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Abstract: Change detection (CD) is a particularly important task in the field of remote sensing
image processing. It is of practical importance for people when making decisions about transitional
situations on the Earth’s surface. The existing CD methods focus on the design of feature extraction
network, ignoring the strategy fusion and attention enhancement of the extracted features, which
will lead to the problems of incomplete boundary of changed area and missing detection of small
targets in the final output change map. To overcome the above problems, we proposed a hierarchical
attention residual nested U-Net (HARNU-Net) for remote sensing image CD. First, the backbone
network is composed of a Siamese network and nested U-Net. We remold the convolution block
in nested U-Net and proposed ACON-Relu residual convolution block (A-R), which reduces the
missed detection rate of the backbone network in small change areas. Second, this paper proposed
the adjacent feature fusion module (AFFM). Based on the adjacency fusion strategy, the module
effectively integrates the details and semantic information of multi-level features, so as to realize the
feature complementarity and spatial mutual enhancement between adjacent features. Finally, the
hierarchical attention residual module (HARM) is proposed, which locally filters and enhances the
features in a more fine-grained space to output a much better change map. Adequate experiments on
three challenging benchmark public datasets, CDD, LEVIR-CD and BCDD, show that our method
outperforms several other state-of-the-art methods and performs excellent in F1, IOU and visual
image quality.

Keywords: change detection; remote sensing images; feature fusion; attention mechanism; adjacent
strategy; hierarchical structure

1. Introduction

Change detection (CD) is a remote sensing image interpretation task to obtain a
change map by comparing different temporal images of the same geographical region.
Monitoring changes in specific areas of the Earth’s surface is crucial for some individuals
and institutions to make critical decisions. Therefore, CD has received much attention as
a research hotspot in the field of remote sensing. With the quick advancement of remote
sensing technology, it has become gradually easier to obtain remote sensing images that
can be used for CD, which promoted the development of CD to a certain extent. At present,
CD is widely used in land use monitoring [1], disaster assessment [2], urban development
planning [3], environmental monitoring [4], and other fields.

Based on the unit of analysis of the model, traditional CD methods can be classified as
pixel-based [5] and object-based [6] methods. The pixel-based method usually generates
the change map based on the pixel differences between different temporal images. This
method requires data to go through several image pre-processing steps, including radiation
correction [7], geometric correction [8], etc. For the processed data, the appropriate CD
method is used to obtain a set of differential features, and finally generate the change
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map with a threshold segmentation or clustering method. Celik et al. [5] uses principal
component analysis (PCA) [9] extract orthogonal feature vectors, and then implements CD
by k-means clustering algorithm [10]. However, the pixel-based method does not fully con-
sider the relationship of feature contextual information during processing, and inevitably
leads to the generation of various types of noise and isolated change pixels, which influ-
ence the quality of change maps. The object-based method uses structural and geometric
information between different temporal images to generate change maps, which largely
suppresses the generation of isolated noise, but the method also has high requirements
for the registration of different temporal images. These two methods not only require
a lot of manual intervention in the image pre-processing stage, but also rely heavily on
the experience of professionals for threshold setting. Therefore, there is an immediate
requirement to developing automatic and efficient CD algorithms.

In the early years, due to the scarcity of labeled data, research in the field of remote
sensing image interpretation started in an unsupervised direction and has continued until
now [11,12]. Considering the nature of unsupervised methods, most unsupervised methods
use the physical properties of the data. For example, in the field of land cover classification,
the texture representation of medium resolution imaging spectrometer data can be used
to better reveal the land cover type [13], and in recent studies, Hidden Markov Models
have been successfully applied to fully polarized land cover classification [14,15], and good
results have been obtained. However, data-driven deep learning methods developed
rapidly in various computer vision fields in recent years due to the increasing accessibility of
data, such as target detection [16], target tracking [17], super-resolution reconstruction [18],,
and semantic segmentation [19], and most of the methods have achieved better results
than traditional methods. Therefore CD methods are gradually evolving from traditional
methods to deep learning-based methods. Since convolutional neural networks (CNN) [20]
are most commonly applied in computer vision tasks, networks based on CNN such as
VGG [21], U-Net [22], and ResNet [23] are widely introduced to the field of remote sensing
CD to obtain better change maps.

Owing to the resemblance between the CD and the semantic segmentation tasks,
early CD models were obtained through simply modification of the semantic segmentation
model, so most of them are single-stream structures. Single-stream CD models have been
used until now due to their simple modification and smaller computational expenditure.
However, the disadvantages of the single-stream CD model were gradually emerged, so the
Siamese network [24] was introduced into the CD domain to form the Siamese CD model.
Therefore, we divide the deep learning-based remote sensing CD model into single-stream
model [25-28] and Siamese model [29-32]. In the single-stream CD model, Zheng et al. [25]
used U-Net as the backbone network and two three-channel images are concatenated into
one six-channel image as input, embedding newly designed cross-layer blocks into the
encoder stage of the backbone network, integrating multi-level context information and
multi-scale features; Peng et al. [26] concatenated a pair of bi-temporal images and inputs to
the U-Net++ network, the global information is used to produce feature maps with higher
spatial accuracy, and the multi-level feature maps are then assembled to produce change
map with high accuracy. Unlike the single-stream CD model, the bi-temporal images are
processed separately by the Siamese backbone, after which the two sets of depth features
undergo a series of processing to obtain the change map. Chen et al. [29] proposed a Siamese
spatial-temporal attention network, designed a CD self-attentive mechanism to simulate
the spatio-temporal relationship between feature context, and finally obtained a better
change map. Zhang et al. [30] proposed an image fusion network, highly representative
deep features are extracted through a Siamese network, and then inputted the depth
features into the differential identification network under deep supervision to obtain the
change map.

Although the existing deep learning-based CD approaches outperform most tradi-
tional approaches, there are still many limitations in terms of structure and functionality.
First, in terms of structure, most models follow a U-shaped codec structure [22]. The prob-
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lem of back-propagation gradient disappearance is solved to a certain extent using the
skip connection mechanism, but because the connection is too sloppy, the features of the
two convolution layers being connected have large semantic differences, which leads to
increased learning difficulty of the network. Second, in terms of function, the problems of
small target miss detection, low robustness to pseudo-change, and irregular edges of the
extracted change regions are prevalent on most CD models, and these problems are also
urgent problems in CD.

To address the above problem, we propose a model and named it Hierarchical Atten-
tion Residual Nested U-Net (HARNU-Net) according to its characteristics. First, the im-
proved U-Net++ [33] is being used as the backbone network for feature extraction, and the
four levels of output features extracted by U-Net++ are fed into the Adjacent Feature Fusion
Module (AFFM), and the AFEM can combine multi-level features and context information
to make the output change map contain more regular change boundaries. Then, the fused
four features are fed into the hierarchical attention residual module (HARM) separately.
HARM can enhance features in finer-grained space, and effectively suppress problems
such as small target miss detection and pseudo-change interference. Finally, the four pro-
cessed features are concatenated at the channel level and processed to acquire a precise
change map.

The major contributions of this paper are as follows:

1.  We proposed a novel and powerful network for remote sensing image CD, called
HARNU-Net. Compared with the baseline network U-Net++, our network signif-
icantly reduces the miss detection rate of small change regions and shows strong
robustness on pseudo-change cases.

2. We proposed HARM for effective enhancement of features in a finer-grained space,
using the feature transferability of the hierarchy to effectively filter out redundant
information and provide powerful feature representation and analysis capabilities
for the model. As a plug-and-play module, HARM can be easily transplanted to
other models.

3. The AFFM proposed by us can effectively integrate multi-level features and context
information, so as to reduce the learning difficulty of the model during the training
process, and make the boundary of the output change map more regular.

The rest of the paper is structured as follows. Section 2 introduces the related work of
the research. The proposed method is described in detail in Section 3. In Section 4, the com-
parative experiments between our model and other seven CD models are introduced in
detail, and a sequence of ablation experiments verify the reliability and validity of our
proposed module. The paper is concluded in Section 5.

2. Related Work

The introduction of deep learning into the field of CD accelerated the development
of the field. The mature CD model makes people gradually get rid of the tedious task of
manually labeling change regions. Since the emergence of Siamese network, because its
structural is particularly suitable for CD task, it has been applied into the field of CD
by more and more researchers. Zhan et al. [34] first brought the Siamese network to the
CD task and proposed a Siamese CD model. At that time, the features extracted by their
model were more abstract and robust than those generated by traditional methods. Fully
Convolutional Network (FCN) [35], which is widely applied to dense prediction tasks, is
also adopted in the CD task. Rodrigo et al. [36] proposed three CD models based on FCN,
which are the first end-to-end trainable models proposed in the CD domain. In recent
years, variants of FCN such as U-Net and U-Net++ are broadly applied in the field of CD.
Peng et al. [26] used U-Net++ to design an end-to-end CD model, which uses multi-level
semantic feature map to generate the change map.

Most of the design of CD models focus on the feature extraction phase, while the impor-
tant feature fusion phase is often ignored or only using coarse feature fusion strategy [26,27,37].
Although a well-designed feature extraction part in a CD model can assist the model obtain
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more detailed information for CD tasks, the lack of good feature fusion strategy may
lead to deterioration of the final CD results. Neural networks as a hierarchical structure
network, it is not same in the semantics of output features at different levels. In many
works, visualizing the features at different levels of neural networks can help us better
understand how the intermediate layers of neural networks work. Typically, low-level
features are larger in size and contain more local detail information, but lack the concept
of global semantics; high-level features after more convolution layers become smaller in
size, thus better summarize the global content of the image. In previous studies, to sur-
mount the lack of detailed and global information in a single feature, researchers have
used simple skip connection operations similar to those in FCN and U-Net to integrate
high-level features with low-level features. For example, Li et al. [37] proposed a CD model
with U-Net structure. Their model only simply connects the features of different semantics.
Although the skip connection operation may bring some performance gains to the model,
some connections in the simple skip connections not only will not enhance the capabilities
of the network, but also may have a negative impact on the network. We propose AFFM to
address this issue. According to the adjacency strategy, AFFM performs complementary
fusion operations on the features of different layers. This feature fusion approach preserves
the feature information at each level, and complements the missing elements of features at
various levels from adjacent features. At last it builds the foundation for the final output of
the change map with regular boundaries.

When looking at a picture, human beings can quickly find the contents they pay
attention to in complex scenes and ignore invalid information. This mechanism for divert-
ing attention to the most important regions of an image and ignoring irrelevant parts is
called attention mechanism [38]. Researchers introduced this mechanism to the field of
computer vision successfully. In recently, the attention mechanism has shown the great
success in various fields, such as image classification [39], semantic segmentation [40],
person re-identification [41], etc. In the field of CD, Wang et al. [42] added the fused
attention module of channel and spatial features to the decoding part of the proposed CD
network, which proved that using the fusion attention module can improve the accuracy of
the output results; Chen et al. [43] designed a dual-attentive concatenated FCN network,
which showed better capabilities by capturing the long-range dependencies between fea-
tures, and obtained more discriminative feature representations. Although all of the above
methods achieved good results, they all neglected to partially strengthen and weaken the
features on a finer-grained space, which led to frequent misses in detecting small change
regions. Our HARM employs an attention mechanism based on finer feature segmentation,
which effectively enhances the feature representation in fine-grained space and provides
excellent performance in small change region detection.

3. Methodology

In this section, the general network architecture of HARNU-Net is introduced in
Section 3.1, the improved backbone network is introduced in Section 3.2, the proposed
adjacent feature fusion module (AFFM) and the hierarchical attention residual module
(HARM) are introduced in Sections 3.3 and 3.4, respectively, and the loss function is
introduced in Section 3.5.

3.1. Network Architecture

The proposed HARNU-Net uses a pair of bi-temporal remote sensing images as input
and finally outputs a binary change map. The network uses a standard codec architecture
with a series of feature processing modules. The entire network structure can be split into
three parts as shown in Figure 1. The general structure of these three parts is as follows:

(1) Feature extraction part : An improved U-Net++ is used as the backbone network,
and its encoder part is adjusted to a Siamese structure to meet the bi-temporal images
input requirements of the CD task.
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(2) Feature fusion part: Unlike the most of previous approach of using only the output
features of the last decoder layer of U-Net++, we innovatively use the output features
of the four stages of the network to serve the final result. We consider the similarity
and complementarity between adjacent features of different layers, so we use AFFM
based on the adjacency strategy for complementary fusion of features.

(3) Feature reinforcement part: The four groups of features are reinforced separately using
HARM designed by the Convolutional Block Attention Module (CBAM) [44] with a
hierarchical structure, and the change maps are output after the final processing.
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Figure 1. Architecture of the proposed HARNU-Net. (a) is the backbone of HARNU-Net, used
for feature extraction. (b) is an improved convolutional block, proposed to enhance the backbone
network performance. AFFM is used for feature fusion, HARM is used for feature filtering and

enhancement. Detailed structure of AFFM and HARM are shown in Figures 2 and 3.
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Figure 2. Architecture of Adjacent Feature Fusion Module (AFFM).



Sensors 2022, 22, 4626

6 of 26

/ ——————————————————————————— -
| c '
F’eRY — |
| =
N  » I
I L il 8 i N\ I
| - (Ol
| F e RO P - I
. \
| Split| | P I S |
0> 5 > 14
I ol % |
</ |
I Fr e _
\ I
! (2
> D> < |L>€ |
| lo/ A |
| HARM
| I
\ )

— e —— —— —— —— —— —— —— —— —— —— —— —— —— —— — — — — —— —— —— —— — — — —

Figure 3. Architecture of Hierarchical Attention Residual Module (HARM).

3.2. Improved Backbone Network

The network with codec structure based on U-Net and U-Net++ performs well on
various semantic segmentation tasks, and we introduce the U-Net++ into the CD task
because of the resemblance between the CD task and the segmentation task. Bi-temporal
remote sensing images usually contain many complicated feature information, and the
data have high intra-group variability and low inter-group variability [45], which makes it
extremely hard to differentiate between changed and unchanged areas in the CD process.
Using the dense skip connection mechanism of U-Net++ can better preserve detailed
information during feature extraction and avoid confounding effects. Compared with
the simple skip connection mechanism of U-Net, the dense skip connection mechanism
can avoid the semantic gap caused by long connections that span too large, thus making
the learning difficulty of the whole network much less. Given the specificity of the CD
task, we embed the Siamese network into the encoder stage of the backbone network.
A pair of bi-temporal remote sensing images are sent to two encoder branches to extract
image features, and the two branches share the same weight parameter. Using the same
convolutional branch for two different images to extract features, and activating weights at
the same location in the feature map, which makes the network to effectively distinguish
between changed and unchanged areas in subsequent processing.

As shown in Figure 1, the features extracted from two images by convolution blocks
of the same layer are concatenated at the channel level, and then concatenated with the
features on the decoder through the dense skip connection mechanism. For example,
the features Fg'o € REOHXW and Fg’o € REXHXW obtained from a pair of bi-temporal

images A,B processed by convolutional blocks X%’O and Xg’o are first concatenated at the
channel level to form the bi-temporal feature FO0 € R2C*HXW and then FO0 is concatenated
with the feature Fé’o € REXHXW output from convolutional block Xé’o at the channel level
and fed to convolutional block X! to generate the first stage feature F! € RC*H*W  Since
the pooling operation is included in each stage of the encoding operation to condense the
information of the features, F;’O is upsampled to comply with the concatnation specification
before the channel fusion operation with FO0.

It is also worth saying that assuming that each node X"/ of U-Net++ is called a convo-
lutional block, we modified the internal structure of the convolutional block. As shown in
Figure 1b, we designed the convolutional block as a residual structure [23] and introduced
the ACON activation function [46] in it, the modified convolutional block can adaptively
choose whether to activate specific neural nodes or not, effectively improving the overall
performance of the network. We call this convolutional block ACON-Relu Residual Con-
volutional Block (A-R). Let F'/ € RE*H*W be the output of A-R X"/, where i indicates the
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number layers of down-sampling layers and j indicates the number layers of up-sampling
layers, then the formula for F*/ is as follows:

Res(-) = R(B(C(A(B(C(:))))) +C(-)) ey
M(Res(x'~ 1)) j=0
Fif — Res([xf;lo, xi'O,DC(x"H']"l)]) ji=1 o)

TRy A o ,
Res([xzo, xgo, [x"k} kl,DC(leJ*)}) j>1

where the function Res(-) represents the overall operation of the A-R, R(-) represents the
Relu activation operation, B(-) represents the Batch Normalization operation, C(-) denotes
the convolutional operation, A(-) denotes the ACON activation operation, M(-) denotes
the max pooling down-sampling operation, DC(-) denotes the deconvolution up-sampling
operation, and [, ] denotes the channel concatenation operation for the features in it. When
j =0, it means that the input features are downsampled in the encoder stage to extract
features with higher-dimensional information, and when j > 0, it means that the features
between adjacent levels are fused to generate more complete features containing local detail
information and global semantic information.

In our proposed backbone network, the A-R in the encoder stage further deepens the
features by gradually expanding the number of channels of the features, and the A-R in the
decoder stage further condenses the features by gradually reducing the number of channels
of the features. The size of the features output from the A-R located at the same hierarchical
position is the same. The down-sampling operation halves the height and width of the
feature map and keeps the number of channels constant, and the up-sampling operation
doubles the height and width of the feature map and keeps the number of channels constant.
Table 1 lists the feature map size information for each A-R input and output of the whole
backbone network.

Table 1. Input and output size of the backbone network.

Size (Channel x Height x Width)

A-R
Input Output
x90 3 x 256 x 256 48 x 256 x 256
X0 3 x 256 x 256 48 x 256 x 256
x01 192 x 256 x 256 48 x 256 x 256
Xx02 240 x 256 x 256 48 x 256 x 256
X03 288 x 256 x 256 48 x 256 x 256
X04 336 x 256 x 256 48 x 256 x 256
x40 48 x 128 x 128 96 x 128 x 128
X0 48 x 128 x 128 96 x 128 x 128
X1 384 x 128 x 128 96 x 128 x 128
x12 480 x 128 x 128 96 x 128 x 128

x13 576 x 128 x 128

96 x 128 x 128
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Table 1. Cont.

Size (Channel x Height x Width)

A-R
Input Output
x50 96 x 64 x 64 192 x 64 x 64
x20 96 x 64 x 64 192 x 64 x 64
X1 768 x 64 x 64 192 x 64 x 64
X?2 960 x 64 x 64 192 x 64 x 64
X3 192 x 32 x 32 384 x 32 x 32
x50 192 x 32 x 32 384 x 32 x 32
X3! 1536 x 32 x 32 384 x 32 x 32
Xz 384 x 16 x 16 768 x 16 x 16
Xi"j( By’ i, j denote the i-th and j-th levels of the encoder and decoder, respectively, and A(B) denotes the processing

of the A(B)-temporal picture in Figure 1a.

3.3. Adjacent Feature Fusion Module

The advancement of remote sensing CD in recent years is to some extent due to
the research of researchers in various feature fusion strategies. However, many existing
feature fusion methods underestimate the significance of semantic association [47], ignore
the semantic differences between features when performing the integration of high-level
and low-level features, which can lead to irrelevant noise in the fused features and thus
impact the precision of the change map. To better solve computer vision tasks, we need
to make our final extracted features contain both local detail information and global
semantic information, and it is difficult to satisfy this requirement using only single-
level features output from deep networks. Considering this situation, we propose AFFM,
which innovatively uses the four level features derived from the backbone network for
feature fusion, and then passes them to the next module for further processing. AFFM
focuses on the complementary fusion between adjacent features, which achieves feature
complementarity and mutual spatial enhancement between adjacent features, greatly
reduces the overall learning difficulty of the network.

For N input feature maps F = {f;,i = 1,2, ..., N}, AFFM will generate N fused feature
maps of the same shape F" = {f/,i = 1,2,..., N}. As shown in Figure 2, AFFM first sums
the elements of adjacent features, after which the obtained preliminary fused features
are concatenated at the channel level with the original features, and finally the combined
features are output after feeding into the 1 x 1 convolutional transform channel. Since
the final output of the CD task is a binary change map, we think that the element-wise
summation operation in AFFM can effectively alleviate the coarseness of each layer of
features using the correlation between different layers of features, and the channel re-
fusion with the original features prevents the loss of effective features, and finally achieves
the effective fusion of details and semantic information of different layers of features.
The specific operation formula of AFFM is shown as follows:

C([fi ® fi+1, fil) i=1
=13 Clfia®fi® firr, fil) 1<i<N 3)
C(lficr® fi. fil) i=N

where C(-) denotes 1 x 1 convolution, ® denotes element-wise summation, and [] denotes a
channel concatenation operation for the features in it. In short, AFFM first makes the initial
fusion of two or three adjacent features by element-wise summation, so that the features
focus more on the common part elements and complement the missing part elements, then
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performs channel fusion with the original features to prevent the loss of useful features,
and finally adjusts the channels after 1x1 convolution before outputting.

3.4. Hierarchical Attention Residual Module

The HARM is the key innovation and main component of HARNU-Net. It is re-
sponsible for finer filtering and reinforcement of the features output from AFFM. Most
attentional CD networks in the past have been obsessed with filtering and reinforcing fea-
tures at the feature level [30,42], inspired by Res2Net [48], as shown in Figure 3, we propose
HARM by reinforcing features at a finer scale. In the process of network transmission,
features contain a lot of low-dimensional and high-dimensional information, but not all
the information contained in features is conducive to the CD [47,49], and if the invalid
information in the features is not removed well in the CD process, it will exponentially grow
the difficulty of training the network [44]. Therefore, we introduce CBAM in the design
of HARM, which consists of a channel attention module (CAM) and a spatial attention
module (SAM) together.

Channel attention module: The core idea of this module is to produce a channel
attention map using the relationship between feature channels. We can use the channel
attention map to recalibrate the weights of the corresponding features at the channel level.
As shown in Figure 4, CAM first performs adaptive max pooling and adaptive average
pooling with output scale of 1, respectively, on the input features F € RE*H*W to aggregate
spatial information, and this operation will yield two C-dimensional pooling features
Fpan € REX1X1and Froq1 € RE*1x1 which are then fed to a shared multilayer perceptron
(MLP), and the two features are output after element summation and Sigmoid activation to
generate the required channel attention map M, € R©*!1*1. In short, the CAM is computed
as follows:

M (F) = oc(MLP(AvgPool(F)) & MLP(MaxPool(F))) 4)

where F denotes the input features, © denotes the element-wise addition, o denotes the
Sigmoid activation function, and the MLP weights are shared. Using the channel attention
map, the features can be refined at the channel level by multiplying the channel attention
map with the corresponding features, the effect of suppressing irrelevant channels and
strengthening relevant channels can be achieved, and the globally optimized features can
be obtained at the channel level.

Channel Attention

|
|
|
|
Mc [
|
|
|

MLP @ Element-wise Summation

Channel Attention Module (© sigmoid activation function

— e e e e e e e e e e e e e e e o e o —— o o —— — —— — — — — — — —

I
I
I
I
I
I
I
|

Figure 4. Architecture of CAM.

Spatial attention module: The core idea of this module is to produce a spatial attention
map using the spatial association of the feature. Unlike channel attention, applying spatial
attention allows recalibrating the weights at the spatial level of the corresponding features.
As shown in Figure 5, SAM first performs maximum pooling and average pooling to the
input features F' € RC*H*W along the channel direction, and this operation will yield two
two-dimensional features F0 € R1*H*W and Faogo € RIXH*W “after which these two
feature maps are fed into a layer of convolution after concatenation at the channel level,
and finally activated by Sigmoid to obtain the desired spatial attention map M, € R*H*W,
In short, the SAM is computed as follows:
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M;(F') = (77 ([AvgPool (F'); MaxPool (F') ) ) ©)

where F’ denotes the input features, [ ; ] denotes the channel concatenation, ¢ denotes the
Sigmoid activation function, and f”*” denotes the convolution operation with a convolution
kernel size of 7 x 7. The weight value of each pixel position can be adjusted by multiplying
the 2D features generated by the spatial attention module with the corresponding features,
and the spatial layer of the final output feature map will be adaptively tailored to fit the
task. In short, in the CD task, the position weights of the unchanged pixels of the SAM-
processed features will be weakened and the position weights of the changed pixels will be
strengthened, so that the network can be better suited to the needs of the CD task.

! 1
I conv |
| layer |
| | |
| |
| = |
| Channel-refined [ MaxPool, AvgPool ] Spatlall\AAttentmn |
| feature s |
N Spatial Attention Module  @sigmoid activation function

Figure 5. Architecture of SAM.

As shown in Figure 6, CBAM consists of CAM and SAM in order, not only tells the
network which channel location information and spatial location information to focus
on the features, but also suppresses or ignores irrelevant channel location information
and spatial location information, enhances the feature representation of the model at key
locations, and reduces the negative impact of redundant information on the model in
making decisions. This attention-based feature enhancement approach allows the network
to autonomously explore the optimal representation of the input features at the channel
and spatial levels, and the CBAM is calculated as follows:

CBAM(F) = My(M.(F) ® F) ® (M.(F) ® F) 6)

where F denotes the input features and ® denotes the element-wise multiplication. M, (F)
and M;(F) denote the corresponding channel attention map and spatial attention map
generated based on the features F, respectively.
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Figure 6. Architecture of CBAM.

RCXHXW

In HARM, we divide the input feature mapping F € with C channels equally

into X feature mapping subsets at the channel level, denoted by F’ € R%*H *W_ where
i € {1,2,..,X}. Each F; has the same space size as F except that the channels become
C/X. We apply the same CBAM processing to each F, and with a residual structure to
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guarantee that the useful information in the original features is not easily and blindly
removed. The output produced by F; after processing is denoted by Y} € RC/XXHXW,
where i € {1,2,..., X}. Except for F, all other F; receive a subset of the feature mapping
processed in the previous layer as an extension of the information in that subset of the layer
before being processed by CBAM. After the enhancement process of all feature mapping
subsets is completed, we will concatenate X output features and the final output obtained
is represented by Fg € RC*H*W_ The specific formula of HARM is as follows:

CBAM(F) @ F i=1
yi = @)
CBAM(F & (CBAM(F ) & F )@ F i>1

Fr= 505 .05 i€{12...,X} 8)

where CBAM (-) denotes the sequential channel and spatial enhancement of features, @
denotes element-wise summation, and [] denotes the concatenation of feature mapping
subsets at the channel level. By the above operation, the output feature Fr of HARM
contains the content of the change map after being finely processed. Through extensive
experiments, it is found that HARM performs best when the number of branches is 3,
ie, X=3.

3.5. Loss Funtion

Remote sensing images CD is a typical binary classification task, and applying cross-
entropy loss is a common practice for most binary classification tasks. However, in the
CD task, there is a serious disequilibrium among the number of changed pixels and
the unchanged pixels [50], and often the number of unchanged pixels is much greater
than the number of changed pixels, which leads to the fact that CD networks applying
general cross-entropy loss will seriously favor a certain class of pixels during the training
process [51], making it harder to update the network to the global optimum. Therefore,
more consideration is now given to applying weighted cross-entropy loss, which can better
balance the class imbalance problem in CD tasks by applying different weight values to the
classes. In addition, the dice coefficient loss, which is more applied in the medical image
segmentation field [52,53], can also weaken the impact caused by the category imbalance
problem better. Based on the above considerations, we choose to use the hybrid loss
function of Fang et al. [54] to optimize our network parameters in the training process. This
hybrid loss function is composed of both weighted cross-entropy loss and dice coefficient
loss. Formally, this loss function is determined by the equation:

L = Lepce + Lclice (9)

To describe the weighted cross-entropy loss in more detail, we consider the pixel
points in the predicted change map as a set Y, which can be expressed as [54]:

Y={0,02...,0klk=1,2,..., Hx W} (10)

where 71 denotes a pixel point in Y, H and W denote the height and width of Y, consistent
with the size of the bi-temporal image pair of the input network. The weighted cross-
entropy is expressed in detail as [54]:

o Hw exp(ﬁ[k][class])))
wee = ——— weight [ class | - | lo
Luce = gy X welght [class] ( 5 (z%oexp@[knz]) o

the value of “class” is 0 or 1, which corresponds to unchanged and changed pixels, respec-
tively. In addition, the definition of dice coefficient loss can be expressed as follows [54]:
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2-Y - softmax(Y)
Y + softmax(Y)

Lclice =1= (12)

where Y denotes the ground truth.

4. Experiment and Analysis
4.1. Datasets and Pre-Processing

Training deep CD models requires a lot of labeled images, and large and challenging
CD datasets are indispensable for the sake of accurately proving the effectiveness of the
model. To evaluate the reliability and validity of our model, we performed a sequence of
experiments on three well-known and frequently used CD datasets. These three datasets
and the pre-processing are described in detail below.

(1) Change Detection Dataset (CDD) [55]: The dataset contains 11 bi-temporal image
pairs obtained from Google Earth (DigitalGlobe) with seasonal changes, of which seven
image pairs have a size of 4725 x 2700 pixels and four image pairs have a size of 1900 x 1000
pixels with a resolution of 0.03-1 m/pixel. As shown in Figure 7, the change objects include
various size objects, such as buildings, roads, cars, etc. We used 16,000 image pairs of size
256 x 256 generated from these 11 bi-temporal image pairs by cropping and rotating as
data for the experiments, of which 10,000 pairs were devoted to training, 3000 pairs to
validation, and 3000 pairs to testing.

(2) Building Change Detection Dataset (BCDD) [56]: The dataset contains 1 bi-temporal
image pair of size 32,507 x 15,354 pixels acquired by QuickBird satellite, with the acquisition
location in Christchurch, New Zealand. In the study area included in this aerial image
pair, a magnitude 6.3 earthquake occurred in February 2011, so there was a large growth of
large sparse buildings in the following years, bi-temporal image pairs were collected before
and after the earthquakes. The authors downsampled the resolution from 0.075 m/pixel to
0.3 m/pixel to facilitate the study. As shown in Figure 7, We cropped this image pair
without overlap into 7434 image pairs of size 256 x 256 and randomly assigned these image
pairs to the training, validation, and test sets in a ratio of 8:1:1.

(3) LEarning, VIsion and Remote sensing-Change Detection (LEVIR-CD) [29]: The
dataset contains 637 pairs of images collected by the authors through Google Earth APl in
20 different areas of several cities in Texas, USA, which have a size of 1024 x 1024 pixels and
a resolution of 0.5 m/pixel. As shown in Figure 7, LEVIR-CD focuses on small and dense
building variations and includes many pseudo-changes caused by season and light, which
helps to validate the reliability of the model. For the experiments, considering the limitation
of computer GPU memory, we cropped the original image pairs into 10,192 non-overlapping
image pairs of size 256 x 256, and used 7120 pairs were devoted to training, 2048 pairs to
validation, and 1024 pairs to testing according to the random allocation principle.

Detailed information on the above three CD datasets can be found in Table 2. We also
collected the number of changed and unchanged pixels contained in the three datasets
and calculated the ratio, and it can be seen that the ratio between the two types is very
disparate, the phenomenon is common in the CD datasets.

Table 2. Main indicators of the three dataset we used.

Number of Pixels Number of Samples

Datasets Resolution Size . Change Objects - .
Changed Unchanged Ratio Train  Validation Test
CDD 0.03-1m/pixel 256 x256 134,068,750 914,376,178  1:6.82 buildings, 15000 3000 3000
roads, cars, etc.
BCDD 03m/pixel  256x256 21352815 477,759,663 12237  opamelarge 590 743 743
buildings
LEVIRCD  05m/pixel  256x256 30913975 637,028937 12061  Densesmall 55, 1024 2048

buildings
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Figure 7. Illustration of samples from three dataset. The samples from left to right are in order
from CDD, BCDD,LEVIR-CD. T1 and T2 indicate the bi-temporal image pairs. GT indicates the
ground truth.

4.2. Evaluation Metrics and Implementation Details

To estimate the capability of our proposed HARNU-Net, we use five evaluation
metrics, Precision (Pre), Recall, F1-Score (F1), Intersection over Union (IoU) and Overall
Accuracy (OA), all in the range of [0, 1], with larger values denoting higher performance..
The expressions of these five metrics are as follows:

Pre = 5+ Fp 13)
Recall = 7TP€—PFN (14)

- g

oV =757 1{113) TFN 16)
oA — TP+ TN a7

TP+TN+FP+FN

where TP, FP, TN, FN denote true positive, false positive, true negative and false negative,
respectively. In the CD task, the fewer false detections in the predicted results, the higher
the Pre; the fewer missed results, the higher the Recall, but it is difficult to achieve both
high Pre and high Recall, and OA indicates the overall classification correctness. Both F1
and IoU are comprehensive metrics for evaluating the CD model, where F1 balances the
conflict by considering both Pre and Recall [56], and IoU is the ratio of the intersection of
the predicted result and ground truth to the concatenated set [57]. Higher values of F1 and
IoU indicate better overall performance of the model.

Our proposed model is realized under the pytorch framework. All experiments we
performed were made on an Intel Xeon Gold 5120 @ 2.20 GHz and an NVIDIA TITAN RTX
(24 GB). Considering the limitation of GPU memory, in the process of model training, batch
size is fixed to 12, Adam [58] is applied as the optimizer, the initial learning rate is set to
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0.001 and decreases by half after every 10 epochs. In order to prevent over fitting, epoch is
set to 100. The weight values of the network are initialized by Kaiming normalization [59].

4.3. Analysis of Experimental Results
4.3.1. Comparison Methods

To verify the superior performance of our proposed methods, seven state-of-the-art
CD methods were chosen for comparison on three datasets, and a brief description of the
selected methods is given below:

(1) FC-EF [36]: The bi-temporal images are sent to the network as one image after
early fusion, and the overall structure follows the idea of FCN with a four skip connection
structure. The first layer of the network has 16 output channels, and the number of
channels is doubled layer by layer in the encoder stage and then halved layer by layer in
the decoder stage.

(2) FC-Siam-conc [36]: The encoder of the FCN network is transformed into a Siamese
structure, and the two branches of the encoder stage share weights. The features of the two
encoder stages are connected to the features of the decoder through four skip connection to
fully fuse the features at different levels.The rest of the structure is the same as FC-EF.

(3) FC-Siam-diff [36]: The structure is the same as that of FC-Siam-conc, with the
difference that the features connected to the decoder features are the differential features
obtained by the difference of the two encoder features. Therefore, this network has one
third less channels than FC-Siam-conc for the decoder at the same stage.

(4) CDNet [60]: A single-stream FCN network architecture consisting of four systolic
blocks and four extension blocks with Soft-max classifier. The network is structured as a
conventional codec structure with skip connection to efficiently combine coarse and fine
information. Notably, the network used a convolution operation with a kernel size of 7 to
extract features, and always kept the channels at 64 in the middle layer of the network.

(5) STANet [29]: Two Resnetl18-based branching networks are used for extracting
the features of bi-temporal image pairs, then the two features are fed into the spatial-
temporal attention module to generate spatial-temporal relationship features used to
describe contextual features, and finally the output features are fed into the metric module
to generate the final change map.

(6) BIT [61]: Proposed a bi-temporal images transformer(BIT) to effectively model the
spatial-temporal domain within the context, and pioneered the introduction of transformer
into the field of CD. The network replaces the last convolution stage of ResNet18 with BIT,
after which refined features are fed to the prediction head to generate change maps.

(7) SNUNet [54]: Uses a densely connected Siamese nested U-shape network to
effectively reduce the loss of deep localization information, and designs an integrated
channel attention module to further optimize the processing of features.

The main difference between our method and the above seven methods is that we
fully use the output features from the four stages of Nested U-Net, while the other methods
only use the features output from the last decoder, and on top of that we apply HARM to
the four features for a fine-grained feature-enhanced representation, all these operations
facilitate us to output a better change map.

Table 3 summarizes the main features of these seven models. For the sake of experi-
mental fairness, we use a set of public codes to implement the above CD models, and all
experiments are conducted in the same experimental environment with loss functions
and batch sizes set as described in the original literature. It is notable that we choose
SNUNet/48, the best performing SNUNet network, as the comparison method.
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Table 3. Key characteristics of comparative methods.

Models

Year

Architecture

Main Strategy Loss Function

FC-EF

FC-Siam-conc

FC-Siam-diff

CDNet
STANet
BIT
SNUNet

2018
2018

2018

2018
2020
2021
2021

Single-stream, FCN
Siamese, FCN

Siamese, FCN

Single-stream, FCN
Siamese, ResNet
Siamese, ResNet
Siamese, UNet++

WSCE loss !
WSCE loss

Skip connection, multi-level fusion
Siamese-concatenation, skip connection,
multi-level fusion
Siamese-difference, skip connection,
multi-level fusion
Stacking contraction, expansion blocks
BAM,PAM
Bi-temporal image transformer
Densely connected, ECAM

WSCE loss

Weighted cross-entropy loss
Batch-balanced contrastive loss
Cross-entropy loss
WSCE loss, dice loss

! represent Weighted Softmax Cross-Entropy loss.

4.3.2. Analysis Experiments on CDD

Quantitative Analysis : To assess the superiority of our proposed method, we did a
comparison with seven other CD methods on the CDD dataset, and the main metrics F1
and IoU showed an improvement of 0.43% to 41.73% and 0.82% to 56.18%, respectively,
and Table 4 presents the results of the quantitative comparison. Clearly, our HARNU-Net
achieves the best results in all metrics, shows the superior performance of our model.
In specific analysis, the earlier FC-EF, FC-Siam-conc and FC-Siam-diff are no longer adapt-
able to scenarios with more complex changing objects due to their simpler structures and
extracting features only by convolution operation. From the results, it can be seen that these
three methods are seriously unbalanced in terms of Pre and Recall, resulting in poor results.
Similarly, CDNet also suffers from this problem and thus leads to low metrics. STANet
greatly reduces the missed detection rate of changed objects with its spatio-temporal atten-
tion module, but it also incorrectly identifies many unchanged regions as changed regions
resulting in low Pre and thus affecting the main metrics. Both BIT and SNUNet have good
metrics, but their IoU metrics are low due to problems such as too coarse handling of
features. Our HARNU-Net actively avoids the above errors and thus performs well in
dealing with scenarios with multiple classes of changed objects.

Table 4. Quantitative results on the three dataset. The best two results are in bold and underline. All
scores are expressed as a percentage (%).

Model

CDD

BCDD

LEVIR-CD

Pre/Recall/F1/IoU/OA

Pre/Recall/F1/IoU/OA

Pre/Recall/F1/IoU/OA

FC-EF
FC-Siam-conc
FC-Siam-diff
CDNet
STANet
BIT
SNUNet

76.56/43.49/55.47 /38.38/91.76
88.00/53.58/66.61/49.93/93.66
88.49/51.53/65.14/48.30/93.49
91.93/84.87/88.26/78.98/97.34
88.97/94.31/91.56/84.44/97.95
95.86/94.59/95.22/90.88 /98.88
96.82/96.72/96.77/93.74/99.24

82.28/70.66/76.03/61.33/97.92
40.09/73.84/51.97/35.11/93.63
38.82/71.80/50.40/33.69/93.40
92.16 /83.18/87.44/77.68/98.88
91.25/86.18/88.64/79.61/98.97
86.07/85.61/85.84/75.19/98.68
88.35/87.80/88.07/78.69/98.89

82.27/66.28/73.41/58.00/97.55
86.81/67.66/76.05/61.36/97.83
86.55/74.38/80.00/66.68/98.11
88.38/85.08/86.70/76.52/98.67
80.99/91.21/85.79/75.12 /98 .46
91.95 /88.57/90.23/82.19/99.02
91.66/88.48,/90.04/81.89/99.00

Ours

97.10/97.30/97.20/94.56/99.34

92.70/88.72/90.67 /82.93/99.15

91.23/89.37/90.29/82.30/99.02

Visual Analysis: To contrast the results more visually, we list the visualization results of
eight CD methods, including our method, in Figure 8. To more fully assess the capabilities
of each model, we chose six different scenarios to test the models, specifically sparse cars
(first row), irregular fine roads (second row), large area changes with fine roads (third row),
irregular buildings (fourth row), large buildings with fine roads (fifth row), and dense cars
(sixth row). The visualization results show that our results give the best visual results,
especially excellent on fine targets and irregular targets, which can better avoid the miss
detection of small changed areas and present the boundaries of irregular targets completely.
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Figure 8. Visualization results on the CDD dataset. (a) T1 images. (b) T2 images. (c) Ground Truth.
(d) FC-EF. (e) FC-Siam-conc. (f) FC-Siam-diff. (g) CDNet. (h) STANet. (i) BIT. (j) SNUNet. (k) Ours.
White indicates correctly detected changed areas, black indicates correctly detected unchanged areas,
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red indicates incorrectly detected unchanged areas as changed areas, and green indicates unpredicted
changed areas.

4.3.3. Analysis Experiments on BCDD

Quantitative Analysis: The results of the presentation of our method on the BCDD
dataset compared with the other seven methods in Table 4. It is clear that our method
yields the best results in all metrics, with improvements of 2.03% to 40.27% and 3.32% to
49.24% in the main metrics F1 and IoU, respectively, which are mainly attributed to the
finer-grained enhancement of the features by HARM. From the results we can see that
the FCN-based FC-EF, FC-Siam-conc and FC-Siam-diff perform poorly, indicating that the
network without the deeply improved FCN structure is no longer well adapted to today’s
CD tasks. The CDNet achieves the second best result in terms of Pre, but also misses many
pixels resulting in a low Recall. STANet’s F1 achieves the second best result, which may be
attributed to the fact that its PAM focuses more on multi-scale information. SNUNet has a
good balance among the metrics, but its lack of focus on feature enhancement in the spatial
domain. Although our model yields the best results on all metrics, the IoU is only 82.93%,
which indicates that the BCDD dataset is still challenging.

Visual Analysis: The BCDD dataset mainly concerns the variation in large sparse
buildings, but several different types of changed buildings were also chosen to fully assess
the capabilities of the model under various conditions, as shown in Figure 9 for visual
analysis. The dense regular building (third row) and the small independent building (fourth
row) were selected specifically to test the model’s ability to handle regular boundaries
and detect small independent targets. From the results of the first row, it can be seen that
the three FCN-based structures FC-EF, FC-Siam-conc and FC-Siam-diff fail to adapt to
the changed scenarios of large buildings, showing problems such as pretzel noise and
incorrect detection of roof texture; CDNet can roughly detect the changes of buildings,
but the boundary of its prediction map is very uneven; STANet and SNUNet also have
different degrees of omission and misdetection. In particular, the visualization result in
the fourth row, the roof of the changed building is almost indistinguishable from the
neighboring roads due to the effect of lighting when shooting, so it is a great challenge
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for the performance of the model. All models except ours fail to detect the changing
contours of small independent buildings well, which further illustrates the superiority of
HARNU-Net performance.

®

Figure 9. Visualization results on the BCDD dataset. (a) T1 images. (b) T2 images. (¢) Ground Truth.
(d) FC-EF. (e) FC-Siam-conc. (f) FC-Siam-diff. (g) CDNet. (h) STANet. (i) BIT. (j) SNUNet. (k) Ours.
White indicates correctly detected changed areas, black indicates correctly detected unchanged areas,
red indicates incorrectly detected unchanged areas as changed areas, and green indicates unpredicted
changed areas.

4.3.4. Analysis Experiments on LEVIR-CD

Quantitative Analysis: We compared our method with seven other methods on the
LEVIR-CD dataset. These methods include STANet, and the LEVIR-CD dataset was
proposed by the very authors of STANet in [29]. As observed from Table 4, although our
model does not achieve optimal results on Pre and Recall, the main metrics F1 and IoU
outperform the other methods and have an improvement of 0.06% to 16.88% and 0.11% to
24.3%, respectively. STANet achieves the best results on the Recall, but also has more false
detections as a result, as shown by the low Pre. BIT achieves the best result in Pre and the
second best result in F1, which should be attributed to the superiority of its transformer
module in handling dense small targets, and BIT’s metrics are extremely close to ours.
HARNU-Net takes full consideration of the fusion of multi-scale features, and with the
fine enhancement of features by HARM, it shows a superior performance in CD of dense
small targets.

Visual Analysis: To show the superiority of our model for the small target detection
and dense target boundary delineation, we visualized and analyzed the results of these
eight models, as shown in Figure 10. Again, we select some independent small target (first
and fourth rows) and sparse small target (fifth and sixth rows) samples considering the
comprehensiveness of the test samples. Obviously, the results in the first and fourth rows
show that all methods except ours are unsuccessful in detecting changes in independent
small targets, and our method also delineates regular change boundaries for small targets.
The visualization result in the second and third rows demonstrate that although most
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methods can detect changes in dense buildings, they all have some problems in boundary
delineation. In contrast to other methods, HARNU-Net has more clear and more precise
boundaries. Although BIT and SNUNet perform well in some scenes, they still have
misdetection in the face of pseudo-change caused by illumination, so their performance in
terms of robustness still falls short of our method.

Figure 10. Visualization results on the LEVIR-CD dataset. (a) T1 images. (b) T2 images. (c) Ground
Truth. (d) FC-EF. (e) FC-Siam-conc. (f) FC-Siam-diff. (g) CDNet. (h) STANet. (i) BIT. (j) SNUNet.
(k) Ours. White indicates correctly detected changed areas, black indicates correctly detected un-
changed areas, red indicates incorrectly detected unchanged areas as changed areas, and green
indicates unpredicted changed areas.

4.4. Ablation Study

To assess the usefulness of each module proposed in our paper, we conducted a
sequence of ablation experiments on the CDD dataset. Specifically, we use the unmodified
U-Net++ network as the baseline and only the output of X%* as the source of the final
results; the other ablation experiments are baseline+A-R, baseline+AFFM, baseline+HARM,
baseline+ AFFM+HARM, and baseline+A-R+ AFFM+HARM. To show the role of each
module more visually, we visualize the results of the six experiments in Figure 11. We can
see that the change maps presented in column d are generated by baseline, and these change
maps have many problems such as missing change regions and small target omission
detection, which are extremely poor visual effects. Compared with baseline, the baseline+
A-R method has been able to initially detect the contours of some small road changes and
fill in some of the missing change regions, which is due to our deep modification of the
convolutional block of U-Net++, and further indicates that our proposed A-R significantly
enhances the U-Net++ performance. The baseline+ AFFM method effectively fuses the four
levels of features output by backbone under the role of AFFM, so that the network has the
ability to exploit both high- and low-level information and feature contextual association,
and has been able to detect most of the changed regions, but there is still the problem of
discontinuous changed regions. From column g we can see that the visual effect of the
change map output by the baseline+HARM method has been basically the same as that of
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Ground Truth, but there is still the problem of unclear boundary when detecting some small
changed objects. Therefore, baseline+ AFFM+HARM and baseline+A-R +AFFM+HARM
aim to solve the problems of discontinuous changed regions and unclear boundaries, etc.
From the results in columns h and i, we can see that the change map is already very
similar to the visual effect of Ground Truth, the detection of fine roads is more accurate
and continuous, and the boundary delineation of changed regions is also more accurate.
We also compare the attentional heat map generated by the baseline model UNet++ and
our model HARNU-Net, as shown in Figure 12. It can be seen that our model focuses
more accurately on the real change region than the baseline, effectively eliminating the
effect of pseudo-change. By evaluating the visualization results of the above methods,
the usefulness of each module proposed in this paper is effectively illustrated.

>
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Figure 11. Visualization results of ablation experiments performed on CDD dataset. (a) T1 im-
ages. (b) T2 images. (¢) Ground Truth. (d) Baseline. (e) Baseline + A-R. (f) Baseline + AFFM.
(g) Baseline + HARM. (h) Baseline + AFFM + HARM. (i) Baseline + A-R + AFFM + HARM. White
indicates the predicted change area, black indicates the predicted unchanged area.

In addition, we also counted and compared the evaluation metrics of these experiments
in Table 5. The rightmost column indicates the speed of change map generation for the CDD
test set when we applied different methods on a single NVIDIA Titan RTX. Comparing with
baseline, the other five experiments have 0.45% to 4.29% and 0.78% to 7.79% improvement
in the main metrics F1 and IoU, respectively. In Table 5, after improving or adding any of
the modules, all metrics have corresponding improvements. After adding all modules to
the baseline to form our HARNU-Net, F1 and IoU are improved by a maximum of 4.29%
and 7.79%, respectively, which illustrates the innovation and effectiveness of our proposed
three modules. Although our model achieves the best evaluation metrics, it is inferior in
terms of visualization speed, the shortcoming that will be the focus of our subsequent
research. We show a line graph of the validation results F1 for each ablation experiment,
as shown in Figure 13. We can see that after about the 20th epoch, each experiment performs
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better than the baseline (black curve), and the validation results for our “complete body”
(red curve) performs much better than the baseline.

(b)

Figure 12. Comparison of attentional heat maps before and after baseline model improvement. (a) T1

image, (b) T2 image, (c) ground truth, (d) attentional heat map generated by the baseline model
UNet++, (e) attentional heat map generated by HARNU-Net.

Table 5. Ablation experiments of the modules in our model on the CDD dataset and the speed
of change map generation. The highest score is marked in bold. The five evaluation metrics are
expressed in percentage (%).

Baseline A-R AFFM HARM cbb
Pre Recall F1 IoU OA Sheets/Sec.
v 94.99 90.93 92.91 86.77 98.36 41.10
v v 94.77 92.00 93.36 87.55 98.46 21.28
v v 95.32 93.31 94.31 89.22 98.67 38.96
v v 96.70 96.66 96.68 93.57 99.22 29.70
v v v 96.94 97.06 97.00 94.17 99.29 26.41
v v v v 97.10 97.30 97.20 94.56 99.34 18.40

v indicates that the method is used in this experiment.
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Figure 13. Validation results F1 of ablation experiments on CDD dataset. Smaller rectangular boxes
show a clearer result.

4.5. Analysis of the Role of HARM

As our main innovation and a key component of HARNU-Net, we have made a
detailed comparison and research on HARM to elaborate the rationality and usefulness
of HARM in detail. Specifically, we compared HARM with several popular attention
modules, studied the rationality of the hierarchical structure in HARM, and tested the effect
of HARM acting on other networks. The specific experimental analysis is shown below.

4.5.1. Attention Module Comparison

To investigate the importance of HARM for HARNU-Net, we compare HARM with
several popular attention modules, namely CAM [44], SAM [44], CBAM [44], and SE [62].
We insert these attention modules into HARNU-Net to replace HARM, keeping the other
structures and various hyperparameters intact, in order to compare which attention module
contributes more to network. As observed from Table 6, the method applying HARM has
0.93% to 2.83% and 1.74% to 5.21% higher F1 and IoU, respectively, than the other methods.
This confirms that our HARM is more reasonable than the direct application of various
types of attention modules. With the help of HARM, our HARNU-Net can significantly
overcome the interference of various types of pseudo-change and accurately capture the
true position of the changed objects.

Table 6. Ablation experiments performed on the CDD dataset applying different attention modules
to our model. The highest score is marked in bold. All scores are expressed as a percentage (%).

CDD
Pre Recall F1 IoU OA
CAM 95.17 93.58 94.37 89.35 98.68
SAM 95.5 94.01 94.75 90.02 98.77
CBAM 96.18 94.6 95.38 91.17 98.92
SE 96.71 95.84 96.27 92.82 99.13

HARM 97.1 97.3 97.2 94.56 99.34
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4.5.2. Rationality of the Hierarchical Structure

To validate the rationality of the hierarchical structure in HARM, we validated five
branching schemes with 1, 2, 3, 4, and 6 branches on the BCDD dataset. Results presented
in Table 7 indicate that the optimal performance is obtained when the number of branches
is 3, after which the performance gradually decreases as the number of branches increases.
However, multiple branches always outperforms single branches, which indicates that the
transfer and interaction of information between hierarchies is contributing in enhancing
the capability of HARM. The possible reason the performance starts to degrade after the
number of branches reaches 3 is that the number of channels of features is fixed and
limited, and each branch contains less channel information as the number of branches
increases, which can cause the initial branches to be over-enhanced during the transfer of
the hierarchy, resulting in the loss or distortion of useful information. Considering that
a multi-branch module limited by the hierarchy would slow down the model, we only
conducted experiments containing up to six branches. It was finally concluded that the
best trade-off between the number of branches and the number of channels was achieved
at a branch count of 3, resulting in the best performance. We also show a line graph of the
validation results F1 for the model with different branches of HARM, as shown in Figure 14.
The black curve represents the single-branch scheme, which always has lower validation
results than the multi-branch scheme, where the red curve represents the best validation
results for the three-branch scheme.

1 T T

0.8

0.6

F1

0.4

60 70 80 90 100

Branch/1

Branch/2 Branch/3 Branch/4 Branch/6

o 1 1 | 1
0 20 40 60 80 100
EPOCH

Figure 14. Validation results F1 for different branches of HARM on the BCDD dataset. Smaller
rectangular boxes show a clearer result.

Table 7. Ablation Experiment of rationality analysis of the hierarchical structure in HARM on the
BCDD dataset. The highest score is marked in bold. All scores are expressed as a percentage (%).

BCDD
HARM_ Branch

Pre Recall F1 IoU OA
1 88.87 84.94 86.86 76.77 98.8
2 90.64 86.08 88.3 79.05 98.94
3 92.7 88.72 90.67 82.93 99.15
4 86.22 88.77 87.47 77.75 98.81
6 89.92 86.1 87.97 78.53 98.9
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4.5.3. Validity of HARM

To verify the effectiveness of HARM, we added HARM to three classical CD networks
derived from FCN variants, FC-EF, FC-Siam-conc and FC-Siam-diff, and did experiments
on the LEVIR-CD dataset for comparison with the original networks. From Figure 15 we
can see that FC-EF increases F1 by 3.10% and IoU by 3.95% after adding HARM; FC-Siam-
conc increases F1 by 2.27% and IoU by 3.01% after adding HARM; FC-Siam-diff increases
F1 by 2.14% and IoU increased by 3.01% after adding HARM. This confirms that HARM
can significantly enhance the performance of the CD network and help the network capture
more changed objects. We further recognize the contribution of the hierarchical structure
to HARM.

o] 4310
(o]
7651
Method
3 B rceF
FC-EF+HARM
o . FC-Siam-conc
A . FC-Siam-conc+HARM
. FC-Siam-diff
= I FC-siam-diff+HARM
o -
I 1
F1 _ loU
Metrics(%)

Figure 15. Ablation experiments performed on the LEVIR-CD dataset applying HARM to other
models. All scores are expressed as a percentage (%).

5. Conclusions

In this paper, we proposed a Hierarchical Attention Residual Nested U-Net (HARNU-
Net) for remote sensing images CD. To enhance the capacity of the backbone network
U-Net++, we proposed A-R by remodeling its convolutional blocks, and A-R helped the
backbone network replenish the missing part of information in feature extraction. Mean-
while, in order to enhance the fusion of features at all levels, we used AFFM to fuse the
features from the backbone network according to the adjacent strategy, which effectively
realized the mutual enhancement between feature contexts. In addition, to strengthen the
feature characterization at finer granularity, we proposed HARM to achieve the elimination
of invalid information of features at the channel and spatial dimensions at a finer granu-
larity space, which provided the output of change maps with better visual effects. In our
experiments, we compared HARNU-Net with seven other state-of-the-art CD methods
on three CD datasets, and our method yielded the best results in terms of metrics and
visualization results. Finally, we validated the usefulness of each module by ablation
experiments. However, in our study, we found that our model has a disadvantage in terms
of speed, so in the subsequent work our research focus will be on the implementation of
model lightweighting and high-speed.

Author Contributions: H.L. conceived the paper, designed and performed the experiments, and wrote
the paper. L.W. performed some experiments. H.L. and L.W. completed the visualization. S.C. made
constructive suggestions for the study and modified the paper. All authors have read and agreed to
the published version of the manuscript.



Sensors 2022, 22, 4626 24 of 26

Funding: This research was funded by the Natural Science Foundation of Xinjiang Uygur Au-
tonomous Region grant number 2022D01C82; National Science Foundation of China grant num-

ber U1903213; Tianshan Innovation Team of Xinjiang Uygur Autonomous Region, grant num-
ber 2020D14044.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The CDD, BCDD, LEVIR-CD datasets are openly available at https://
drive.google.com/fifile/d /1GX656]qqOyBi_Ef0w65kDGVto-nHrNs9 (accessed on 16 May 2022), http:
//gpcv.whu.edu.cn/data/building_dataset.html (accessed on 16 May 2022), https:/ /justchenhao.
github.io/LEVIR/ (accessed on 16 May 2022), respectively.

Acknowledgments: We are grateful to researchers for creating and providing publicly available datasets.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Hussain, M.; Chen, D.; Cheng, A.; Wei, H.; Stanley, D. Change detection from remotely sensed images: From pixel-based to
object-based approaches. ISPRS ]. Photogramm. Remote Sens. 2013, 80, 91-106. [CrossRef]

2. de Alwis Pitts, D.A.; So, E. Enhanced change detection index for disaster response, recovery assessment and monitoring of
buildings and critical facilities—A case study for Muzzaffarabad, Pakistan. Int. J. Appl. Earth Obs. Geoinf. 2017, 63, 167-177.
[CrossRef]

3. He, C.; Wei, A; Shi, P; Zhang, Q.; Zhao, Y. Detecting land-use/land-cover change in rural-urban fringe areas using extended
change-vector analysis. Int. J. Appl. Earth Obs. Geoinf. 2011, 13, 572-585. [CrossRef]

4. Coppin, P,; Lambin, E.; Jonckheere, I.; Muys, B. Digital change detection methods in natural ecosystem monitoring: A review.
Anal. Multi-Temporal Remote Sens. Images 2002, 3—-36._0001. [CrossRef]

5. Celik, T. Unsupervised change detection in satellite images using principal component analysis and k-means clustering. IEEE
Geosci. Remote Sens. Lett. 2009, 6, 772-776. [CrossRef]

6. Im,];Jensen, J.; Tullis, ]. Object-based change detection using correlation image analysis and image segmentation. Int. |. Remote
Sens. 2008, 29, 399-423. [CrossRef]

7. Li, Z,;Shi, W, Lu, P;; Yan, L.; Wang, Q.; Miao, Z. Landslide mapping from aerial photographs using change detection-based
Markov random field. Remote Sens. Environ. 2016, 187, 76-90. [CrossRef]

8. Lu, P; Qin, Y,; Li, Z; Mondini, A.C.; Casagli, N. Landslide mapping from multi-sensor data through improved change
detection-based Markov random field. Remote Sens. Environ. 2019, 231, 111235. [CrossRef]

9. Yang, J.; Zhang, D.; Frangi, A.F; Yang, ].Y. Two-dimensional PCA: A new approach to appearance-based face representation and
recognition. IEEE Trans. Pattern Anal. Mach. Intell. 2004, 26, 131-137. [CrossRef]

10. MacQueen, ]. Some methods for classification and analysis of multivariate observations. In Proceedings of the Fifth Berkeley
Symposium on Mathematical Statistics and Probability, Oakland, CA, USA, 1 January 1967; Volume 1, pp. 281-297.

11.  Melgani, F.; Moser, G.; Serpico, S.B. Unsupervised change-detection methods for remote-sensing images. Opt. Eng. 2002,
41, 3288-3297.

12.  Ghosh, A.; Mishra, N.S.; Ghosh, S. Fuzzy clustering algorithms for unsupervised change detection in remote sensing images. Inf.
Sci. 2011, 181, 699-715. [CrossRef]

13. Christoulas, G.; Tsagaris, V.; Anastassopoulos, V. Textural characterization from various representations of MERIS data. Int. J.
Remote Sens. 2007, 28, 675-692. [CrossRef]

14. Karachristos, K.; Koukiou, G.; Anastassopoulos, V. Fully Polarimetric Land Cover Classification Based on Hidden Markov
Models Trained with Multiple Observations. Adv. Remote Sens. 2021, 10, 102-114. [CrossRef]

15.  Koukiou, G.; Anastassopoulos, V. Fully Polarimetric Land Cover Classification Based on Markov Chains. Adv. Remote Sens. 2021,
10, 47-65. [CrossRef]

16. Dong, R.; Xu, D.; Zhao, J.; Jiao, L.; An, J. Sig-NMS-based faster R-CNN combining transfer learning for small target detection in
VHR optical remote sensing imagery. IEEE Trans. Geosci. Remote Sens. 2019, 57, 8534-8545. [CrossRef]

17.  Mahmoudi, N.; Ahadi, S.M.; Rahmati, M. Multi-target tracking using CNN-based features: CNNMTT. Multimed. Tools Appl. 2019,
78, 7077-7096. [CrossRef]

18. Liu, B.; Tang, J.; Huang, H.; Lu, X.Y. Deep learning methods for super-resolution reconstruction of turbulent flows. Phys. Fluids
2020, 32, 025105. [CrossRef]

19. Romera, E.; Alvarez, ].M.; Bergasa, L.M.; Arroyo, R. Erfnet: Efficient residual factorized convnet for real-time semantic
segmentation. IEEE Trans. Intell. Transp. Syst. 2017, 19, 263-272. [CrossRef]

20. Gu, J.; Wang, Z.; Kuen, J.; Ma, L.; Shahroudy, A.; Shuai, B.; Liu, T.; Wang, X.; Wang, G.; Cai, ].; et al. Recent advances in
convolutional neural networks. Pattern Recognit. 2018, 77, 354-377. [CrossRef]

21. Simonyan, K,; Zisserman, A. Very deep convolutional networks for large-scale image recognition. arXiv 2014, arXiv:1409.1556.


https: //drive.google.com/fifile/d/1GX656JqqOyBi_Ef0w65kDGVto-nHrNs9
https: //drive.google.com/fifile/d/1GX656JqqOyBi_Ef0w65kDGVto-nHrNs9
http://gpcv.whu.edu.cn/data/building_dataset.html
http://gpcv.whu.edu.cn/data/building_dataset.html
https://justchenhao.github.io/LEVIR/
https://justchenhao.github.io/LEVIR/
http://doi.org/10.1016/j.isprsjprs.2013.03.006
http://dx.doi.org/10.1016/j.jag.2017.07.010
http://dx.doi.org/10.1016/j.jag.2011.03.002
http://dx.doi.org/10.1142/9789812777249_0001
http://dx.doi.org/10.1109/LGRS.2009.2025059
http://dx.doi.org/10.1080/01431160601075582
http://dx.doi.org/10.1016/j.rse.2016.10.008
http://dx.doi.org/10.1016/j.rse.2019.111235
http://dx.doi.org/10.1109/TPAMI.2004.1261097
http://dx.doi.org/10.1016/j.ins.2010.10.016
http://dx.doi.org/10.1080/01431160600821051
http://dx.doi.org/10.4236/ars.2021.103007
http://dx.doi.org/10.4236/ars.2021.103003
http://dx.doi.org/10.1109/TGRS.2019.2921396
http://dx.doi.org/10.1007/s11042-018-6467-6
http://dx.doi.org/10.1063/1.5140772
http://dx.doi.org/10.1109/TITS.2017.2750080
http://dx.doi.org/10.1016/j.patcog.2017.10.013

Sensors 2022, 22, 4626 25 of 26

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Ronneberger, O.; Fischer, P.; Brox, T. U-net: Convolutional networks for biomedical image segmentation. In Proceedings of the
International Conference on Medical Image Computing and Computer-Assisted Intervention, Munich, Germany, 5-9 October
2015; Springer: Berlin/Heidelberg, Germany, 2015; pp. 234-241.

He, K.; Zhang, X.; Ren, S.; Sun, J. Deep residual learning for image recognition. In Proceedings of the IEEE Conference on
Computer Vision and Pattern Recognition, Las Vegas, NV, USA, 27-30 June 2016; pp. 770-778.

Chopra, S.; Hadsell, R.; LeCun, Y. Learning a similarity metric discriminatively, with application to face verification. In
Proceedings of the 2005 IEEE Computer Society Conference on Computer Vision and Pattern Recognition (CVPR’05), San Diego,
CA, USA, 20-25 June 2005; IEEE: Piscataway, NJ, USA, 2005; Volume 1, pp. 539-546.

Zheng, Z.; Wan, Y.; Zhang, Y.; Xiang, S.; Peng, D.; Zhang, B. CLNet: Cross-layer convolutional neural network for change
detection in optical remote sensing imagery. ISPRS ]. Photogramm. Remote Sens. 2021, 175, 247-267. [CrossRef]

Peng, D.; Zhang, Y.; Guan, H. End-to-end change detection for high resolution satellite images using improved UNet++. Remote
Sens. 2019, 11, 1382. [CrossRef]

Lei, T.; Zhang, Q.; Xue, D.; Chen, T.; Meng, H.; Nandi, A.K. End-to-end change detection using a symmetric fully convolutional
network for landslide mapping. In Proceedings of the ICASSP 2019—2019 IEEE International Conference on Acoustics, Speech
and Signal Processing (ICASSP), Brighton, UK, 12-17 May 2019; IEEE: Piscataway, NJ, USA, 2019; pp. 3027-3031.

Raza, A.; Liu, Y.; Huo, H.; Fang, T. EUNet-CD: Efficient UNet++ for Change Detection of Very High-Resolution Remote Sensing
Images. IEEE Geosci. Remote Sens. Lett. 2022, 19, 1-5. [CrossRef]

Chen, H.; Shi, Z. A spatial-temporal attention-based method and a new dataset for remote sensing image change detection.
Remote Sens. 2020, 12, 1662. [CrossRef]

Zhang, C.; Yue, P; Tapete, D.; Jiang, L.; Shangguan, B.; Huang, L.; Liu, G. A deeply supervised image fusion network for change
detection in high resolution bi-temporal remote sensing images. ISPRS J. Photogramm. Remote Sens. 2020, 166, 183-200. [CrossRef]
Wu, J.; Li, B.; Qin, Y;; Ni, W;; Zhang, H.; Fu, R,; Sun, Y. A multiscale graph convolutional network for change detection in
homogeneous and heterogeneous remote sensing images. Int. J. Appl. Earth Obs. Geoinf. 2021, 105, 102615. [CrossRef]

Wei, H.; Chen, R;; Yu, C,; Yang, H.; An, S. BASNet: A Boundary-Aware Siamese Network for Accurate Remote-Sensing Change
Detection. IEEE Geosci. Remote Sens. Lett. 2021, 19, 1-5. [CrossRef]

Zhou, Z.; Rahman Siddiquee, M.M.; Tajbakhsh, N.; Liang, ]. Unet++: A nested u-net architecture for medical image segmentation.
In Deep Learning in Medical Image Analysis and Multimodal Learning for Clinical Decision Support; Springer: Berlin/Heidelberg,
Germany, 2018; pp. 3-11.

Zhan, Y,; Fu, K,; Yan, M,; Sun, X.; Wang, H.; Qiu, X. Change detection based on deep siamese convolutional network for optical
aerial images. IEEE Geosci. Remote Sens. Lett. 2017, 14, 1845-1849. [CrossRef]

Long, J.; Shelhamer, E.; Darrell, T. Fully convolutional networks for semantic segmentation. In Proceedings of the IEEE
Conference on Computer Vision and Pattern Recognition, Boston, MA, USA, 7-12 June 2015; pp. 3431-3440.

Daudt, R.C.; Le Saux, B.; Boulch, A. Fully convolutional siamese networks for change detection. In Proceedings of the 2018 25th
IEEE International Conference on Image Processing (ICIP), Athens, Greece, 7-10 October 2018; IEEE: Piscataway, NJ, USA, 2018;
pp- 4063-4067.

Li, X.; He, M,; Li, H.; Shen, H. A combined loss-based multiscale fully convolutional network for high-resolution remote sensing
image change detection. IEEE Geosci. Remote Sens. Lett. 2021, 19, 1-5. [CrossRef]

Guo, M.H,; Xu, T.X,; Liu, J.J.; Liu, Z.N,; Jiang, P.T.; Mu, T.J.; Zhang, S.H.; Martin, RR.; Cheng, M.M.; Hu, S.M. Attention
Mechanisms in Computer Vision: A Survey. arXiv 2021, arXiv:2111.07624.

Wang, Q.; Liu, S.; Chanussot, J.; Li, X. Scene classification with recurrent attention of VHR remote sensing images. IEEE Trans.
Geosci. Remote Sens. 2018, 57, 1155-1167. [CrossRef]

Fu, J.; Liu, J.; Tian, H,; Li, Y;; Bao, Y.; Fang, Z.; Lu, H. Dual attention network for scene segmentation. In Proceedings of the
IEEE/CVF Conference on Computer Vision and Pattern Recognition, Long Beach, CA, USA, 15-20 June 2019; pp. 3146-3154.
Li, W.; Zhu, X.; Gong, S. Harmonious attention network for person re-identification. In Proceedings of the IEEE Conference on
Computer Vision and Pattern Recognition, Salt Lake City, UT, USA, 18-23 June 2018; pp. 2285-2294.

Wang, D.; Chen, X.; Jiang, M.; Du, S.; Xu, B.; Wang, ]. ADS-Net: An Attention-Based deeply supervised network for remote
sensing image change detection. Int. J. Appl. Earth Obs. Geoinf. 2021, 101, 102348.

Chen, J.; Yuan, Z.; Peng, J.; Chen, L.; Huang, H.; Zhu, J.; Liu, Y.; Li, H. DASNet: Dual attentive fully convolutional siamese
networks for change detection in high-resolution satellite images. IEEE ]. Sel. Top. Appl. Earth Obs. Remote Sens. 2020,
14, 1194-1206. [CrossRef]

Woo, S.; Park, J.; Lee, ].Y.; Kweon, L.S. Cbam: Convolutional block attention module. In Proceedings of the European Conference
on Computer Vision (ECCV), Munich, Germany, 8-14 September 2018; pp. 3-19.

Ding, K.; Huo, C.; Xu, Y;; Zhong, Z.; Pan, C. Sparse hierarchical clustering for VHR image change detection. IEEE Geosci. Remote
Sens. Lett. 2014, 12, 577-581. [CrossRef]

Ma, N.; Zhang, X.; Liu, M.; Sun, J. Activate or not: Learning customized activation. In Proceedings of the IEEE/CVF Conference
on Computer Vision and Pattern Recognition, Nashville, TN, USA, 20-25 June 2021; pp. 8032-8042.

Lei, Y,; Peng, D.; Zhang, P.; Ke, Q.; Li, H. Hierarchical paired channel fusion network for street scene change detection. IEEE
Trans. Image Process. 2020, 30, 55-67. [CrossRef]


http://dx.doi.org/10.1016/j.isprsjprs.2021.03.005
http://dx.doi.org/10.3390/rs11111382
http://dx.doi.org/10.1109/LGRS.2022.3144304
http://dx.doi.org/10.3390/rs12101662
http://dx.doi.org/10.1016/j.isprsjprs.2020.06.003
http://dx.doi.org/10.1016/j.jag.2021.102615
http://dx.doi.org/10.1109/LGRS.2021.3119885
http://dx.doi.org/10.1109/LGRS.2017.2738149
http://dx.doi.org/10.1109/LGRS.2021.3098774
http://dx.doi.org/10.1109/TGRS.2018.2864987
http://dx.doi.org/10.1109/JSTARS.2020.3037893
http://dx.doi.org/10.1109/LGRS.2014.2351807
http://dx.doi.org/10.1109/TIP.2020.3031173

Sensors 2022, 22, 4626 26 of 26

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.
59.

60.

61.

62.

Gao, S.H.; Cheng, M.M.; Zhao, K.; Zhang, X.Y.; Yang, M.H.; Torr, P. Res2net: A new multi-scale backbone architecture. IEEE Trans.
Pattern Anal. Mach. Intell. 2019, 43, 652-662. [CrossRef]

Saha, S.; Bovolo, F.; Bruzzone, L. Unsupervised deep change vector analysis for multiple-change detection in VHR images. IEEE
Trans. Geosci. Remote Sens. 2019, 57, 3677-3693. [CrossRef]

Oksuz, K.; Cam, B.C.; Kalkan, S.; Akbas, E. Imbalance problems in object detection: A review. IEEE Trans. Pattern Anal. Mach.
Intell. 2020, 43, 3388-3415. [CrossRef]

Zhang, M.; Shi, W. A feature difference convolutional neural network-based change detection method. IEEE Trans. Geosci. Remote
Sens. 2020, 58, 7232-7246. [CrossRef]

Wang, H.; Cao, P.; Wang, J.; Zaiane, O.R. UCTransNet: Rethinking the skip connections in U-Net from a channel-wise perspective
with transformer. arXiv 2021, arXiv:2109.04335.

Zhao, Z.; Zeng, Z.; Xu, K,; Chen, C.; Guan, C. Dsal: Deeply supervised active learning from strong and weak labelers for
biomedical image segmentation. IEEE |. Biomed. Health Inform. 2021, 25, 3744-3751. [CrossRef] [PubMed]

Fang, S.; Li, K; Shao, J.; Li, Z. SNUNet-CD: A densely connected siamese network for change detection of VHR images. IEEE
Geosci. Remote Sens. Lett. 2021, 19, 1-5. [CrossRef]

Lebedev, M.; Vizilter, Y.V.; Vygolov, O.; Knyaz, V.; Rubis, A.Y. CHANGE DETECTION IN REMOTE SENSING IMAGES USING
CONDITIONAL ADVERSARIAL NETWORKS. Int. Arch. Photogramm. Remote Sens. Spat. Inf. Sci. 2018, 422, 565-571. [CrossRef]
Ji, S.; Wei, S.; Lu, M. Fully convolutional networks for multisource building extraction from an open aerial and satellite imagery
data set. IEEE Trans. Geosci. Remote Sens. 2018, 57, 574-586. [CrossRef]

Peng, X.; Zhong, R.; Li, Z.; Li, Q. Optical remote sensing image change detection based on attention mechanism and image
difference. IEEE Trans. Geosci. Remote Sens. 2020, 59, 7296-7307. [CrossRef]

Kingma, D.P; Ba, J. Adam: A method for stochastic optimization. arXiv 2014, arXiv:1412.6980.

He, K.; Zhang, X.; Ren, S.; Sun, J. Delving deep into rectifiers: Surpassing human-level performance on imagenet classification. In
Proceedings of the IEEE International Conference on Computer Vision, Santiago, Chile, 7-13 December 2015; pp. 1026-1034.
Alcantarilla, P.F; Stent, S.; Ros, G.; Arroyo, R.; Gherardi, R. Street-view change detection with deconvolutional networks. Auton.
Robot. 2018, 42, 1301-1322. [CrossRef]

Chen, H.; Qi, Z.; Shi, Z. Remote sensing image change detection with transformers. IEEE Trans. Geosci. Remote. Sens. 2021,
60, 5607514. [CrossRef]

Hu, J.; Shen, L.; Sun, G. Squeeze-and-excitation networks. In Proceedings of the IEEE Conference on Computer Vision and
Pattern Recognition, Salt Lake City, UT, USA, 18-23 June 2018; pp. 7132-7141.


http://dx.doi.org/10.1109/TPAMI.2019.2938758
http://dx.doi.org/10.1109/TGRS.2018.2886643
http://dx.doi.org/10.1109/TPAMI.2020.2981890
http://dx.doi.org/10.1109/TGRS.2020.2981051
http://dx.doi.org/10.1109/JBHI.2021.3052320
http://www.ncbi.nlm.nih.gov/pubmed/33460386
http://dx.doi.org/10.1109/LGRS.2021.3056416
http://dx.doi.org/10.5194/isprs-archives-XLII-2-565-2018
http://dx.doi.org/10.1109/TGRS.2018.2858817
http://dx.doi.org/10.1109/TGRS.2020.3033009
http://dx.doi.org/10.1007/s10514-018-9734-5
http://dx.doi.org/10.1109/TGRS.2021.3095166

	Introduction
	Related Work
	Methodology
	Network Architecture
	Improved Backbone Network
	Adjacent Feature Fusion Module
	Hierarchical Attention Residual Module
	Loss Funtion

	Experiment and Analysis
	Datasets and Pre-Processing
	Evaluation Metrics and Implementation Details
	Analysis of Experimental Results
	Comparison Methods
	Analysis Experiments on CDD
	Analysis Experiments on BCDD
	Analysis Experiments on LEVIR-CD

	Ablation Study
	Analysis of the Role of HARM
	Attention Module Comparison
	Rationality of the Hierarchical Structure
	Validity of HARM


	Conclusions
	References

