paper is to add the SE module after the 3 x 3 convolution
layer of each DenseNet structural block, and its model diagram is shown in Figure 5. The
dotted box is the process of Xj to X5, and the rest of the processes of Xy to X, are the same.
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Figure 5. SE-DenseNet model diagram.

Through this fusion mechanism, the network can not only realize the lossless transmis-
sion of the original input information, but also automatically learn the global information
to obtain the importance of each channel and then enhance the beneficial features and
suppress the useless features according to the importance to realize the adaptive calibration
of the feature channel. Table 1 lists the configurations of SE-DenseNet and DenseNet
respectively. Where c is the number of characteristic channels of the convolution layer, and
B is the dimension transformation rate of SE operation.

Table 1. SE-DenseNet network configuration information table.

SE-DenseNet DenseNet
Network Layer Matrix Structure Matrix Structure
Dimensions  Configuration Dimensions Configuration
Convolution nxn [3 x 3,2c] nxn [3 x 3,2¢]
Pooling — — n/2 xn/2 3 x 3 Max pooling
1x1, 4c 1x1, 4c
Block of structure nxn 3x3, ¢ | x6 n/2 xn/2 {3><3,c} <6
SE(c/B,c)
.. n/2xn/2 [1 x1,0.5¢]
Transition Layer nxn [1x1,0.5c] n/4 x n/4 2 x 2 Average pooling
Classification Layer 1x1 Global average pool, Fully-connected, softmax

As shown in Table 1, compared with the traditional DenseNet, SE-DenseNet has the
following innovations: (1) After the convolution transformation of each structural block,
the SE module is designed to carry out automatic weight calibration for the information of
each feature channel; (2) After the first convolution layer, the maximum pooling layer is
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removed, which can prevent the loss of low-level features caused by premature pooling
operation; (3) The average pooling operation is removed from the transformation layer
between structural blocks, only convolution is retained, and the global information is
retained under the condition of greatly reducing the computational parameters, so as to
enhance the robustness of the whole neural network.

3.4. Model Evaluation Index

The accuracy rate (ACC) and F1 value are the evaluation metrics of pattern recognition
models. Tables 2 and 3 and the following formula describe the calculation process of ACC
and F1. The F1 score is a statistical measure of the accuracy of a classification model that
takes into account both the precision and recall of the class model. In this paper, the F1
score is the average of the F1 scores obtained by building a dichotomy for each class.

G
acc = Te-1lss

where 7 is the number of all samples in the training set or validation set.

recision = L
P T TP+ FP
recall = L

" TP+FEN

F1— 2 x precision X recall
~ precision + recall

where TP is true positive, TN is true negative, FP is false positive, FN is false negative.

Table 2. Multiple classification confusion matrix.

Predicted Class
1 2 3 S G
1 ni n12 n13 T e
2 121 N2 13 e e
Actual class 3 131 n3p 133 . 36
G 11 e ng3 e nee

Table 3. Confusion matrix for two types of discriminant analysis.

Predicted Class

Positive Negative
Actual dl Positive TP FN
ctual class Negative FP N

The evaluation indexes of the quantitative regression models are correlation coefficient
(R), and root mean square error (RMSE). R is used to measure the degree of correlation
between variables, and the closer R is to 1 the better the effect. RMSE is used to measure
the deviation between the predicted value and the true value, and the smaller its value, the
better the effect.

2
n
Zi:1 (]/i,uctual - yi,predicted)
_ - — 5
Zi:l (yi,actual - ]/actual)

1 n 2
RMSE = \/11 2 (]/i,actual - yi,Predicted)

i=1

R =
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The software used in this paper is programmed through PyCharm Community Edition
2021.3, except for the anomalous sample rejection part, which is done in TQ software.

4. Results and Discussion
4.1. Data Preprocessing Results
4.1.1. Outlier Sample Rejection Results

The presence of outlier samples can have a significant impact on the effect of modeling;
therefore, outlier sample rejection must be performed prior to modeling. The spectra
and reference values were imported into the TQ software to establish the full-wavelength
PLSR model for larch, hemlock, and mongolica, respectively, and as shown in Figure 6,
there are a few samples with abnormally high leverage values and studentized residuals.
After removing the outlier samples, 179 samples of larch, 183 samples of hemlock, and
176 samples of mongolica were obtained. Figure 7 shows the spectral wavelengths before
and after the removal of the outlier samples, and the spectral distribution was more uniform
after the removal. Figure 8 shows the distribution of the reference values of the three conifer
samples after the removal of the outlier samples. The compressive strength of larch is
the greatest, followed by hemlock and mongolica, which is consistent with the spectral
response information.

Studentized Residual

O Calibration
B Ignore
T T T T T
Leverage 0.5

Figure 6. Outlier sample rejection for larch by TQ software.
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Figure 7. Spectral wavelengths of three coniferous wood: (a) Before the rejection of outlier sample;
(b) After the rejection of outlier sample.
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After outlier samples are removed
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Figure 8. Distribution of reference values of three coniferous wood samples after the rejection of
outlier sample.

4.1.2. Spectral Preprocessing Results

After rejecting the outlier samples, the spectra are subjected to preprocessing opera-
tions. In general, the processing sequence begins with a derivative for baseline correction,
followed by smoothing and denoising, and then scattering correction and normalization.
This study establishes a full-wavelength PLSR model, where n components = 3 for PLSR.
The commonly used sample selection methods include random selection, Kennard-Stone
(K-S), and Sample set Partitioning Based on Joint X-Y Distances (SPXY). The SPXY is gen-
erally superior to K-S and random selection [31]. Therefore, the SPXY sample selection
method is chosen to divide the training set and test set by 4:1. The remaining one is used to
validate the model. In this study, a 5-fold cross-validation is employed, and the training
set and validation set are divided in accordance with the 4K principle of the standard
GB/T 29858-2013 [22], which states that the number of samples in the validation set must
be at least four times the number of principal components. The window length of SG is
seven, and the order of polynomial fitting is three. The Daubechies wavelet is chosen as the
wavelet transform.

Spectrum of three coniferous woods before and after preprocessing are shown in
Figure 9. Using larch as an example, Table 4 compares the prediction results of a number
of methods.

Absorbance
Absorbance
Absorbance

1000 1200 1400 1600 1000 1200 1400 1600 1000 1200 1400 1600
Wavenumber(nm) Wavenumber(nm) Wavenumber(nm)

(a) (b) ()

Absorbance
= 2
» o
Absorbance
o o
S o

Absorbance

°
N
o
N

1000 1200 1400 1600 1000 1200 1400 1600 1000 1200 1400 1600
Wavenumber(nm) Wavenumber(nm) Wavenumber(nm)

(d) (e) )

Figure 9. WT + MSC for spectral preprocessing of three coniferous wood: (a) Raw spectrum for larch;
(b) Raw spectrum for hemlock; (c) Raw spectrum for mongolica; (d) Preprocessed spectrum for larch;
(e) Preprocessed spectrum for hemlock; (f) Preprocessed spectrum for mongolica.
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Table 4. Comparison of results of spectral preprocessing methods for larch.

Cross-Validation Set Test Set
Pretreatment Method

RMSECV:MPa  RCV RMSEP: MPa RP
Original spectrum 3.6918 0.5594 3.9972 0.5157
D2 + WT + MSC + VN 6.6329 0.0318 6.2443 0.1465
WT + MSC + VN 2.4617 0.7354 2.4609 0.7359
D1 + WT + MSC 5.1621 0.4291 5.6343 0.3716
WT + MSC 2.2640 0.7550 2.3660 0.7453
WT + SNV 2.3657 0.7455 24513 0.7373
WT 3.2146 0.6294 3.3429 0.6174
SG 3.2519 0.6289 3.3876 0.6162
SG + MSC 2.5960 0.7278 2.5145 0.7317

As shown in Table 4, the effect of direct modeling of the original spectrum is poor, and
the correlation coefficient on the test set is 0.5157. Using smooth denoising methods (e.g.,
WT, SG, etc.) alone can improve the modeling effect to a certain extent. The smooth denois-
ing method combined with scattering correction can eliminate the spectral background and
noise to the greatest extent. For example, the WT + MSC combination method can obtain
the most accurate prediction results, and the correlation coefficient on the test set is 0.7453.

However, in this experiment, the derivative methods play a negative correction role
and reduce the prediction result. At the same time, the normalization treatment is not
helpful to improve the accuracy of the model. This shows that there is a litter baseline drift
problem in this experiment. MSC and other scattering correction methods are suitable for
diffuse reflection spectrum and can eliminate light scattering caused by uneven sample
distribution [32]. WT can eliminate the spectral background and improve the stability of
the model [33].

4.1.3. Spectral Dimensionality Reduction Results

After completing the spectral preprocessing, additional spectral dimensionality reduc-
tion was performed. In this experiment, the SPA and CARS feature selection methods, and
the PCA and LLE feature extraction methods were used [27]. Due to the random nature of
the results of both feature selection methods [34], the experiment is repeated five times for
feature selection, and the minimum RMSECYV is taken as the final result.

Using larch as an example, Figures 10 and 11 display the results of SPA and CARS fea-
ture selection. In Figure 10a, RMSE on the cross-validation set showed a trend of decreasing
first, then increasing, and then finally stabilizing with the increase of the wavelength vari-
able. The optimal number of variables was finally selected as 10, whose selection position
was shown in Figure 10b. CARS algorithm is a method based on Monte Carlo sampling.
As shown in Figure 11, RMSE on the cross verification set showed a trend of decreasing
first and then increasing with the increase of Monte Carlo iterations. The optimal number
of iterations was finally selected as 19, and the number of selected wavelength variables
was 66.

The number of principal components retained after feature extraction by PCA, and
CARS-LLE method was 10 and 6, respectively. The cumulative variance ratio of the first two
principal components retained by PCA and CARS-LLE method was 78.69% and 87.767%,
respectively. Figure 12 shows the distribution of principal component scores after PCA
and CARS-LLE have extracted features. As shown in Figure 12, PCA, as a linear extraction
method, extracts spectral features independently of each other, whereas LLE maintains the
local linear features of the sample while downscaling.
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Figure 10. SPA feature selection results: (a) Optimal number of variables; (b) Location of feature.
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Figure 11. CARS feature selection results.
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Figure 12. Distribution of principal component scores: (a) PCA (PC1: Variance = 60.613%, PC2:
Variance = 18.077%); (b) CARS-LLE (PC1: Variance = 67.685%, PC2: Variance = 20.082%).

Figure 13 depicts the learning curve plots of the training samples before and after
spectral dimensionality reduction. Figure 13 shows that the decision coefficient scores
of the cross-validation set after dimensionality reduction are higher than those before
dimensionality reduction, and that the scores of the training and validation sets tend to
remain stable as the number of training samples increases. Figure 14 depicts validation
curve plots of PLS principal component number before and after spectral dimensionality
reduction. It can be seen that the optimal principal component number of the model is 3,
and that increasing the principal component number further will result in overfitting. The
comparison of the prediction results of each method is shown in Table 5.
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Figure 13. Learning curve of training samples: (a) Before dimension reduction; (b) After dimension
reduction with CARS-LLE.
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Figure 14. Validation curve of PLS principal component number: (a) Before dimension reduction; (b)
After dimension reduction with CARS-LLE.

Table 5. Comparison of results of spectral dimensionality reduction methods.

Number of Cross-Validation Set Test Set
Methods

Features RMSECV: MPa RCV RMSEP: MPa RP
SPA 10 1.9881 0.7879 2.0378 0.7852
CARS 66 1.9006 0.8106 1.9158 0.8033
PCA 10 2.0214 0.7852 2.0554 0.7827
LLE 7 1.9121 0.8078 1.9189 0.8025
CARS+PCA 13 1.7293 0.8319 1.6970 0.8382
CARS+LLE 6 1.6031 0.8523 1.6658 0.8498

As shown in Table 5, all methods are based on WT + MSC spectrum pretreatment.
The modeling effect of the preprocessed spectrum is improved to a certain extent after di-
mensionality reduction. Wavelength selection methods (SPA, CARS) and feature extraction
methods (PCA, LLE) are not very different when used alone. CARS has better prediction
results than SPA; LLE is superior to PCA. When the two are combined, the prediction
effect of the model is improved to some extent. Among them, CARS-LLE obtained the best
prediction results, and the correlation coefficient reached 0.8498 in the larch test set.

Compared with the single variable selection method, the combination method can
make use of the complementarity between different algorithms to first select the wave-
length variable or wavelength interval, and then select fewer and more effective variables,
which can eliminate the redundant information in the high-dimensional spectrum to the
greatest extent.
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4.2. Modeling Results
4.2.1. Classification of Coniferous Tree Species

After completing the preceding data preprocessing tasks, we began to construct the
model using Random Searching and Grid Search to determine the optimal hyperparam-
eters for the employed methods. The method of RF was used for softwood specimen
classification. The number of classifiers was 15, and the classification accuracy on the test
set was 100%. Figure 15 displays the classification results of three coniferous woods.
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Figure 15. RF classification results of three coniferous woods: (a) Sample distribution of training set;
(b) Confusion matrix of the test set.

As shown in Figure 15, the RF model can be used to achieve accurate classification
of specimens of three coniferous tree species. Therefore, comparison of other modeling
methods is not carried out in this part. However, we can learn that the removal of abnormal
samples can make the obtained spectra more representative, and the application of NIRS
analysis technology can realize the accurate determination of tree species [8].

4.2.2. The Results of the Classification of the Mechanical Strength Level

The mechanical reference values of the three types of coniferous wood were initially
categorized into mechanical strength classes, allowing for a rapid and preliminary classi-
fication of the specimen’s mechanical properties during wood processing. The division
results are shown in Table 6 below.

Table 6. Mechanical strength level classification.

Range of Values Grade 1: MPa Grade 2: MPa
larch 54.9-64.8 64.8-78.6
hemlock 40.2-52.3 52.3-59.8
mongolica 35.2-46.2 46.2-52.4

PLS-DA, SVM, RF, DenseNet, and SE-DenseNet algorithms were used to construct the
classification model. The number of PLS factors selected by PLS-DA was 3; SVM penalty
coefficient C set at 2.0; sigmoid kernel function selected with kernel function coefficient
gamma set at 0.0001; the number of RF classifiers set at 13; the number of layers in the
SE-DenseNet model is 58; and dimension transformation rate § is 12.

Table 7 displays a comparison of various methods and modeling results for various tree
species. According to Table 7, in the traditional classification model, compared with PLS-
DA and SVM, RF has better classification effect, but the results obtained by this method are
often unstable. The DenseNet method can achieve end-to-end prediction without complex
dimension reduction processing. After the introduction of the SE module, the SE-Densenet
model established has obtained the optimal prediction performance. The test set accuracy
of larch, hemlock, and mongolica were 0.8889, 0.8108, and 0.8571, respectively. The above
results indicate that NIRS combined with deep learning can be used for the preliminary
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identification of the mechanical strength grade of the species. Additionally, it has important
reference value for rapid identification of mechanical properties in wood processing.

Table 7. Comparison of the results of the classification methods of strength level.

Cross-Validation Set Test Set
Tree Species Methods
ACCCV F1CV ACCP F1P
WT + MSC, CARS + LLE, PLS-DA  0.7931 0.7752 0.7777 0.7498
WT + MSC, CARS + LLE, SVM 0.8276 0.8142 0.8333 0.8267
larch WT + MSC, CARS + LLE, RF 0.8540 0.8379 0.8333 0.8267
WT + MSC, DenseNet 0.8342 0.8328 0.8540 0.8454
WT + MSC, SE-DenseNet 0.8611 0.8601 0.8889 0.8831
WT + MSC, CARS + LLE, PLS-DA  0.7688 0.7624 0.7543 0.7499
WT + MSC, CARS + LLE, SVM 0.7854 0.7745 0.7637 0.7591
hemlock WT + MSC, CARS + LLE, RF 0.8065 0.8012 0.7965 0.7825
WT + MSC, DenseNet 0.7854 0.7729 0.7965 0.7876
WT + MSC, SE-DenseNet 0.8276 0.8201 0.8108 0.8016
WT + MSC, CARS + LLE, PLS-DA  0.7462 0.7387 0.7354 0.7321
WT + MSC, CARS + LLE, SVM 0.7688 0.7539 0.7428 0.7456
mongolica WT + MSC, CARS + LLE, RF 0.8067 0.7976 0.8142 0.8078
WT + MSC, DenseNet 0.7928 0.7863 0.8142 0.8046
WT + MSC, SE-DenseNet 0.8214 0.8159 0.8571 0.8381

True Positive Rate (Positive label: 1.0)

Figure 16 depicts the SE-DenseNet model cross-validation set ROC curve and test
set confusion matrix. The ROC curves could evaluate the quality of the models, and the
area under the ROC curve (AUC) of the three needle-leaf materials reached 0.8, indicating
that these models had good classification effects. As shown in Figure 16, the AUC of the
cross-validation set ROC curve of the three coniferous woods were both above 0.8. The
results of the confusion matrix of three conifers on the test set also show that SE-DenseNet
has a good classification effect on the preliminary identification of mechanical grade.
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Figure 16. SE-DenseNet for three coniferous wood’s mechanical strength binary classification:
(a) Cross-validation set ROC curve for larch; (b) Cross-validation set ROC curve for hemlock; (c) Cross-
validation set ROC curve for mongolica; (d) Test set confusion matrix for larch; (e) Test set confusion
matrix for hemlock; (f) Test set confusion matrix for mongolica.
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4.2.3. Numerical Regression Results of the Mechanical Strength

Finally, a quantitative regression model of mechanical strength values was established,
and PLSR, SVR, ELM, DenseNet, and SE-DenseNet algorithms were used for compari-
son. The number of PLS factors selected by PLSR was 3; SVR penalty factor C was 1.5,
and sigmoid kernel function was selected with a kernel function coefficient gamma of
0.001; the number of ELM hidden nodes was 9; the number of layers in the SE-DenseNet
model is 42; and dimension transformation rate § is 8. The cross-validation set and test
set prediction results of the SE-DenseNet model are shown in Figure 17 below. Table 8
provides a comparison of various modeling techniques and the modeling results for various
tree species.
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Figure 17. SE-DenseNet for three coniferous wood’s mechanical strength regression: (a) Cross
validation and prediction results for larch; (b) Cross validation and prediction results for hemlock;
(c) Cross validation and prediction results for mongolica.

Table 8. Comparison of results of numerical regression methods.

Cross-Validation Set Test Set
Tree Species Methods
RMSECV: MPa RCV RMSEP: MPa RP
WT + MSC, CARS + LLE, PLSR 1.6031 0.8523 1.6658 0.8498
WT + MSC, CARS + LLE, SVR 1.4019 0.8765 1.4165 0.8733
larch WT + MSC, CARS + LLE, ELM 1.4302 0.8722 1.4387 0.8679
WT + MSC, DenseNet 1.3371 0.8859 1.3582 0.8768
WT + MSC, SE-DenseNet 1.2636 0.9107 1.2389 0.9144
WT + MSC, CARS + LLE, PLSR 1.6215 0.8485 1.6659 0.8368
WT + MSC, CARS + LLE, SVR 1.4348 0.8542 1.5274 0.8495
hemlock WT + MSC, CARS + LLE, ELM 1.3852 0.8659 1.3518 0.8705
WT + MSC, DenseNet 1.3055 0.8726 1.3243 0.8717
WT + MSC, SE-DenseNet 1.1975 0.9117 1.2293 0.8957
WT + MSC, CARS + LLE, PLSR 1.4898 0.8577 1.5546 0.8465
WT + MSC, CARS + LLE, SVR 1.5364 0.8469 1.4966 0.8541
mongolica WT + MSC, CARS + LLE, ELM 1.2895 0.8698 1.2991 0.8684
WT + MSC, DenseNet 1.2128 0.9015 1.2376 0.8874
WT + MSC, SE-DenseNet 1.1664 0.9207 1.2244 0.8950

As shown in Figure 17, the SE-DenseNet model has achieved good results on the cross-
validation and test set of three coniferous woods. According to Table 8, ELM is slightly
superior to PLSR and SVR in traditional methods. The DenseNet model was comparable
to the ELM model in larch and hemlock but showed a big improvement in mongolica.
After the introduction of the SE module, the SE-Densenet model was established to obtain
the optimal prediction performance for the three species. The RP of larch, hemlock, and
mongolica were 0.9144, 0.8957, and 0.8950, respectively. Larch had a relatively better
predictive performance, which may be due to the spectral pretreatment for larch. The above
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results indicate that NIRS combined with SE-DenseNet can be utilized for the accurate
determination of coniferous wood’s compressive strength, which is of great significance to
the rational processing and utilization of wood.

5. Conclusions

In this paper, three kinds of coniferous wood—Ilarch, hemlock, and mongolica— were
taken as experimental objects, and the application of NIRS combined with deep learning
in the determination of wood mechanical properties was studied. The outlier samples’
rejection, spectral preprocessing, spectral dimensionality reduction, model selection, and
hyperparameter adjustment all have significant influence on the modeling effect. The
SE module improves the sensitivity of the DenseNet model to channel features, and the
SE-DenseNet model can automatically and effectively extract low-dimensional features
from high-dimensional spectra, which can effectively predict the mechanical strength of
coniferous wood. NIRS combined with deep learning methods has a broad application
prospect in wood and other fields.
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