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Abstract: In traditional image processing, the Fourier transform is often used to transform an image
from the spatial domain to the frequency domain, and frequency filters are designed from the
perspective of the frequency domain to sharpen or blur the image. In the field of remote sensing
change detection, deep learning is beginning to become a mainstream tool. However, deep learning
can still refer to traditional methodological ideas. In this paper, we designed a new convolutional
neural network (MFGFNet) in which multiple global filters (GFs) are used to capture more information
in the frequency domain, thus sharpening the image boundaries and better preserving the edge
information of the change region. In addition, in MFGFNet, we use CNNs to extract multi-scale
images to enhance the effects and to better focus on information about changes in different sizes
(multi-scale combination module). The multiple pairs of enhancements are fused by the difference
method and then convolved and concatenated several times to obtain a better difference fusion effect
(feature fusion module). In our experiments, the IOUs of our network for the LEVIR-CD, SYSU, and
CDD datasets are 0.8322, 0.6780, and 0.9101, respectively, outperforming the state-of-the-art model
and providing a new perspective on change detection.

Keywords: change detection; Fourier transform; frequency domain; deep learning; remote sensing image

1. Introduction

Change detection (CD) in remote sensing images is a technique that uses multiple still
images to monitor changes in surface features. CD requires two images that have different
times in the same area. Deep learning has strong feature extraction capabilities, which
can comprehensively extract abstract feature information without relying on artificial
methods [1], so it has become a research hotspot in the field of remote sensing image
change detection. In order to reduce the cost of labor, the use of deep learning to automate
remote sensing change detection has been applied to different areas, such as land resource
management [2], building change detection [3], disaster assessment [2], city and regional
planning [4], etc. By improving the accuracy of change detection, the economic benefits to
society can be better achieved.

In recent years, deep learning-based change detection applications have achieved
significant success. Due to the growing interest in change detection, many excellent change
detection networks based on deep learning have been proposed [5-8]. Chen et al. [9]
designed a deep learning network based on the dual attention model and WDMC loss to
overcome the effects of environmental factors such as angles, shadows, etc., and to improve
the effects of imbalances between changed and unchanged areas in remote sensing images.
Lietal. [10] designed a Siamese network based on the convolutional neural network (CNN).
The Siamese network has become the standard method for change detection. Lei et al. [11]
improved U-Net by reducing the impacts of irrelevant region changes in U-Net and focusing
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more on large-scale changes in the detection process, reducing memory consumption while
capturing edge regions more accurately. K. S. Basavaraju et al. [12] designed a new change
detection network that better extracts the boundaries of changing features, improving the
original loss function and demonstrating its effectiveness in experiments. A new end-
to-end change detection network was designed by Yang et al. [13], which contains four
components: data input, network design, model training, and test time augmentation,
reducing many redundant operations to be sufficiently completed and treating change
detection as a global problem to obtain a low false detection rate, but still suffering from
positive and negative sample imbalances, producing a small number of false detections
and deteriorating the final effect of change detection.

Due to the development of deep learning, it has become the mainstream direction
of computer vision; deep learning is showing better results than traditional methods. In
the CD field, after pre-processing the acquired remote sensing images, the core of CD is
to extract change information from the remote sensing images. Deep learning is widely
used in change detection due to its excellent feature extraction ability. In recent years,
Transformer has achieved great success in many areas, especially in computer vision
(CV) [14-16]. Therefore, Transformer, as an excellent technology, has also been introduced
into remote sensing change detection [17-19]. On the basis of the Transformer, Liu et al. [20]
proposed a method called the Swin Transformer using shifted windows. It limits the
attention calculation to a window. On the one hand, it can introduce the locality of the
CNN convolution operation, and on the other hand, it can reduce the amount of computing.
Zhang et al. [21] used Swin Transformer to design a Siamese model with Swin Transformer
network for CD tasks; it is the first pure transformer model to be used in the CD field.

Although the Transformer has been a huge success in computer vision, it has its
own problems. Self-attention and MLP have a quadratic growth in complexity, which
makes it difficult to scale Transformer-based models when high-resolution features are
needed. Because of this, Rao et al. [22] proposed the global filter network in which three key
operations replace the self-attention in ViT: a 2D discrete Fourier transform, a multiplication
of elements between frequency—-domain features and a learnable global filter, and a 2D
Fourier inverse transform. It can guarantee the log-linear complexity while calculating
the long-term spatial information dependence. They experimentally demonstrate that the
global filter effectively replaces self-attention and reduces time complexity.

In order to better utilize deep learning to solve the change detection problem, we
designed a new change detection network named MFGFNet and expect it to further
improve the change detection accuracy. As a Siamese network, MFGFNet requires a pair
of bitemporal image inputs, and the results of multiple processing of the two images are
combined for feature fusion. For the architecture with MFGFNet, we designed three main
modules: the multi-scale combination module, feature fusion module, and global filter.
Compared with other methods, our network shows better results. This network retains the
results of each layer and uses the global filter to obtain the desired results in the end.

In our architecture, three main modules are designed: the multi-scale combination
module (MSCB), feature fusion module (FFM), and global filter (GF). First, we needed to
use multi-layer convolution operations to obtain different scale feature maps of the two
images. Thus, we obtained a multi-scale set of feature maps. For the two sets of feature
maps, we needed to input them into the multi-scale fusion module, and a new set of feature
maps was obtained, with the advantage of multi-scale information. Then the fusion of the
two sets of maps was carried out, and the structure was then processed using the global
filter. Finally, the result was obtained by upsampling and convolution. In our processing,
MSCB combines multiple sets of inputs after convolving them to the same channel; FFM
fuses the bitemporal remote sensing images and is an important part of the whole model.
In addition, the GF is used at the end to obtain more local information. After feature map
fusion, the GF flatly divides the resulting output into two groups—one that captures all
frequencies in the image using the 2D discrete Fourier transform, and one that extracts
features using convolution. Processing in the frequency domain allows our network to
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better perceive the interrelationships of multi-temporal images, overcome the effects of
noise, and accurately depict the contours of change.
The main contributions of this work are as follows:

1.  We designed a new deep learning network, MFGFNet, which introduces a series of
computer vision technologies, such as global filter, multi-scale feature fusion, etc.,
into remote sensing change detection. Most of the previous networks cannot obtain
enough boundary information of change targets from the pictures, and it is difficult to
distinguish the differences and similar information at different scales, which leads to
unsatisfactory accuracy of change detection and poor practical results. In this network,
potential links between remote sensing images at different times are captured and
areas of change are accurately identified. At the same time, our method innovatively
uses the global filter in the frequency domain, which enhances the effect of change
detection (CD) from a new perspective.

2. In order to better extract comprehensive information and help the network to find
regions of interest in images with large regional coverage, the muti-scale combination
module (MSCB) and feature fusion module (FFM) are proposed. Since change detec-
tion data usually include change targets of different sizes, a multi-scale processing
approach can be effective, bringing different perceptual fields and, thus, taking care
of global and local feature information. As a necessary component of deep learning-
based dual-temporal change detection, FEM fuses dual-temporal images and obtains
the fused change results. These two modules can better serve for change detection.

3. We use the GF, which can simulate the interaction between different spatial locations,
navigating changes and non-changes at the pixel level in the same area. Therefore,
our excellent combination of CNN and GF models can better improve the change
detection model. Moreover, the global filter (GF) can avoid the huge computational
complexity of the Transformer and use 2D Fourier transform and inverse 2D Fourier
transform to process the image, which is an effective alternative to the Transformer.
Through comparison and experiments with many baseline models, we verify the
excellent ability of MFGFNet and confirm the effect of our network on three datasets,
LEVIR-CD, SYSU, and CDD.

The remainder of this article is organized into four sections. Section 2 introduces some
preliminary knowledge of traditional CNN-based methods and frequency domain learning,
and describes our network designs in detail. Section 3 provides experimental evaluations.
Section 4 concludes this article.

2. Materials and Methods
2.1. Related Work
2.1.1. Traditional CNN-Based Method

CNN has undergone many years of development since its emergence and has become
the basic operation for deep learning to extract features. Daudt et al. [6] designed three
fully connected convolutional neural networks for change detection, FC-EF, FC-Siam-
conc, and FC-Siam-diff, respectively. Fang et al. [23] proposed SNUNet-CD, and they
used U-net as the backbone network. Compared with fully convolutional networks, they
used the channel attention module (CAM) in deep supervision and added the ensemble
channel attention module (ECAM), which can extract features in remote sensing images
and increase the performance of the model. Peng et al. [24] used a new method based
on self-attention for optical remote sensing images and obtained a better result. Based
on the previous work, Zhang et al. [25] designed IFN and proposed extracting the deep
features of the images first, and then differential discrimination and fusion. In a classical
work. Chen et al. [26] introduced Transformer into the network to obtain more contextual
information and enhance the original pixel-level features. Their proposed model was better
than the pure CNN model at that time. In this network, unlike most transformer-based
networks, it is not too large in FLOPs and the parameter. Chen et al. [27] created EGDE-
Net, which contains in its encoder an edge-guided Transformer block, embedded with
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an edge-aware module and a feature differential enhancement module. Together, these
three elements provide very good change detection and meet the need for capturing more
information. Song et al. [28] proposed a new network using the Transformer (DMATNet),
which can incrementally update image information, focus on regions of interest to avoid
the influence of irrelevant regions on change detection, continuously sample to leave useful
information, and reduce the weight of useless information, and finally improve the accuracy
of change detection.

To date, many excellent works based on deep learning for change detection continue
to emerge, and the accuracy metrics of change detection continue to improve, bringing
continuous innovation to the field [29-38].

2.1.2. Frequency Domain Learning

In a typical deep learning network, the CNN is responsible for extracting image
features, which belong to the spatial domain information. Figure 1 shows the spectrogram
of some of the remote sensing images converted to 2D visualization in the frequency
domain by the 2D Fourier transform. The spectrogram represents the distribution map of
image gradients. A point on a spectrogram indicates the size of the gradient at a point of
the graph in the spatial domain, and a large gradient means a high frequency. In recent
years, there has been some research on the conversion of spatial domain information to the
frequency domain for analysis, and the application effect has improved. Generally, there
will be pre-processing in the frequency domain, transformed to the frequency domain with
different Fourier change formulas. Moreover, the feature input in the frequency domain
can be processed and applied to all CNN models in the spatial domain [39].

Original image Fourier image Original image Fourier image Original image Fourier image Original image Fourier image

A

V]

Figure 1. Part of the remote sensing images and their transformation into a spectrogram of the

two-dimensional visualization in the frequency domain.

While architectures such as CNN and Transformer are widely popular in the field
of computer vision, Rao et al. incorporated the traditional Fourier transform into the
CNN-style and Transformer-style architectures and proposed the efficient and excellent
GFNet. They demonstrated that the global filter layer is equivalent to a depth-wise global
circular convolution filter of size H x W and is better at capturing the relationship between
the frequency domains. There are also some deep learning networks based on frequency
domain learning that are used in different areas. In the work by Zheng et al. [40], they
use fast discrete CT to extract frequency domain features and achieve better results in
object detection. Nurullah Sevim et al. [41] replaced the attention layer in the transformer
with Fourier variation, achieving faster training, smaller memory, and eliminating the
computational burden of the attention mechanism, which has been successfully applied to
the field of NLP.

2.2. Framework Overview

Change detection can be understood as the segmentation of bitemporal remote sensing
images according to the region of change. Our MFGFNet is a typical model that uses a
combination of CNN and GF; it can fully extract changing ground objects by inputting
bitemporal remote sensing images. As a Siamese network, MFGFNet has the same architec-
ture in the first part. When we input two images, it can fully extract the global effective
information and find the area of interest in the image covered by a large area. Moreover,
our network adopts the idea of cascading semantic segmentation for feature refinement to
better ensure the preservation of information at different scales. The specific structure of
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MFGENet is fully demonstrated in Figure 2. After the image is input, it first goes through
the convolution module, which includes convolution, batch normalization, and Relu. We
add five groups of convolution modules for feature extraction, and then keep five groups
of different sizes of maps for the next image processing. Next, the two sets of images
go through MSCB, which combines images of different scales by upsampling, and then
obtains a 64-channel image by convolution operation, which still gives five outputs (but
all channels are 64). Furthermore, we obtain a multi-scale set of images with feature maps
of sizes 256 x 256 x 32,128 x 128 x 64, 64 x 64 x 128,32 x 32 x 256, and 16 x 16 x 512.
FFM is the module that plays the role of feature fusion in the overall network, comparing
the differences between the different time phases and focusing on the parts that differ.
Let the two bitemporal images be A, B; when MSCB1 outputs FA1, FA2, FA3, FA4, FA5,
and MSCB2 outputs FB1, FB2, FB3, FB4, and FB5, FFM combines the FA1 and FB1 corre-
spondences to find the difference between FA1 and FB1, and the difference is multiplied
with the original input and then concatenates them both. Finally, the convolution to the
channel is 64. Similarly, FA2 is combined with FB2, FA3 is processed together with FB3,
etc. After processing by the FFM module, the 10 inputs are converted into 5 outputs after
feature fusion, and these 5 outputs are fed to the GF for more information. Through these
processes, five outputs of sizes 256 x 256, 128 x 128, 64 x 64, 32 x 32, and 16 x 16 are
finally obtained; the number of channels is 64. Corresponding to different sizes, we will
gradually upsample and convolve five groups of 256 x 256 X 2-sized images and multiply
with the one after passing the channel attention. In our network, the binary cross-entropy
loss is used as the loss function.

256+256+32 Ep— 256+256+32
128+128+64 28112864
NN

64+64+128
BEAH28, 32:324956

16+16+512  16+16+512

IR N

Figure 2. Structure of the MFGFNet.

2.3. Multi-Scale Combination Module

In order to take into account the different receptive fields, a new multi-scale fusion
method is proposed and used in our model (Figure 3). In Figure 3, there are 5 inputs and
5 outputs, and F5 is simply convolved through the inputs of 256 x 256 x 32 size to a channel
of 64, then multiply it with the output through the channel attention. Figure 3 shows
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multiple maxpooling modules, where maxpooling does not simply mean a kernel_size
and stride but represents different pooling effects on requirements, for example, when
generating F3, F4, F5, and h1 and h2 by pooling to 64 x 64, at this time h3 cannot conduct
the maxpooling operation. Taking F4 as an example, MSCM first resamples hl, h2, h3,
and F5 as 32 x 32, then uses the resampled result to concatenate with h4 and convolve it,
adjusting the number of channels to 64; finally, it concatenates it into a 32 x 32 x 320 image
and adjusts the number of channels to 64 by conv_d to obtain F4, where conv_d includes
the convolution operation, batch normalization, and Relu. The formulas are described
as follows:

k 5
E = Conv_d(Z MCBR () + )| FkH) (k=1,2,3,4) 1)
i=1 i=k+1
F.=F @ CA(F/) )
Fs = CA(Conv_d(hs)) + Conv_d(hs) (3)

where MCBR represents the four operations of maxpooling, convolution, batch normaliza-
tion, and Relu. It is important to note that maxpooling is not a fixed parameter value, but is
adjusted according to different needs. ) and + represent the concatenated operation on the
channel dimension. Conv_d is an operation that can reduce the channel to 64. CA means
the channel attention model (CAM) [42]. ® is an element-wise multiplication.

maxpooling

Conv+BN+Relu

channel F1
attention |
conv_d —
hl

-

F2
channel \
attention \
J—-{ conv_d

h2 maxpooling —

Conv+BN+Relu — Conv+BN+Relu maxpooling  —

channel

attention
maxpooling @ % conv_d — —

f————
h3 Conv+BN+Relu =)
Conv+BN+Relu maxpooling
N

: attention

" maxpooling a | | conv.d | |
Conv+BN+Relu \H/

channel \
*\I» attention i F4
maxpaoolini
—+ conv_d s P 9

! Conv+BN+Relu

KbF5

Figure 3. Structure of the MSCB.

2.4. Feature Fusion Module

FFM is indispensable in the change detection model, which serves the function of
detecting the differences in bitemporal images, fusing them into a new graph. The FFM
fuses each corresponding two pairs into one; the structure of the FEM is shown in Figure 4
with two pairs as an example. FFM fuses two pairs of images together, an operation that is
almost necessary for deep learning change detection.
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Figure 4. Structure of FFM.

When it is FFM’s turn to work, it will process FA1 and FB1 together. In the processing
process, the difference between them will be calculated first, then they will pass through
a 3 x 3 convolution and be added to the original input, respectively; finally, they will be
convolved separately and then added to obtain the output. The formulas are described

as follows:
De = Conv(|FA1 — FB1|) 4)
= Conv(Concat(FA1, De)) 5)
= Conv(Concat(FB1, De)) 6)
Output = Conv(Concat(F1', F2')) )
where |- | means an absolution operation, — is an element-wise subtraction operation.

De denotes a result that is obtained by the —. F1’ represents the combination of FA1 and
De. F2' represents the combination of FB1 and De. The final output is convolved from F1
and F2. The formula is written by taking FA1 and FB1 as examples. See Figure 4 for the
specific structure.

2.5. Global Filter

The specific details of the global filter are clearly shown in Figure 5. The core of the
global filter uses the knowledge of the discrete Fourier transform (DFT). For a given image,
the DFT as a whole is unique, so for the results obtained by the DFT operation, the original
data can be recovered by inverse DFT (IDFT). As a method where both the input and output
are discrete values, DFT is well suited for processing with computers. DFT can also expand
the input to 2D. This 2D DFT can be regarded as the replacement of two 1D DFTs and
provide computational efficiency; 2D DFT and 2D IDFT are used in GF to achieve the effect
of capturing the frequency domain. Figure 6 shows the visualization of GFs.

In the GE to better combine the different advantages of the spatial and frequency
domains, we used half of the channels to perform frequency domain learning operations,
mainly including 2D discrete Fourier transform to convert the input spatial features to the
frequency domain, perform element-wise multiplication between the frequency domain
features and the global filter, and 2D inverse Fourier transform to map the features back to
the spatial domain. The other half uses 3 x 3 depth-wise convolution and then combines
the two to obtain the result [43]. The mathematical formulas for the two-dimensional
discrete Fourier transform and the inverse transform are as follows:

—1N-1
Zfoy‘ﬂ” ) ®)
x=0 y=0
—-1N-1
T Y
) = i 5 B 0 (5 )

where Equation (8) represents the 2D discrete Fourier transform and Equation (9) represents
the inverse 2D discrete Fourier transform. M and N are the length and width of the image,
respectively. u and x range from 1 to M — 1; v and y range from 1 to N — 1.



Remote Sens. 2023, 15, 1682

8 of 16

output
' ? ~\
Layer Norm
: 4 :
Concat
) ¥ N ¥ ’
2D IFFT é )
frequency
domain conv
features *
global fiters
| 2D FFT N Y,
{ + + N
chunk
: 4 :
Layer Norm
T
Input

Figure 5. Global filter. The * in the figure represents an element-wise multiplication between

frequency-domain features and learnable global filters.

Global filter 1

Global filter 2

Global filter 3

Global filter 4

Global filter 5
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Figure 6. Visualization of the global filters. A visualization of the 5 global filters of MFGFNet is

included in Figure 6.
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3. Experiments and Results
3.1. Dataset

Since the introduction of deep learning for change detection, many change detection
datasets have emerged such as AICD, HRSCD, Mts-WH, S2Looking, WHU Building, and
change detection [4,44—47]. We used LEVIR [3], SYSU [4], and CDD [48].

3.1.1. LEVIR-CD Dataset

LEVIR-CD is a large-scale change detection dataset composed of Google Earth image
block pairs extracted by Beihang University, where the image pairs are all 1024 x 1024 in size.
We downloaded LEVIR-CD and cropped it to 256 x 256. When the image in the LEVIR-CD
is cropped to 256 x 256 size, it contains 7120 pairs of bitemporal images for model training.
At the same time, this dataset prepares 2048 pairs of bitemporal images for the test set, and
the validation set includes 1024 pairs of bitemporal images, respectively.

3.1.2. SYSU Dataset

This dataset contains 20,000 pairs of 0.5 m aerial images, 256 x 256 in size, taken
in Hong Kong between 2007 and 2014. The SYSU-CD dataset contains 12,000 pairs of
bitemporal images for model training. Moreover, this dataset prepares 4000 pairs of
bitemporal images for the test set, and the validation set concludes with 4000 pairs of
bitemporal images. The SYSU dataset mainly includes the expansion of suburbs, new
buildings in Hong Kong, road construction, vegetation changes, etc.

3.1.3. CDD Dataset

Among the various datasets for change detection, CDD is an excellent dataset. The
CDD dataset has three types of remote sensing images: synthetic images with no relative
movement of objects, synthetic images with little relative movement of objects, and real
remote sensing images that change with the seasons. The spatial resolution of these images
ranges from 3 cm to 1 m, and all images are 256 x 256. Our experiments use different
change detection models to conduct multiple sets of comparative experiments on the CDD
dataset. The CDD dataset contains 10,000 pairs of multitemporal images for model training.
At the same time, this dataset prepares 3000 pairs of multitemporal images for the test set
and validation set, respectively.

3.2. Implementation Details

We implemented the model in this paper using PyTorch and completed all experiments
on four RTX 2080 Ti. We used the Adam optimizer and set 31 at 0.9, 32 at 0.999, the learning
rate at 0.001, the batch size was adjusted to 16 in all training sets, and the weight decay was
0.01. In terms of the experiments on the LEVIR-CD, we set the learning rate to 0.001 and
a total of 100 epochs were trained. For the SYSU dataset, the initial learning rate was
0.001 and a total of 80 epochs were trained. For the CDD change detection dataset, the
initial learning rate was 0.0002 and a total of 100 epochs were trained. In the training
process, the weight decay was 0.01, eps was 1 x 1078, and the Kaiming initialization was
used for all convolutional layers.

3.3. Evaluation Criteria

Considering the evaluation indicators commonly used in change detection, we used
the three most typical metrics to evaluate the experimental results, they are precision, recall,
F1-score, OA, and IoU. The above five indicators can be represented by TP, FP, FN, and TN,
where TP represents true positive, TN means true negative, FP means false positive, and
FN means false negative. These operations can be represented as follows:

TP
Precision = ——— 1
recision TP + FP (10)
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Recall = 7TPY41—PFN (11)

1= 2 el
TP+ TN

oA = TP+FP1_FN+TN 13

foll = TP+IT-:IIJD+ FN 14)

3.4. Comparison and Analysis

In testing the three datasets (LEVIR-CD, SYSU, and DSIFN), we used six very good
change detection algorithms: FC-conc, FC-diff, IFN, DDCNN, SNUNet, and BIT. The
obtained results show that our deep learning model achieves better results in all three
datasets and gives more excellent results compared to the other outstanding algorithms.

3.4.1. Results for LEVIR-CD

In Figure 7, the results of a partial visualization of the LEVIR-CD dataset are shown
and Table 1 details the accuracy metrics obtained by the different algorithms. A total of
four pairs of bitemporal images were selected, including two pairs of large building change
images and two pairs of dense building cluster images. By comparing the results, we can
see that the MFGFNet visualization basically has no red and green parts, which is more
advantageous than the other. In the LEVIR-CD data, most of the models are adequate for
the change detection of large buildings, with only a few being less effective. Among them,
our models have the best ability to capture large buildings. All models perform well for
changes in dense buildings, indicating that these models are sensitive to dense and small
targets. MFGFNet shows excellent ability in LEVIR-CD, it is especially good at detecting
small feature changes and achieves the best results in all metrics except precision, and the
overall effect is the best among all comparison models.

) (d) (e) (f) @) (h) (1) ()

Figure 7. Visualization results of different methods for LEVIR-CD datasets. (a) T1 images. (b) T2
images. (c) Ground truth. (d) FC-Conc. (e) FC-Diff. (f) IFN. (g) DDCNN. (h) SNUNet. (i) BIT.
(j) Ours. In the figure, white, black, red, and green represent TP, TN, FN, and FP, respectively.
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Table 1. The comparison results on the LEVIR-CD dataset.

Method Pre Rec F1 OA 10U
FC-Conc 0.8063 0.7677 0.7865 0.9787 0.6482
FC-Diff 0.8222 0.6929 0.7520 0.9767 0.6026
IFN 0.9154 0.6128 0.7354 0.9775 0.5816
DDCNN 0.8542 0.8031 0.8279 0.9830 0.7063
SNUNet 0.9040 0.8742 0.8889 0.9888 0.8000
BIT 0.9130 0.8651 0.8884 0.9889 0.7992
Ours 0.9155 0.9014 0.9084 0.9907 0.8322

In Table 1, we can see that the precision algorithms FC-conc and FC-diff are not
effective, where the precision of FC-diff is 0.8222, which is better than the precision of FC-
cong; however, the other four metrics are better for FC-conc. The precision of IFN reaches
0.9154, which is the second highest of the algorithms used in the paper. However, the other
metrics of IEN are not as good as FC-diff and FC-conc, and the overall performance is the
worst. The accuracy of DDCNN is more ordinary, and the result is better than FC-diff and
FC-conc. For both models, SNUNet and BIT, the accuracy on the LEVIR-CD dataset is
outstanding; F1, OA, and IOU are very close in both models, with slightly higher precision
for BIT and slightly higher recall for SNUNet.

3.4.2. Results for SYSU

Figure 8 shows the qualitative analysis of change detection in the SYSU dataset, with
a total of four pairs of bitemporal images selected, including large buildings and chains.

Figure 8. Visualization results of different methods for SYSU datasets. (a) T1 images. (b) T2 images.
(c) Ground truth. (d) FC-Conc. (e) FC-Diff. (f) IFN. (g) DDCNN. (h) SNUNet. (i) BIT. (j) Ours. In the
figure, white, black, red, and green represent TP, TN, FN, and FP, respectively.

In the SYSU results presentation, we see that FC-conc and FC-diff work better than
expected, probably because these two models are more suitable for this dataset. Our
network shows very good results in the four sets of demonstrations, both in building and
ship changes, which is due to the fact that our network can capture the edges of the changes
better with few error detections.

In the Table 2, the effect of FC-Conc is significantly better than that of FC-diff. The
IoU of FC-conc reaches 0.5981; however, the IoU of FC-diff is only 0.4788, which is a big
difference between them. IFN is worse than FC-conc, but better than FC-diff, with an IoU of
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0.5278 in the result, where precision, as in the previous LEVIR-CD dataset, reaches 0.8777,
the highest of all algorithms. Both DDCNN and SNUNet obtained good results in this
dataset. Overall, SNUNet is slightly better, but DDCNN achieves the best accuracy recall in
SYSU, up to 0.8230. BIT did not achieve the desired results in the SYSU dataset, only better
than IFN and FC-diff, and all accuracy metrics were unsatisfactory. Our model exhibits
excellent performance across all metrics, with the best values achieved in F1, OA, and IoU,
but due to the large number of targets in this dataset, not all aspects work very well.

Table 2. The comparison results on the SYSU dataset.

Method Pre Rec F1 OA 10U
FC-Conc 0.7300 0.7680 0.7485 0.8783 0.5981
FC-Diff 0.8769 0.5133 0.6476 0.8682 0.4788
IFN 0.8777 0.5697 0.6909 0.8798 0.5278
DDCNN 0.7209 0.8230 0.7686 0.8831 0.6241
SNUNet 0.7865 0.7647 0.7754 0.8955 0.6333
BIT 0.7874 0.7653 0.7762 0.8959 0.6343
Ours 0.8232 0.7936 0.8081 0.9111 0.6780

3.4.3. Results for CDD

The CDD contains real remote sensing images that change with the seasons. Our
network achieved the best results and selected four different pairs of images to show the
visual effects of various networks. In Figure 9, our network is well adapted to the effects
of seasonal changes, and we can avoid missing and incorrect detections better than other
algorithms because our model possesses a better ability to achieve change detection. For
the road changes, we can see that FC-diff and FC-Conc are almost unrecognizable, and
DDCNN, SNUNet, and BIT have some error detection and omission detection, while our
model has only minor omission detection. For complex seasonal changes, FC-diff and
FC-conc are equally ineffective, DDCNN has some error detection, and the change maps
obtained by our model in comparison with SNUNet and BIT are the closest to the real
seasonal change results.

M‘\‘ri

Figure 9. Visualization results of different methods for CDD datasets. (a) T1 images. (b) T2 images.
(c) Ground truth. (d) FC-Conc. (e) FC-Diff. (f) IFN. (g) DDCNN. (h) SNUNet. (i) BIT. (j) Ours. In the
figure, white, black, red, and green represent TP, TN, FN, and FP, respectively.

In the CDD data, we trained 100 epochs for each comparison network to obtain Table 3.
After a comparison, our MFGFNet obtained good results for SOTA, with an F1 of 0.9529,
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which is much higher than the other comparison networks. As the training and test sets
in the CDD dataset may be highly similar, the model did not converge when we trained
to 100 epochs. If we continue to train for 150 or 200 epochs or even more, our model F1
might be able to reach 0.97 or higher. Figure 9 shows the qualitative analysis of the change
detection on the CDD dataset, with a total of four pairs of diachronic images selected,
including different seasonal changes. In the visualization plots, we can see that FC-diff and
FC-conc are very poor, with large areas of red and green in the plots, whereas our MFGFNet
plots obtained by visualization are significantly less cluttered and better (Figure 9).

Table 3. The comparison results on the CDD dataset.

Method Pre Rec F1 OA 10U
FC-Conc 0.8668 0.6004 0.7094 0.9419 0.5497
FC-Diff 0.8920 0.4501 0.5983 0.9286 0.4269
IFN 0.9108 0.8889 0.8997 0.9766 0.8177
DDCNN 0.9008 0.8297 0.8638 0.9662 0.7602
SNUNet 0.9543 0.9420 0.9481 0.9878 0.9014
BIT 0.9512 0.8673 0.9073 0.9791 0.8303
Ours 0.9564 0.9494 0.9529 0.9889 0.9101

3.5. Ablation Study

To test the three components of our model (FFM, MSCB, GF), we conducted four sets of
experiments on LEVIR-CD, using only FFM, FFM + MSCB, FFM + GF and
FFM + MSCB + GF. All four cases were first extracted by the convolutional neural network
with features of different scales. The specific results can be viewed in Table 4. Through
multi-pair experiments, we see that when only FEM is used (i.e., feature extraction followed
by difference and convolution), the results obtained show that the task of change detection
can be basically accomplished, and the results are still better than the classical FC-diff,
FC-conc. The data in the table show that when only FFM is used, the results are already
better than many good algorithms.

Table 4. The quantitative results of the ablation study on the LEVIR-CD dataset.

FFM MSCB GF Pre Rec F1 OA 10U

v X X 0.8917 0.8512 0.8710 0.9871 0.7715
Vv v X 0.9003 0.8878 0.8940 0.9892 0.8083
Vv X v 0.9131 0.8773 0.8949 0.9895 0.8098
v Vv v 0.9155 0.9014 0.9084 0.9907 0.8322

In addition to the case where only FFM was used, we designed two comparative
experiments, FFM + MSCB and FFM + GF. The experimental results show that the two
effects are similar, better than using only FFM and worse than FFM + MSCB + GF. The IoU
of FFM + MSCB reaches 0.8083 and that of FFM + GF reaches 0.8098. Through these two
sets of experiments, it is shown that MSCB and GF modules play a very important role in
MFGEFNet, bringing great power. At the same time, the results of FFM + GF also show that
learning in the frequency domain can play a certain effect in deep learning.

The best results were achieved in LEVIR-CD when all modules of MFGFNet were
working. FFM + MSCB + GF outperformed the other three groups of experiments and its
excellent results demonstrate the validity of our model. In this case, it reached the IoU of
0.8322, which is worse than the other three groups with differences of 0.0224, 0.0239, and
0.0428, respectively. In conclusion, all modules of MFGFNet show excellent capabilities.

3.6. Parameter Comparison

In this paper the FLOPs and params were calculated for different networks at work;
Figure 10 illustrates the two parameters in a line graph for different networks. As can be
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seen from the graph, our FLOPs and params are neither the highest nor the lowest and do
not compare favorably with such algorithms as FC-conc and FC-diff, but this cost can be
neglected for accuracy improvement. At the same time, our network reduces these two
parameters compared to other large models, such as DDCNN, bringing strength to the
overall performance.

200
180

160

FC-conc FC-diff IFN DDCNN SNUNet  BIT Ours
B-FLOPs params

Figure 10. FLOPs and params.

4. Conclusions

In this paper, we propose a CNN-based network for remote sensing change detection
(MFGEFNet) using frequency domain learning enhancement. Our network first uses the
Siamese CNN structure to extract features in the images. In order to take into account the
change information at different scales, we fused the image features continuously upwards
and combined them with a channel attention mechanism to obtain a new output. In this case,
each pair of images was fused and then passed through the global filter, which captured
the frequency parts of the image to sharpen the image and preserve more edge information,
thus improving accuracy. Our experiments demonstrate the excellent performance of
MEFGEFENet, which compares well with other state-of-the-art networks.

In the future, we will improve the weakly supervised and unsupervised change
detection networks to better meet the engineering needs of the real-world applications of
change detection where the training set and test data do not match and the label quality
is poor. Moreover, due to the lack of change feature classes in practical applications of
binary change detection (BCD), semantic change detection (SCD) is gradually becoming a
mainstream research direction. Transforming dichotomous change detection into semantic
change detection can better serve important issues (such as land use). Thus, we hope to
improve MFGFNet to make it a network to solve the SCD problem.
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