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Abstract

:

As an important facility for effectively controlling water pollution discharge and recycling waste water resources, accurate sewage treatment plant extraction is very important for protecting quality, function, and sustainable development of the water environment. However, due to the presence of rectangular and circular treatment facilities in sewage treatment plants, the shapes are diverse and the scales are different, resulting in the poor performance of conventional object detection algorithms. This paper proposes a multi-attention network (MANet) for sewage treatment plants using remote sensing images. MANet consists of three major components: a light backbone used to obtain multi-scale features, a channel and spatial attention module that realizes the feature representation of the channel dimension and spatial dimension, and a scale attention module to obtain scale-aware features. The results from the extensive experiments performed on the sewage treatment plant dataset suggest that our proposed MANet exhibits a superior performance compared with other competing methods. Meanwhile, we used a well-trained model to predict the sewage treatment plant from the GF-2 data for the Beijing area. By comparing the results with the data of manually obtained sewage treatment plants, our method can achieve an accuracy of 80.1% while maintaining the recall rate at a high level (90.4%).
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1. Introduction


Wastewater treatment contributes to the achievement of 11 of the 17 Sustainable Development Goals that have currently been adopted globally [1]. As the main carrier of wastewater treatment, sewage treatment plants are important assistants for effectively curbing sewage discharge and recycling wastewater in industrial society, and they are increasingly important for water quality protection and the sustainable development of man and nature [2]. They are especially important in world-class cities such as Beijing, where a large amount of industrial sewage and domestic wastewater are produced every day; if they were directly discharged without being treated by the sewage treatment plant, they would cause a huge disaster to the natural environment and further affect people’s lives, which is not conducive to the sustainable development of man and nature [3,4]. Realizing the automatic extraction of large-scale sewage treatment plants will provide basic data support for people to study the details of sewage treatment plants and provide further technical support for the realization of the Sustainable Development Goals.



The contributions made by sewage treatment plants are significant, but there are also negative problems. Due to the need to collect sewage for purification, the surrounding environment has a high level of pollutants, which has an adverse impact on the surrounding ecological environment and on people’s lives [5,6]. Under the current conditions, we cannot immediately obtain the distribution information of sewage treatment plants in a certain area—especially on a large scale, such as the provincial or national level—or the sewage treatment plants that are built by some factories. In this study, we attempted to realize the automatic identification of large-scale sewage treatment plants through technical research, obtain their spatial location information and quantity information, and make this information easier for people or managers to obtain. Based on the relevant information of sewage treatment plants, they can provide a reference for the selection of the living location of the relevant population or allow people to further enhance the protection awareness of water resources with better understanding. In addition, the information can also provide a reference for city managers for optimizing the layout of sewage treatment plants and for the scientific construction of cities [7].



The goal of our technical research is to conduct a realization of large-scale sewage treatment plant extraction based on big data and computer vision methods. The convolutional neural network [8], designed by simulating the function of human neurons, has strong feature fitting and learning capabilities for input data through the stacking of network depths and the setting of nonlinear activation functions. Compared with the fully connected neural network, a convolutional neural network that extracts data features by setting the size of the convolution kernel area has a higher computing efficiency for image data; with the assistance of graphics computing hardware, it is the best choice for processing large image data [9]. The deep learning object detection algorithm based on the convolutional neural network has been rapidly developed after recent in-depth research; many classic algorithms have been sequentially proposed, such as Faster RCNN [10], SSD [11], RetinaNet [12], YOLO series [13,14,15,16], etc., and successfully applied in many fields of computer vision. A study of the feasibility detection algorithm that is based on the deep learning object detection algorithm and combined with the sewage treatment plant’s characteristics will greatly improve the recognition efficiency and automation level of sewage treatment plants.



As a long-distance detection technology, remote sensing has the characteristics of wide monitoring ranges, short periods, and low costs [17]. It can be used as a technical means to objectively obtain sewage treatment plant distributions. In recent years, with the launch of a large number of satellites, it is very convenient to obtain large-scale, high-resolution, and short-period optical remote sensing image data. Using optical remote sensing data to carry out high-precision, high-frequency monitoring of sewage treatment plant times, extraction has become possible [18,19]. Different from natural images, optical remote sensing satellite images that are captured from the top-down view of the Earth contain rich and complicated ground object information. Directly transferring the object detection algorithm applied to natural images to optical remote sensing images will reduce the model’s accuracy. As a building facility, sewage treatment plants contain modules such as circular and rectangular purification pools for filtering sewage, and the overall characteristics are consistent. However, there are also local differences in the scale and shape characteristics; furthermore, because there are many ground objects with similar characteristics, the characteristics cause certain challenges in detecting sewage treatment plants. There are a lot of studies on the detection difficulties caused by the multi-scale and large shape differences of objects similar to sewage treatment plants in optical satellite remote sensing images [20,21,22,23].



In view of the multi-scale characteristics of remote sensing ground objects, multi-scale information fusion modules are commonly designed for feature extraction. For example, the FPN [24] (feature pyramid network) can account for both deep and shallow features to preserve the multi-scale information of the object [25,26]. On the basis of multi-scale detection, Yan et al. [27] balanced the training weights of differently scaled objects for the loss function and strengthened the robustness of the algorithm to different scales. In addition, the attention mechanism introduced by the transformer model [28] has been proven to have a good effect in multi-scale object detection. Zhu et al. [29] used the transformer model to improve the prediction network of YOLOv5 and combine the self-attention mechanism to achieve multi-scale object detection. In view of the characteristics of the large differences in the shapes of remote sensing ground objects, the main method used adjusts the type and quantity of the anchor frames in the detection stage to adapt to different shapes of the same objects or multiple types of objects [25,30,31]. For example, reset the scale of the anchor box, the aspect ratio parameters, or increase the angle variable, etc., and use a deformable convolutional network [32,33,34] to adapt to the target shape. The disadvantage of these methods is that the increase in anchor frame parameters and addition of deformable convolution will add a large number of parameters to the network, increase the difficulty of the model training, and lead to unfavorable model convergence. The detection model based on key points can overcome the problem of large changes in the object’s shape to a certain extent, but the detection accuracy is basically the same as that of the anchor frame method; there is still large room for improvement and optimization.



However, sewage treatment plant characteristics in remote sensing images are different from other ground objects, and the above work still cannot directly meet the detection needs of sewage treatment plants. In this paper, starting from the detection of sewage treatment plants in remote sensing images in Beijing, a MANet sewage treatment plant detection network is proposed to solve the problems of the large differences in the shape and scale of sewage treatment plants, as well as their inconsistent local features. MANet integrates the channel and spatial attention in the feature extraction module and innovates a scale attention algorithm for network feature optimization, which better solves for the detection difficulties of sewage treatment plants and greatly improves the interpretation of sewage treatment plant target precision. The main contributions of this paper are as follows:




	(1)

	
We introduced a lightweight channel and spatial attention module (CSAM) to improve the feature expression ability of the extracted target in the spatial and channel dimensions;




	(2)

	
We innovated a novel scale attention modeule (SAM) algorithm to improve the feature learning ability of the network at different levels for targets with large-scale changes;




	(3)

	
We added the above two attention modules based on RetinaNet, proposed a MANet sewage treatment plant detection network, and achieved better results in the dataset test. In the actual scene, based on GF-2 remote sensing images, the sewage treatment plant detection in the Beijing area was realized. The results show that our method can achieve an accuracy of 80.1% while maintaining the recall rate at a high level (90.4%).










2. Methodology


In this section, we introduce the architecture of our proposed approach, MANet (Section 2.1), the backbone for the feature extraction (Section 2.2), the channel and spatial attention module (Section 2.3), and the scale attention module (Section 2.4).



2.1. Model Overview


The attention mechanism in deep learning approaches imitates the human visual system. When a human being observes an object, they first quickly scan the entire area, select the target from the area, and invest more visual resources to obtain more detailed information; however, the neural network needs to scan each pixel when scanning an image. The attention module is used to ensure that the CNN learns and pays more attention to key features instead of learning useless background information. In the object detection task, the useful information refers to the target’s location and category information on the image, which essentially uses the   C × H × W   feature map as an input and provides   1 × H × W   as the output attention map. This attention map is then element-wise multiplied with the input feature map to obtain a more refined and salient output. In general, the attention mechanism is mainly applied to the spatial dimension or the channel dimension and is integrated in the residual structure of the network.



Sewage treatment plants have different shapes, including rectangular and circular treatment devices. Targets usually appear in completely different shapes, rotations, and positions, and the spatial variation of targets needs to be considered. At the same time, sewage treatment plants have different scales, ranging from large to small. The scale variation of the targets needs to be considered. Due to the complexity of sewage treatment plants’ characteristics, the traditional deep learning object detection model has missed detection and falsely detected plants in sewage treatment plant recognition [35]. By analyzing the characteristics of sewage treatment plants using high-resolution remote sensing images and aiming to resolve the detection difficulties of sewage treatment plants, we designed MANet. Its overall architecture is shown in Figure 1. It mainly includes three parts: (1) the feature extraction part, which contains a backbone for obtaining multi-scale feature maps; (2) CSAM, which includes the spatial attention module and channel attention module, which learns the best features of the target from the two dimensions of the space and channel; and (3) SAM, which is only processed in the feature layer dimension, which learns the relative importance of multiple semantic layers and enhances features at the appropriate level according to the scale of the object.




2.2. Feature Extraction


This part uses the structure of the ResNet+Feature Pyramid Network (FPN) to extract low-resolution features from images (input RGB images, size   H × W × 3  ) and obtain multi-scale feature maps (   H S  ×  W S  × C  ) through different stage steps (S4, 8, 16, and 32). In order to reduce the weight, this paper chooses a relatively simple ResNet-50+FPN structure. The basic structural unit of ResNet-50 is the residual structure. As shown in Figure 1, the entire network is divided into five blocks, namely conv1, conv2-x, conv3-x, conv4-x, and conv5-x. The convolution kernel size of conv1 is set to   7 × 7  , the step size is set to 2, and the expansion is set to 3; then, the maximum pooling is performed. The pooled convolution kernel size is set to   3 × 3  , the step size is set to 2, and the expansion setting is 0. There are three convolution blocks in the conv2-x part, where the convolution kernel sizes are set to   1 × 1  ,   3 × 3  , and   1 × 1  , respectively. The three parts of conv3-x, conv4-x, and conv5-x are similar to the structure of conv2-x; the difference is that the number of convolution blocks is different. The conv3-x part has four convolution blocks, the conv4-x part has six convolution blocks, and the conv5-x part has three convolution blocks. Finally, the multi-scale features are obtained after the blocks calculate the image data.



The structure of a light FPN typically consists of the following components: (1) top-down pathway: this pathway starts from the high-level semantic feature maps obtained from the backbone network and passes them through up-sampling operations to obtain feature maps at lower scales; (2) bottom-up pathway: this pathway starts from the low-level feature maps obtained from the backbone network and passes them through up-sampling operations to obtain feature maps at higher scales; (3) fusion layer: the feature maps from the top-down and bottom-up pathways are combined using element-wise summation or concatenation to obtain the final feature maps at each scale. By combining the features from multiple scales, the FPN can capture both the fine-grained details and the high-level context of the input image, leading to improved performance in object detection tasks.




2.3. Channel and Spatial Attention Module


In addition to the variable scale of sewage treatment plants mentioned in this paper, the characteristics of different shapes and colors make it difficult for the network to distinguish between them. Therefore, we introduce a CSAM to further optimize the features and cause these feature pairs to be more distinguishable. It is a very lightweight module that does not incur excessive memory and computational overhead. As shown in Figure 2, CSAM consists of two sub-modules, a channel attention module, and a spatial attention module to help strengthen the useful information in extracted features.



The channel attention module is a channel-based attention module in the convolutional neural networks that aims to capture the long-term contextual information of channel directions through channel attention maps. To efficiently compute channel attention, we aggregate the spatial information of the feature maps using two pooling operations (average pooling and max pooling) to generate two 2D feature maps    F 1  ∈  R c    and    F 2  ∈  R c   . These two feature maps represent the average pooled features and max pooled features in the channel, respectively. The channel attention module can be calculated using the following formula:


   M c   ( F )  = σ  ( M L P  ( A v g P o o l  ( F )  )  + M L P  ( M a x P o o l  ( F )  )  )   



(1)




where  σ  denotes the sigmoid function.



The spatial attention module is a module that is applied to spatial attention in the convolutional neural network. It uses the spatial relationship of features to generate a spatial attention map and concentrates on mining target location information. To compute the spatial attention, we aggregate the channel information of feature maps through two pooling operations (average pooling and max pooling) to generate two 2D feature maps    F 1  ∈  R  H × W     and    F 2  ∈  R  H × W    . These two feature maps represent the average pooled feature and maximum pooled feature in the channel, respectively, and they are concatenated and convolved by a standard convolutional layer to generate a two-dimensional spatial attention map   A t t  n s  ∈  R  H × W    . This attention map shows how much the model pays attention to the position. The spatial attention module can be calculated using the following formula:


   M s   ( F )  = σ  ( f  (  [ A v g P o o l  ( F )  ]  ; M a x P o o l  ( F )  )  )   



(2)




where  σ  denotes the sigmoid function and f represents a convolution operation.




2.4. Scale Attention Module


The object scale difference is related to the features of different levels. Improving the representation learning ability of different feature levels is conducive to improving the detection accuracy of target detection. However, the features at different levels are usually extracted from different depths of the network, which results in an obvious semantic gap, and it is not optimal to directly fuse feature layers at different levels. To solve this problem, we introduce a SAM to dynamically fuse the features of different scales based on semantics. The structure diagram of SAM is shown in Figure 3.



We first sample features at different scales to    H 4  ×  W 4    and connect them together to form    F  l e v e l   ∈  R  L × C ×  H 4  ×  W 4     , where L is 4 and C is 256. Next, we use the scale attention module to obtain the scale attention feature map. Then, the scale attention module is composed of average pooling,   1 × 1   convolution, and relu. Finally, we use a sigmoid normalization to obtain the final scale attention feature map   A t t  n  l e v e l   ∈  R  L × 1 × 1 × 1    . The scale attention calculation formula is as follows:


  M ( F ) = σ ( f ( A v g P o o l ( ∑ F ) ) )  



(3)




where  σ  denotes the sigmoid function and f represents a   1 × 1   convolution operation.





3. Experimental Results and Discussion


We performed related experiments to evaluate the proposed MANet architecture’s effectiveness. In this section, we introduce the selected study area; the used experimental data, experimental setting, and evaluation metrics; the comparative experiment used to verify the performance of MANet; the ablation experiment to compare the effects of multiple attention modules; and, finally, the detection results of MANet in the actual sewage treatment plant scene.



3.1. Study Area and Experimental Data


We chose Beijing as the study area. Beijing is located in the northern part of the North China Plain, which is adjacent to Tianjin. It is located at 115.7°–117.4° east longitude and 39.4°–41.6° north latitude with a total area of 16,410.54 square kilometers. The climate is a typical northern temperate semi-humid continental monsoon climate. As a world-class city, Beijing has a dense population and a large number of factories engaged in production; thus, it requires sewage treatment plants with better operation layouts. Realizing the extraction of sewage treatment plants in this area, in addition to obtaining the number and location information of sewage treatment plants, will provide a reference for the subsequent development and construction planning of emerging cities. Figure 4 is a regional image of Beijing.



In order to ensure the clarity of the sewage treatment plant in the remote sensing image, we use the 2 m resolution GF-2 satellite image data domestically produced in China to create a sample dataset of the sewage treatment plant. As shown in Figure 5, we use a sewage treatment plant containing circular and rectangular sedimentation tank structures as detection targets for the sample labeling. Considering the size of the sewage treatment plant target in the 2 m remote sensing image, we use a resolution of   1536 × 1536   for slice production. After manual labeling, 3000 samples of sewage treatment plants were obtained, and the dataset was divided into training and validation sets according to the ratio of 10:1.




3.2. Experiment Setting and Evaluation Metrics


The method proposed in this paper and the related experiments were all run on the Ubuntu 16.04.7 LTS operating system using an NVIDIA GeForce RTX 3090 GPU with a 24GB memory size. All of the algorithm model experiments were carried out on the PyTorch deep learning framework, and the relevant parameters of the model were kept consistent during the training and testing processes. The input size and batch size were set to   1024 × 1024 × 3   and 8, respectively. The total number of iterations for all experiments was 12 epochs, and all backbones were pre-trained on the ImageNet-1K dataset. The experiment used the stochastic gradient descent (SGD) optimizer, and the original learning rate parameter of network training was set to 0.01. The momentum parameter used to accelerate and stabilize the optimal solution of the function was set to 0.9. The weight decay parameter, which is conducive to the network convergence and fitting data, was set to 0.0001.



Regarding the evaluation metrics of the experiments, we adopt a confusion matrix, which is often used to evaluate object detection results. The confusion matrix’s composition is shown in Table 1. Among them, TP indicates that the target is a sewage treatment plant and is correctly predicted; TN indicates that the target is not a sewage treatment plant and is correctly predicted; FP indicates that the target is not a sewage treatment plant but is predicted to be one; and FN indicates that the target is a sewage treatment plant but is predicted to not be one.



Based on the confusion matrix, we further use precision AP (average precision) and recall AR (average recall) to evaluate the detection results. The relevant calculation formulae are as follows:


  A P =   T P   T P + F P    



(4)






  A R =   T P   T P + F N    



(5)




where   A P   indicates the proportion of correctly predicted sewage treatment plants in the detection results and   A R   indicates the proportion of correctly predicted sewage treatment plants in the validation set. When its threshold is set to 0.5,   A P 50   indicates the proportion of correctly predicted sewage treatment plants in the detection results.




3.3. Experimental Results


MANet uses RetinaNet as the baseline network and integrates CSAM and SAM modules based on the ResNet-50+FPN structure. We selected some advanced and representative object detection algorithms to conduct comparative experiments using MANet and used AP and AP50 to evaluate the experimental results. Then, the effectiveness of CSAM and SAM was verified through ablation experiments, and the effects of different modules on MANet performance were analyzed.



3.3.1. Comparison of Model Performance


To evaluate the performance of MANet, we selected four of the most advanced and mature object detection methods (RetinaNet, Cascade RCNN [36], ATSS [37], and Faster RCNN) to conduct the experiments and compare the results in the same environment and settings. The experimental settings are in Section 3.2. The   A P   and   A P 50   curves obtained from the experimental results of the five networks are shown in Figure 6.



As shown in Figure 6, the proposed MANet method achieved higher precision than the other four methods. MANet can obtain the highest AP value of 64.6%, which is significantly higher than the baseline network RetinaNet’s value of 54.48%. The AP values of Cascade RCNN and ATSS are closer to MANet but are still below the AP curve of MANet. When the threshold is 0.5, the AP50 value of MANet is still the highest at up to 93.62%, and the AP50 value is basically ahead of the other four networks during the training process. It can be seen that MANet has obvious advantages in the task of detecting sewage treatment plant targets, can more effectively learn the remote sensing image features of sewage treatment plants, and can achieve higher recognition capabilities.




3.3.2. Ablation Studies


In order to verify the effectiveness of CSAM and SAM for MANet to identify sewage treatment plant targets, we conducted ablation experiments on CSAM and SAM. The experiment used RetinaNet as the baseline network, which is based on the ResNet-50+FPN structure, and used the control variable method to experiment with CSAM or SAM. CSAM was disassembled into a channel attention module (Channel-AM) and a spatial attention module (Spatial-AM) for the experiments. The experimental results were evaluated using the AP and AP50 values, and the training time was also involved in the comparison.



Table 2 shows the results of the ablation experiments. Analyzing the experimental results reveals that both of the proposed CSAM and SAM models can improve the network’s performance and that the AP values are increased by 4.02% and 6.01%, respectively, compared with the baseline network. When the two models work together, the AP value increases by 10.12%, the AP value reaches 64.6%, and the AP50 can reach 93.62%. These results show that both the CSAM and SAM modules can efficiently extract the sewage treatment plant’s features and have strong robustness regarding the shape and scale changes of the sewage treatment plant. In particular, SAM’s processing of differently scaled features at different levels contributes more to the performance of the model. Compared with the baseline, the channel attention module and spatial attention module of CSAM have improved by 1.8% and 2.22%, respectively, indicating that CSAM has improved the ability to learn the features of sewage treatment plants in the channel and space dimensions.





3.4. Extraction Results of Beijing Sewage Treatment Plant


We used the model obtained by training MANet to detect the sewage treatment plant on the 2 m GF-2 remote sensing image of Beijing, compared the detection results with the actual number of the manual statistics, and used the confusion matrix to evaluate the detection results. The model is set at thresholds of 0.5, 0.6, 0.7, 0.8, and 0.9 when detecting sewage treatment plants, and the results are shown in Table 3.



The detection results in Table 3 highlight that the AP of the detection results increases with the increase in the threshold, while the AR decreases. When the threshold is 0.5, the number of detections of sewage treatment plants is the largest, reaching 149; however, the false positive detections are serious. Additionally, the AP is the lowest at 70.9%, and the AR can reach 97.7%. When the threshold is 0.9, the predicted number of the sewage treatment plant is the lowest, but the AP is the highest at a value of 81.5%; the AR is 85.4%. Overall, the network has a good detection effect.



According to the sewage treatment plant detection results, we obtained the location information of the sewage treatment plants and created a distribution map of them for the Beijing area in a TIF image. As shown in Figure 7, the red dots represent the detected targets of the sewage treatment plants. From the picture, we can learn more about the sewage treatment plant distribution in Beijing, which can provide a reference for the site selection of sewage treatment plants and help future urban construction.



To further demonstrate the detection effect, we selected some sewage treatment plant targets from the detection results to assist in the description, as shown in Figure 8. It can be seen that MANet can more effectively overcome the problems of the varying shapes and scales of sewage treatment plants and inconsistent local features, has good generalization performance, and can accurately realize the detection of sewage treatment plants.




3.5. Discussion


In this study, we designed a multi-attention network MANet containing multiple modules for the characteristics of large scale changes, large shape differences, and complex semantic information of sewage treatment plants as derived from remote sensing images. The CSAM of the network improves its ability to extract target features from the spatial and channel dimensions, and the SAM processes feature maps of different scales from the scale dimension to reduce the impact of target scale changes. Based on this, MANet was constructed and a deep learning model was trained. The performance of the model was verified in experiments. Finally, the extraction of sewage treatment plants in Beijing was realized based on 2 m GF-2 satellite remote sensing images. The accurate and fast extraction of sewage treatment plants in a large area fully demonstrates the advantages of deep learning methods in the interpretation of remote sensing image objects.



During the research, we found that the number of samples restricted the accuracy of the model to a certain extent; however, the most fundamental problem was that there were not many sewage treatment plants in reality. Therefore, under the premise of ensuring the generalization performance of the model, we have performed data enhancement on the samples to increase the number of samples. Based on the characteristics of the circular and rectangular sedimentation tank structures contained in the sewage treatment plant, we first focused on the method of sample labeling. On the basis of the original labeling, mark the modules inside the sewage treatment plants and establish a mathematical model for the spatial distance between the modules to judge the target of the sewage treatment plants. In addition, based on the extraction results of the sewage treatment plants, how to fully mine its information according to the key structure of the object, such as further estimating the sewage treatment capacity of the sewage treatment plant based on the target recognition network, may require the designing of a more powerful network.





4. Conclusions


Sewage treatment plants in remote sensing images have the characteristics of varying shapes and scales and inconsistent local features. It is difficult to detect sewage treatment plants using traditional deep learning object detection algorithms. In this study, we proposed a novel and effective sewage treatment plant detection network, MANet, which has obvious advantages compared with other advanced object detection algorithms. Based on the model trained by MANet, we realized the detection of the sewage treatment plant on the 2 m resolution GF-2 satellite remote sensing image in the Beijing area and obtained a distribution location map. The conclusions are drawn as follows:




	(1)

	
We introduced a lightweight CSAM using channel attention and spatial attention, which can efficiently improve the feature learning ability of MANet in spatial and channel dimensions;




	(2)

	
A novel SAM was proposed, which can improve the feature learning ability of MANet at different levels when extracting sewage treatment plant targets with large-scale changes;




	(3)

	
Based on the addition of CSAM and SAM to the RetinaNet model, a sewage treatment plant detection network called MANet was proposed, and better results were achieved in the dataset experiments. In the actual scene, based on GF-2 remote sensing images, sewage treatment plant detection for the Beijing area was realized. The results show that our method can achieve an accuracy of 80.1% while maintaining the recall rate at a high level (90.4%).
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Figure 1. The framework of our proposed approach. 
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Figure 2. The structure of the channel and spatial attention module, CSAM. (a) Modules included in the CSAM. (b) Structural details of the channel attention module. (c) Structural details of the spatial attention module. 
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Figure 3. Structural details of the scale attention module, SAM. 
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Figure 4. Beijing area. 






Figure 4. Beijing area.



[image: Sustainability 15 05880 g004]







[image: Sustainability 15 05880 g005 550] 





Figure 5. Sewage treatment plant in remote sensing images. 
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Figure 6. Comparative experimental results of MANet and related networks; (a) AP results; (b) AP50 results. 
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Figure 7. Distribution map of the detection results of Beijing sewage treatment plants. 
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Figure 8. Detection results of sewage treatment plants. 
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Table 1. Confusion matrix.
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Table 2. Ablation experiment results of CSAM and SAM.
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	Baseline-RetinaNet
	Channel-AM
	Spatial-AM
	Scale-AM
	AP (%)
	AP50 (%)
	Time/h





	✓
	
	
	
	54.48
	88.78
	7.97



	✓
	✓
	
	
	56.28
	89.65
	8.14



	✓
	
	✓
	
	56.70
	89.85
	8.18



	✓
	
	
	✓
	60.49
	91.68
	8.54



	✓
	✓
	✓
	
	58.50
	90.72
	8.35



	✓
	✓
	✓
	✓
	64.60
	93.62
	8.92
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Table 3. Assessment of detection results of sewage treatment plant in the Beijing area.
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Threshold

	
Actual Amount

	
Predicted Amount

	
TP

	
FP

	
FN

	
AP (%)

	
AR (%)






	
0.5

	
151

	
210

	
149

	
61

	
2

	
70.9

	
97.7




	
0.6

	
203

	
146

	
57

	
5

	
71.6

	
95.4




	
0.7

	
180

	
140

	
40

	
11

	
77.3

	
92.4




	
0.8

	
170

	
137

	
33

	
14

	
80.1

	
90.4




	
0.9

	
160

	
130

	
30

	
21

	
81.5

	
85.4
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