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Abstract: With the rapid development of satellite and internet of things (IoT) technology, it becomes
more and more convenient to acquire high-resolution satellite images from the ground. Extraction
of urban vegetation from high-resolution satellite images can provide valuable suggestions for
the decision-making of urban management. At present, deep-learning semantic segmentation has
become an important method for vegetation extraction. However, due to the poor representation
of context and spatial information, the effect of segmentation is not accurate. Thus, vegetation
extraction based on Deep Attention Model (VEDAM) is proposed to enhance the context and spatial
information representation ability in the scenario of vegetation extraction from satellite images.
Specifically, continuous convolutions are used for feature extraction, and atrous convolutions are
introduced to obtain more multi-scale context information. Then the extracted features are enhanced
by the Spatial Attention Module (SAM) and the atrous spatial pyramid convolution functions. In
addition, image-level feature obtained by image pooling encoding global context further improves
the overall performance. Experiments are conducted on real datasets Gaofen Image Dataset (GID).
From the comparative experimental results, it is concluded that VEDAM achieves the best mIoU
(mIoU = 0.9136) of vegetation semantic segmentation.

Keywords: vegetation extraction; satellite image; semantic segmentation; attention; integrated
satellite-terrestrial

1. Introduction

As low-cost, low-power satellite-based global connectivity becomes ubiquitous, the
total number of connected sensors worldwide will accelerate [1,2]. Agricultural monitoring,
smart grids, and urban planning can all benefit from satellite-terrestrial integrated Internet
of things (IoT) services [3]. The satellite IoT is an important field of satellite-terrestrial
research, which can obtain big data containing rich ground observation information through
satellite observation on the ground. With the acceleration of the urbanization process, a
huge increase in people is beginning to live and work in urban areas. As an important index
that can reflect urbanization and global climate change, vegetation phenomenology in urban
and peri-urban areas has attracted people’s attention in recent years [4-6]. Urban vegetation
plays an important role in urban livability, sustainability, and ecosystem services [7,8]. There
is therefore a need for effective monitoring of urban vegetation to understand its capacity
and vulnerability to urban stress and its role in promoting sustainable urban development.
Efficient and accurate extraction of urban vegetation has become the key technology of
modern urban planning and ecological environment evaluation [9,10].

Traditional artificial manual field survey methods need to invest a lot of human and
material resources. The high cost and long cycle make it difficult to obtain effective veg-
etation status information for a long time. With the development of satellite-terrestrial
integrated IoT, more and more satellites integrate into IoT and provide global hybrid
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satellite-terrestrial broadband access, making it convenient to collect satellite information.
So, the satellite has become an effective means of urban vegetation information extraction
with its advantages of fast information acquisition speed, short cycle, and strong time-
liness. It provides details such as the structure and composition of urban vegetation in
different spatial and time scales and multi-dimension for urban vegetation information ex-
traction [11-15]. The continuous improvement of satellite image resolution not only creates
favorable conditions for better vegetation information extraction but brings challenges as
well. Therefore, urban vegetation information extraction based on high-resolution satellite
images has become a research hot spot.

Recently, semantic segmentation has become an important method for satellite image
information extraction. There are two main methods for the semantic segmentation of
satellite images [16]. The first is the traditional methods based on artificial features, includ-
ing the threshold method [17,18], edge detection method [19], and region method [20-27].
The traditional methods are inefficient and inaccurate, and require a lot of professional
knowledge, which limits their wide application. The second is the deep learning-based
methods, which have made remarkable achievements in the field of computer vision and
artificial intelligence [28-38]. More and more researchers apply these methods to satellite
image information extraction [39-47].

At present, the most advanced vegetation extraction methods are based on deep-
learning semantic segmentation models [48-58]. Bhatnagar et al. [51] mapped the main
vegetation communities of Clara swamp wetland in Ireland in spring using Unmanned
Aerial Vehicle (UAV) images, and a good semantic segmentation result (accuracy~90%) was
obtained by using the combination of ResNet50 and SegNet [52] architecture in the transfer
learning framework. Yang et al. [53] used UAV images to estimate rice lodging in large-
area paddy fields. They built an image semantic segmentation model using two neural
network structures, FCN-AlexNet and SegNet, which had higher efficiency and lower error
interpretation rate. Wu et al. [54] used U-Net [55] to train the semantic segmentation of
satellite images and obtained the results of semantic segmentation. Heryadi et al. [56]
combined the DeepLabV3 model with two other networks: ResNet and conditional random
field network to make DeepLabV3 model a deep network structure to improve the semantic
segmentation performance. Based on the results of comparative experiments, this model
outperformed other models in semantic segmentation.

Chen et al. [59] designed parallel atrous convolution with different atrous rates to
obtain more multi-scale context information in DeepLabV3. In addition, image-level
features were used to encode the global context to further improve the performance. This
made DeepLabv3 achieve a good effect in many kinds of semantic segmentation scenes.
However, the atrous convolution method leads to the loss of spatial information due to the
continuous atrous convolution, resulting in the “chessboard effect” [60]. At the same time,
Atrous Spatial Pyramid Pooling (ASPP) was effective for feature extraction of large-scale
targets, but small-scale targets would be lost.

To further enhance spatial information, Ni et al. [61] proposed a pyramid attention
aggregation network. It uses double attention modules, including position attention block
and channel attention block, to model the semantic correlation between position and
channel by capturing joint semantic information and global context, respectively. Zhong
et al. [62] proposed a new architecture of Squeeze-and-Attention Network (SANet), which
adds pixel-group attention to the traditional convolution by introducing an “attention”
convolution channel, to consider the interdependence of spatial channels in an effective
way. Chen et al. [63] embedded a Convolution Block Attention Module (CBAM) between
convolution blocks of P-Net, constructed CBAM-P-Net, and proposed a method to improve
the efficiency of P-Net feature extraction. The CBAM contains two parts: the first one
is the Spatial Attention Module (SAM), which pays attention to the feature relationship
between spaces; the second one is the Channel Attention Module (CAM), which pays
attention to the feature relationship between channels. Chen et al. [64] proposed a fly
species recognition method based on improved RetinaNet and CBAM. ResNeXt101 was
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used as the feature extraction network, and the improved CBAM was added, which was
called Stochastic-CBAM. The SAM can make the corresponding spatial transformation of
the spatial domain information in the images, to extract the key information. The essence
of the CBAM is to use the learning weight of the relevant feature map, and then apply
the learning weight to the original feature map for weighted summation, to obtain the
enhanced features.

The contribution of this paper is summarized as follows. To extract vegetation from
high-resolution satellite images, a deep learning model called vegetation extraction based
on Deep Attention Model (VEDAM) is proposed, which uses continuous convolution
for feature extraction, and atrous convolution is introduced to obtain more multi-scale
context information. After feature extraction, the SAM is used to enhance the spatial
feature, and then the ASPP operation is performed. In addition, image-level feature
encoding global context is used to further improve performance. This makes VEDAM
more suitable for vegetation segmentation. The effectiveness of the attention module is
also analyzed. The experimental results show that SAM is better, and VEDAM is better
than the classical method.

The rest of this paper is organized as follows. In the Section 2, the network structure is
introduced in detail. The Section 3 gives an explicit explanation of the dataset and evalua-
tion criteria used in the experiments. The experimental results are presented and analyzed
in Section 4. Section 5 concludes this paper and highlights directions for future work.

2. Methodology

Satellite images related to urban vegetation are characterized by rich local detail
information, and affected by complex backgrounds, such as those containing building
shadows. The relevant local details can effectively distinguish the vegetation from the
surrounding ground features. Therefore, it is important to maintain the detailed spatial
information extracted by vegetation. ResNet has been proven to be effective in feature
extraction. The model in this paper uses the improved ResNet as the backbone network,
which can make full use of vegetation details. Based on the method of ASPP [65], VEDAM
is proposed to extract target features of different scales and levels, and apply SAM to
enhance the spatial information perception of ResNet and improve the performance of
vegetation extraction.

2.1. Network Architecture

Figure 1 shows the detailed model structure of VEDAM proposed in this paper. The
proposed VEDAM is divided into three modules: the encoder module, the attention mod-
ule, and the decoder module. The encoder module takes ResNet50 as the backbone network
for feature extraction. Firstly, the image is convoluted, and the size of the feature map
is continuously reduced through block1, block2, and block3 to extract effective features.
Atrous convolution on the feature map is performed in block4. Following feature extrac-
tion, the feature map obtained by block4 is enhanced through the SAM in the attention
module. In the decoder module, the ASPP operation is carried out, and the required spatial
dimension is upsampled by bilinear interpolation to realize the semantic segmentation of
satellite images.
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Figure 1. Model structure of VEDAM.

2.2. Encoder Module

Our encoding network takes the improved ResNet50 [66] as the backbone network for
feature extraction. First, the image is a convolution of 7 x 7, then the size of the feature map
is continuously reduced through block1, block2, and block3 to extract effective features.
At block4, atrous convolution is used to increase the receptive field. Finally, the size of
the feature map obtained by the encoder module is 7 X 7 x 512, where 7 is the number of
pixels and 512 is the number of channels of the feature map.

2.3. Feature-Enhanced Attention Module

After getting the feature map from the encoder module, the feature-enhanced attention
module is implemented based on CBAM [67]. Compared with the Squeeze-and-Excitation
(SE) module, the CBAM focuses on the feature relationship not only among channels but
also among dimensions in space. As shown in Figure 2, the CBAM contains two parts: the
Spatial Attention Module (SAM), targeting the feature relationship among dimensions in
space; and the Channel Attention Module (CAM), the feature relationship among channels.
Through the joint action of both modules, the network can recalibrate the features better.

Channel

. Spatial Refined Feature
Attention

\
QR —

Input Feature

Attention

Module Module

=

N
-®

Figure 2. CBAM network structure diagram.

The structure diagram of the CAM is shown in Figure 3. The feature recalibration
process between channels is as follows: first, the input feature map is passed through the
maximum pooling layer and the average pooling layer to get Fy,,, and F,, respectively.
Then the outputs of the two are passed through the Multilayer Perceptron (MLP) with
one hidden layer, in which the hidden activation size is set to RC/m<1x1 [67]. C is the
number of channels and r is the reduction ratio to reduce parameter overhead. The MLP
output features are added, and then the channel attention feature map is output through the
sigmoid activation function. Finally, the channel attention feature map and the input feature
map are multiplied to realize the feature recalibration of the feature map on the channel.
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Figure 3. Network structure of the CAM.
The channel attention is computed as [67]:
M.(F) = o(MLP(AvgPool(F)+ MLP(MaxPool(F)))) O

= (W (Wo(Fug) ) + Wa(Wo(Fiu)))

Fis the input feature; o is a sigmoid operation; AvgPool and MaxPool denote average pooling
and maximum pooling, respectively; Fz,, and F;,, denote average-pooled features and
max-pooled features, respectively, where Wy needs to be followed by the ReLU activation
function, Wy and Wj represent the weight matrix of two convolution layers, M, is the
channel recalibration feature.

The SAM is shown in Figure 4. The feature recalibration process between spaces is as
follows: firstly, the input feature map is passed through the channel-based average pooling
layer and maximum pooling layer; then the output results of the two are concatenated
based on the channel features; and finally, through 7 x 7 convolution layer and sigmoid
activation function generate spatial attention feature map and multiply the spatial attention
feature map with the input feature map to realize the feature recalibration of the feature
map in space.

conv
7x7

!

O

[MaxPool,AvgPool] Spatial Attention
Concat Ms

Input Feature F
Figure 4. Network structure of the SAM.

The spatial attention is computed as [67]:

M;(F) = o(f7*7([AvgPool(F)]; [MaxPool (F)])) 2
= O'(f7X7([ngg;FrSnax}>) ’

F is the input feature; ¢ is a sigmoid operation; AvgPool and MaxPool denote average
pooling and maximum pooling, respectively; F7,, and F;,;, denote average-pooled features
and max-pooled features across the channel, respectively; f”*7 represents a convolution
operation with the filter size of 7 X 7 and M; is the spatial recalibration feature.

After the feature has been enhanced through SAM, the ASPP operation is carried
out to make the input feature map 1 x 1 convolution and three 3 x 3 convolutions,
when output_stride = 16, the atrous rate of convolution is rate = {6,12,18}. Output_stride
is denoted by the ratio of input image spatial resolution to final output resolution. At
the same time, the input feature map is pooled by global average pooling. The results
obtained by four convolutions and one global average pooling are concatenated and 1 x 1
convolution.

2.4. Decoder Module

The final feature map with output_stride of 16 is finally obtained, after ResNet50
feature extraction, SAM feature enhancement, and ASPP capturing multi-scale context
information. It is a challenge to reconstruct the original size segmentation graph from such
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a small feature map. Therefore, the feature map is upsampled on the decoder module. The
ASPP output feature map is upsampled by bilinear interpolation with factor 16, and the size
of the feature map is changed from 14 x 14 to 224 x 224 to get the final segmentation output.

3. Experimental Settings

In this section, the dataset used in the experiments is first introduced. Then, the
experimental implementation details are explained. Finally, the evaluation criteria adopted
are depicted.

3.1. Gaofen Image Dataset (GID)

In this paper, the proposed VEDAM is tested and evaluated on the dataset GID, which
is an open dataset [68]. It contains 150 high-quality Gaofen-2 (GF-2) images from more than
60 different cities in China, covering a geographical area of more than 50,000 km?. GID
images have high intra-class diversity and low inter-class separability. Gf-2 satellite includes
panchromatic images with a spatial resolution of 1 m and multispectral images with a spatial
resolution of 4 m and image size of 6908 x 7300 pixels. Multispectral provides images in
blue, green, red, and near-infrared bands. GID consists of a large-scale classification set and
a fine land-cover classification set, both of which contain the original images and labeled
ground truth. The fine land-cover classification set used in this experiment is composed of
15 fine classifications: paddy field, irrigated land, dry cropland, garden land, arbor forest,
shrub land, natural meadow, artificial meadow, industrial land, urban residential, rural
residential, traffic land, river, lake, and pond. The combination of paddy fields, irrigated
land, dry cropland, garden land, arbor forest, shrub land, natural meadow, and artificial
meadow is regarded as vegetation in our following discussion. Table 1 shows the vegetation
classes in the GID Dataset. The total number of finally generated images is 37170, which is
obtained by cutting the original images from 6800 x 7200 (h x w) to 224 x 224 with the
cutting stride 112. A random set of 7170 cutting images is selected as the validation set (the
validation set contains all classes and is evenly distributed). Figure 5 shows the sample
images of training and validation images in the GID dataset.

Table 1. The 8 vegetation subclasses in the GID dataset.

Vegetation
Forest Farmland Meadow
arbor . i natural artificial
garden land forest shrub land paddy field  irrigated land  dry cropland meadow meadow

Training Images Validation Images

Original =
Images

Ground

|
|
|
|
|
|
|
|
|
|
|
|
|
|
Truth :
|
|

Original
Images

Ground

|
|
|
|
|
|
|
|
|
|
|
|
Truth |
|
|

\ 7

Mindustrial land [ urban residential Mirural residential - W traffic land Wpaddy field irrigated land dry cropland

M garden land Warbor forest shrub land natural meadow W artificial meadow [llriver Mllake pond

Figure 5. Sample images of training and validation images in the GID dataset.
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3.2. Experimental Implementation Details

VEDAM is trained on a computer equipped with Intel Core i9-9900x and 64 GB of
memory. The computer is equipped with two GPUs, type RTX2080ti, with 11 GB GPU
memory. Because the training model requires a lot of GPU memory, the method in this paper
uses 224 x 224 size images as input to the network. Adam [69] is an adaptive learning rate
optimizer with high computational efficiency and low memory requirements. Therefore,
this paper uses Adam optimizer to optimize the network and updates parameters. In
addition, the network proposed in this paper uses NLLLoss as the loss function. When
training VEDAM, the training epoch is set to 30 and the learning rate to 0.0001. The training
batch size is 8.

3.3. Comparative Methods and Evaluation Criteria

To verify the performance of VEDAM, it is compared with two representative deep
learning network models, U-Net and SegNet, on the GID dataset under the same condi-
tions. U-Net and SegNet have achieved satisfactory performance in different segmentation
applications. The training settings are the same as VEDAM.

To evaluate the performance of the model comprehensively, seven widely used veg-
etation segmentation evaluation criteria are adopted. The one-vs-rest method is used to
extend these binary classification criteria to multi-classification problems. The first 5 criteria
are Accuracy [40], Recall [40], Precision [40], mloU [65], and F-score [70], mloU is expressed as
follows: . .

1 1 TP
mloll = =g L loU = o5 Y ey rp T ©)

where TP, FN, FP, and TN denote true positive, false negative, false positive, and true
negative, respectively. k is the number of classes minus 1.
The sixth evaluation criterion is IoU, which is expressed in Figure 6, and calculated as

follows: (©) ) P
area MNarea
I = = 4
ol area(C)Uarea(G) TP+ FN + FP’ @

area(C) represents the area of the candidate bound, and area(G) represents the area of the
ground truth bound.

groundtruth
CNG bound (G)

Figure 6. IoU calculation diagram.

The seventh evaluation criterion is Kappa [71], which is expressed as follows:

ACC—-P
Kappa = ————, ©)
p_ (TP+FP)(TP+ FN) + (FN + TN)(FP + TN) ©

N2 ’
p represents the proportion of expected agreement between the ground truth and predic-
tions with given class distributions [72]. N is the total number of pixels.

4. Experimental Results and Discussion

In this section, the overall performance of VEDAM is evaluated, then VEDAM is
compared with two classical segmentation methods (U-Net and SegNet), and finally, the
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impact of the CBAM module on VEDAM is discussed. In each part, the 8 vegetation
subclasses are classified into vegetation for discussion first, and then the performance of
the model on the 8 vegetation subclasses is discussed in detail.

4.1. The Overall Results of the Classification Experiments

In this part, the experimental results of VEDAM on the GID dataset are discussed.
As shown in Figure 7, through qualitative analysis, it can be seen that the vegetation
is completely extracted. There are only some small errors, such as in Figure 7d, the
small corner of the bottom is not correctly divided, in Figure 7f, there is an error in the
segmentation of the middle joint, the rest of which is close to the ground truth. To verify
the performance of VEDAM quantitatively, 8 out of all the 16 classes are discussed under
vegetation (paddy fields, irrigated land, dry cropland, garden land, arbor forest, shrub
land, natural meadow, and artificial meadow). Table 2 lists the Accuracy, Recall, Precision,
F-score, IoU, mloU, and Kappa of validation images of the GID dataset. Following, these 8
vegetation subclasses are discussed. Table 3 lists the Accuracy, Recall, Precision, F-score,
IoU, mIoU, and Kappa of the 8 subclasses above mentioned.

Original Ground Original Ground

Images Truth VERAM Images Truth VEDAM

S

Mindustrial land [ urban residential Wrural residential traffic land Mpaddy field irrigated land dry cropland

.gurdcn land M arbor forest shrub land natural meadow artificial meadow [lriver  Mlake pond

Figure 7. Visualization of segmentation results of VEDAM on the GID Dataset, (a-h) represents the

visualization results of randomly selected samples.

Table 2. Experiment results of the GID dataset by VEDAM.

Back Industria Urban Rural Traffic . .

Ground Land Residential Residential Land Vegetation River Lake Pond

ACC 0.9644 0.9961 0.9936 0.9949 0.9930 0.9815 0.9988 0.9994 0.9987

Recall 0.9468 0.9599 0.9622 0.9223 0.9314 0.9746 0.9890 0.9892 0.9725

Precision 0.9562 0.9533 0.9652 0.9339 0.8487 0.9737 0.9788 0.9792 0.9611

F-score 0.9515 0.9566 0.9637 0.9281 0.8882 0.9742 0.9839 0.9842 0.9668

IoU 0.9075 0.9168 0.9299 0.9658 0.7988 0.9496 0.9683 0.9688 0.9357
mloU 0.9157
Kappa 0.9450
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Table 3. Experiment results of the GID dataset for 8 vegetation subclasses by VEDAM.
Paddy Irrigated Dry Garden Arbor Shrub Natural Artificial
Field Land Cropland Plot Woodland Land Grassland  Grassland
ACC 0.9982 0.9884 0.9984 0.9993 0.9962 0.9996 0.9991 0.9996
Recall 0.9656 0.9746 0.9548 0.9337 0.9697 0.9717 0.9582 0.9750
Precision 0.9687 0.9745 0.9679 0.9248 0.9663 0.8735 0.9590 0.9408
F-score 0.9671 0.9745 0.9613 0.9292 0.9680 0.9199 0.9586 0.9576
IoU 0.9364 0.9503 0.9254 0.8678 0.9380 0.8518 0.9205 0.9186
mloU 0.9136
4.1.1. Performance on the GID Dataset

As shown in Table 2, VEDAM achieves good segmentation results in 9 classes. For all
the classes of the GID dataset, the values of Accuracy, Recall, mloU, and Kappa are higher
than 90%, and Accuracy and Recall are even higher than 92%. As shown in bold in Table 2,
it can be seen that the overall accuracy (Accuracy, Recall, Precision, F-score, and IoU) of the
experimental results of vegetation classes are 98.15%, 97.46%, 97.37%, 97.42%, and 94.96%,
respectively. This proves the excellent performance of VEDAM.

4.1.2. Performance in Vegetation Classes

It can be seen from Table 3 that the mloU of experimental results within the vegetation
classes can reach 91.36%. In the 8 vegetation subclasses, the values of Accuracy, Recall,
Precision, IoU, and F-score are higher than 98%, 93%, 87%, 85%, and 91%, respectively.

In conclusion, the experimental results maintain the integrity of vegetation extraction,
which shows that the model performs well in the task of vegetation extraction from high-
resolution satellite images.

4.2. The Results of the Comparative Experiments

In this part, VEDAM is compared with two representative deep learning network
models, namely, U-Net and SegNet, on the GID dataset under the same conditions.
4.2.1. Performance on the GID Dataset

As shown in bold in Table 4, VEDAM achieves significantly better segmentation results
in all nine classes than the other two. With the exception of Precision, which is slightly
lower than the other two methods on traffic land, VEDAM outperforms U-Net and SegNet
in all classes. For all classes of the GID dataset, Accuracy, Recall, and mloU.

Table 4. Comparison results of U-Net, SegNet, and VEDAM on the GID dataset.

Back Industrial Urban Rural Traffic . .

Ground Land Residential Residential Land Vegetation  River  Lake Pond
U-Net 0.9474 0.9935 0.9894 0.9931 0.9922 0.9700 0.9983 09985 0.9979
ACC SegNet 0.9229 0.9901 0.9823 0.9900 0.9898 0.9548 0.9950 0.9947  0.9965
VEDAM 0.9644 0.9961 0.9936 0.9949 0.9930 0.9815 0.9988 0.9994  0.9987
U-Net 0.9124 0.9256 0.9453 0.9180 0.8720 0.9721 09811 09513 0.9478
Recall SegNet 0.9125 0.8362 0.9536 0.8065 0.7983 0.9192 0.9086 0.9172  0.9247
VEDAM 0.9468 0.9599 0.9622 0.9223 0.9314 0.9746 0.9890 0.9892  0.9725
U-Net 0.9429 0.9299 0.9365 0.8924 0.8686 0.9455 09735 0.9622  0.9470
Precision  SegNet 0.8821 0.9377 0.8624 0.9034 0.8518 0.9526 0.9553 0.8107  0.9043
VEDAM 0.9562 0.9533 0.9652 0.9339 0.8487 0.9737 0.9788 0.9792  0.9611
U-Net 0.9274 0.9277 0.9408 0.9051 0.8703 0.9586 09773 09567 0.7474
F-score SegNet 0.8970 0.8841 0.9057 0.8522 0.8241 0.9356 0.9314 0.8607 0.9144
VEDAM 0.9515 0.9566 0.9637 0.9281 0.8882 0.9742 0.9839 0.9842  0.9668
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Table 4. Cont.
Back Industrial Urban Rural Traffic . .
Ground Land Residential Residential Land Vegetation  River  Lake Pond
U-Net 0.8646 0.8652 0.8883 0.8266 0.7745 0.9205 0.9555 0.9171  0.9001
IoU SegNet 0.8133 0.7922 0.8277 0.7425 0.7009 0.8790 0.8715 0.7554  0.8422
VEDAM 0.9075 0.9168 0.9299 0.8658 0.7988 0.9496 0.9683 0.9688  0.9357
U-Net 0.8792
mloU SegNet 0.8027
VEDAM 0.9157
U-Net 0.9129
Kappa SegNet 0.8727
VEDAM 0.9450
Kappa is more than 90%, and Accuracy and Recall are even higher than 92%. As shown in bold italics in Table 4, it
can be seen that the Accuracy of vegetation extraction by VEDAM is as high as 98.15%, 1.15% higher than U-Net,
and 2.67% higher than SegNet. Recall, Accuracy, and F-score of VEDAM are higher than 97%, 5.54%, 2.11%, and
3.86% higher than SegNet, respectively, higher than U-Net by 0.25%, 2.82%, and 1.56%. The IoU of VEDAM is
94.96%, 7.06% higher than that of SegNet and 2.91% higher than that of U-Net. The results show that VEDAM is
superior to the other two methods in the extraction of the vegetation class.
4.2.2. Performance in Vegetation Classes
Table 5 shows the experimental results of all methods on 8 vegetation subclasses. As
shown in bold in Table 5, the segmentation effect of nearly all the vegetation subclasses
is better than SegNet and U-Net. The F-score, obtained by VEDAM, exceeds 91%, much
better than SegNet and U-Net. VEDAM achieves a mloU value of 91.36% in 8 vegetation
subclasses, which is 15.23% and 7.43% higher than SegNet and U-Net, respectively. Only
on shrubland, the Precision of VEDAM is 5.03% lower than that of SegNet, but its Recall
is 28.59% higher than that of SegNet. The reason is that the distribution of shrubland is
discontinuous and there are fewer training samples. Overall, VEDAM is superior to the
other two methods in the extraction of 8 vegetation subclasses.
Table 5. Comparison results of U-Net, SegNet, and VEDAM on the GID dataset for 8 vegetation
subclasses.
Paddy Irrigated Dry Garden Arbor Shrub Natural Artificial
Field Land Cropland Plot Wood- Land Grass- Grass-
land land land
U-Net 0.9972 0.9818 0.9973 0.9989 0.9930 0.9992 0.9984 0.9986
ACC SegNet 0.9951 0.9679 0.9916 0.9984 0.9905 0.9992 0.9977 0.9987
VEDAM 0.9982 0.9884 0.9984 0.9993 0.9962 0.9996 0.9991 0.9996
U-Net 0.9477 0.9728 0.9399 0.8711 0.9596 0.9274 0.9384 0.9669
Recall SegNet 0.8866 0.9140 0.6399 0.7579 0.9449 0.6858 0.9152 0.8823
VEDAM 0.9656 0.9746 0.9548 0.9337 0.9697 0.9717 0.9582 0.9750
U-Net 0.9483 0.9487 0.9313 0.8823 0.9238 0.7396 0.9136 0.8005
Precision SegNet 0.9287 0.9432 0.9375 0.8778 0.8987 0.9238 0.8780 0.8670
VEDAM 0.9687 0.9745 0.9679 0.9248 0.9663 0.8735 0.9590 0.9408
U-Net 0.9480 0.9606 0.9356 0.8767 0.9413 0.8229 0.9258 0.8759
F-score SegNet 0.9071 0.9283 0.9607 0.8135 0.9212 0.7872 0.8962 0.8760
VEDAM 0.9671 0.9745 0.9613 0.9292 0.9680 0.9199 0.9586 0.9576
U-Net 0.9011 0.9242 0.8790 0.7804 0.8891 0.6991 0.8619 0.7792
IoU SegNet 0.8300 0.8663 0.6138 0.6856 0.8540 0.6491 0.8120 0.7794
VEDAM 0.9364 0.9503 0.9254 0.8678 0.9380 0.8518 0.9205 0.9186
U-Net 0.8393
mloU SegNet 0.7613
VEDAM 0.9136
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Figure 8 shows the experimental results of all methods on the GID fine land-cover
classification dataset. In general, the extraction results of VEDAM are almost consistent with
the ground truth. Compared with the other two models, VEDAM has great advantages. As
shown in the lower right corner of Figure 8c, there is an obvious misclassification problem
in the extraction results of SegNet and U-Net. In Figure 8d, VEDAM obtains the smoothest
segmentation result, while SegNet and U-Net to a certain extent of misclassification. In
general, SegNet has a poor effect on edge segmentation between different classes, such as
(@), (b), (e), and (g) in Figure 8. At the same time, there will be serious segmentation errors,
such as (c), (d), and (h) in Figure 8. The segmentation effect of U-Net is slightly better than
that of SegNet, and the segmentation effect is no less than that of VEDAM in (b), (g), and
(h) of Figure 8, but there are still serious segmentation errors, such as (c) and (d) of Figure 8.
Among the three models, the VEDAM has the best performance and the least segmentation
errors of all the images, which is also consistent with the quantitative analysis results.

Original Ground Original Ground
rigna roun segNet U-Net VEDAM I roun SegNet U-Net VEDAM
Images Truth

Images Truth

IT § 8 ¥
JS A S S
1LALACLS
W

Mindustrial land  urban residential W rural residential traffic land W paddy field irrigated land dry cropland

(a)

(b)

()

d)

.ganlun land .:u bor forest shrub land natural meadow artificial meadow .r'm:r .I.‘lku pond

Figure 8. Visualization of segmentation results of SegNet, U-Net, and VEDAM on the GID Dataset,
(a—h) represents the visualization results of randomly selected samples.

4.3. Effect of the CBAM

To verify the importance of the added SAM in the process of vegetation segmentation,
the original model is compared with the model with different attention modules under the
same training conditions. In the original model, the SAM added in VEDAM is deleted. In
the comparison models, the CAM and CBAM are added in the same position as VEDAM.
Validation experiments are conducted on the GID fine land-cover classification dataset.
Table 6 shows the experimental results of the four models on the GID dataset.

4.3.1. Performance on the GID Dataset

As shown in bold in Table 6, VEDAM combined with the different attention modules
achieves good segmentation results in 9 classes, of which VEDAM is better. In terms of
the overall segmentation effect, mloU and Kappa obtained by VEDAM are 91.57% and
94.50%, respectively, which are 1.08% and 0.71% higher than the VEDAM with SAM, 0.65%
and 0.48% higher than the VEDAM-CAM, and 0.67% and 0.35% higher than the VEDAM-
CBAM. As shown in bold italics in Table 6, it can be seen that Accuracy, Precision, F-score,
and IoU of vegetation segmentation of the VEDAM have achieved the best results, reaching
98.15%, 97.37%, 97.42%, and 94.96%, respectively. VEDAM outperformed the other three
methods in comparison. The results show that the VEDAM is better than other comparison
methods in the segmentation of vegetation classes.
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Table 6. Comparison results of VEDAM combined with different attention modules on the GID
dataset.

Back Industrial Urban Rural Traffic . .
Ground Land Residential Residential Land Vegetation River Lake Pond
VEDAM 0.9644 0.9961 0.9936 0.9949 0.9930 0.9815 0.9988 0.9994 0.9987
VEDAM w/o
ACC SAM 0.9600 0.9956 0.9929 0.9939 0.9924 0.9789 0.9985 0.9993  0.9983
VEDAM-CAM 0.9613 0.9958 0.9932 0.9946 0.9929 0.9794 0.9987 0.9994 0.9983
VEDAM-CBAM 0.9621 0.9958 0.9932 0.9949 0.9931 0.9797 0.9986 0.9993  0.9980
VEDAM 0.9468 0.9599 0.9622 0.9223 0.9314 0.9746 0.9890 0.9892 0.9725
Recall VE%AAII\\/[/I wlo 0.9310 0.9509 0.9592 0.9323 0.9360 0.9777 0.9903 0.9728  0.9658
VEDAM-CAM 0.9503 0.9434 0.9573 0.9118 0.8946 0.9712 09756  0.9831 0.9632
VEDAM-CBAM 0.9413 0.9578 0.9687 0.9340 0.9187 0.9729 0.9910 0.9883  0.9222
VEDAM 0.9562 0.9533 0.9652 0.9339 0.8487 0.9737 09788 0.9792 09611
Precision VEDSAAI;\/[/I wio 0.9592 0.9512 0.9607 0.9013 0.8315 0.9638 09702 0.9866 0.9526
VEDAM-CAM 0.9449 0.9625 0.9656 0.9355 0.8712 0.9712 0.9880 0.9856  0.9547
VEDAM-CBAM 0.9552 0.9495 0.9557 0.9233 0.8609 0.9704 09709 0.9744 0.9778
VEDAM 0.9515 0.9566 0.9637 0.9281 0.8882 0.9742 0.9839 0.9842 0.9668
VEDAM w/o
F-score SAM 0.9449 0.9511 0.9599 0.9165 0.8807 0.9707 0.9802 0.9796  0.9592
VEDAM-CAM 0.9476 0.9529 0.9614 0.9235 0.8827 0.9712 0.9818 0.9843 0.9590
VEDAM-CBAM 0.9482 0.9536 0.9622 0.9286 0.8889 0.9717 0.9809 0.9813  0.9492
VEDAM 0.9075 0.9168 0.9299 0.8658 0.7988 0.9496 0.9683 0.9688 0.9357
IoU VEDSAAI\I\/EI wlo 0.8956 0.9067 0.9230 0.8459 0.7868 0.9430 09611 0.9601 0.9216
VEDAM-CAM 0.9005 0.9100 0.9257 0.8579 0.7901 0.9440 09642 0.9692 0.9212
VEDAM-CBAM 0.9015 09114 0.9271 0.8668 0.8000 0.9449 0.9625 0.9633  0.9033
VEDAM 0.9157
VEDAM w/o
mloU SAM 0.9049
VEDAM-CAM 0.9092
VEDAM-CBAM 0.9090
VEDAM 0.9450
VEDAM w/o
Kappa SAM 0.9379
VEDAM-CAM 0.9402
VEDAM-CBAM 0.9415

4.3.2. Performance in Vegetation Classes

Table 7 shows the experimental results of all methods in 8 classes within the vegetation.
As shown in bold in Table 7, it can be seen that VEDAM has achieved higher Accuracy,
Precision, F-score, IoU, and mloU in most vegetation classes, especially mloU reached
91.36%, which is 1.92% higher than the VEDAM without SAM, 3.13% higher than the
VEDAM-CAM and 2.00% higher than the VEDAM-CBAM. This shows that the VEDAM
method can effectively reduce the missing and misclassification of vegetation pixels and
extract vegetation information more accurately.

Figure 9 shows the extraction results of the four methods on the GID dataset. It can be
seen from the image that the models with the attention module achieve better extraction
results, without large-area misclassification as SegNet and U-Net do. In contrast, the
effect of edge segmentation between different classes in the original model is far from
satisfactory. Due to the addition of the attention modules, VEDAM-CAM, VEDAM-CBAM,
and VEDAM produce clearer boundaries between vegetation and non-vegetation. In the
segmentation in the lower right corner of Figure 9g, the three comparison methods to a
certain extent misclassification. Among them, the VEDAM without SAM misclassifies
the background into vegetation, the VEDAM-CAM misclassifies the vegetation into the
pond, and the VEDAM-CBAM misclassifies the pond into vegetation and background.
The integrity of the extraction results of the VEDAM is much better than the other three



Electronics 2023, 12, 1215

13 of 17

comparison models. The vegetation results extracted from the original model and the other
two network models inevitably have the problems of misclassification and omission.

Table 7. Comparison results of VEDAM combined with different attention modules on 8 vegetation
subclasses on the GID dataset.

(a)

(b)

(e

(d)

Padd Irrigated Dry Garden Arbor Shrub Natural Artificial
Fiel Land Cropland Plot Woodland Land Grassland Grassland
VEDAM 0.9982 0.9884 0.9984 0.9993 0.9962 0.9996 0.9991 0.9996
ACC VEDSAA“&W’ o 0.9981 0.9871 0.9983 0.9993 0.9953 0.9994 0.9989 0.9995
VEDAM-CAM 0.9978 09871 0.9984 0.9991 0.9958 0.9992 0.9990 0.9994
VEDAM-CBAM 0.9979 0.9870 0.9985 0.9990 0.9955 0.9994 0.9990 0.9996
VEDAM 0.9656 0.9746 0.9548 0.9337 0.9697 0.9717 0.9582 0.9750
Recall VEDAM wlo 0.9601 0.9796 0.9494 0.9284 0.9740 0.9756 0.9462 0.9614
VEDAM-CAM 0.9414 0.9703 0.9578 0.9392 0.9681 0.9709 0.9513 0.9635
VEDAM-CBAM 0.9668 0.9669 0.9675 0.9488 0.9764 0.9846 0.9579 0.9701
VEDAM 0.9687 09745 0.9679 0.9248 0.9663 0.8735 0.9590 0.9408
Precision VEDS‘[’;‘“&W’ o 0.9706 0.9645 0.9673 09193 0.9474 0.7859 0.9509 0.9351
VEDAM-CAM 0.9773 09728 0.9636 0.8836 0.9608 0.7254 0.9529 09128
VEDAM-CBAM 0.9553 0.9757 0.9597 0.8595 0.9480 0.7768 0.9508 0.9485
VEDAM 0.9671 0.9745 09613 0.9292 0.9680 0.9199 0.9586 0.9576
F-score VEDSAAI‘I\’fIW’ o 0.9653 0.9720 0.9583 0.9239 0.9605 0.8705 0.9485 0.9480
VEDAM-CAM 0.9590 09715 0.9607 09105 0.9645 0.8304 09521 09375
VEDAM-CBAM 0.9610 0.9713 0.9635 0.9019 0.9620 0.8684 0.9543 0.9592
VEDAM 0.9364 0.9503 0.9254 0.8678 0.9380 0.8518 0.9205 0.9186
I VEDAM w/o
oU AN 0.9329 0.9455 09199 0.8585 0.9240 0.7707 0.9021 0.9012
VEDAM-CAM 09212 0.9447 0.9243 0.8358 09313 0.7100 0.9086 0.8823
VEDAM-CBAM 0.9250 0.9442 0.9297 0.8214 0.9268 0.7674 0.9126 0.9215
VEDAM 0.9136
VEDAM w/o
mIoU SAM 0.8944
VEDAM-CAM 0.8823
VEDAM-CBAM 0.8936
Original Ground VEDAM w/0 SAM  VEDAM-CAM  VEDAM-CBAM VEDAM Original Ground VEDAM w/0SAM  VEDAM-CAM  VEDAM-CBAM  VEDAM-SAM

Images

Truth

Images Truth

BMindustrial land  Murban residential W rural residential traffic land M paddy field irrigated land dry cropland

M carden land Warbor forest shrub land natural meadow artificial meadow [lriver  Mlake pond

Figure 9. Visualization of segmentation results of VEDAM combined with different attention modules
on the GID dataset, (a—h) represents the visualization results of randomly selected samples.

In short, the added SAM can enhance the spatial feature information, by means
of extracting the key details. It plays an important role in improving the performance of
vegetation segmentation and ensuring its integrity of vegetation segmentation. Experiments
show that the VEDAM has a good performance in vegetation segmentation.
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4.4. Discussion

In this section, the misclassification of VEDAM and its potential application value
is analyzed.

4.4.1. Analysis of Misclassification

VEDAM proposed in this paper has achieved remarkable results in the above com-
parative experiments, but due to the complex backgrounds, there is still a small amount of
vegetation omission in the extraction process, which is unavoidable currently. There is a
small amount of misclassification on the right side of Figure 9g and adhesion of vegetation
segmentation in Figure 9f. Urban buildings, roads, pond, and vegetation constitute a
complex background, which interferes with the perception of target features by the model,
and, in turn, cause misclassification.

4.4.2. Potential application value of VEDAM

The semantic segmentation maps of high-resolution satellite images can be obtained
by VEDAM, and the location, area, and species of urban vegetation can be obtained effi-
ciently. Such information can not only provide valuable advice for urban decision-making,
including on urban planning, livability, sustainability, and ecosystem services, but also
accelerate urbanization, to help reduce pollution, maintain dust, mitigate urban heat island
effect, flood control, carbon sequestration and promote sustainable urban development.
Therefore, the efficient and accurate extraction of urban vegetation by VEDAM can become
the key technology of modern urban planning and eco-environmental assessment.

5. Conclusions and Future Work

Satellite-terrestrial integrated IoT can capture rich ground observation information
through satellite sensors and obtain high-space, high-spectral resolution satellite images,
which can better reflect the land use land cover (LULC) on the ground, it provides the
possibility of obtaining high-resolution satellite images. The use of remote sensing tech-
nology, especially satellite remote sensing, which is not restricted by ground conditions,
makes it possible to obtain various valuable information in a convenient and timely manner.
Extraction of urban vegetation from high-resolution satellite images can provide valuable
suggestions for the decision-making of urban management.

For the purpose of vegetation extraction from high-resolution satellite images, a
network called VEDAM is proposed in this paper. The network is based on the structure of
the convolution model, in which atrous convolution is introduced to obtain more multi-
scale context information. After feature extraction, SAM is used to enhance the spatial
information of the extracted feature. The extracted features are further enhanced by ASPP
and image pooling. VEDAM retains more detailed information, and the extraction result of
vegetation information is more precise than that of the state-of-the-art models. In addition,
on the GID fine land-cover classification dataset, VEDAM is compared with U-Net and
SegNet. Experiments show that the VEDAM performs well qualitatively and quantitatively.
VEDAM achieved the best mloU of vegetation semantic segmentation (mloU = 0.9136).
Therefore, VEDAM is an effective vegetation extraction model with superior performance.

In future research, we will explore more vegetation subclasses as well as optimize
the proposed model to better support decision-makers in sustainable urban planning
and management.
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