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Abstract: Deep learning is an important research method in the remote sensing field. However,
samples of remote sensing images are relatively few in real life, and those with markers are scarce.
Many neural networks represented by Generative Adversarial Networks (GANs) can learn from
real samples to generate pseudosamples, rather than traditional methods that often require more
time and man-power to obtain samples. However, the generated pseudosamples often have poor
realism and cannot be reliably used as the basis for various analyses and applications in the field
of remote sensing. To address the abovementioned problems, a pseudolabeled sample generation
method is proposed in this work and applied to scene classification of remote sensing images. The
improved unconditional generative model that can be learned from a single natural image (Improved
SinGAN) with an attention mechanism can effectively generate enough pseudolabeled samples
from a single remote sensing scene image sample. Pseudosamples generated by the improved
SinGAN model have stronger realism and relatively less training time, and the extracted features are
easily recognized in the classification network. The improved SinGAN can better identify sub-jects
from images with complex ground scenes compared with the original network. This mechanism
solves the problem of geographic errors of generated pseudosamples. This study incorporated the
generated pseudosamples into training data for the classification experiment. The result showed
that the SiInGAN model with the integration of the attention mechanism can better guarantee feature
extraction of the training data. Thus, the quality of the generated samples is improved and the
classification accuracy and stability of the classification network are also enhanced.

Keywords: generative adversarial network; attention mechanism; deep learning; remote sensing
image; scene classification

1. Introduction

Remote sensing image scene classification is a major topic in the remote sensing
field [1-3]. The convolutional neural network (CNN) is a useful method in scene classifica-
tion due to its strong feature extraction ability [4,5]. With the development of computer
technology to date, the depth of CNN is from several layers to hundreds of layers [6-8].
Meanwhile, the deeper network has been proven to be able to extract additional important
features of the image, which can improve the accuracy of classification of remote sensing
images [9]. However, enough remote sensing datasets for network learning are impossible
to obtain due to the lack of professional knowledge to process remote sensing images [10].
Therefore, the manner by which to obtain better scene classification results in the case of
few datasets is a significant research direction [11,12].
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Since the advent of CNNs, many modules and training methods have been proposed
to improve the adaptability of neural networks in remote sensing [13,14]. Many models
provide us with ideas on how to solve the problem of remote sensing image scene classifica-
tion under the small sample conditions [15,16]. In 2014, Googfellow proposed Generative
Adversarial Networks (GANSs) for the first time [17]. GAN is different from the original
methods of expanding sample diversity through simple rotation, scaling, shearing, and
other operations [18,19]. In GAN, the random input noise is converted into an image with
a similar distribution to the original image. Abundant pseudosamples can make up for
the lack of diversity in small samples [20]. Meanwhile, a sufficient sample size facilitates
the learning ability of the network. However, the training of GAN is inconsistent, and the
result of generated samples is poor. Many studies have been focused on GAN to improve
its sample learning and generation ability, in which conditional GAN (CGAN) [21] adds
constraints on the basis of the original GAN and controls the problem that the generator
G is free; accordingly, the network can generate samples in the expected direction. Deep
Convolutional GAN (DCGAN) [22] combines the CNN and GAN, which improves the
quality and diversity of the generated samples and promotes the development of GAN.
Wasserstein GAN (WGAN) [23] completely solves the instability of training in GAN. This
mechanism deletes the Sigmoid activation function in the last layer of the network. When
calculating backwards, logarithmic computation is not used. Accordingly, the update
parameters are fixed in a range. In summary, a stochastic gradient descent algorithm is
used as a substitute for the original momentum algorithm. In view of the particularity
of a remote sensing image compared with a general natural image, many scholars also
proposed their own opinions. Pan et al. [24] proposed a diversity-GAN on the basis of
a coarse scale to a fine scale framework, which can automatically generate scene image
samples with great diversity. Then, the generated samples can be used to improve the
classification ability of the CNN model. Zhan et al. [25] proposed a semi-supervised
framework for hyperspectral image (HSI) data based on a 1-D GAN, which can effectively
classify HSI data. Lin et al. [26] proposed multiple-layer feature-matching generative
adversarial networks (MARTA GAN) for unsupervised representation learning. The GAN
models were combined with remote sensing image scene classification for the first time
in this literature. This mechanism achieved good results on the UC Merced dataset with
expanded samples. However, these methods fail to consider the problem that remote
sensing datasets are too small for the GAN network in practical applications. In addition,
the identification information of remote sensing images greatly differs at diverse resolution
scales [27], which makes pseudosamples generated by numerous GAN models differ from
the actual surface conditions.

In 2019, Shaham proposed an unconditional generative model that can be learned
from a single natural image named “SinGAN” [28]. This unconditional model is used
to learn the internal distribution of a single natural image from a coarse scale to a fine
scale, thereby ensuring local details while maintaining global distribution. The proposal
of this model indeed solves the problem that the GAN model cannot generate effective
samples in the case of few samples [29]. The pyramid-type multiscale progressive learning
method is also raised to extract the deep features of remote sensing images. Xiong et al. [30]
proposed an end-to-end deep multifeature fusion network to capture different semantic
objects. This network is suitable for retrieval and classification tasks after the test. Ma
et al. [31] designed a multilayer fusion model based on CNN to extract additional features
from hidden layers. The fusion of features is beneficial for classification. Xue et al. [32]
proposed a classification algorithm with multiple deep structural features. Three common
CNN s are used for different characteristics of the remote sensing image. Sun et al. [33]
combined SinGAN with a pixel attention mechanism for image super resolution. This
enhanced SinGAN has been improved to obtain more critical information and generate a
higher resolution output. However, this model only focuses on texture distribution within
the image at different scales. It does not consider the feature-to-feature connections during
the reconstruction process. The generated pseudosamples of the remote sensing images
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with more complex features are greatly different from the real surface conditions; thus,
they are not added into the training set as reliable samples.

To solve the abovementioned problems, an unsupervised generation adversarial
network based on SinGAN integrated with attention mechanism [34] is proposed in this
work. The attention module is introduced to improve SinGAN’s ability to learn and
generate remote sensing samples. Our proposed method aims to generate pseudolabeled
samples of remote sensing scenes and apply them for the classification. The adjusted
criteria are more rigorous and accurate than the original SinGAN and the corresponding
features of the generated samples are more real with fewer training layers. The influence of
attention module is examined in this paper in terms of the generation performance and the
application with other classification networks. This work intends to make improvements
from the following aspects:

(1) In this work, a GAN to generate samples by using competitive and collaborative
learning is proposed. SinGAN is a bottom-up GAN, while the attention mechanism is
mostly used for forward-propagating network structures. Whether the combination
of the two networks can effectively deliver the learned features to the end remains to
be proven.

(2) The structure of the SINGAN pyramid multiscale generation adversarial network and
the attention mechanism are adapted to solve the problem of generated samples with
a certain diversity and fidelity under the rare training sets. The SInGAN is optimized
in an unsupervised model to generate fake samples from a single natural image.
The attention mechanism is aimed at observing the key features in a natural image.
The combined framework of SINGAN and the attention mechanism is proposed to
determine whether significant features can be availably extracted from a single remote
sensing image to generate high-simulated samples.

(3) Rich training samples and sufficient feature information are required for the perfor-
mance of the classifier network. In the improved SinGAN, features are extracted
and compressed into generated samples. These fake generated samples are incor-
porated into the classifier network as training datasets to test if the classification
accuracy improves.

2. Methods

A GAN is most easily applied when the models involved are all multilayer percep-
trons. The pyramidal multiscale structure of SinGAN is used as an expander, to enable
incremental remote sensing data. The attention mechanism is added to the generator,
which enables the random noise z to effectively go to fake samples with high realism.
Section 2.1 introduces the structure and principle of SInGAN. Section 2.2 describes the
composition of Convolutional Block Attention Module (CBAM), including the channel and
spatial attention modules. Section 2.3 provides details of the improved SinGAN.

2.1. SinGAN

GAN is mainly constituted by the Generator (G) and Discriminator (D) in two parts.
As shown in Figure 1, the G’s goal is to make fake images G(z) that are undistinguishable
from real images. Real and generated images are simultaneously passed through the D. The
performance of real images D(G(x)) and generated images D(G(z)) is as close as possible.
This process makes D inaccurately discriminate between real and generated images. Thus,
D is promoted to improve the judgment of true from false. The specific process can be
summarized as follows:

V(G,D) = Ex~p,,,[logD(x)] + Ex~p[log(1 — D(x))] (1)

where x represents the real image, z represents the input noise of the Generator, and G(z)
represents the image generated by the Generator.
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Figure 1. Framework structural diagram of Generative Adversarial Networks (GANSs).

SinGAN was developed on the basis of GANs. SiInGAN, an unconditional generated
model, can extract enough features from a single natural image. In the absence of a large
number of supported trainable samples, SinGAN also effectively captures and accesses
the internal relationship of an input training image. The structure of SinGAN is shown
in Figure 2. SinGAN not only catches colors and textures but also seizes the overall
structure of a single complex image at different scales. This notion means that SinGAN
needs to obtain the local details and global attributes of the target, including the structure,
shape, color, texture, and other detailed information. SinGAN, either for the Generator or
Discriminator, is based on the idea of coarse-to-fine, which means that SiInGAN captures
the segment information of patches in the training image from a coarse scale to a fine scale.
In coarse scales, SINGAN focuses on global attributes such as the shape and alignment of
targets in an image. With the finer scales, it accounts for local attributes such as texture,
edge information, and so on. SInGAN is a pyramid structure composed of N similar GAN
networks. This structure allows the generation of new samples of any size and ensures that
the new samples generated have a high degree of spatial visual similarity with the original
training images to make up for the lack of diversity.

Top Generator Fake

Gy Dp-1

ZN

Figure 2. Framework structural diagram of single natural image Generative Adversarial Networks (SinGAN).
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However, the SINGAN model is only limited to the training of a single image at a time;
thus, it does not generate fake samples based on the statistical distribution information of a
mass of samples, only by learning the complex texture structure inside a single image at
different scales. A problem is raised because the distribution of objects within an image is
inconsistent at different scales. When scene images are complex, the information of large
objects is rich and texture information is easy to grasp. Meanwhile, the information of
small objects is relatively few and may be ignored or even covered by large objects. Second,
messages at a coarse scale are discontinuous up to a fine scale for nonhomogeneous remote
sensing images due to the discrepant position and form of objects at different scales. This
situation results in the final pseudosample with high similarity to the real image in texture
and edges. However, the position and form of the fake sample is often a problem. Finally,
the color of ground objects is often not the same as that of ordinary natural images because
of the interference of clouds and shadows in remote sensing images. Only RGB can reflect
the real situation, and the manner by which to distinguish some ground objects with weak
texture information through color information also needs to be paid attention.

2.2. Attentional Mechanism

In computer vision, the main idea of the attention mechanism is that a system learns to
focus on the places it is interested in. On the one hand, the neural network with the attention
mechanism learns how to autonomously use the attention mechanism. On the other hand,
the attention mechanism helps us to understand the world that the neural network sees. In
2018, Sanghyun Woo [35] proposed the Convolutional Block Attention Module (CBAM),
a simple yet effective attention module for feed-forward CNNs. This module provides
the attention network for channels and spatial dimension order, respectively shown in
Figures 3 and 4, which is used to weight input features. CBAM is a lightweight and
versatile module that can be integrated into any CNN architecture. CBAM performs well
when applied to image classification and object detection. The CBAM module architecture
shown in the figure is divided into channels and spatial attention submodules. Each
submodule learns “what” and “where” to focus on. Therefore, this module effectively
helps the flow of information through the network by learning what is strengthened or what
is suppressed. This module is simple, effective, and mainly used in feed-forward CNNs.

c'1"1 C/16"1*1 c*1"1

E} ' Siamoid _Channel Attention
gmoi Mc

C/116*1*1 c*1*1 c*1"1

Figure 3. Basic framework structure of the channel attention module.
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Figure 4. Basic framework structure of the spatial attention module.
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CBAM has rarely been used in combination with GAN. The following problems
need to be proven by experiments: When facing Generator and Discriminator, does the
attention mechanism, especially CBAM, play a role in Generators and Discriminators with
different functions [36]? Does the form need to be changed? What type of changes are
required? In addition, whether CBAM will pay attention to the same part when facing the
same image with different scales remains to be proven. Moreover, whether the attention
mechanism pays attention to the key area in the face of complex ground object images is
uncertain because no additional tag information can constrain the unconditional generated
adversarial network.

2.3. Improved SinGAN

SinGAN integrated with the attention mechanism is proposed in this work. In
Figures 5 and 6, the basic network is still an unconditional generated adversarial model.
The internals are composed of a Generator-Discriminator cascading pair structure in a
coarse-to-fine fashion. The multiscale structure from coarse to fine scales solves the prob-
lem of different ground object recognition in various resolutions of remote sensing image
and better guides the training at each level through pyramid-type transmission. SinGAN’s
pyramid multiscale structure is more in line with the process of manual interpretation
of remote sensing image features compared with the parallel multiscale framework. The
key features of the remote sensing image are rapidly and effectively extracted through the
combination of multiscale structure and attention mechanism. These features are easily
stored in fake samples by the Generator.

Top Generator Fake Real
E
T -
Zy Channel Attention
. Xo Xo

Dn

.= g |

zy XN XN

Figure 5. Framework structural diagram of the improved SinGAN.
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Figure 6. Framework structure of the Generator of the proposed improved SinGAN.
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At each scale n, the input noise and the generated sample by the previous scale are
incorporated into a four-layer convolution. The result is then fed into the spatial and
channel attention modules to obtain the weight of every area of the image.

The generation of fake image samples starts from the coarsest scale and ends at the
finest scale. The final pseudosamples are generated after passing through these scales in
order. In Figure 5, only Gaussian white noise Zy is inputted at the coarsest scale N. Then,
a pseudosample xy is outputted. The specific process is as follows:

XN = GN(ZN). )

In other scales, random noise with the addition of the pseudo-sample Xy generated
by the previous layer is incorporated into the input layer. The specific process is shown in
Equation (3):

Xn = Gn(Zn, (Xny1) T+)yn <N 3)

The Generator’s structure is shown in Figure 6. The input noise and pseudosamples
are sent into five full convolutional network layers, each of which is composed of a
convolution of 3 x 3 plus Batch Normalization and LeakyReLU. The output result of
the convolutional network is passed through the spatial and channel attention modules.
The information extracted by the convolutional network is given a weight order instead of
only texture reconstruction. The operation of G, is as follows:

X5 = Mc(Ms(%n) ® %) @ X 4)

where M¢ represents the channel attention module, Mg represents the spatial attention
module, and operator ® denotes the element-wise multiplication.

A channel attention module is added in the Discriminator before the input image
enters into the full convolutional network. The operation of D,, is shown in Equation (5):

XD = Mc(%,) @ % (5)

Compared with the original SinGAN network, the Generator integrates the focus
region through the attention module after features of the input remote sensing image are
learned through the full convolutional network. The original SinGAN just reorganizes
the texture features and edge information of the image through the full convolutional
network again. By contrast, the improved SinGAN focused on information of features
at the corresponding location to produce the correct geographical correlation. With the
help of CBAM, the improved SinGAN assigned weights to objects in the spatial domain as
well as in the channel domain. The main reason why only the channel attention module
is added to the Discriminator is interpreted as follows. First, the pyramidal multiscale
framework observes the global distribution and detailed texture of the image, which is
enough to distinguish the image from the real one. Second, if the Discriminator greatly
focuses on a certain feature of the image, then it will give the Generator an illusion that the
rest of the features are not important; thus, it needs to be moderate. Third, the framework
focuses on the key area of the image to grasp the global distribution, which will cause extra
memory to the network and requires high hardware configuration, which is not in line
with the original intention of the SinGAN designers.

3. Experiment and Results
3.1. Experimental Configuration

All networks were conducted using 8 GB of RAM and a 64 bit Windows 10 OS system
with a RTX2060 GPU. A restriction in the SinGAN pyramid multiscale network structure
is that the input image can only be a single image. Accordingly, training of the sample
feature extraction and the classification of remote sensing images are performed under
two different network paths. The randomness in the selection of the training set may also
lead to a certain magnitude of up and down fluctuations in the results. Therefore, all
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comparison experiments were conducted under identical conditions to avoid unnecessary
factors other than this from interfering with the results of the experiments.

3.2. Evaluation Index and Dataset Description
1.  Datasets

Two remote sensing image datasets, namely, the RSSCN7 Dataset [37] and the UC
Merced Land-Use Dataset [38], were selected to test the above-proposed improved SinGAN.

The RSSCN7 Dataset contains 2800 remote sensing images divided into seven cat-
egories. The size of each remote sensing image is 400 x 400 pixels, and each category
contains 400 remote sensing images. The remote sensing images were identified at four
scales of 1:700, 1:1300, 1:2600, and 1:5200 and their contents were extracted from Google
Earth (Google, CA, USA) in different seasons and weather conditions. The manner by
which to effectively carry out deep feature mining for such complex and variable remote
sensing images will have an important influence on classification accuracy.

The UC Merced Land-Use Dataset contains 2100 remote sensing images divided
into 21 categories. Each remote sensing image is 600 x 600 pixels in size, and each
category contains 100 remote sensing images. The remote sensing images have a resolution
size of 1 foot (approximately 0.3 m) and were extracted from the USGS National Map
Urban Area Imagery collection for various urban areas around the country. This classical
remote sensing dataset covers many features with considerable resolution. However, the
number of remote sensing images for each category is small, which is a challenge to many
classification models.

2. Accuracy validation methods

Confusion matrix and overall classification accuracy are often used in the quality
assessment of remote sensing image sensing classification. These two methods were also
used in this work.

Confusion matrix is mainly used to compare the differences between the classification
results and the real objects of the ground surface. The accuracy of the classification results
is displayed inside a confusion matrix. The confusion matrix is calculated by comparing
the true classification of each surface scene with categories predicted by the classification
network. Each row of the matrix represents the instances in a predicted class, while every
column indicates the instances in an actual class.

The overall accuracy is equal to the sum of the number of scenes correctly classified
divided by the total number of scenes. The correctly classified surface scenes are distributed
along the diagonal of the confusion matrix, which shows the number of scenes classified
into the correct surface class. The total number of scenes is equal to the sum of the number
of true positives and false positives.

3.  Parameter setting

The key parameters for the operation of the whole network are presented in detail here
to help in understanding some settings in the next experiments. The basic components of
the network, mainly the structures of the Generator and Discriminator, have been described
in detail above and will not be repeated here. First, we performed some preprocessing for
images entering the network, the main one was to resize them, with the maximum size not
exceeding 250 pixels and the minimum size specified as not less than 25 pixels.

Each scale was iterated 2000 times with an initial learning rate of n = 0.0005 and
decayed at a rate of 1/10 after each 1600 iterations. In the optimizer, Adaptive Moment
Estimation [39] was used to compute the gradient and adjust the model. The parameter
“beta_1" was set as 0.5 with the others as the defaults, including beta_2 as 0.999, epsilon
as le-8 and so on. Batch Normalization (BN) [40] was employed to reduce overfitting
during training in the Generator and Discriminator. The learning rate is the same for the
Generator and Discriminator as 0.0005. As a precaution, the LeakyReLU [22] (LReLU)
activation function was also set to prevent the overfitting problem by setting and adjusting
the negative slope of LReLU when BN fails. In any scale, we set LReLU«x = 0.2.



Remote Sens. 2021, 13,1713

9 of 24

Training Image 2 Stages 4 Stages

3.3. Evolution of the Model Performance

In this work, the remote sensing images in each category of the RSSCN7 Dataset and
UC Merced Land-Use Dataset were selected, and pseudosamples were generated and
compared in the unmodified SinGAN and SinGAN under the improvement of this work.
The results obtained in different training stages are shown in Figures 7 and 8.

Figure 7. Effect of training with different stages by the original SinGAN.

The selected figure is a remote sensing image of the bridge subordinate classification
in the UC Merced Land-Use Dataset. In the original SinGAN network, a bridge scene takes
a long learning phase to build up by a set of random noise. The pseudosamples obtained
at the end are unrealistic and cannot effectively serve as training datasets for the classifier
network. This situation is mainly due to the low resolution of remote sensing images and
the complexity of ground scenes. Accordingly, a good explanation is difficult to obtain by
simply learning each part of the image by a multiscale structure. However, the improved
SinGAN effectively pays attention to important features in the image through the spatial
attention mechanism. In Figure 7, a fake image distribution similar to the original image is
obtained at five stages, thus ensuring the effectiveness of the generated pseudosamples as
the training set. The improved SinGAN gradually works with the increase in stages, and
the contrast between the color brightness of the bridge subject and the brightness of other
features in the background is obvious in the pseudosample shown at eight stages, which
gives a clear perception of highlighting the bridge as the subject of the scene.
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Figure 8. Effect of training with different stages by the improved SinGAN.

The fake samples separately generated by the original and improved SinGAN are
shown in Figures 9 and 10. This study uses the remote sensing scene images from the
FootballField, Mountain, Park, River, and RailwayStation classes in the UC Merced Land-
Use Dataset as training sample for the model with the same training parameter settings
(Num Layer = 6, Max Size = 250, Epochs = 2000, learning rate = 0.0005). The original
SinGAN and the improved SinGAN are good at restoring the texture details in each place
and can find the specific origin from the training samples. However, the pseudosamples
generated by the original SiInGAN with the main body of the remote sensing scene image
restored are not very good. For example, in the FootballField class sample, the grass in
the center of the playground cannot be represented as a complete rectangle, and a piece is
missing. In the Park sample, the original gourd shaped pond has been seriously distorted
to the extent that it is unrecognizable. The relatively regular paths in the park have been
deformed to the extent of being a maze. In the RailwayStation sample, the positions of the
stations and tracks have been exchanged or are missing, while the shapes of houses on
the surface have been scaled, rotated, or blurred. These objects cannot be counted as real
surface samples. With regard to the natural features, the main problem is that the location
of the objects is wrong. Although the basic shapes of the major features can be effectively
learned, problems such as location discontinuities, location errors, and orientation errors
occur during the reconstruction of the samples. For example, in the sample of Mountain,
the positions of the peaks have been changed, and multiple peaks have been generated at
the same location. However, such a fake sample is still learnable considering the sample
diversity. In the sample of River, rivers that should be a whole have been broken into
multiple sections and distributed in different locations of the image, which is a geographical
correlation error. However, the five types of features do not produce dissimilarity around
the image, especially in the four corners, but restore the distribution of the sample intact.
In Figure 10, the abovementioned problems are well solved by the improved SinGAN.
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Figure 9. Random remote sensing image fake samples by the original SiInGAN.

Real Image Fake Samples Generated
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Figure 10. Random remote sensing image fake samples by the improved SinGAN.
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To evaluate the performance of the improved SinGAN, five models—DCGAN [22],
WGAN [23], MARTA GAN [26], Attention SinGAN [41], and the original SinGAN [28]—
were selected as comparative experiments. Figure 11 shows the results of generation
samples by different methods.

~
~
(a) (b)

a

(e) ()

Figure 11. Comparisons of pseudosamples generated by different methods. (a) Deep Convolutional
GAN (DCGAN), (b) Wasserstein GAN (WGAN), (c) Multiple-layer Feature-matching GAN (MARTA
GAN), (d) Attention GAN, (f) SInGAN, (e) Improved SinGAN.
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Figure 11 shows the generation performance of different methods in four remote
sensing scenes: Forest, Farmland, Grass, and Industry. It can be seen that the improved
SinGAN has a better generation result in the pseudosamples of four different scenes.
Meanwhile, the computation time of each method is recorded in Table 1. Improved
SinGAN is faster than the original SInGAN.

Table 1. Computaion time of different methods.

Method Time (ms)
DCGAN 1,925,730
WGAN 2,463,846
MARTA GAN 16,245,770
Attention GAN 15,123,386
SinGAN 14,966,700
Improved SinGAN 13,686,128

Deep Convolutional GAN (DCGAN), Wasserstein GAN (WGAN), Multiple-layer Feature-matching GAN
(MARTA GAN).

3.4. Evolution of the Classification

In this task, 5% of the images in the RSSCN7 Dataset (the number of total training
samples is 140 and each class is 20) and the UC Merced Land-Use Dataset (the number
of total training samples is 57 and each class is 3) were randomly selected as training
datasets for the improved SinGAN to generate a sufficient number of pseudosamples.
The ratio of training samples to test samples was fixed at 1:19 for all experiments, and
training data was not used for test. These pseudosamples were used to form a new training
dataset for the classifier network for learning. Three datasets were used for training:
Fake samples, Fixed samples, and Random Samples. Fixed samples were randomly
selected from the RSSCN7 Dataset or UC Merced Land-Use Dataset based on the training—
testing ratio. Fake samples were generated by the improved SinGAN using these Fixed
samples. Random samples were dynamically composed by the preprocessing part of the
classification network, without the participation of the improved SinGAN. They were used
to demonstrate that generating pseudosamples via the improved SinGAN is beneficial
for the classification accuracy. Here, VGG16 [42], VGGI19 [42], DenseNet121 [43], and
MobileNet [44] were chosen as classifier networks. A pretraining approach was adopted
to obtain a better initial parameter and reduce the training time. Then, the pseudosample
training dataset generated by the improved SinGAN, the dataset used for the improved
SinGAN, and the training set randomly selected by the classifier network were loaded. All
images were resampled to a size of 128 x 128 and normalized. The specific classification
accuracy is shown in Tables 2 and 3.

Table 2. Classification results of the different methods by three training datasets in UC Merced
Land-Use Dataset.

Dataset VGG1e6 VGG19 DenseNet121 MobileNet
Fake Samples OA (%) 60.70 57.08 62.31 66.21
Kappa (%) 58.55 54.71 60.21 64.33
True Samples OA (%) 55.72 52.58 53.03 53.31
Kappa (%) 53.30 49.93 50.39 50.73
Random OA (%) 41.75 37.36 38.22 40.44
Samples Kappa (%) 38.61 33.97 34.77 37.12

Fake samples (generated by the improved SinGAN), True samples (used for the training of the improved
SinGAN),Random samples(selected randomly by the classifier network).
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Table 3. Classification results of the different method by three training datasets in RSSCN7 Dataset.

Dataset VGGI16 VGG19 DenseNet121 MobileNet
Fake Samples OA (%) 64.17 59.31 66.21 72.12
Kappa (%) 58.19 52.53 60.57 67.47
True Samples OA (%) 58.93 54.37 62.44 64.64
Kappa (%) 52.08 51.80 56.19 58.74
Random OA (%) 57.40 50.37 59.70 60.19
Samples Kappa (%) 55.02 46.81 53.00 53.57

Fake samples (generated by the improved SinGAN), True samples (used for the training of the improved SinGAN),
Random samples(selected randomly by the classifier network).

In the UC Merced Land-Use Dataset, the pseudosample training dataset generated by
the improved SinGAN on VGG16 and VGG19 increases the overall accuracy of the network
by 5% and 10% to 20% compared with the other two training sets. With the advancement
of the kappa coefficient, a 5% increase was observed on VGG16 and VGG19. The overall
accuracy improvement is 9% on the DenseNet121 network and 13% on the MobileNet
network. The kappa coefficient boost is 10% on the DenseNet121 network and 14% on the
MobileNet network. The receiver operating characteristic curves (ROC) and area under the
curve (AUC) for each dataset based on VGG16 are shown in Figure 12. The AUC values
are 95.1%, 92.4%, and 79.0% for each dataset. Moreover, quantitative comparisons in terms
of the confusion matrix are also provided in Figure 13.

In the RSSCN7 Dataset, the same test was done. The pseudosample training dataset
generated by the improved SinGAN on VGG16 and VGG19 increases the overall accuracy
of the network by 6% to 7% and 7% to 9% compared with the other two training sets. With
the advancement of the kappa coefficient, a 9% increase was observed on VGG16 and
VGG19. The overall accuracy improvement is 4% on the DenseNet121 network and 8% on
the MobileNet network. The kappa coefficient boost is 4% on the DenseNet121 network
and 9% on the MobileNet network. The ROC and AUC and the confusion matrix are
shown in Figures 14 and 15, respectively. The AUC values are 94.3%, 92.1%, and 89.8% for
each dataset. Our work is mainly to expand samples of the training dataset to increase the
diversity of samples, to increase the noise into samples to reduce “overfitting” during the
learning process, and to improve SINGAN to better extract the important features of remote
sensing images and present them through pseudosamples. However, the accuracy of the
network varies due to the difference of learning ability of the five classification networks,
the resistance to noise interference, and the strength of its feature extraction ability. The
improved SinGAN can effectively extract features from a single remote sensing image and
generate valid pseudosamples for classification in a few sample cases.
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Figure 12. The receiver operating characteristic curves (ROC) and area under the curve (AUC) of the
three different datasets in UC Merced Land-Use Dataset. (a) Datasets with fake samples generated by
the improved SinGAN, (b) Datasets with true samples used for the training of the improved SinGAN,
(c) Datasets with random samples randomly selected by the classifier network.



16 of 24

100
80

1

0 24 2

(o]

Commercial
Farmland
Forest

Remote Sens. 2021, 13,1713

40
30
20
10
35
30
25
20
15
10

Predicted label

o 0 (=]
3 ¢ 8 ° B N
700000101000000000E O 0O O0OO0OO0OO0OOOOODOOOOOOOGOO
Noooooano ooy isfemes Isfenes
iefemes 00110015010106200“0 O 000000000000 O0OOOO O
o+~-ooo <o o ofpfo Sieaioo} 3eqio0)
Seqio0) 100w000020014000m00 ©coooooocooo0oo0oo0ooanooo@o
%0003022“00 YonpeiA onpein
npen m0030000.4|000000n50w 60070100301w703a38ﬂ
Tooooocoffno§ sony sy
sy 10400000500040“0300 o ollollol o ool oolol o olololo o o olo
~ooonof@lo oo o enuopisey Jenuapisay
enuapsay 0020009000000“20010 OCo0o0oO0OO0OONOOOOOO ® 0o mo
00000@50010 yod wod
vod 1003000020005051000 olioliollclololloNal ol afoiollololiolororollo
0000@0&2010 puod puod
puog ™00 woooo«~ o v - N © O coovroooooooo«rr-o0o0o0o0
100@7351180 Buped  _ Bupyed
buped 0001000200@ O (v 0 =l o 2 0004000900@20000071
00@30000020 m wog 2 wed
s ]
¥ 5 =~ orvroroooofooranooooo 2 o ol oliollolicfolloNal ollofoololicliolofoRollo
offlo o ® + -~ 00+~ 0O g = vewnoy 2 urunop
o 2 ?
0031070200.:@ 80080160@0014040.@00 g m00200ﬁ020006011ﬂ09
e N @ mopeap Mmopesiy
- Nopeon OO+~ 0OO0OOEFEOF-®MOOLNOOMO OO0 O0OO0OO0ODO0OOMONOTTO N GOON O
CoOYmMOTNOTC«-O®O - eutsnpul fesnpu|
— cooococofffloooooooooooo (= A= - - - - T - - A2 - T - A~ AT AT - A - - A -
Oo0oor-ror-o0oo0O %O o004 -_
eed mof -rof-roNocOO®MF-r-®mNOO ol GNoNeRalE
- [l
mOoOOoOO0OWOS~® - 0o s pueiey puejuey
0“0“300600000 0@20%”0“0“710003010 2210E0
135
pasaq vesaq - pasag
o N . PSSIPSIPS [N o oo OCoOON®MOSF~®«-oOr~O®OoOo o -=4 0
- [eRIBWWO) fepiwwoy [ersBwwO)
_ el sea  bldo ol copfoorooo0oo0oocoo0oo0oooooo o+-o0oo oo
R — - oBpug g
s ene ol o s s ocfloc o 0o 0o00O0OO0ODOODOCOOOOO O - © oo wo
posg wesg - e = = py
™Mo oo o ol R O O0OO0OO0OONOOOOOOOOOOGOO A- - vnooforooa¥ -3 a o of
ol - S R ——— o vodiy - - p— W odiy
3 5Py Eyyeag W 68351 FTisierEiiea
$ 8 2§ g ¢ E 2 3 B 3 S 82 s 2 ¢ o8 % g £oa § 2 3 2 ¢ g 2§ 2 5 % 3 E o ¥ @ Tt 3 8 @
g 3 4 § 8 2 § 2 ¢ @& g3 EE 3 8 3§ g " $ g 2 T @8 28 E L 3 3 & 2 S 3 2
g8 ¢ i > &% e & B =2 2 L E S s ez 3 8 3
[:4 o « 3 -4
[oqe] anip. [eqe| anip. 18qe| 8ni|.

()

Figure 13. Comparisons of confusion matrices on the three different datasets in UC Merced Land-Use
Dataset. (a) Datasets with fake samples generated by the improved SinGAN, (b) Datasets with true
samples used for the training of the improved SinGAN, (c) Datasets with random samples selected

randomly by the classifier network.
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Figure 14. ROC and AUC of the three different datasets in RSSCN7 Dataset. (a) Datasets with
fake samples generated by the improved SinGAN, (b) Datasets with true samples used for the

training of the improved SinGAN, (c) Datasets with random samples selected randomly by the
classifier network.
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used for the training of the improved SinGAN, (c) Datasets with random samples selected randomly
by the classifier network.
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Given that the merit of a neural network is inextricably related to the setting of
parameters, the following three experiments (all using the VGG16 classification network
and UC Merced Land-Use Dataset as the standard) were set up in this work to further
verify the reasons affecting classification accuracy. In the first experiment, the size of the
input image is considered the key factor. The output size set inside the improved SinGAN
is 250 x 250, and the original remote sensing image size is 600 x 600; accordingly, it is
bound to lose some information and certain generalization when executing preprocessing
resampling to fixed values. Therefore, we compressed the image sizes to 32 x 32, 64 x 64,
and 224 x 224. The specific classification accuracy is shown in Table 4. The features of the
pseudosamples generated by the improved SinGAN are more easily extracted than those of
the original SinGAN network. The feature loss is less compared with the direct compression
of the original remote sensing image. Therefore, the features can be effectually concentrated
by the improved SinGAN and expediently understood by the classifier network.

Table 4. Classification results of the different input sizes.

Input Size 32 x 32 64 % 64 128 x 128 224 x 224
OA (%) 44.68 55.60 60.70 62.19
Kappa (%) 4156 53.14 58.55 60.12

Whether the improved SinGAN can be adapted for different classification categories is
discussed in the second experiment. The fewer categories there are, the easier the features
can be distinguished and the higher the classification accuracy is. Table 5 illustrates that
the classification accuracy of the pseudosample data generated by the improved SInGAN
improves by 4-6% compared with the other two methods of training data. The overall
operation is higher than the other two, which indicates that the pseudosamples extracted
by the improved SinGAN are more stable when passing through the classification network.
Although the network cannot characterize the diversity, it can preferably characterize the
important features of each sample in their entirety.

Table 5. Classification results under different numbers of categories.

Dataset Categories 5 Classes 10 Classes 19 Classes
OA (%) 81.83 63.32 60.70
Fake Samples Kappa (%) 77.28 59.34 58.55
True Samples OA (%) 77.64 57.39 55.72
Kappa (%) 72.08 52.78 53.30
Random OA (%) 63.12 51.04 41.75
Samples Kappa (%) 54.07 45.59 38.61

In the third experiment, the multiple of sample expansion was adjusted to see if it
affects the final classification results. The classification accuracies are shown in Table 6.
The accuracy is only improved by approximately 1.5% compared with the original remote
sensing image when only a single sample is generated. The main reason is that the informa-
tion of the original remote sensing image is first extracted by using the improved SinGAN,
which helps the classification network to understand the image better. The difference
in classification accuracy remains within 0.5% when the sample size is expanded by 3,
5, 10, and 30 times, which is mainly due to the addition of noise to prevent overfitting
the classification network and to simplify the process of feature extraction for classifica-
tion network learning. When the sample size is expanded to 50 times, it significantly
decreases, which is mainly due to the excessive noise that interferes with the learning of
the classification network.
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Table 6. Classification results of the different sample multiple.

Sample Multiple Origin x1 x3 x5 x10 %30 x50
OA (%) 55.72 57.25 61.27 61.41 61.53 61.75 60.70
Kappa (%) 53.30 54.92 59.20 59.31 59.01 59.66 58.55

4. Discussion

A comparison experiment was set up to visually demonstrate the sample generation
capability of the improved SinGAN. The remote sensing scene images of the Bridge, the
Park, the RailwayStation, and the Mountain were selected. The features of these images
were extracted using the VGG16 network with the same depth and parameters. The fake
samples generated by the improved SinGAN and by the original SiInGAN through the
learning of these remote sensing images were incorporated into the identical network for
feature extraction. All results are visually presented. Figure 16 shows the attention maps
generated by the extraction of the original images and their fake samples. The brighter
regions indicate the greater attention weights in the classification network. Figure 12 shows
that the feature regions extracted from the pseudosamples generated by the improved Sin-
GAN are close to those directly using the original remote sensing scene images. Although
the focus regions (red) will be a little different, the effect is significantly improved compared
with the results of the original SInGAN. In the scenes of the Bridge and RailwayStation,
the improved SinGAN can focus well on the main objects. The inclusion of the attention
mechanism in the SinGAN network effectively restores the key information compared
with the attention maps obtained from the original SiInGAN. In the Park scene, the area of
attention on the original image is the pool in the middle, while the improved SinGAN pays
attention to the two sides of the pool. In the Mountain scene, the network noticed many
key attention areas. This notion indicates that the random noise during the pseudosample
generation has a nonnegligible influence on the final feature extraction, which is to be
explored in subsequent research.

The traditional methods of sample augmentation include rotation and mirroring. The
augmentation of the GAN method is also a continuation of adding noise. An experiment
is set up for comparison to clearly represent the similarities and differences between
the improved SinGAN samples and the traditional augmentation methods. The same
VGG16 network is used to extract features from the samples of the bridge under rotation,
mirroring, etc. The results are compared with those of the pseudosamples generated by
the improved SinGAN. In Figure 17, the features that can be read from the samples by
the improved SinGAN cover the whole bridge subject. The added samples by rotation
and mirroring can also increase the network’s ability to extract and recognize the scene
subject to a certain extent. A classification experiment is also added to compare whether
the accuracy of classification would be increased after adding the sample augmentation
method in the preprocessing. The results are shown in Table 7. The sample augmentation
can effectively improve the accuracy by 3% and the kappa coefficient by 4% with 3% of
the training samples. The classification accuracy can be further improved by improving
the combination of SinGAN’s pseudosample and sample augmentation methods. The
improved SinGAN can cognitively generate more realistic pseudosamples well in the
field of remote sensing, which is essential for many applications in the field of remote
sensing. However, this mechanism is still only equal to or lower than the traditional sample
augmentation methods, which is needed for research and breakthrough in the future.
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(d)

Figure 16. Original remote sensing images and the attention maps derived from the VGG16 network. (a) Original remote

sensing images. (b) Visualization results of the original images. (c) Visualization results of the fake samples by the original
SinGAN. (d) Visualization results of the fake samples by the improved SinGAN.
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(e)

Figure 17. Attention maps derived from the VGG16 network by different methods. (a) Original remote sensing images.

(b) Visualization results of the original images. (c) Visualization results of the fake samples by rotation. (d) Visualization

results of the fake samples by flip. (e) Visualization results of the fake samples by the improved SinGAN.

Table 7. Classification results of different augmentation methods.

Method Fake Samples TAM Fake Samples + TAM
OA (%) 60.70 63.57 65.77
Kappa (%) 58.55 62.74 63.89

Fake samples (generated by the improved SinGAN) and TAM (traditional augmentation methods).

5. Conclusions

Existing neural networks cannot effectively perform large sample expansion with
few samples. Generated pseudosamples are largely nonrealistic and infeasibly used as
training sets for other applications, such as classification. To address the abovementioned
problems, the improved SinGAN model incorporating an attention mechanism is pro-
posed. The goal of this model is mainly to utilize the pyramidal multiscale structure of
SinGAN, which targets the fact that remote sensing scene images have a small sample
size in real life. Features can be well extracted, and the pseudosamples generated can be
performed only in a single remote sensing scene image. The fused attention mechanism is
for pseudosamples generated by SinGAN with improved geographic realism instead of
mere texture regeneration.

The improved model can generate better pseudosamples of remote sensing scenes with
fewer layers compared with the original SinGAN structure. As shown in Figures 7-11, we
compared the pseudolabeled samples generated by the original SINGAN and the improved
SinGAN under the same operation parameter settings. We found that the pseudolabeled
samples generated by the original SinGAN have certain geographic discorrelation, such
as bridge disruption, lake deformation, and station and railway track misalignment, in
human-eye recognition. In addition, we applied the attention map to the pseudolabeled
samples generated by the original SinGAN, and the improved SinGAN under the same
feature extraction network. According to Figures 16 and 17, it can be seen that the improved
SinGAN made the features extracted by the network much closer to those obtained from
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the original image. All the experiment results denote that the extracted pseudosamples can
be gathered as the training set for the classification network to learn and stably produce
accurate classification results under different input sizes, numbers of categories, or sample
times. This reverse indicates that the pseudosamples generated by the improved SinGAN
are highly realistic and can be applied to numerous applications.

However, the improved SinGAN proposed in this work still has much room for
improvement. Although the pseudosample can be generated better, great emphasis is
placed on the diversity of texture details. Thus, great consideration will be given to color
and other features in this structure. SinGAN itself has the possibility of extracting features
directly for classification, which will be a focus of our attention in the future.
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