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Abstract: In recent years, synthetic aperture radar (SAR) has been a widely used data source in the
remote sensing field due to its ability to work all day and in all weather conditions. Among SAR satel-
lites, Sentinel-1 is frequently used to monitor large-scale ground objects. The Mekong Delta is a major
agricultural region in Southeast Asia, so monitoring its cropland is of great importance. However, it
is a challenge to distinguish cropland from other ground objects, such as aquaculture and wetland, in
this region. To address this problem, the study proposes a statistical feature combination from the
Sentinel-1 dual-polarimetric (dual-pol) data time series based on the m/χ decomposition method.
Then the feature combination is put into the proposed Omni-dimensional Dynamic Convolution
Residual Segmentation Model (ODCRS Model) of high fitting speed and classification accuracy to
realize the cropland extraction of the Mekong Delta region. Experiments show that the ODCRS model
achieves an overall accuracy of 93.85%, a MIoU of 88.04%, and a MPA of 93.70%. The extraction results
show that our method can effectively distinguish cropland from aquaculture areas and wetlands.

Keywords: cropland extraction; time series dual-pol SAR data; m/χ decomposition; deep learning

1. Introduction

Food security and agricultural sustainability need urgent and concerted actions from
governments in developed and developing countries alike [1], in which the sustainable
development of agriculture plays a crucial role [2]. The Mekong Delta in Vietnam is an
important agricultural area for food security around the world [3]. However, the region
is threatened by climate change in many ways, such as drought [4], flood [5], sea level
rise [6], salinization [7], etc. In addition, growing human interventions, including land
use changes and hydropower dam expansion, altered the hydrology and ecology of the
Delta [8], further changing the agricultural land area. Therefore, it is of great significance to
monitor the cropland in the Mekong Delta region.

During the process of using remote sensing technology to extract cropland, the diver-
sity of the cropland’s spatial types and crop types, as well as the changes in crop growth
stages over time, lead to the complex spectral and textural features of cropland, causing
misclassification between cropland and other ground objects, especially other vegetation [9].
Therefore, using time series data to extract cropland is a common solution. Currently, most
research on extracting cropland information still focuses on optical data, including data
from MODIS [10], Landsat satellite series [11], Gaofen optical satellite series [12], Sentinel-
2 [13], etc. Due to the ability of synthetic aperture radar (SAR) to operate all day and in all
weather conditions, it can compensate for the vulnerability of optical images to weather and
atmospheric conditions. Therefore, some researchers have used SAR data as a supplement
to optical data to monitor cropland. He et al. [14] combined time series Sentinel-1VH/VV

Remote Sens. 2023, 15, 3050. https://doi.org/10.3390/rs15123050 https://www.mdpi.com/journal/remotesensing

https://doi.org/10.3390/rs15123050
https://doi.org/10.3390/rs15123050
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com
https://orcid.org/0000-0002-0088-8148
https://orcid.org/0000-0003-2508-6800
https://orcid.org/0000-0003-4887-923X
https://doi.org/10.3390/rs15123050
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com/article/10.3390/rs15123050?type=check_update&version=2


Remote Sens. 2023, 15, 3050 2 of 19

polarized Ground Range Detected (GRD) data and Sentinel-2data for monitoring cropland
abandonment in hilly areas. Ku et al. [15] used Gaofen-3 VH images to segment the initial
water body to assist in extracting flooded cropland. Qiu et al. [16] used the time series
Sentinel-1 VV polarization data to calculate the indicator to separate herbaceous plants and
Sentinel-2 data to further distinguish between grass and crops to achieve national-scale
cropland extraction. Although these methods with multi-band optical data as the main data
source performed well, they required a great amount of data, resulting in a huge amount of
calculation before classification. When using deep learning methods with higher accuracy
than traditional methods for classification, the huge amount of data will also increase the
difficulty of model training. In addition, SAR data used in current methods only utilizes
the backscatter coefficients of a single or multiple polarization, which means only the
amplitude information of ground objects is used and the phase information is ignored.

The cropland extraction task is essentially a binary classification problem of ground ob-
jects. The classification algorithms applied to cropland extraction mainly include traditional
machine learning methods, including clustering [17], support vector machine [18], random
forest [19], decision tree [20], and the classification models in the rapidly developing area
of deep learning in recent years. For example, to reduce information loss in downsampling,
Li et al. [21] used a fully convolutional neural network combined with contextual feature
representation (HRNet CFR) to extract cropland directly from high-resolution optical data.
Xu et al. [22] improved the skip connection in UNet and its loss function (HRUNet) to
preserve details, especially the edge details of cropland. Li et al. [23] designed a compact
graph convolutional neural network (GCNN) for Sentinel-2 time series multi-band optical
data to acquire high-resolution cropland maps from low-resolution data sources while
greatly reducing the number of model parameters. To conclude, when conducting ground
object segmentation with deep learning methods, the similar features exhibited by differ-
ent ground objects pose a huge challenge to the feature learning ability of deep learning
networks, leading to issues such as insufficient segmentation accuracy and missing details.
Thus, many studies have strived to improve the lack of details in the results and improve
classification accuracy simultaneously in different ways. As mentioned in this passage,
HRNet CFR adopts a fully convolutional structure to reduce detail loss; HRUNet uses a
complex skip connection structure to preserve edge information, resulting in an increase in
model size and training difficulty; while GCNN uses an adaptive down sampling strategy
to simplify the model and computational complexity at the cost of information loss.

Specifically, in the Mekong Delta region, the main cropland extraction map is derived
from the WorldCover product of the European Space Agency (ESA). However, this product
divides a large area of aquaculture areas in the middle of the Mekong Delta into permanent
water bodies and cropland; specifically, the ridges of inland aquaculture pools are wrongly
divided into cropland, resulting in a large number of scattered misclassified areas in the
map. Similarly, misclassification happens in the southern wetland area as well.

Therefore, to monitor the Mekong Delta region, our research considers the use of
Sentinel-1 dual-pol data with both large coverage and relatively high resolution as the main
data source to reduce the amount of calculation and the difficulty of model training. Then,
in order to capture the changes in the ground object scattering mechanism in different
growth stages of vegetation better, the m/χ dual-pol SAR data decomposition method is
used to obtain the decomposition components containing both the scattering amplitude
and phase information of the ground objects [24]. In this way, it is possible to use a small
amount of data to distinguish between cropland and non-cropland, especially mangroves
(wetland), aquaculture areas, and other ground objects containing mixed pixels of water
and vegetation.

In response to the issue of insufficient segmentation accuracy and missing details
when using deep learning methods to extract cropland, the solution of this paper is to
adopt a down/up sampling as an encoding/decoding structure that can extract multi-level
features, with a residual network introduced as the backbone network to compensate for
the information loss in down sampling [25]. Even with a certain amount of information
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loss, the residual network can still distinguish the differences between features well due
to its sensitivity to feature changes, ensuring the model’s recognition performance on
details; then the omni-dimensional dynamic convolution module containing four types
of attention is introduced to replace regular static convolution [26], further reducing the
interference of redundant information in model training and simplifying and accelerating
the model training.

In this paper, in order to extract cropland in the Mekong Delta area, the following
contributions are made:

1. A temporal statistical feature including amplitude and phase information simultane-
ously, the temporal mean value of the three components calculated from m/χ decom-
position and filtered by the Savitzky–Golay filter (VSG−Rmean , VSG−Gmean , VSG−Bmean),
is extracted to effectively distinguish cropland from other ground objects;

2. In response to the difficulty in distinguishing similar ground objects and the insuffi-
cient description of land details in the task of extracting cropland, a new segmentation
model, ODCRS, is designed based on omni-dimensional dynamic convolution (OD-
Conv). Compared with conventional convolutional networks, the convolutional layer
of ODCRS includes four complementary attention mechanisms for convolutional
kernels (location-wise, channel-wise, filter-wise, and kernel-wise), which provides
assurance for capturing rich contextual information and significantly enhances the
network’s feature extraction ability. Thus, it can effectively distinguish easily confused
ground objects such as cropland and aquaculture areas and wetlands and maintain
edge details of features.

The remainder of this paper is organized as follows. Section 2 provides a detailed
introduction to the study site and the data used in experiment, and introduces the specific
implementation method. Section 3 will present the experimental results. A discussion of
our work in this study is carried out in Section 4. Finally, Section 5 concludes the paper.

2. Materials and Methods
2.1. Study SITE

The study site, Mekong Delta, is located in southern Vietnam, between 8.56◦–11.03◦N
and 104.44◦–106.84◦E, including 13 provinces: Long An, Tien Giang, Ben Tre, Tra Vinh,
Vinh Long, Dong Thap, An Giang, Kien Giang, Can Tho City, Hau Giang, Soc Giang, Bac
Lieu, and Ca Mau, shown in Figure 1a. The delta covers an area of about 39,000 km2,
with abundant water resources and biodiversity. It is well known for its rice production
and fisheries. The two seasons, the wet and the dry, in the Mekong Delta region are well
defined, from May to November as the wet season and December to April as the dry season.
The mean annual rainfall in the Mekong Delta region is approximately 1800 mm, and 90%
of this falls in the wet season [27]. The main ground object types in the region include
cropland, permanent water (including aquaculture areas), mangroves (wetland), tree cover,
grassland, and built-up.

2.2. Experiment Data and Sample Data

The Sentinel-1A satellite launched by ESA in 2014 is a commonly used free data source
for large-scale land cover monitoring. Due to the significant impact of precipitation on the
terrain and landforms in the region, data from the rainy season is chosen to reduce the
interference of precipitation on cropland extraction [28]. 54 scenes of Sentinel-1A VH/VV
dual polarization single look complex (SLC) data in interferometric wide swath (IW) mode
were selected; details are shown in Table 1 and Figure 1b.
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Figure 1. (a) Study site: Mekong Delta in Vietnam; (b) the data frames used. 
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Table 1. Information on Sentinel-1 data used. 
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3 1 June 2020 1 June 2020 27 May 2020 
4 13 June 2020 13 June 2020 8 June 2020 
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Figure 1. (a) Study site: Mekong Delta in Vietnam; (b) the data frames used.

Table 1. Information on Sentinel-1 data used.

Orbit-Frame 26–23 26–28 128–29

Number Date

1 8 May 2020 8 May 2020 3 May 2020
2 20 May 2020 20 May 2020 15 May 2020
3 1 June 2020 1 June 2020 27 May 2020
4 13 June 2020 13 June 2020 8 June 2020
5 25 June 2020 25 June 2020 20 June 2020
6 7 July 2020 7 July 2020 2 July 2020
7 19 July 2020 19 July 2020 14 July 2020
8 31 July 2020 31 July 2020 26 July 2020
9 12 August 2020 12 August 2020 7 August 2020
10 24 August 2020 24 August 2020 19 August 2020
11 5 September 2020 5 September 2020 31 August 2020
12 17 September 2020 17 September 2020 12 September 2020
13 29 September 2020 29 September 2020 24 September 2020
14 11 October 2020 11 October 2020 6 October 2020
15 23 October 2020 23 October 2020 18 October 2020
16 4 November 2020 4 November 2020 30 October 2020
17 16 November 2020 16 November 2020 11 November 2020
18 28 November 2020 28 November 2020 23 November 2020

The auxiliary data mainly includes the ESA WorldCover product from 2020 [29] and
optical data from the Google Earth platform, which were used for sample set making and
accuracy evaluation in the research.

During sample preparation, the sample areas were chosen according to the optical image
with reference to the ESA WorldCover product. The middle and upper parts of the Mekong
Delta area, covering the cropland and other four kinds of ground objects (built-up, water area,
tree cover, grasslands), and the southernmost mangroves (wetland) area, have been used as
the training sample area. A total of 1498 pieces of 256 × 256-sized slices were finally obtained
and divided into training and validation sets at a ratio of 0.7. The feature size of the training
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set is 1048 × 3 × 256 × 256, and the label size is 1048 × 1 × 256 × 256. For the validation set,
the feature size is 450 × 3 × 256 × 256, and the label size is 450 × 1 × 256 × 256.

2.3. Methods

In view of the complex types of cropland in the Mekong Delta region and the overlap
of cropland and non-cropland scattering characteristics, especially the overlap with the
aquaculture areas in the southern part of the Mekong Delta, a cropland extraction method
is proposed based on the temporal statistic feature of dual-pol SAR decomposition and
omni-dimensional dynamic convolution residual segmentation model. Firstly, the Sentinel-
1 VH/VV dual-pol SAR data of 18 phases in the Mekong Delta from May to November
2020 is preprocessed with Snap. The covariance matrix is calculated from the SLC data
after calibration. Then, after multi-look processing and terrain correction, 54 scenes of
two-dimensional covariance matrix (C2 matrix) images in the WGS84 coordinate system
are obtained. Then the classic m/χ decomposition is applied to obtain scattering features.
With the analysis of time series on different ground objects, separable features are selected
as input for classification. Finally, the ODCRS model is used for semantic segmentation to
generate the final cropland extraction map. The flowchart is shown in Figure 2.
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Figure 2. Flow chart of the proposed cropland extraction method.

2.3.1. Temporal Features Analysis and Extraction

To extract temporal features that could distinguish cropland from other ground ob-
jects, the decomposition method for SAR data is considered. Due to its ability to extract
dominating scattering mechanisms from distributed targets [30], the m/χ decomposition
is widely used in monitoring agricultural targets, such as analyzing and monitoring the
characteristics of crop growth stages (rice, cotton, sugarcane, etc.) [31], production estima-
tion [32], forest biomass estimation [33], crop growth parameter estimation (vegetation
moisture content (VWC), leaf area index (LAI), height, and dry biomass) [34], etc.
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Raney [24] proposed the m/χ decomposition method based on the Stokes vectors, a
classic representation of polarized SAR data. The equation to obtain the Stokes vector from
the covariance matrix is:

g =


g0
g1
g2
g3

 =


C11 + C22
C11 − C22
2R(C12)
2I(C12)

 (1)

In the equation, g stands for the Stokes vector, and Cij stands for the components in the
covariance matrix. From the Stokes vector, the degree of polarization m, the relative phase
δ, and the sign of rotation of the polarization ellipse and its ellipticity χ are calculated:

m =

√
g2

1 + g2
2 + g2

3

g0
(2)

δ = −atan
(

g3

g2

)
(3)

sin 2χ = − g3

mg0
(4)

Then, the three-component obtained from the decomposition are:

VR
VG
VB

 =


√

g0m 1+sin2χ
2√

g0(1 − m)√
g0m 1−sin2χ

2

 (5)

In this scheme, red corresponds to double-bounce, green represents the randomly
polarized constituent, and blue indicates single-bounce (and Bragg) backscattering.

Then the time series feature analysis is conducted on the 18 phases of the feature map
calculated from m/χ decomposition.

With reference to the auxiliary data, three scattered Regions of Interest (ROIs) of six
ground objects are selected evenly within the region to analyze their temporal scattering
mechanisms. The size of each ROI is 10 × 10 pixels. The time series curves of the intensity
of the polarimetric scattering components of different ground objects are shown in Figure 3.

It can be seen from the box chart in Figure 3c that outliers appear in all ground object
types except cropland in the three components. The distribution of cropland in each
component overlaps with other land objects, making it harder to classify cropland from
other ground objects. In order to reduce the outliers in the figure and further improve the
separability of features, temporal filtering is considered to smooth the curves.
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Figure 3. Time series curve and statistical characteristics (box chart) of ground objects’ polarimetric 
components (a) 𝑉ோ : double-bounce (b) 𝑉  : randomly polarized constituent (c) 𝑉஻ : single-bounce. 
IQR, the interquartile range, is a measure of variability, which is achieved by dividing the dataset 
into quartiles [35]. Quartile divides a hierarchical dataset into four equal parts: Q1 (the first quartile), 

Figure 3. Time series curve and statistical characteristics (box chart) of ground objects’ polarimetric
components (a) VR: double-bounce (b) VG: randomly polarized constituent (c) VB: single-bounce.
IQR, the interquartile range, is a measure of variability, which is achieved by dividing the dataset
into quartiles [35]. Quartile divides a hierarchical dataset into four equal parts: Q1 (the first quartile),
Q2 (the second quartile), and Q3 (the third quartile). IQR is defined as Q3 − Q1, and data outside
Q3 + 1.5 × IQR or Q1 − 1.5 × IQR are considered outliers.
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The Savitzky–Golay filter (commonly referred to as the S–G filter) is a filtering method
based on local polynomial least squares fitting in the time domain [36]. Its biggest advantage
is that it can ensure the shape and width of the signal remain unchanged while filtering out
noise. Therefore, it is widely used in data stream smoothing and denoising and has also
been applied in the processing of the SAR data time series [37].

The filtered curves are shown in Figure 4. It is more intuitive to see the time series
characteristics of the scattering components of ground objects.
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It can be seen that the outliers of the filtered time series curve decrease, and the
distinction between cropland and other features is more intuitive and discernible. The
mean values of cropland, built-up areas, and water bodies can be distinguished in all
three components. Wetlands (mangroves) in different regions exhibit characteristics similar
to those of trees, grasslands, or water bodies. Therefore, only distinguishing between
cropland, trees, and grasslands needs to be considered. Specifically, the difference between
trees’ mean values of the three scattering components is the smallest, while the mean
value of the volume scattering in cropland is smaller than that of even scattering and odd
scattering. The temporal mean value of the volume scattering component in grassland is
generally higher than that in cropland.

Therefore, based on the above analysis and the visual interpretation of the pseudo-
color image of the statistic characteristics (maximum, minimum, mean, variance of each
polarization component, etc.) combination, the final feature combination that can clearly
distinguish cropland from non-cropland is: the temporal mean value of the even scattering
component VRmean , the temporal mean value of the random polarization component (volume
scattering component) VGmean , and the temporal mean value of the odd scattering (surface
scattering component) VBmean . The three-channel pseudo-color image before and after
filtering are shown in Figure 5.
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Overall, most of the cropland areas in the pseudo-color map show a purple hue, with
a small portion showing a light green hue. Comparison with the results of Ghosh et al. [38]
and the optical images revealed that this difference is caused by the different growth stages
of three-season rice and double-season rice. Three-season rice shows a light green hue
on the map. Although the hue is similar to other ground objects, it can be distinguished
by the overall intensity, as demonstrated by subsequent segmentation experiments. The
aquaculture areas prone to misclassification are green in color, with intensity varying
between water bodies and wetlands. The specific representation of each ground object in
the pseudo-color map is shown in Figure 6.
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Figure 6. Comparison of pseudo-color maps and optical images of typical ground objects. (a) Pseudo-
color map before filtering; (b) pseudo-color map after filtering; (c) the corresponding optical images
from Google Earth (20 May 2020).

It can be seen that the majority of the building area is green, with a small portion being
purple red, with the highest brightness; the trees present a uniform light green color; the
water body is uniformly dark green with the lowest brightness; wetlands exhibit a green
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tone consistent with vegetation distribution; grassland has a uniform green tone, with a
higher green component than trees; the aquaculture area as a whole presents a green tone,
consisting of lower brightness water bodies and higher brightness ridges, with very fine
plots of land; the first type of cropland (mainly three-season rice) is a mixture of light green
and purple tones, while the second type (mainly double-season rice) is a mixture of deep
purple and dark green. The specific color tone is determined by the planting distribution of
the crops, and the differences between the two types are caused by different growth stages
of the crops.

2.3.2. ODCRS Model

In response to the similarity between the first cropland type (mainly three-season
rice) and aquaculture areas and wetlands, which is prone to misclassification, and the
insufficient description of land details when extracting cropland, the omni-dimensional
dynamic convolution residual segmentation model (ODCRS model) is proposed. ODCRS
is based on the encoding and decoding structures and uses omni-dimensional dynamic
convolution and residual structures to improve feature extraction capabilities. The specific
structure of the ODCRS model is shown in Figure 7.
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The ODCRS model continues the classic encoding and decoding architecture of seman-
tic segmentation networks, with 5-layer encoders and 4-layer decoders as the basic structure.
The connection between encoder/decoder layers is achieved through down-/up-sampling.

The encoder is responsible for extracting features of different depths and dimensions,
consisting of residual omni-dimensional dynamic convolution modules (RODConv) of
different sizes. RODConv block utilizes a multidimensional attention mechanism through
parallel strategies to learn complementary attention along the four dimensions of kernel
space (location-wise, channel-wise, filter-wise, and kernel-wise) [26], effectively suppress-
ing activation in irrelevant regions and enhancing the network’s ability to fit complex
features. In addition, it can reduce redundant information in skip connections, balance
the loss of detail features, and reduce information redundancy, thereby improving the
efficiency and performance of feature extraction, reducing the training difficulty of each
layer of the network, and greatly improving the model training speed and classification
accuracy. Additionally, the experiment found that adding a dropout layer after the deepest
down-sampling can effectively prevent overfitting.

The decoder is responsible for fusing abstract features extracted by the encoder at
different scales and decoding them layer by layer into the final classification result. The
decoder adopts the classic CBR module (Convolution + Batch Normalization + ReLU)
as the basic structure, receiving the input of the previous network and corresponding
encoder layers, achieving the fusion of high-level and low-level features, reducing the loss
of spatial fine information caused by down sampling during encoding, and outputting
refined cropland area segmentation results.

The input of the ODCRS model is a slice of a three-channel pseudo-color map with
a size of 3 × 256 × 256. The number of output channels is the number of classifications.
Since it is a binary classification task, the output size is 2 × 256 × 256 in this study. The
detailed output size of each layer of encoder/decoder is given in Table 2.

Table 2. Output size of the encoding and decoding layers of the ODCRS model.

Layer Encoder (C × H × W) Decoder (C × H × W)

Layer1 64 × 128 × 128 64 × 128 × 128
Layer2 256 × 64 × 64 128 × 64 × 64
Layer3 512 × 32 × 32 256 × 32 × 32
Layer4 1024 × 16 × 16 512 × 16 × 16
Layer5 2048 × 8 × 8

2.3.3. Model Accuracy Evaluation

As we know, U-Net is a classic semantic segmentation model that adopts an encoding-
decoding structure and is widely used to monitor cropland areas [39,40]. Residual U-Net
(ResU-Net) also introduces residual networks into the encoding-decoding structure [41]. There-
fore, U-Net and ResU-Net are chosen to compare the performance with the proposed ODCRS
models using the filtered three-channel pseudo-color map (VSG−Rmean , VSG−Gmean , VSG−Bmean)
as segmentation inputs on the validation set.

During the experiment, the models were built on the Pytorch framework (1.13.1 ver-
sion) in Python 3.9.16. The optimized loss function is the cross-entropy function, optimized
by the Adam optimizer.

3. Experimental Results

In this section, experiments conducted to verify the validity of the proposed features
and model are presented. First, the training and extraction results of the features before
and after filtering are presented to show the effect of the S–G filter on the model training
and cropland extraction. Then the accuracy evaluation and analysis of the ODCRS model
is conducted, comparing it to U-Net and ResU-Net. Finally, the extraction results of the
proposed method and the ESA WorldCover product are compared and analyzed.
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3.1. Effect of Pre- and Post-Filtering Features on Extraction Results

Table 3 presents the accuracy of the validation set of the time series statistical features
before (VRmean , VGmean , VBmean ) and after (VSG−Rmean , VSG−Gmean , VSG−Bmean ) filtering on the
ODCRS model. In the case of only 30 epochs of training, the accuracy of the pre-smoothing
feature is 93.02%, MIoU is 86.47%, and MPA is 92.68%; after smoothing, the accuracy is
93.27%, MIoU is 86.99%, and MPA is 93.09% (if the number of training rounds increases
to 100, each index has an increase of more than 1%). The number of 30 training rounds is
relatively optimal for the segmentation effect, so the model output of 30 training rounds
is selected as the final result. It can be seen that after filtering, the accuracy, MIoU, and
MPA of the validation set have been improved by 0.25%, 0.52%, and 0.41%, respectively,
indicating that the S–G filter has a certain positive effect on model accuracy.

Table 3. Accuracy of feature combinations before and after filtering on the validation set.

Feature Epoch Accuracy MIoU MPA

(VRmean , VGmean , VBmean ) 30 93.02% 86.47% 92.68%
(VSG−Rmean , VSG−Gmean , VSG−Bmean ) 30 93.27% 86.99% 93.09%

Figure 8 presents the extraction results of the features before and after filtering, and
Figure 9 is an enlarged view of the red boxes in Figure 8. It can be seen from the proposed
features that cropland areas are effectively extracted with or without S–G filtering. The
results in Figure 9 show that the filtered features can largely reduce the misclassification
from other ground objects (e.g., aquaculture areas to cropland).
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3.2. Model Accuracy Evaluation Results

This section presents the accuracy evaluation by comparing the proposed model with
U-Net and ResU-Net. The mean intersection over union (MIoU) variation curves on the
training and validation sets are shown in Figure 10.

Remote Sens. 2023, 15, 3050 15 of 20 
 

 

 
(a) (b) (c) 

Figure 9. An enlarged view of the red boxes in Figure 8: (a) Before filtering (b) After filtering (c) The 
corresponding optical images from Google Earth. 

3.2. Model Accuracy Evaluation Results 
This section presents the accuracy evaluation by comparing the proposed model with 

U-Net and ResU-Net. The mean intersection over union (MIoU) variation curves on the 
training and validation sets are shown in Figure 10. 

   
(a) (b) (c) 

Figure 10. MIoU curves of different models: (a) U-Net, (b) ResU-Net, and (c) ODCRS model. 

After 40 epochs of training, the loss of the U-Net model on the training and validation 
sets begins to converge; ResU-Net converges after 20 epochs, while the ODCRS model 
proposed in this paper converges after 10 epochs of training. The training rounds with an 
average intersection to union ratio (MIoU) of 80% for the three models are 30, 5, and 10, 
respectively. It can be seen that ODCRS outperforms U-Net to a great extent. Although 
the MIoU curve of the ODCRS model reaches 80% slower than ResU-Net, it surpasses 
ResU-Net after 10 epochs, indicating that the ODCRS model has an extremely fast feature 
fitting speed and could reach higher precision. 

Figure 10. MIoU curves of different models: (a) U-Net, (b) ResU-Net, and (c) ODCRS model.



Remote Sens. 2023, 15, 3050 15 of 19

After 40 epochs of training, the loss of the U-Net model on the training and validation
sets begins to converge; ResU-Net converges after 20 epochs, while the ODCRS model
proposed in this paper converges after 10 epochs of training. The training rounds with an
average intersection to union ratio (MIoU) of 80% for the three models are 30, 5, and 10,
respectively. It can be seen that ODCRS outperforms U-Net to a great extent. Although
the MIoU curve of the ODCRS model reaches 80% slower than ResU-Net, it surpasses
ResU-Net after 10 epochs, indicating that the ODCRS model has an extremely fast feature
fitting speed and could reach higher precision.

Table 4 gives the precision of the U-Net, ResU-Net, and ODCRS models on the val-
idation set, including MIoU and mean pixel accuracy (MPA), two indicators specifically
used for average semantic segmentation. After 50 rounds of training, U-Net achieved an
accuracy of 91.71%, MIoU of 84.23%, and MPA of 91.51%; ResU-Net achieved an accuracy
of 93.72%, MIoU of 87.80%, and MPA of 93.57%; and ODCRS achieved an accuracy of
93.85%, MIoU of 88.04%, and MPA of 93.70%. This shows that the performance of the
ODCRS model proposed in this paper is better than U-Net and ResU-Net in all indicators,
demonstrating the excellent feature-fitting ability of the ODCRS model.

Table 4. Precision of different models.

Model Epoch Accuracy MIoU MPA

UNet 50 91.71% 84.23% 91.57%
ResU-Net 50 93.72% 87.80% 93.57%
ODCRS 50 93.85% 88.04% 93.70%

3.3. Analysis of Extraction Results

In this section, the result of this paper will be compared with the current cropland
extraction result, the ESA WorldCover product, to show the effectiveness of the proposed
method. From the comparison in Section 3.1, it is obvious that cropland extracted from
features (VSG−Rmean , VSG−Gmean , VSG−Bmean ) of the filtered polarimetric decomposition com-
ponent time series has better accuracy, and therefore, it is chosen as the final cropland
extraction map in this paper, and its comparison with the cropland layer in the ESA
WorldCover product is shown in Figure 11.
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As can be seen from Figure 11, the distribution of cropland in the two maps maintains
a good correlation. In the southern region, including the aquaculture area in the middle
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and lower parts and the wetland area at the southernmost end, the result of this study
significantly reduced the scattered points.

A more detailed comparison of typical regions is shown in Figure 12. It can be seen
that in the cropland area, the extraction result in this study has a clearer contour and better
regional connectivity, indicating that the proposed method captures details very well. While
in aquaculture and wetland (mangrove) areas, there are only a few points misclassified
as cropland in the extraction result of this study, suggesting that the proposed method is
effective in distinguishing cropland from aquaculture and wetland. These indicate that
the proposed method can effectively extract cropland from all ground objects with high
accuracy and very few false alarms.
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4. Discussion

In this study, the temporal features of typical ground objects in the Mekong Delta
region based on the m/χ decomposition method of dual-pol SAR data time series were
analyzed. It was found that the feature (VSG−Rmean , VSG−Gmean , VSG−Bmean ) can effectively
distinguish cropland from other ground objects. The impact of the Savitzky–Golay filter on
time series characteristics and the segmentation effect are also analyzed. The experiment
result shows that the application of the S–G filter also improves the extraction performance
by reducing misclassification in wetland areas.
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From Section 3.2, it can be seen that the proposed semantic segmentation model,
ODCRS, outperforms U-Net and ResU-Net in all indicators, reaching an accuracy of 93.85%,
MIoU of 88.04%, and MPA of 93.70%, which is 2.14%, 3.81%, and 2.23% higher than that of
U-Net and 0.13%, 0.24%, and 0.23% higher than that of ResU-Net. The analysis in Section 3.3
shows that the proposed method is efficient in distinguishing cropland, aquaculture areas,
and wetland and effective in capturing details. Although the proposed method performs
well in accomplishing the task of extracting cropland in the Mekong Delta, some improve-
ments could be made. The dual-polarization decomposition method used in this study is
the m/χ method, and experiments can be conducted to understand the effectiveness of
other decomposition methods of dual-band SAR data for extracting temporal features of
cropland extraction, such as dual-polarization H−α decomposition [42]. Furthermore, dur-
ing the experiment, it was found that if you replace the traditional convolution block in the
decoder with an ODConv block, the training speed decreases. It is worthy of experiments
to find out the reason behind it and find a proper way to put ODConv blocks into decoders
to obtain better performance.

5. Conclusions

In view of the complexity of cropland types in the Mekong Delta region and the
difficulty in distinguishing cropland from aquaculture areas and wetlands, this study
designed a combination of features (VSG−Rmean , VSG−Gmean , VSG−Bmean ) suitable for cropland
extraction based on the analysis of the time series calculated from the m/χ decomposition
of dual-pol Sentinel-1 SAR data and the Savitzky–Golay filter and proposed the semantic
segmentation model ODCRS model to quickly and accurately fit the high-level and low-
level features of the image, reaching an overall accuracy of 93.85%. The cropland extraction
map of the Mekong Delta region in 2020 is finally obtained with the proposed feature
combination and model. By comparing with ESA’s WorldCover product and optical
images, it can be seen that the proposed method greatly reduces the misclassification of
aquaculture and wetland areas into cropland and significantly reduces the number of
scattered areas misclassified in the extraction results.

In the future, it is planned to address the problem of arable extraction in complex
environments using alternative decomposition methods that better capture the scattering
mechanisms of ground objects and improve computational efficiency.
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Abbreviations and Acronyms

SAR Synthetic aperture radar
Dual-pol Dual-polarimetric
ODCRS Model Omni-dimensional Dynamic Convolution Residual Segmentation Model
MIoU Mean intersection over union
MPA Mean pixel accuracy
ESA European Space Agency
GRD Ground Range Detected
SLC Single Look Complex
C2 matrix Two-dimensional covariance matrix
ROI Region of interest
S–G filter Savitzky–Golay filter
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