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Abstract: Convolutional neural networks (CNNs) have demonstrated their efficacy in remote sensing
applications for mountain forest classification. However, two-dimensional convolutional neural
networks (2D CNNs) require a significant manual involvement in the visual interpretation to obtain
continuous polygon label data. To reduce the errors associated with manual visual interpretation and
enhance classification efficiency, it is imperative to explore alternative approaches. In this research,
we introduce a novel one-dimensional convolutional neural network (1D CNN) methodology that
directly leverages field investigation data as labels for classifying mountain forest types based on
multiple remote sensing data sources. The hyperparameters were optimised using an orthogonal
table, and the model’s performance was evaluated on Mount Emei of Sichuan Province. Comparative
assessments with traditional classification methods, namely, a random forest (RF) and a support
vector machine (SVM), revealed superior results obtained by the proposed 1D CNN. Forest type
classification using the 1D CNN achieved an impressive overall accuracy (OA) of 97.41% and a kappa
coefficient (Kappa) of 0.9673, outperforming the U-Net (OA: 94.45%, Kappa: 0.9239), RF (OA: 88.99%,
Kappa: 0.8488), and SVM (OA: 88.79%, Kappa: 0.8476). Moreover, the 1D CNN model was retrained
using limited field investigation data from Mount Wawu in Sichuan Province and successfully
classified forest types in that region, thereby demonstrating its spatial-scale transferability with an
OA of 90.86% and a Kappa of 0.8879. These findings underscore the effectiveness of the proposed 1D
CNN in utilising multiple remote sensing data sources for accurate mountain forest type classification.
In summary, the introduced 1D CNN presents a novel, efficient, and reliable method for mountain
forest type classification, offering substantial contributions to the field.

Keywords: mountain forest; classification; one-dimensional convolutional neural network; Sentinel-1;
Sentinel-2

1. Introduction

The mountain ecosystem is an important component of terrestrial ecosystems, with
high levels of biodiversity, uniqueness, and resilience to environmental stress [1,2], and
is a hotspot for international global change research. However, it is highly susceptible to
climate change, land-use alteration, and human activities [3–5]. Mountain forest is essential
in regulating global biogeochemical cycles [6] and preventing soil erosion to keep the
environment stable [7]. Moreover, it is a crucial source of ecosystem services, including
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water and carbon storage [8,9], and provides essential habitats for some valuable wildlife
species to facilitate their survival and reproduction [10]. Therefore, comprehending the dis-
tribution and characteristics of mountain forest types is imperative to better understand the
ecological and climatic changes in the mountain ecosystem [11]. The mountain ecosystem is
susceptible to vegetation diversity and distribution patterns. Variable topography and high
altitudes result in different forest types and spatial distributions [12]. Traditional methods
for surveying mountain forests rely on field investigation. In China, vegetation types were
obtained by grouping plant communities of relatively similar structures. The forest types
currently in use include: deciduous needleleaf forests, deciduous and evergreen needleleaf
mixed forests (mixed forests dominated by deciduous and evergreen needleleaf trees where
both deciduous and evergreen needleleaf have an importance value of less than 75%),
evergreen needleleaf forests, needleleaf and broadleaf mixed forests (the plant community
consists of a mixture of needleleaf and broadleaf trees; both needleleaf and broadleaf have
an importance value of less than 75%; broadleaf trees include both deciduous and evergreen
trees), deciduous broadleaf forests (mainly distributed in temperate and warm temperate re-
gions and subtropical mountains), evergreen and deciduous broadleaf mixed forests (plant
community consisting of a mixture of evergreen broadleaf trees and deciduous broadleaf
trees; community types are extremely rich), evergreen broadleaf forests (distributed in
the subtropical and humid north tropical mountains, and the sclerophyllous evergreen
broadleaf forests are combined as a vegetation subtype in this vegetation type to reflect its
ecological uniqueness), rainforests (distributed in the humid tropics; the plant community
is composed of evergreen broadleaf trees with a height of more than 30 m), monsoon
rainforests (distributed in areas with distinct wet and dry seasons under the influence of the
tropical monsoon climate), mangrove forests (distributed in the tropical and neighbouring
subtropical beaches, especially on salt marsh soils), and bamboo forests (the dominance of
established species is usually very high, even in the form of pure forests) [13,14]. Although
these methods and classification results provide a high accuracy, they are time-consuming,
data-lagging, and pose challenges in rapid classification and periodic-change monitoring
over large areas [15]. Remote sensing is a technique that employs various sensors to acquire
information about the Earth’s surface and atmosphere from afar [16]. Vegetation classifica-
tion based on remote sensing imagery involves interpreting satellite images and extracting
vegetation information based on images’ colour, texture, tone, shape, and association in-
formation [17]. Compared to traditional field investigations, remote sensing can obtain
information on forests across large and inaccessible areas without destroying the forest
ecosystem [18]. It can be widely used to classify forest types and assess changes over time.

Regarding remote sensing data sources, employing medium-resolution remote sensing
data enables the classification and monitoring of dynamic changes in forests at a large
scale [19–21]. The Sentinel-2 mission consists of two satellites, Sentinel-2A and Sentinel-2B,
launched by the European Space Agency (ESA) in 2015 and 2017, respectively, with a higher
spatial resolution (10 m) and shorter revisit time (5 days) [22], and they are widely used
for forestry and agriculture [23–25]. Meanwhile, Sentinel-2 provides multiple red-edge
vegetation bands that are highly sensitive to chlorophyll content and can distinguish be-
tween different vegetation types, improving forest classification accuracy [26,27]. However,
optical satellite sensors are susceptible to cloudiness, which poses a challenge in obtaining
cloud-free images over large study areas [28]. The integration of Sentinel-2’s optical data
with Sentinel-1’s synthetic aperture radar (SAR) data for vegetation classification is cur-
rently a new research trend [29–32]. Sentinel-1, also launched by ESA in 2014, can provide
SAR data independent of weather conditions, which makes it increasingly important for
forest classification and monitoring [33,34]. Combining optical and SAR data for forest
classification can improve accuracy [35–37].

Regarding classification methods, traditional approaches rely on the visual interpre-
tation of satellite or aerial imagery, which involves the manual identification of different
forest types based on visual characteristics such as colour and texture [38]. Although
this technique is effective, it is limited by its subjectivity and the inability to distinguish
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between similar forest types, as well as being time-consuming [17]. Subsequently, research
has shifted towards forest classification through remote sensing indices, machine learning,
and object-oriented methods. Vegetation indices such as the normalised difference vege-
tation index (NDVI) and enhanced vegetation index (EVI) have been proven effective in
forest type classification [39]. The intricate distribution of mountain forest often results
in indistinct boundaries between ecological communities, and the presence of internal
logging activities further exacerbates the uncertainty associated with forest information
extraction [40]. To address this challenge, machine learning methods leverage the inherent
shallow features present in remote sensing images and employ a layered iterative approach
to mitigate the uncertainties encountered during mountain forest information extraction.
Through this iterative process, the extraction of mountain forest information is optimised,
enhancing the accuracy and reliability of the results [41,42]. Object-oriented classification
can better preserve spatial information and reduce noise in the classification results com-
pared to traditional pixel-based classification methods, thus improving the accuracy [43,44].
Combining machine learning and object-oriented methods has demonstrated promising
results in forestry [45,46].

With the development of image analysis and computer vision, deep learning becomes
the new research hotspot for remote sensing [47]. Deep learning is characterised by a
significant increase in the number of neural layers compared to shallow neural networks.
Increasing the number of layers allows one to acquire higher-level properties and more
abstract concepts and reveal more complex hierarchical relationships. A series of studies
have shown that deep learning can enhance the acquisition of vegetation information in
remote sensing data [48–50]. A convolutional neural network (CNN) is a deep learning
algorithm which can automatically learn and recognise complex patterns in image data.
This algorithm has achieved promising results in various remote sensing applications,
including forestry [51].

Previous studies mainly utilised the semantic segmentation model for forest type or
tree species classification and dynamic monitoring [52,53]. These classification methods
require continuous polygon label data, usually from visual interpretation, existing datasets,
or measured map data provided by government departments [54–56]. However, visual in-
terpretation requires expert knowledge and can be time-consuming, existing datasets have
a limited area coverage, and the measured map data provided by government departments
are often outdated (usually renewed once every five years or longer). However, forest field
investigations are usually conducted in the form of sample points, plots, or lines, and the
process of converting those data into continuous polygon label data is time-consuming. To
address these challenges, alternative approaches are needed. One promising solution is
the utilisation of a one-dimensional convolutional neural network (1D CNN), which is par-
ticularly suited for processing one-dimensional signals and has been successfully applied
in various domains such as automatic speech recognition, real-time electrocardiography
monitoring, and building structure damage detection [57–59]. The advantage of 1D CNN
lies in its ability to directly utilise field investigation data as training samples, leveraging the
relevant and accurate information obtained from these on-site investigations. Meanwhile,
a 1D CNN has a lower computational complexity and fewer parameters compared to a
two-dimensional convolutional neural network (2D CNN), requiring less hardware device
capability [60]. The 1D CNN has been widely used in agricultural remote sensing image
classification in past research and achieved good results [61–63]. Despite the success of
the 1D CNN in various applications, its potential for mountain forest type classification
has been relatively underexplored in previous studies. Due to the intricate topography of
mountainous regions and the indistinct demarcations among various forest types, there
is a demand for further investigation into the integration of multi-seasonal multispectral
data, SAR data, and topographical data. This integration is imperative for the development
of a 1D CNN with a high accuracy and transferability in classifying mountain forest types.

This study focuses on Mount Emei, renowned for its well-preserved subtropical
mountainous primary forest landscape, as the research area. The main forest types on
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Mount Emei include evergreen broadleaf forests, evergreen and deciduous broadleaf mixed
forests, deciduous broadleaf forests, needleleaf and broadleaf mixed forests, and evergreen
needleleaf forests [64]. Based on our field investigation data, we classified the forest types on
Mount Emei into four categories: evergreen broadleaf forests, deciduous broadleaf forests,
evergreen needleleaf forests, and shrubland. The first three forest types are consistent with
the existing forest type classification system in China, and in order to more accurately
reflect the vertical distribution of forests in the study area, we introduced shrubland into
the classification results. This addition serves the purpose of more accurately reflecting the
vertical distribution of forests across the study area. Including shrubland as an additional
category enhances the reflection of vegetation distribution at varying altitudes within the
study area. In order to fully leverage field investigation data and reduce the influence of
manual prior knowledge on the sample generation process, we propose a novel 1D CNN
approach to classify mountain forest types and explore the potential of the 1D CNN in
forest type classification in mountainous regions. Firstly, we utilise multiple data sources,
including Sentinel-2 optical data, Sentinel-1 SAR data, vegetation indices, texture features,
and elevation data, for forest type classification by optimising the model hyperparameter
settings using an orthogonal table. Then, we achieve high-precision classification results
within the study area. Additionally, we validate the transferability of the proposed model
in another region, Mount Wawu. This study contributes to the advancement of mountain
forest type classification by proposing a novel 1D CNN approach that effectively leverages
field investigation data and multiple remote sensing data information. The achieved
high accuracy, transferability, and efficiency of the proposed model offer valuable insights
for future research and practical applications in forest monitoring, conservation, and
management in mountainous regions.

2. Study Area and Materials
2.1. Study Area

Mount Emei is located in the transition zone between the Sichuan Basin and the eastern
edge of the Tibetan Plateau (103◦10′30′′~103◦37′10′′ E, 29◦6′30′′~29◦43′42′′ N) (Figure 1).
The elevation rises gradually from 551 m to 3099 m, with a relative height difference of
about 2600 m. At the foothills of Mount Emei, the annual average temperature ranges
from 2 to 17 ◦C. The average temperature during the coldest month is 7 ◦C, while during
the hottest month, it reaches an average of 26.3 ◦C. The accumulated temperature with a
daily average temperature exceeding 10 ◦C amounts to 5490.3 ◦C. Due to the significant
difference in elevation, there is a considerable contrast in climate between the mountain
top and the foothills. The annual average temperature at the summit is only 3.1 ◦C, with
an average temperature of −6.1 ◦C during the coldest month and 11.9 ◦C during the
hottest month. The accumulated temperature with a daily average temperature above
10 ◦C stabilises at 586.4 ◦C. The monsoon brings warm and moist air, resulting in abundant
precipitation across the entire mountain. The annual average precipitation at the mountain
top is 1958.8 mm, while at the foot of Mount Emei, it amounts to 1693.8 mm.

It is situated in a special location with biodiversity, a long evolutionary history, and a
rich type of mountain features, forming a rich forest type and a clear vertical distribution. The
vertical distribution from the foothills to the summit comprises evergreen broadleaf forest,
evergreen and deciduous broadleaf mixed forest, deciduous broadleaf forest, evergreen needle-
leaf forest, and subalpine shrubland. The community composition of evergreen broadleaf
forests is dominated by the Lauraceae family, with a mixture of Fagaceae, Euphorbiaceae, and
other species. Deciduous broadleaf forests are primarily dominated by Fagaceae species. The
dominant tree species in evergreen needleleaf forests is the Abies genus. Shrublands are widely
distributed in areas where Abies forests have been disturbed, and they are mainly composed of
bamboo species. This rich diversity of forest types contributes to the unique natural landscape
of Mount Emei. The mountain’s natural vegetation landscape is well-preserved and represents
an ideal location for studying the vertical distribution of mountain forests in the East Asian
subtropical monsoon climate zone.
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Figure 1. Overview of the study area. (a) The location of Sichuan Province. (b) The location of
the study area. (c) The study area and field investigation sample plots for classification. (d) The
transferability assessment area and field investigation sample plots.

Mount Wawu, situated in the transitional region between the Sichuan Basin and the
eastern edge of the Tibetan Plateau (102◦55′30′′~102◦59′30′′ E, 29◦37′30′′~29◦44′00′′ N)
(Figure 1), represents another location of interest. It exhibits an elevation range spanning
from 1154 m to 2830 m, with a relative height difference of about 1676 m. Moreover, the
forest type composition at Mount Wawu is similar to that of Mount Emei. Consequently,
Mount Wawu was selected as a suitable site to assess the transferability and generalisation
capability of the proposed 1D CNN model.

2.2. Datasets and Preprocessing
2.2.1. Sentinel-1 Data

Sentinel-1 is an Earth observation satellite mission launched by the ESA in 2014,
consisting of two satellites carrying C-band SAR, which provides continuous imagery
(independent of day, night, and all types of weather). The level-1 ground range detected
(GRD) data were acquired through Google Earth Engine (GEE, https://earthengine.google.
com/ (accessed on 21 August 2023)) and were processed as follows: (1) applying the
orbit file, (2) GRD border noise removal, (3) thermal noise removal [65], (4) radiometric
calibration, (5) terrain correction [66,67]. The VV and VH backscatter coefficients were
used as input data for the classification model after the preprocessing. In order to ensure
temporal coherence with the acquisition time of the Sentinel-2 images, the Sentinel-1 winter
image was acquired on 17 January 2021, and the summer image on 9 August 2021.

https://earthengine.google.com/
https://earthengine.google.com/
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2.2.2. Sentinel-2 Data

Sentinel-2 is a satellite system that can provide wide-format, high-resolution, multi-
spectral images to support Earth observation studies, including the monitoring of forest,
soil, water, and built-up areas [20,68–70]. Sentinel-2 has four 10 m bands (visible and
near-infrared), six 20 m bands (red-edge vegetation and short-wave infrared) and three
60 m bands (for detection and atmospheric correction) [71]. In this study, we used atmo-
spherically corrected L2A data and resampled the red-edge vegetation and short-wave
infrared bands to a spatial resolution of 10 m by the nearest neighbour method [21,22]. We
used multiple-time images (summer and winter) to improve the classification accuracy,
because the seasonal variability in spectral information of distinct forest types is quite differ-
ent (e.g., the less varying spectral information of evergreen forest compared to deciduous
forest). The selected winter image was acquired on 14 January 2021, and the summer image
was acquired on 2 August 2021. Both cloud-free images were also obtained from GEE.

2.2.3. Elevation Data

Since topography significantly influences forest types distribution in mountain ecosystems,
adding topographic indicators into the classification can effectively improve accuracy [72]. The
elevation data derived from the Shuttle Radar Topography Mission (SRTM) were utilised in
this study. SRTM is an international research effort that obtained digital elevation models
on a near-global scale [73]. The data were obtained through GEE and resampled to 10 m by
cubic convolution interpolation.

2.2.4. Reference Data

In this study, field investigation data from the Forest Germplasm Resources and
Valuable Trees Survey Project on Mount Emei were utilised as the reference data. The
data were obtained by our research group through a field investigation between 2019 and
2020. The investigation data include the coordinates of the sample plots, forest types,
and environmental factors. A total of 724 sample plots were selected as the reference
data. The forest type of each sample plot was ascribed based on the type that occupied
more than 50% of the area within the sample area. The final classification types included
evergreen broadleaf forest (EBF), deciduous broadleaf forest (DBF), evergreen needleleaf
forest (ENF), and shrubland. The selected sample plots were divided into a training set
(60%), a validation set (20%), and a test set (20%) (Table 1). The division was based on two
principles: (1) these sets were independent of each other, (2) the sample plots in all sets
were evenly distributed.

Table 1. Number of sample plots.

Forest Type Total Sample Plots Training Set Validation Set Test Set

EBF 224 134 45 45
DBF 200 120 40 40
ENF 200 120 40 40

Shrubland 100 60 20 20

Based on the sample plot size of 30 m × 30 m, we selected all pixels within 30 m of the
centre for each plot to generate the reference dataset to support subsequent model training.
After the selection of the pixels, a total of 19,907 pixels were obtained (Table 2).

Table 2. Number of sample pixels.

Forest Type Total Sample Pixels Training Set Validation Set Test Set

EBF 6215 3688 1260 1267
DBF 5534 3330 1107 1097
ENF 5529 3327 1103 1099

Shrubland 2629 1595 513 521
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3. Methods

This study aimed to develop a 1D CNN for mountain forest classification, which
consisted of two primary parts. The first part was data preprocessing, including Sentinel-2
optical data, Sentinel-1 SAR data, and elevation data. Meanwhile, the OTSU method and
remote sensing indices were employed to obtain the vegetation area of Mount Emei. The
second part was model training and assessment, including model construction, hyper-
parameter tuning, and model iteration. Performance evaluation metrics such as overall
accuracy (OA) and kappa coefficient (Kappa) were employed to assess the accuracy of
the model. Furthermore, to assess the transferability of the model, it was applied to the
forest type classification of another region (Mount Wawu). The detailed process is shown
in Figure 2.
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3.1. Extracting Vegetation Area

The normalised difference built-up index (NDBI) has been widely used in remote
sensing and GIS, mainly for extracting urban built-up areas and monitoring land-use
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changes [74] (Equation (1)). In this study, we removed nonvegetation areas with masks
derived from the NDBI to exclude the influence of these regions.

NDBI =
Swir− Nir
Swir + Nir

(1)

where Nir stands for near-infrared band and Swir for short-wave infrared band.
The threshold method is widely used in image classification, particularly in binary

classification, because of its efficiency and simplicity. To rapidly extract the nonvegetation
areas, the OTSU thresholding method was employed. The OTSU algorithm, also known as
the maximum interclass variance method, is an efficient algorithm for image binarisation.
The method determines the optimal threshold value that maximises the interclass variance
based on the image’s greyscale values and divides it into foreground and background [75].
Due to its robust and reliable classification results, OTSU has been widely applied in various
image processing and computer vision applications [76]. The NDBI values of nonvegetation
areas differ significantly from the vegetation areas. Thus, employing the OTSU algorithm
can rapidly obtain the nonvegetation mask and remove these areas.

3.2. Feature Selection

The selection of input features significantly influences the optimisation of model
performance within the domain of deep learning. This significance becomes particularly
evident in the field of mountain forest type classification, where feature selection requires
the extraction of relevant and differentiated information from heterogeneous data sources.
The aim of this extraction process is to effectively encapsulate the distinct characteristics
exhibited by various objects. In our study, we improve the performance and accuracy of
mountain forest type classification based on remote sensing by implementing a comprehen-
sive feature selection.

We conducted a meticulous analysis of three fundamental aspects: spectral features,
texture features, and terrain features. Spectral features were derived from the bands of
Sentinel-1 and Sentinel-2, and vegetation indices calculated through Sentinel-2. Texture
features differ significantly between forest types and have been demonstrated to be impor-
tant for improving the vegetation classification accuracy [20,21]. To minimise information
redundancy and reduce data dimensionality, we used a principal component analysis (PCA)
to reduce the dimensionality of optical bands before calculating texture features [77,78].
The top three principal components (PC1, PC2, PC3) with cumulative eigenvalues of more
than 95% were selected to calculate the texture features. Lastly, the elevation was also
added to the feature sets. In total, we calculated 58 features (Table 3). We normalised the
selected features to prevent the potential impact of different magnitudes and value ranges
of feature data on the convergence speed and accuracy of the convolutional neural network,
except for the reference data.

Table 3. The selected feature sets.

Feature Set, Number of Features Description

Spectral features (33)

VV band and VH band from Sentinel-1. Three visible bands, four red-edge
vegetation bands, one near-infrared band, and two short-wave infrared bands

from Sentinel-2. Normalised difference vegetation index (NDVI) [79], green
normalised difference vegetation index (GNDVI) [80], and enhanced vegetation

index (EVI) [81]. All these spectral features are both for summer and winter. NDVI
difference between summer and winter, GNDVI difference between summer and

winter, EVI difference between summer and winter.

Texture features (24)
The mean, entropy, homogeneity, and correlation texture features were calculated

separately for each of the top three principal components (PC1, PC2, and PC3)
through GLCM [82]. All texture features are for both summer and winter.

Topographic feature (1) The elevation data derived from the SRTM [73].
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The order of the features is shown in Table 4. When utilising the multispectral bands
and vegetation indices of Sentinel-2 as inputs to the 1D CNN, the convolutional neural
network became proficient in discerning the distinctive spectral characteristics of various
forest types. Notably, the vegetation red-edge bands in Sentinel-2 significantly magnified
the dissimilarity in spectral characteristics among distinct forest types. Through the analysis
of the reflectance differences across these bands, the classification of mountain forest types
could be achieved. However, upon introducing multiseasonal Sentinel-2 data inclusive
of vegetation indices differences, the change in spectral characteristics across diverse
forest types during different seasons diverged. For instance, the discrepancy in vegetation
indices for EBF was comparatively minor, while that for DBF was more pronounced. This
phenomenon served to enhance classification accuracy to a greater extent (Section 5.3).

Table 4. The order of the features (summer and winter indicate the image acquisition time).

Site Feature Name Data Source Site Feature Name Data Source

1 Blue (summer) Sentinel-2 30 VV (summer) Sentinel-1
2 Green (summer) Sentinel-2 31 VH (summer) Sentinel-1
3 Red (summer) Sentinel-2 32 VV (winter) Sentinel-1
4 Red Edge 1 (summer) Sentinel-2 33 VH (winter) Sentinel-1
5 Red Edge 2 (summer) Sentinel-2 34 PC1_CO (summer)
6 Red Edge 3 (summer) Sentinel-2 35 PC2_CO (summer)
7 NIR (summer) Sentinel-2 36 PC3_CO (summer)
8 Red Edge 4(summer) Sentinel-2 37 PC1_EN (summer)
9 SWIR 1 (summer) Sentinel-2 38 PC2_EN (summer)

10 SWIR 2 (summer) Sentinel-2 39 PC3_EN (summer)
11 NDVI (summer) 40 PC1_HO (summer)
12 GNDVI (summer) 41 PC2_HO (summer)
13 EVI (summer) 42 PC3_HO (summer)
14 Blue (winter) Sentinel-2 43 PC1_ME (summer)
15 Green (winter) Sentinel-2 44 PC2_ME (summer)
16 Red (winter) Sentinel-2 45 PC3_ME (summer)
17 Red Edge 1 (winter) Sentinel-2 46 PC1_CO (winter)
18 Red Edge 2 (winter) Sentinel-2 47 PC2_CO (winter)
19 Red Edge 3 (winter) Sentinel-2 48 PC3_CO (winter)
20 NIR (winter) Sentinel-2 49 PC1_EN (winter)
21 Red Edge 4(winter) Sentinel-2 50 PC2_EN (winter)
22 SWIR 1 (winter) Sentinel-2 51 PC3_EN (winter)
23 SWIR 2 (winter) Sentinel-2 52 PC1_HO (winter)
24 NDVI (winter) 53 PC2_HO (winter)
25 GNDVI (winter) 54 PC3_HO (winter)
26 EVI (winter) 55 PC1_ME (winter)
27 NDVI difference 56 PC2_ME (winter)
28 GNDVI difference 57 PC3_ME (winter)
29 EVI difference 58 Elevation SRTM

Sentinel-1 SAR data can complement Sentinel-2 optical data, thus yielding additional
information for the classification model. The integration of Sentinel-1 data into the input
of the convolutional neural network resulted in a further enhancement of the accuracy in
classifying mountain forest types. The incorporation of GLCM (grey-level co-occurrence
matrix) texture features into the input dataset empowered the convolutional neural network
to capture distinctive texture characteristics of different forest types within the image
(various forest types exhibit unique texture features, e.g., ENF and EBF will show a different
distribution on the texture). Elevation plays a pivotal role in the distribution of mountain
forest types. By introducing elevation as an additional feature to the input dataset, the
convolutional neural network can establish correlations between elevation and forest types,
leading to a further refinement in classification accuracy (Section 5.4).



Forests 2023, 14, 1823 10 of 31

3.3. One-Dimensional Convolutional Neural Network
3.3.1. One-Dimensional CNN Architecture

In this study, a 1D CNN was utilised to classify forest types based on a concatenated
array of optical data, SAR data, vegetation indices, texture features, and elevation data. The
1D CNN architecture consisted of three types of layers: convolution layer, pooling layer,
and fully connected layer. The convolution and pooling layers act as hierarchical feature
extractors, while the last fully connected layer acts as a classifier to generate predicted
probabilities for all input data [61]. The 1D CNN architecture designed is shown in Figure 3.
One-dimensional data were input into the input layer of the 1D CNN. After convolution
operations, a mapping of the input features was generated and batch-normalised. Then,
the input feature mapping was passed to the activation function (the ReLU function in this
study) to generate the output feature mapping of the convolution layer. In the forward pass,
the number of kernels in each layer was doubled compared to the previous layer (e.g., if the
number of kernels in the first convolutional layer was 4, the number of kernels in the second
convolutional layer was 8) to obtain more information. The output of each convolution
layer can be expressed as Equation (2) [83]. In CNNs, pooling layers are frequently inserted
between convolutional layers. By inserting a max pooling layer following each convolution
layer, the number of parameters and computational cost can be reduced, while preserving
passed features and steadily decreasing the dimensionality of features extracted from upper
convolutional layers. Additionally, this approach helps to alleviate overfitting to some
extent [84]. The convolution and pooling process is described in Figure 4. The penultimate
layer flattened the data and gathered information from previous layers, while the final
layer consisted of four neurons that corresponded to the probabilities of the four categories.
The softmax function was applied to obtain the predicted probability distribution of each
category in the input data.

yl
j = f

bl
j + ∑

i∈Mj

conv1D
(

ωl−1
ij , xl−1

i

) (2)

where yl
j is the output of the jth neuron at layer l, f () is a nonlinear function, bl

j is a scalar

bias of the jth neuron at layer l, Mj represents a selection of input maps, xl−1
i is the output

of the ith neuron at layer l − 1, and ωl−1
ij is the kernel weight from the ith neuron at layer

l − 1 to the jth neuron at layer l.
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3.3.2. Model Training and Hyperparameter Tuning

The model’s training and parameter updating process was as follows: the 58-dimensional
image was input into the 1D CNN, and the loss value was calculated using the cross-
entropy value loss function (Equation (3)). The model parameters were optimised using
the Adam optimiser. The training was completed when the loss value of the validation set
no longer decreased. We exported the model and its parameters, then input the test set to
get the classification results and evaluated the model’s performance.

L = − 1
N ∑

i

M

∑
c=1

yic log(pic) (3)

where M denotes the total number of categories (4 in this study), yic takes the value of
1 if the true category of sample i is equal to c and 0 otherwise, and pic corresponds to the
predicted probability of sample i belonging to category c.

The architecture of the proposed 1D CNN involved five hyperparameters: learning
rate, batch size, layer number, kernel size, and kernel number. The learning rate determines
the step size the model takes during the gradient descent while updating the weights. The
batch size determines how many samples are processed in each forward and backward
pass during training. The layer number determines the depth of the network and can
have a significant impact on its performance. The kernel size determines the receptive
field of each filter and can impact the level of detail the model can capture. The kernel
number determines the number of features the model can learn from the input image. Each
hyperparameter was set to five levels based on previous experience. The specific settings
for each hyperparameter are presented in Table 5. The increase in the number of kernels
was accomplished by changing the kernel number in the first layer (each subsequent layer
doubled the number of kernels).

Table 5. The experiment hyperparameters and levels.

Level Learning Rate Batch Size Layer Number Kernel Size Kernel Number in First Layer

1 5 × 10−5 4 1 3 4
2 1 × 10−4 8 2 5 8
3 5 × 10−4 16 3 7 16
4 1 × 10−3 32 4 9 32
5 5 × 10−3 64 5 11 64
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Hyperparameter tuning was performed using an orthogonal table (also known as an
orthogonal array), a structured table commonly used in experimental design and optimisa-
tion. The orthogonal table consists of experimental parameters and their corresponding
levels. It is designed to allow a set of factors to be tested effectively at different levels while
minimising the number of experiments required [85]. The format of the orthogonal table
is Ln(ab), where n represents the number of rows in the orthogonal table (the number of
experiments required), b represents the number of columns in the orthogonal table (the
number of hyperparameters), and a represents the number of levels of each hyperparame-
ter. Therefore, according to the orthogonal table principle, an orthogonal table of L25 (55)
was used in this experiment, where twenty-five experiments were conducted to tune five
hyperparameters, and each hyperparameter level was five.

We calculated the average accuracy rate (Equation (4)) for each hyperparameter to anal-
yse the results of the designed orthogonal table and determine the optimal hyperparameter
settings [86].

Kij =
Kij

Ki
(4)

where i represents the different hyperparameters (learning rate, batch size, etc.), j is the
level of each hyperparameter, Kij represents the sum of accuracy metric of all levels in every
hyperparameter, and Ki is the total levels of the factor; in this study, it was 5.

The range index Ri of the average accuracy (Equation (5)) for each hyperparameter
was computed to assess the impact of each hyperparameter on the model performance [86].

Ri = max
{

Kij
}
−min

{
Kij
}

(5)

3.4. Model Assessment
3.4.1. Accuracy Assessment

The overall accuracy (OA) (Equation (6)) and kappa coefficient (Kappa) (Equations (7) and (8))
were utilised to assess the classification accuracy and to select the most appropriate hy-
perparameter settings for the final classification model. A higher OA indicates a higher
classification accuracy of the model. However, when the number of classified samples is
unbalanced, the OA may be high even if the categories with small sample sizes cannot be
classified. In such cases, Kappa was introduced as a measure of model accuracy evaluation,
which was calculated based on the confusion matrix.

Additionally, the classification accuracy of individual forest types was evaluated using two
metrics: the producer’s accuracy (PA) and the user’s accuracy (UA) (Equations (9) and (10)).

OA =

N=4
∑

i=1
TPi

Total
(6)

Pe =

N=4
∑

i=1
((TPi + FPi)× (TPi + FNi))

Total × Total
(7)

Kappa =
OA− Pe

1− Pe
(8)

PA =
TPi

TPi + FNi
(9)

UA =
TPi

TPi + FPi
(10)

where TPi, FPi, and FNi denote the number of true positives, the number of false posi-
tives, and the number of false negatives in class i, and Total represents the total number
of samples.
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3.4.2. Comparison with Other Classification Models

To assess the classification accuracy of the proposed model, two widely used classifica-
tion methods, a random forest (RF) [87] and a support vector machine (SVM) [88], as well as
a 2D CNN, U-Net [89], which has been widely used in remote sensing of vegetation, were
employed to classify the forest types. Model training was performed using the training,
validation, and test sets of the reference data mentioned in Section 2.2. The OA and Kappa
of RF and SVM were calculated on the same test set to compare their performance with the
proposed 1D CNN.

3.4.3. Transferability Assessment

The model was first retrained using 80 sample plots (consisting of 30 EBF plots, 30 DBF
plots, 12 ENF plots, and 8 shrubland plots) obtained from Mount Wawu. Then, we classified
and mapped the forest types in that region, and the model’s accuracy was evaluated using
the same assessment metrics mentioned before. As the field investigation data in Mount
Wawu were scarce, the accuracy assessment was conducted by generating 600 random
points and determining the forest type of each point through visual interpretation and the
investigation data. We then calculated the OA and Kappa to evaluate the classification
accuracy of the proposed model to see if the proposed 1D CNN could be transferred to
different regions.

3.5. Experimental Environment

The experiment was conducted using the PyTorch deep learning framework in a
Windows 10 operating system environment. Details of the software and hardware environ-
ments are presented in Table 6.

Table 6. Experimental environment.

Environment

Hardware

CPU

Intel(R) Core (TM) i7-10750H
CPU @ 2.60 GHz 2.59 GHz

(Intel Corporation,
Santa Clara, CA, USA)

Memory 16 GB
Hard disk 1 TB

GPU

NVIDIA GeForce RTX 2060, video
memory: 6 GB CUDA cores: 1920

(Nvidia Corporation,
Santa Clara, CA, USA)

Software

Operation system Windows 10
Computing platform CUDA 11.2 + cudnn 8.1.0

Programming language Python 3.8

Processing platform and framework

Image processing: ArcGIS 10.8,
Google Earth

Engine, deep learning:
Pytorch 1.8.1

4. Results
4.1. Accuracy Assessment and Hyperparameter Settings

The designed orthogonal table comprises nine columns (Table 7). The initial column
denotes the sequence number of the experiment. The subsequent five columns correspond
to the five hyperparameters involved in the experiment, while the last three columns
reflect the model performance assessment as well as the processing speed. Throughout the
construction of the orthogonal table, meticulous consideration was accorded to ensuring
the various levels of each hyperparameter were orthogonal.



Forests 2023, 14, 1823 14 of 31

Table 7. The designed orthogonal table and its results.

Experiment
Number

Factors Assessment Metrics

Learning
Rate Batch Size Layer

Number
Kernel

Size
Kernel Number
in First Layer OA Kappa Time (s)

1 5 × 10−5 4 1 3 4 83.47% 0.8129 748
2 5 × 10−5 8 2 5 8 86.41% 0.8519 573
3 5 × 10−5 16 3 7 16 96.11% 0.9535 382
4 5 × 10−5 32 4 9 32 93.01% 0.9194 238
5 5 × 10−5 64 5 11 64 89.81% 0.8897 308
6 1 × 10−4 4 2 7 32 96.83% 0.9600 1093
7 1 × 10−4 8 3 9 64 95.14% 0.9445 735
8 1 × 10−4 16 4 11 4 93.48% 0.9181 466
9 1 × 10−4 32 5 3 8 94.92% 0.9358 280

10 1 × 10−4 64 1 5 16 93.24% 0.9238 55
11 5 × 10−4 4 3 11 8 94.51% 0.9358 1433
12 5 × 10−4 8 4 3 16 92.41% 0.9146 901
13 5 × 10−4 16 5 5 32 95.53% 0.9433 561
14 5 × 10−4 32 1 7 64 90.92% 0.8932 99
15 5 × 10−4 64 2 9 4 94.32% 0.9342 79
16 1 × 10−3 4 4 5 64 88.16% 0.8701 1891
17 1 × 10−3 8 5 7 4 86.53% 0.8475 1121
18 1 × 10−3 16 1 9 8 88.49% 0.8704 192
19 1 × 10−3 32 2 11 16 91.13% 0.8986 152
20 1 × 10−3 64 3 3 32 94.63% 0.9375 101
21 5 × 10−3 4 5 9 16 83.24% 0.8047 2190
22 5 × 10−3 8 1 11 32 89.68% 0.8743 350
23 5 × 10−3 16 2 3 64 90.62% 0.8897 269
24 5 × 10−3 32 3 5 4 95.25% 0.9400 195
25 5 × 10−3 64 4 7 8 88.32% 0.8707 127

This meticulous design aimed to maintain a uniform dispersion and comparability.
Every five experiments were grouped. In the first column, the initial set of experiments
employed a level-1 learning rate, followed by a level-2 rate for the second set, and so on.
Regarding the second column, the batch size increased progressively from level 1 to level
5 within each set of experiments. The third column witnessed the layer number evolve
from level 1 to level 5 in the first experiment set, level 2 to level 1 in the second set, and
subsequently, each set was initiated with a layer number one level higher than the previous,
ensuring a continuous incremental progression. Similarly, the fourth column demonstrated
a kernel size varying from level 1 to level 5 in the initial experiment group, followed by
level 3 to level 2 in the second set, and each successive set commenced with a kernel size
one level higher than the previous, progressively increasing in magnitude. For the fifth
column, the first experimental set featured a transition from level 1 to level 5 for the kernel
number in the first layer, followed by level 4 to level 3 for the subsequent set. This pattern
persisted, with each subsequent first experimental set utilising a kernel number in the first
layer one level higher than the prior set, progressively increasing in levels. The subsequent
two columns are OA and Kappa under the corresponding hyperparameter settings, and
the final column represents the time required for model iteration.

For example, the first experiment involved a learning rate of 5 × 10−5, a batch size of
four, a layer number of one, a kernel size of three, and a kernel number in the first layer of
four. The resulting OA achieved based on these hyperparameter settings was 83.47%, with
a corresponding Kappa of 0.8129.

Table 8 presents the average accuracy metric Kij and the range index Ri for each hy-
perparameter (using Kappa to calculate the accuracy evaluation metric). By comparing the
Ri, the results indicate that the layer number had the greatest influence on the classification
accuracy in this study, followed by the learning rate. The batch size and kernel number
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in the first layer had a relatively minor effect on the final classification performance. The
kernel size was found to have the least influence on classification accuracy.

Table 8. Average accuracy rate and range analysis for each hyperparameter.

Learning Rate Batch Size Layer Number Kernel Size Kernel Number in First Layer

Ki1 4.4274 4.3835 4.3746 4.4905 4.4527
Ki2 4.6822 4.4328 4.5344 4.5291 4.4646
Ki3 4.6211 4.5750 4.7113 4.5249 4.4952
Ki4 4.4241 4.5870 4.4929 4.4732 4.6345
Ki5 4.3794 4.5559 4.4210 4.5165 4.4872
Ki1 0.8855 0.8767 0.8749 0.8981 0.8905
Ki2 0.9364 0.8866 0.9069 0.9058 0.8929
Ki3 0.9242 0.9150 0.9423 0.9050 0.8990
Ki4 0.8848 0.9174 0.8986 0.8946 0.9269
Ki5 0.8759 0.9112 0.8842 0.9033 0.8974
Ri 0.0606 0.0407 0.0673 0.0112 0.0364

The effect of different hyperparameters on the final classification accuracy is shown
in Figure 5. The results indicate that the average accuracy rate (AAR) tended to increase
rapidly when the learning rate increased from 5 × 10−5 to 1 × 10−4 and then decreased
gradually as the learning rate continued to increase. With a higher learning rate, the model
converged faster, and the classification accuracy increased. However, an excessively high
learning rate may lead the model to reach sub-optimal solutions or surpass the optimal
solution. As the batch size increased from 4 to 16, the AAR showed a sharp rise owing
to the reduction in training time and an improved convergence rate. When the batch
size was further increased (from 16 to 64), the AAR gradually increased, followed by
a slight decrease, because of the reduction in the frequency of updating parameters as
the batch size increased, leading to a decrease in convergence speed and even stopping
the training process. When the layer number in the CNN increased, the AAR tended to
increase rapidly and then decrease. Generally, increasing the layer number can improve
the classification accuracy. However, too many layers may come at the cost of increased
parameters, longer training time, and may result in gradient disappearance and overfitting
problems, which can negatively impact the model’s performance. In this study, the impact
of the kernel size on classification accuracy was negligible (Ri was only 0.0112), with the
AAR fluctuating slightly as the kernel size increased, but the difference was not significant.
Furthermore, the AAR reached its maximum when the kernel number in the first layer was
32, and then decreased rapidly. Increasing the kernel number allows the network to extract
more complex and diverse features, but too many kernels may lead to the overfitting of
the model.

Table 9 shows the optimal hyperparameter settings determined by the previous analy-
sis. We constructed the final 1D CNN classification model based on these hyperparameter
settings. The same training, validation, and test sets were used for training and testing.
The final classification OA was 97.41%, and Kappa was 0.9673, obtained by evaluating
the model on the test set. These metrics were higher than with any other hyperparameter
settings in the designed orthogonal table, demonstrating that the selected settings were
optimal. Based on these optimal hyperparameter settings, the time required for model
training was 108 s.
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Table 9. Optimal hyperparameter settings.

Hyperparameter Value

Learning rate 1 × 10−4

Batch size 32
Layer number 3

Kernel size 5
Kernel number in first layer 32

4.2. Comparison with Other Classification Models

Using the same training, validation, and test sets to train and test the U-Net, RF, and
SVM, the final classification results of the four models are shown in Figure 6.

The overall classification accuracy of the four models and the classification accuracy
of different forest types were evaluated by calculating the OA, Kappa, PA, and UA using
the confusion matrix (Table 10). Based on the assessment of the OA and Kappa, the 1D
CNN demonstrated the most pronounced performance among the experiments, whereas
U-Net exhibited slightly lesser performance in comparison to the 1D CNN. Nevertheless,
U-Net’s performance remained notably superior to the RF and SVM. In particular, Kappa
exhibited a high score with the 1D CNN and U-Net, highlighting the CNNs’ heightened
adaptability in addressing the classification of objects with imbalanced areas and that it
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could be better applied to classify the forest types with small areas. However, compared
to U-Net, the proposed 1D CNN achieved superior results in both assessment metrics.
This disparity primarily originated from the training sample labels’ selection strategy. The
proposed 1D CNN directly utilised data from the field investigation as samples. In contrast,
the samples employed by U-Net were derived from a visual interpretation, which may
have introduced human error, consequently leading to a potential negative impact on the
accuracy of classification results.
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Table 10. Classification accuracy assessment for three models.

Classification Methods OA Kappa
EBF DBF ENF Shrubland

PA UA PA UA PA UA PA UA

1D CNN 97.41% 0.9673 99.84% 99.77% 95.62% 95.89% 96.11% 95.40% 97.88% 99.03%
U-Net 94.45% 0.9239 97.28% 99.13% 92.98% 91.32% 92.40% 91.30% 94.81% 96.48%

RF 88.99% 0.8488 96.34% 99.12% 92.71% 77.40% 78.31% 88.39% 85.19% 95.89%
SVM 88.79% 0.8476 95.56% 99.68% 82.68% 85.65% 82.58% 87.70% 97.88% 75.52%



Forests 2023, 14, 1823 18 of 31

According to Table 10 and Figure 7, for the largest area forest type, EBF, there was not
much difference between the PA and UA of the four models; the maximum disparity was
less than 5% for PA and less than 1% for UA. However, with decreasing forest type areas,
there was a notable difference in the accuracy among the four classification models. For
instance, when classifying DBF, the PA of RF reached 92.71%, but the UA was only 77.40%,
with a difference of 15.31%. The performance was imbalanced, mainly because many pixels
that belonged to ENF (21.13% of the total actual ENF pixels) were incorrectly classified
as DBF. While the SVM had a more balanced performance (PA: 82.68%, UA: 85.65%), the
values of both metrics were low. When classifying the ENF, the RF had a lower PA than
UA, with a difference of 10.08%. This was mainly attributed to the erroneous classification
of a significant number of ENF pixels into DBF, resulting in a reduction in the number of
pixels in ENF. On the other hand, when classifying shrubland, both RF and SVM showed a
significant imbalance, where RF had a PA of 85.19% and a UA of 95.89%, with a difference
of 10.70%, and the SVM had a PA of 97.88% and a UA of 75.52%, with a difference of 22.36%.
The results showed that RF had a higher tendency for omission errors, whereas the SVM
was susceptible to misclassification errors when classifying the forest types with small
areas. In contrast, both 1D CNN and U-Net demonstrated more balanced performance,
with both PA and UA metrics surpassing 90% in classifying the rest of the three forest types.

Forests 2023, 14, x FOR PEER REVIEW 20 of 33 
 

 

 
Figure 7. Misclassifications between different forest types with three models. Each arc represents 
the correct classified samples of a forest type, and the links between different types represent mis-
classifications. The wider the link, the more misclassified samples there are. (a) One-dimensional 
CNN. (b) U-Net. (c) RF. (d) SVM. 

4.3. Forest Type Distribution Results 
The forest type classification result on Mount Emei based on the proposed 1D CNN is 

shown in Figure 8. The map illustrates that EBF is the dominant forest type, with the largest 
area of 166.43 km2, accounting for 69.25% of the total forest area in the study region. The 
DBF and ENF follow with an area of 58.44 km2 and 13.19 km2, respectively. Shrubland, on 
the other hand, has the smallest area, covering only 2.27 km2, which represents only 0.94% 
of the total forest area. The classification of shrubland can be challenging for traditional ma-
chine learning methods due to their limited coverage area. However, the proposed 1D CNN 
demonstrated a high accuracy in distinguishing shrubland from other forest types. 

Figure 7. Misclassifications between different forest types with three models. Each arc represents the
correct classified samples of a forest type, and the links between different types represent misclassi-
fications. The wider the link, the more misclassified samples there are. (a) One-dimensional CNN.
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In general, the RF and SVM were more inaccurate (both false positives and false
negatives) when classifying objects with small areas. In contrast, the proposed 1D CNN
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and U-Net showed a better balanced model performance in classifying all forest types.
However, the 1D CNN demonstrated superior classification accuracy in this study.

4.3. Forest Type Distribution Results

The forest type classification result on Mount Emei based on the proposed 1D CNN is
shown in Figure 8. The map illustrates that EBF is the dominant forest type, with the largest
area of 166.43 km2, accounting for 69.25% of the total forest area in the study region. The
DBF and ENF follow with an area of 58.44 km2 and 13.19 km2, respectively. Shrubland, on
the other hand, has the smallest area, covering only 2.27 km2, which represents only 0.94%
of the total forest area. The classification of shrubland can be challenging for traditional
machine learning methods due to their limited coverage area. However, the proposed 1D
CNN demonstrated a high accuracy in distinguishing shrubland from other forest types.
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Figure 8. Forest type classification results on Mount Emei. (a) Sentinel-2 image in summer. (b) Spatial
distribution of forest types. (c) Percentage of each forest type. (d) Percentage of forest types at
different elevation levels.

Based on the fundamental features of forest distribution on Mount Emei, we classified
elevation data into four levels and matched them with the forest type classification results
(Figure 8d). The vertical forest distribution on Mount Emei is discernible based on the
elevation gradient, as it follows the EBF–DBF–ENF–shrubland pattern from the foothill
to the summit. Below 1900 m, EBF dominates, accounting for 94.65% of the forest area in
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this vertical zone. Between 1900 m and 2400 m, the area of EBF rapidly diminishes to only
16.31%, while DBF becomes the predominant forest type, increasing from 4.65% to 73.81%
in this vertical zone. Between 2400 m and 2800 m, EBF is essentially absent, DBF and
ENF are the most dominant, with respective proportions of 54.74% and 42.13%. Although
shrubland starts to emerge, it only accounts for 3.11% of this vertical zone. In areas above
2800 m, EBF and shrubland are the dominant forest types, with a respective proportion of
42.18% and 54.44%.

4.4. Transferability of 1D CNN

To assess the transferability of the model between different regions, we found that
directly applying the 1D CNN trained on Mount Emei to classify forest types on Mount
Wawu did not get a high accuracy (OA: 73.17%, Kappa: 0.6735). Nonetheless, the model’s
classification accuracy could be improved by retraining the model based on little field
investigation data. After retraining, the OA reached 90.86%, and Kappa attained 0.8879.
Additionally, the time required to achieve the minimum loss value during retraining also
decreased, thus enabling a rapid transfer learning of the model at a spatial scale. The forest
type classification results and accuracy assessment on Mount Wawu derived from the 1D
CNN after the retraining are shown in Figure 9.
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5. Discussion
5.1. The Advantages of The Proposed 1D CNN

The acquisition and annotation of training samples pose significant challenges in the
field of artificial intelligence image classification and recognition using CNNs. CNNs have
demonstrated remarkable success in tasks such as image classification, object detection,
and image generation [90,91]. However, the effectiveness of 2D CNNs heavily relies on
a substantial number of continuous polygon label samples accompanied by an accurate
visual interpretation. The absence of such samples can result in suboptimal performance,
limiting the ability of the network to classify forest type with a discrete distribution of
field investigation sample plots in mountainous areas. The process of converting field
investigation sample plots to continuous polygon label data demands extensive human
effort and time, which can be resource-intensive and impractical for large-scale applications.
Inevitably, human interpretation errors and inconsistencies arise during the sample creation
process, further challenging the reliability of the labelled dataset. Different interpreters may
employ distinct judgment criteria, leading to inaccuracies and inconsistencies in sample
labelling, which can adversely affect the training process and overall model performance.
These challenges highlight the importance of developing efficient and automated methods
for sample acquisition and annotation in order to overcome the limitations of 2D CNN
approaches [92].

During the field investigation, data are typically recorded in point format, capturing
the locations of forest observations. To generate a forest classification map, an extensive
sample creation process is conducted indoors, involving the manual delineation of the
range of each forest type through visual interpretation. This process requires experts to
visually interpret the field data and manually annotate the corresponding forest regions.
However, it is worth noting that the nature of field investigation data closely resembles the
training sample required for 1D CNNs. The spatially sparse and point-based nature of the
field survey data aligns with the input requirements of 1D CNNs, making them potentially
well suited for analysing such data. By utilising 1D CNNs for forest type classification,
we can effectively leverage the data collected from field investigations and harness the
power of artificial intelligence to achieve high-precision forest type classification results.
This integration of field investigation data and 1D CNNs opens up new possibilities for
forest research and enables an accurate mapping of forest type in diverse environments,
including mountainous regions.

U-Net has exhibited promising performance in forest type classification tasks based on
remote sensing data [53]. However, in our study, we noticed that the classification accuracy
of U-Net was slightly lower than that of our proposed 1D CNN. We posit that this disparity
is not solely attributed to the model algorithm itself but is more related to discrepancies in
the labels assigned to the input samples. This discrepancy becomes particularly pronounced
in regions with intricate terrains, such as mountainous areas. Obtaining continuous and
accurate polygon labels encompassing the entire study area in such regions presents a
formidable challenge. Typically, for such terrains, field investigations are carried out by
sample points or sample plots.

In this situation, a 1D CNN exhibits a distinctive advantage as it can be directly trained
using sample point or sample plot data obtained from field investigations as labels. In
contrast, 2D CNNs such as U-Net need to obtain continuous polygon labels through visual
interpretation. Given that the boundaries demarcating different mountain forest types lack
clarity, the process of visual interpretation inevitably introduces human errors, thereby
reducing the classification accuracy. However, if we relied on existing maps or datasets to
obtain continuous and accurate polygon labels as training samples, we would encounter
challenges, including slow update frequencies and limited coverage.

Therefore, our proposed 1D CNN presents a novel approach to address the problem
of training sample acquisition and labelling and shows obvious advantages in complex
terrain environments.
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On the other hand, 1D CNNs are commonly employed for processing sequential data,
including time series, textual data, and audio signals. They exhibit fewer parameters and
computational complexities compared to 2D CNNs. Moreover, recent studies have shown
promising results when comparing the performance of 1D CNNs and 2D CNNs in terms of
tree species classification and crop classification, concluding that 1D CNNs achieve higher
accuracy [61,93]. This indicates the potential of leveraging 1D CNNs for the analysis of
high-dimensional remote sensing data, although further research is needed to verify their
ability to capture spatial information.

In this study, we assessed the performance of a 1D CNN for mountain forest type
classification using various remote sensing data. Specifically, we developed a 1D CNN
(Figure 3) that integrated Sentinel-2 optical data, Sentinel-1 SAR data, vegetation indices,
texture features, and elevation data. Based on this model, we classified the forest types on
Mount Emei. The proposed 1D CNN achieved a superior classification accuracy compared
to traditional methods such as a RF and an SVM (Figures 6 and 7 and Table 10). More
importantly, our method can perform forest type classification in new regions after retrain-
ing with little field investigation data, which improves the model’s transferability across
spatial scales and reduces the time and human resources investment in field investigation
compared to traditional methods. Moreover, the method proposed in this study directly
employs data from field investigation as labels, reducing the uncertainty compared to
obtaining labels through visual interpretation.

5.2. The Importance of Convolution Layers

The convolution layers in CNNs are integral to their success in various deep learning
tasks. Convolution layers serve the purpose of feature extraction, enabling CNNs to
automatically learn relevant features from the input data. As the network depth increases,
the convolution layers can acquire more intricate and abstract features, allowing the model
to capture abstract information from the input data. Meanwhile, the pooling layer within
a convolutional network can serve to diminish data dimensionality, preserving critical
information while mitigating computational intricacies. The importance of the convolution
layers was further validated by constructing the model without convolution layers for
mountain forest type classification (Table 11, Figure 10).

According to Table 11 and Figure 10, it becomes evident that omitting the convolution
layers and retaining solely the fully connected layers results in a notably low classification
accuracy (OA: 71.99%, Kappa: 0.6384), a substantial decrease compared to the 1D CNN.
For individual forest type classification, the most prominent observation is that the model
lacking the convolution layers failed to classify shrubland correctly. Within the test set,
51.35% of shrubland was misclassified as DBF, while 41.54% was misclassified as ENF. Sim-
ilarly, for the classification of EBF, DBF, and ENF, both PA and UA were significantly lower
than those of the 1D CNN with the convolution layers. This underscores the paramount
significance of the convolution layers in the classification model. The inclusion of the
convolution layers improved the model’s capability to classify forest types with smaller
areas and enhanced the classification accuracy of other forest types.

Table 11. Classification accuracy assessment for 1D CNN and the model without convolution layers.

Classification Methods OA Kappa
EBF DBF ENF Shrubland

PA UA PA UA PA UA PA UA

1D CNN 97.41% 0.9673 99.84% 99.77% 95.62% 95.89% 96.11% 95.40% 97.88% 99.03%
Without convolution layers 71.99% 0.6384 88.17% 86.36% 71.83% 61.32% 87.58% 68.28% 0 0
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5.3. Using Multiseasonal Sentinel-2 Data

Based on Table 12, it can be inferred that relying solely on summer or winter Sentinel-2
images for forest type classification is feasible; however, the achieved classification accuracy
is relatively low. Furthermore, disparities exist in the performance of classification outcomes
derived from optical images obtained from different seasons. It has been shown that more
accurate forest type classification results can be achieved by combining information from
optical images of different seasons [94–96], which is consistent with the results of our
experiments. Specifically, our experiments demonstrated that employing both summer and
winter Sentinel-2 optical images in the classification process yielded an increase of 7.45% in
OA and a 0.0811 increase in Kappa compared to using solely summer images.

Various forest types exhibit distinct spectral characteristics across different seasons
(Figure 11), especially in the RE1, RE2, RE3, NIR, and RE4 bands. In winter, as the
forest undergoes senescence and leaf loss, there is a significant decrease in reflectance
across these bands (Figure 11b). However, it is worth noting that different forest types
demonstrate varying degrees of variation, with EBF exhibiting relatively minor changes and
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DBF exhibiting the most pronounced variations. This variation in spectral characteristics
can be a key to enhancing the discriminability of forest types. Therefore, the incorporation
of multiseasonal optical imagery into classification models represents an effective approach
for improving classification accuracy.

Table 12. Accuracy assessment for different combinations of feature set for forest type classification.
S2 includes 10 bands as well as the calculated NDVI, GNDVI, and EVI; S2_multi-season additionally
includes the difference in vegetation indices. The hyperparameters were the learning rate, batch size,
layer number, kernel size, and kernel number in the first layer. The hyperparameter settings were
optimised by an orthogonal table and were the best settings for the current feature set.

Feature Set, Number of Features OA Kappa Hyperparameter Settings

S2_summer (13) 81.47% 0.7743 (1 × 10−3, 32, 2, 3, 16)
S2_winter (13) 73.74% 0.6985 (5 × 10−3, 16, 2, 3, 8)

S2_multi-season (29) 88.92% 0.8554 (5 × 10−4, 32, 3, 5, 16)
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It is important to highlight that our proposed 1D CNN model employs a convolution
process without padding, leading to a gradual reduction in width as the numbers of
layers and convolution kernels increase. This means when the number of input features is
small, the capacity for deeper convolution is constrained, and the range of testable kernel
sizes becomes limited. On the other hand, convolutional neural networks exhibit superior
performance in handling high-dimensional data [51]. Thus, the integration of multiseasonal
image data in forest type classification allows for the optimal utilisation of the strengths
inherent to convolutional neural networks, leading to an enhanced classification accuracy.

5.4. Using Multiple Data Sources

Currently, there are several remote sensing classification dataset products available,
including GLC_FCS30 [97], MCD12Q1 [98], GCL2000v1.1, UMD Land Cover [99], and more.
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However, these dataset products exhibit preliminary levels of forest type classification. For
instance, FROM-GLC10, FROM-GLC30, GLC30, Chinese Land Use Status Remote Sensing
Monitoring Data, Esri LandCover 2020, etc., only classify vegetation into the order level
(forest) or suborder level (broadleaf forest). Only GLC_FCS30 classifies it into the forest
formation group (evergreen broadleaf forest). That dataset utilises time-series Landsat
imagery with a spatial resolution of 30 m. However, in mountainous regions characterised
by complex terrain conditions, the quality of Landsat remote sensing data is adversely
affected by cloud cover and terrain influence due to the intricacies of the environment,
leading to subpar product performance and the need for enhanced accuracy [40]. Moreover,
the spatial distribution pattern of mountain forest is significantly influenced by topography.
Traditional classification methods that rely on vegetation indices usually employ single-
source remote sensing data, which severely limits their effectiveness in the fragmented
landscapes and complex terrains of mountainous regions. Consequently, meeting the
requirements of high-precision forest mapping becomes challenging [91]. Presently, the
application of a single remote sensing data source in mountainous remote sensing research
yields unsatisfactory results [100]. Hence, the integration of multisource remote sensing
data stands as an essential research direction to achieve breakthroughs in mountainous
remote sensing studies. This approach leverages the advantages of various remote sensing
observation methods and compensates for the limitations of using a single sensor.

While Sentinel-2 optical data and Sentinel-1 SAR data are based on distinct observation
principles, they possess similar spatial resolutions (between 10 and 30 m) and relatively
high temporal resolutions. Consequently, they enable the acquisition of remote sensing
data products that are consistent both spatially and temporally. This capability overcomes
the limitations posed by optical data under conditions such as cloud cover and adverse
weather [28]. Many previous studies have substantiated that using multiple data sources
can enhance the classification accuracy of forest types [21,35,101]. In our experiments, the
inclusion of Sentinel-1 SAR data, texture features, and elevation data contributed to the
improvement of the classification accuracy for the proposed 1D CNN (Table 13). For exam-
ple, when utilising solely multiseasonal optical data, the OA on the test set was observed
to be 88.92%, with a Kappa of 0.8554. The incorporation of Sentinel-1 data resulted in
an enhancement, with the OA increasing to 90.84% and the Kappa value improving to
0.8821, reflecting an improvement of 1.92% and 0.0267, respectively. Furthermore, when
texture features and elevation data were integrated, the model demonstrated an increase in
performance, with the OA improving by 3.06% and 4.11%, and the Kappa value increasing
by 0.0385 and 0.0467, respectively. Notably, elevation exhibited the most pronounced
influence on the model’s classification accuracy, which aligned with the expectation given
the strong correlation between the four forest types examined in this study and elevation
patterns (Figure 12). Topography plays a crucial role in regulating the distribution and
composition of forest by influencing factors such as temperature, moisture, soil type, and
nutrient availability [102,103]. Considering that our classification was focused on prelimi-
nary forest types without further subdivisions or individual tree species, the inclusion of
elevation data alone would have sufficed to achieve a satisfactory accuracy, and additional
topographic variables such as slope, aspect, and curvature were not included in this study.

Table 13. Accuracy assessment for different combinations of feature sets for forest type classification.
The hyperparameters were the learning rate, batch size, layer number, kernel size, and kernel number
in the first layer. The hyperparameter settings were optimised by an orthogonal table and were the
best settings for the current feature set.

Feature Set, Number of Features OA Kappa Hyperparameter Settings

S2_multi-season + S1_multi-season (33) 90.84% 0.8821 (5 × 10−4, 64, 3, 9, 64)
S2_multi-season + S1_multi-season + Textures (57) 93.90% 0.9206 (1 × 10−3, 16, 4, 7, 16)

S2_multi-season + S1_multi-season + Textures + Elevation (58) 97.41% 0.9673 (1 × 10−4, 32, 3, 5, 32)
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In general, the inclusion of Sentinel-1 SAR data, texture features, and elevation data
serves as a valuable complement to the Sentinel-2 optical information. This integration
enhances the dimensionality of the features and contributes to a significant improvement
in the classification accuracy and reliability of mountain forest types. The integrated use of
multiple data sources represents a critical direction for further exploration and development
in mountain forest type classification. It provides comprehensive and accurate information
support for forest research and conservation efforts in mountainous regions.

5.5. The Limitations of This Study

Although the proposed model in this study has demonstrated notable advantages in
classification accuracy and transferability, it still has certain limitations in classifying mixed
forests, which commonly exist as transitions between different forest types. Mixed forests,
such as EBF–DBF mixed forest or DBF–ENF mixed forest, require further classification be-
yond pure forests. This requires not only additional data collection but also a reconstruction
of the model architecture. Due to the pronounced textural difference between mixed forests
and pure forests, it is necessary to increase the weight of texture features to classify mixed
forests. Additionally, the attention mechanism was not applied in this study due to the
small study area. For subsequent studies that involve larger study areas, incorporating the
attention mechanism should be considered to enhance the model’s classification accuracy
and reduce computational costs.

This study utilised optical data, SAR data, vegetation indices, texture features, and
elevation data to classify mountain forest types. However, recent research has shown an in-
creasing interest in using hyperspectral data and lidar data for forest classification [104,105].
The utilisation of higher dimensional data presents an opportunity to fully exploit the capa-
bilities of CNN in precisely classifying forest subclasses and even individual tree species.

6. Conclusions

This study proposed a method for mountain forest type classification based on a 1D
CNN using multiple remote sensing data. Initially, nonvegetation areas were removed
using OTSU and NDBI, and a 58-dimensional image dataset was formed by combining
Sentinel-2 optical data, Sentinel-1 SAR data, vegetation indices, texture features, and
elevation data. We trained and tested the proposed 1D CNN using the field investigation
data. The optimal hyperparameter settings were determined by an orthogonal table as
follows: a learning rate of 1 × 10−4, a batch size of 32, a layer number of 3, a kernel size of
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5, a kernel number in the first layer of 32. Based on the optimal hyperparameter settings,
the model achieved a high accuracy in mountain forest type classification, with an OA of
97.41% and a Kappa value of 0.9673. The model’s accuracy was higher than that of the
RF and SVM, especially in classifying the forest types with small areas. At the same time,
it also demonstrated superior performance in contrast to U-Net’s classification accuracy,
primarily attributed to the precision of the input sample labels. We retrained the model
with a few field investigation data on Mount Wawu and classified the forest types, and the
OA reached 90.86% and Kappa was 0.8879, validating the model’s transferability across
different regions.

There are a few studies on mountain forest type classification using 1D CNNs, as more
attention has been given to semantic segmentation model, which has high requirements on
label data. However, when such continuous polygon label data are not readily available, se-
mantic segmentation model implementation for forest type classification and mapping may
require an expert visual interpretation to obtain label data, which can be time-consuming
and dependent on the interpreter’s expertise. By contrast, the method proposed in this
study optimises the use of field investigation data, reducing the uncertainty associated with
visual interpretation and ultimately saving time. As a result, this method provides reliable
forest type classification results that are well suited for forest mapping and environmental
change analysis.
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