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Abstract

:

Building extraction is a basic task in the field of remote sensing, and it has also been a popular research topic in the past decade. However, the shape of the semantic polygon generated by semantic segmentation is irregular and does not match the actual building boundary. The boundary of buildings generated by semantic edge detection has difficulty ensuring continuity and integrity. Due to the aforementioned problems, we cannot directly apply the results in many drawing tasks and engineering applications. In this paper, we propose a novel convolutional neural network (CNN) model based on multitask learning, Dense D-LinkNet (DDLNet), which adopts full-scale skip connections and edge guidance module to ensure the effective combination of low-level information and high-level information. DDLNet has good adaptability to both semantic segmentation tasks and edge detection tasks. Moreover, we propose a universal postprocessing method that integrates semantic edges and semantic polygons. It can solve the aforementioned problems and more accurately locate buildings, especially building boundaries. The experimental results show that DDLNet achieves great improvements compared with other edge detection and semantic segmentation networks. Our postprocessing method is effective and universal.
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1. Introduction


The automatic extraction and analysis of buildings from high-resolution remote-sensing images is an important research topic in the field of remote sensing [1,2,3]. The results are widely used in urban and rural planning, sociology, change detection [4], natural disaster assessment and other fields and are also important for updating geographic information databases [5]. Compared with natural images, high-resolution remote-sensing images have richer spatial, spectral, and texture feature information. The rapid development of deep learning and computer vision has provided strong technical support for the analysis and use of high-resolution remote-sensing images [6]. Compared with artificial remote-sensing interpretation and vectorization, the CNN model can automatically extract buildings from remote-sensing images, which greatly reduces the consumption of human and material resources. However, due to the complex characteristics and background of geographic objects (geo-objects) [7], cases in which different geo-objects have the same spectrum or the same geo-objects have different spectra are commonly encountered, which makes accurate pixel-level classification a difficult problem. In addition, problems such as cloud, tree and shadow occlusion [4,8], different imaging angles [9], difficulty in drawing labels, and label omissions hinder the accurate estimation of buildings by CNN. Using the characteristics of high-resolution remote-sensing images to perform tasks such as image recognition and detection while avoiding the negative effects of redundant information has become the most challenging frontier issue in the field of remote sensing.



In high-resolution remote-sensing images, buildings are geo-objects with artificial features, rich in types and semantic information, which are great differences in scale, architectural style, and form. It is difficult to ensure the accuracy of building location that depending on high-level semantic features and the accuracy of building boundary that depending on low-level edge features. Currently, most building extraction algorithms are based on semantic segmentation and semantic edge detection.



With the development of deep learning, edge detection algorithm has developed rapidly. HED [10] uses a fully convolutional network with deep supervision to automatically learn multilevel representations and effectively solve the problem of edge ambiguity. However, HED only considers the last convolutional layer information of each stage, while RCF [11] makes full use of multiscale and multilevel information of all convolutional layers. BDCN [12] introduced the scale enhancement module to use multiscale representations to improve the edge detection capabilities. DFF [13] adaptively assigns appropriate fusion weights strategy which helps to produce more accurate and clear edge predictions. CaseNet [14] is an end-to-end semantic edge network based on ResNet [15] that proposes a new skip layer in which the category edge activations of the top layer share and merge the same group features.



The rapid development of deep learning edge detection algorithms provides strong support for building edge detection in high-resolution remote-sensing images. Reda et al. [16] proposed a faster edge region convolutional neural network (FER-CNN). FER-CNN uses the parametric rectified linear unit (PReLu) [17] activation function, which adds only a very small number of parameters to improve the edge detection of buildings. Lu et al. [2] adopted a building edge detection model based on RCF [11], which obtains the edge strength map through the RCF and then refines the edge strength map according to the geometric analysis of the terrain surface. Semantic edge detection which aims at extracting edges as well as semantic information can generate an edge strength map to describe the confidence of the predicted building boundary, but complete edges are difficult to guarantee, and incomplete edges are not sufficient to support the accurate extraction of buildings.



Semantic segmentation is a joint task that requires the positioning and classification of both spatial information and semantic information, paving the way for a complete understanding of the scene. FCN [18] uses the concept of full convolution to perform end-to-end semantic segmentation, and it creatively employs a skip connection that combines high-level information with low-level information to improve segmentation. U-Net [19] modified and expanded the FCN that adds an upsampling stage and a feature channel fuse strategy that uses a connection operation to directly pass high-level information from an encoder to the decoder of the same height. SegNet [20] performs forward evaluation of the fully learned function to obtain smooth predictions and increases the depth of the network so that the network can consider the larger context information. RefineNet [21] is a multipath optimization network that refines low-resolution semantic features in a recursive manner, and proposes a chain residual pool that can capture the context of the background. PSPNet [22] expand the receptive field by dilated convolution to obtain feature maps that can acquire the global scene. PSPNet perform pooling at different levels, and then fuse the local information and global context information.



The powerful feature extraction and interpretation ability of semantic segmentation provides a new method for the interpretation of high-resolution remote-sensing images, which is helpful for the accurate extraction and positioning of buildings and reduces the problems of false extraction and missing detection of buildings. Liu et al. [23] proposed a spatial residual inception network (SRI-Net), in which an SRI module captures and aggregates multiscale contexts for semantic understanding by successively fusing multilevel features. SRI-Net is capable of accurately detecting large buildings while retaining global morphological characteristics and local details. Delassus et al. [24] proposed a fusion strategy based on U-Net [19], which combines the segmented output of the combined model and multiple channels of the input image. Lin et al. [25] proposed an efficient separable factorized network (ESFNet), which uses separable residual blocks and dilated convolution to maintain a small loss of accuracy as well as low computational cost and memory consumption. At the same time, the high precision of semantic segmentation is maintained. Yi et al. [7] proposed a ResUNet based on U-Net and Resnet. It uses a deep residual learning method to promote training and alleviate the problem of model training degradation. Shuang Wang [26] proposed a full convolutional network with dense connections that designed top-down short connections to facilitate the fusion of high and low feature information. However, there are usually irregular boundaries that are difficult to completely match the boundaries of the actual building, and it is impossible to effectively distinguish adjacent buildings [5].



Multitask learning is a learning mechanism inspired by human beings to acquire knowledge of complex tasks by performing different shared subtasks simultaneously [27]. Its aim is to leverage useful information contained in related tasks to help improve the generalization performance of all the tasks [28]. Multitask learning is currently a mainstream direction of deep learning. At present, there are some methods that use multitask learning to integrate edge information and semantic information in CNN to output semantic polygons with precise edges. Even if deep learning methods are widely used in high-resolution remote-sensing building extraction, it is still a challenging task to achieve the precise extraction of building.



Inspired by the multitask learning and the aforementioned problems of semantic edge detection and semantic segmentation in building extraction, we designed a novel CNN model based on multitask learning to achieve accurate extraction of buildings, Dense D-LinkNet (DDLNet), based on D-LinkNet [29] and DenseNet [30]. DDLNet has good adaptability to both semantic segmentation tasks and semantic edge detection tasks. A new universal postprocessing method focuses on the complementarity between edge information and semantic information. The main contributions of this work are as follows.




	
We designed a CNN model named Dense D-LinkNet (DDLNet) to extract buildings from high-resolution remote-sensing images. This model uses full-scale skip connections and edge guidance module to ensure the effective combination of low-level information and high-level information. DDLNet can adapt to both semantic segmentation tasks and edge detection tasks. DDLNet can effectively solve the problem of boundary blur and the problem of edge disconnection.



	
We proposed an effective and universal postprocessing method that can effectively combine edge information and semantic information to improve the final result. Semantic polygon from the semantic segmentation to accurately locate and classify buildings at the pixel level. semantic edges from semantic edge detection to extract precise edges of buildings. This method uses semantic polygons to solve the problem of incompleteness of semantic edges and uses semantic edges to improve the boundary of semantic polygons, realize the accurate extraction of buildings.









2. Materials and Methods


The main purpose of this article is to overcome the incompleteness of edges from semantic edge detection and the problem of boundary blur from semantic segmentation and realize the precise extraction of buildings from remote-sensing images.



In this paper, we designed a novel CNN model Dense D-LinkNet (DDLNet), which can adapt to semantic segmentation tasks and semantic edge detection tasks. In addition, we propose a new postprocessing method to effectively fuse edge and semantic information and achieve the precise extraction of buildings from high-resolution remote-sensing images. The process of extracting buildings can be divided into three stages, as shown in Figure 1. First, the high-resolution remote-sensing images are labeled, and then the vector data are gridded into line label and polygon label, respectively. Second, DDLNet are trained and predicted to generate edge strength maps and semantic polygons, respectively. Then, in the postprocessing stage, edge information is used to improve the boundary of the semantic polygon to achieve more accurate boundary positioning, and the semantic polygon is used to repair discontinuous edges to ensure the continuity and integrity of the edge. Supplemented by the application of the watershed algorithm, semantic information is used as the seed point to select the result of the building to ensure the accuracy of the positioning and topological structure of the building.



2.1. Dense D-LinkNet


Dense D-LinkNet (DDLNet) keeps the D-LinkNet [29] core structure and adds a full-scale skip connection, deep multiscale supervision, edge guidance module on this basis. D-LinkNet is built with the LinkNet [30] for road extraction tasks and adds dilated convolution layers in its center part. The encoder-decoder structure is the core of D-LinkNet. The encoder with pooling layers increases the receptive field but loses low-level details at the same time [5]. It is difficult to recover lost features with only the upsampling operation of the decoder. D-LinkNet only directly maps the features from the encoder to the corresponding decoder. Inspired by DenseNet [31] and U-Net3+ [32], we add the full-scale skip connection which is used to combine all the underlying low-level details with the decoder features to produce more accurate results. What’s more, the edge guidance module and deep multiscale supervision are also used to produce more accurate results. The structure of DDLNet is shown in Figure 2.



2.1.1. Full-Scale Skip Connections


D-LinkNet just uses the skip connection to combine the same-scale feature from encoder to decoder at the same height. Our full-scale skip connections incorporate low-level details with high-level semantics from feature maps at different scales. Each decoder layer in DDLNet contains larger and same-scale feature maps from the encoder and smaller-scale feature maps from the decoder, which capture fine-grained details and coarse-grained semantics at full scales [32]. We mark the five encoding layers of the encoder as E1, E2, E3, E4, E5 from top to bottom, and mark the five decoding layers of the decoder as D1, D2, D3, D4, D5 from top to bottom, simultaneously. In Figure 2, we have made the corresponding mark. Each decoding layer combines low-level edge features and high-level semantic features through channel concatenate. Therefore, the D1 is the combination of E1, D2, D3, D4, D5. D2 is the combination of E1, E2, D3, D4, D5. D3 is the combination of E1, E2, E3, D4, D5. D4 is the combination of E1, E2, E3, E4, D5. D5 is the combination of E1, E2, E3, E4, and the features of E5 after a series of dilated convolutions.



It is well known that low-level features have richer details, while high-level features have richer semantic information. Therefore, the features after combination have both rich semantic information and spatial details [33]. This means that the full-scale features from the encoder can be used to improve the features in the decoder and the final result which contains high-precision boundary and semantic information.




2.1.2. Deep Multiscale Supervision


To learn hierarchical representations from multiscale feature, deep multiscale supervision is adopted in DDLNet. Multiscale objects are also a challenge for CNN. Currently, the extraction of target feature is conducted on a certain scale because of receptive field of convolution. Different levels have dissimilar high-level information and dissimilar low-level information [4].The feature map from each decoder layer (D1, D2, D3, D4, D5) should be predicted, and loss could be calculated with the groundtruth separately to realize detection at different scales, which is conducive to achieving deep supervision of each layer of the decoder and enhancing the learning ability [33]. Feature fusion is of great help to the promotion of targets at different scales.



The final polygon output is fused with each layer, as shown in Equation (1),


    Y ^   f i n a l   =   ∑   i = 1  5   w i    Y ^  i     



(1)







Here,   Y ^   is the predicted polygon result, subscript i is the number of each scale and subscript final represents the final polygon output, and w is the weight to fuse the polygon output of the layer. We choose w = 0.2 for each polygon output.




2.1.3. Edge Guidance Module


In this module, we aim to extract the precise edge features, then leverage the edge features to guide the polygon features to perform better on both segmentation and boundary. To obtain precise edge features, we decided to perform the edge supervise at the last layer of the decoder. It is well known that low-level features have richer details. However, only low-level information is not enough, while high-level semantic information also needed. The last layer of the decoder (D1) that contains the low-level features from the corresponding encoder and full-scale high-level features from the previous decoder is appropriate and effective for edge detection.



After obtaining the edge feature and polygon features, we aim to leverage the edge features to guide the polygon features. In our module, we propose the one-to-one guidance method. The polygon features from different decoder layer (D2, D3, D4, D5) need to be upsampled to the size of the edge feature and the combination of edge feature and each polygon feature is realized by channel concatenation. By fusing the edge feature into polygon features, the location of high-level predictions is more accurate, and more importantly, the boundary details become better.




2.1.4. Loss


Semantic Edge Loss: In end-to-end training, the loss function is computed over all pixels in a training image X and edge label Y. For a typical high-resolution remote-sensing image, the distribution of edge/nonedge pixels is heavily biased: 90% of the groundtruth is nonedged and 10% is edge [10]. HED introduces a class-balancing weight  β  to offset this imbalance between edges and nonedges. HED defines the following class-balanced cross-entropy (CBCE) loss function used in Equation (2):


  L o s  s  c b c e   = − β ∑ log     Y ^  j  ∈   Y −     −   1 − β   ∑ log     Y ^  j  ∈   Y +      



(2)




where   β =   Y +   /  Y     and   1 − β =   Y −   /  Y   .     Y +     and     Y −     denote the edge and nonedge, respectively,    Y  =   Y +   +   Y −     denote the number of pixels.    Y ^     is the prediction map, and subscript j ∈ [0, 1, … H × W].



Currently, most edge detection networks, such as RCF, BDCN, and DexiNed, use the CBCE loss function to achieve edge detection for natural images. However, for high-resolution remote-sensing images, the CBCE loss will produce fuzzy and rough edges that cannot satisfy the requirement of drawing tasks and engineering applications. Therefore, we use the class-balanced mean square error (CMSE) loss that add the class-balanced parameter based on MSE loss. The CMSE loss can generate thin edge strength maps that are plausible for human eyes. The CMSE loss represents the sum of squares of the differences between the predicted value and the target value and then averages them. Equation (3) for CMSE loss is as follows: m = H × W,   β =   Y +   /  Y   :


  L o s  s  c m s e   =  1 m    ∑ ( β   (  (    Y ^  j  ∈   Y −    ) −  Y j   )  2  +   1 − β   (  (    Y ^  j  ∈   Y +    ) −  Y j   ) 2   )  



(3)







Semantic Segmentation Loss: For semantic segmentation, we used binary cross-entropy (BCE) and dice coefficient loss as the loss function. The formula of BCE loss as show in Equation (4).


  L o s  s  b c e   = − ∑  Y i  × log     Y ^  j    − ∑   1 −  Y i    × log   1 −   Y ^  j     



(4)







The dice coefficient is a set similarity measure function, which is usually used to calculate the similarity of two samples, and the value range is [0, 1]. The formula of dice loss is shown in Equation (5):


  L o s  s  d i c e   = 1 − 2 ×    Y ^  ∩ Y    Y ^  + Y    



(5)




   Y ^  ∩ Y    is the intersection between   Y ^   and  Y .   Y ^   and  Y  sub tables represent the number of elements of   Y ^   and  Y , where the molecular coefficient is 2. The total loss can use the following Equation (6) to represent:


  L o s  s  p o l y g o n   = L o s  s  b c e   + L o s  s  d i c e    



(6)







A major challenge in multitask learning comes from the optimization process itself. In particular, we need to carefully balance the joint training process of all tasks to avoid the situation that one or more tasks have a dominant influence in the network weights. In extreme cases, when the loss of one task is very large and the loss of other tasks is very small, the multitask is almost degenerated into single task goal learning, and the weight of the network is almost completely updated according to the large loss task, gradually losing the advantage of multitask learning. Therefore, we need the weight to balance semantic edge loss and semantic segmentation loss. The formula of final weighted loss is shown in Equation (7):


  L o s  s  a l l   =  w e  L o s  s  c m s e   +  w p  L o s  s  p o l y g o n    



(7)




where    w e    is the weight of semantic edge loss and    w p    is the weight of semantic segmentation loss. We observed the final loss convergence of the DDLNet and determined that    w e    = 100,    w p    = 6 are suitable parameters.





2.2. Postprocessing


To fully fuse edge information and semantic information, complementary information is used to obtain better prediction results and achieve the precise extraction of buildings. We propose a new postprocessing method.



The semantic edge detection networks and semantic segmentation networks are used to generate the edge strength maps and semantic polygon results, respectively. The prediction image is a grayscale image with pixel values in the range of 0 to 255. The choice of binarization threshold is crucial. Considering that our postprocessing method can remove redundant pixels and more pixels are needed to ensure the results. Thus, we choose the threshold of 100 instead of the threshold of 127 as usual. After binarization, multipixel-width edges cannot represent the building edges. Therefore, we use a skeleton extraction algorithm to refine the edges to a single-pixel width and delete some of the broken lines that exist separately. Thus, we obtained a single-pixel edge map (as shown in Figure 3a) and a binary semantic polygon (as shown in Figure 3b).



The problem of edge discontinuity can be solved by the integrity of the semantic polygon. The problem of inaccurate boundaries of semantic polygons can be solved by semantic edges. The improvement in the semantic polygon boundaries is mainly reflected in the following two aspects of our method:




	
If the boundary of the semantic polygon is beyond the edge of a single pixel, it needs to be deleted.



	
If the boundary of the semantic polygon is within the boundary of a single pixel, it needs to be supplemented.








In the first case, we propose Equation (8) to overlay the accurate single-pixel edge to the precise semantic polygon result. This formula can highlight the edge information in the semantic polygon, where the edge will be set to 0. Therefore, we obtain a semantic polygon limited by the edge (as shown in Figure 3c). Equation (8) is given below. The result represents the result image, the edge represents the single-pixel edge image, the polygon represents the semantic polygon image, and     x , y      represents the coordinate of the image.


  R e s u l t   x , y   =       255 , p o l y g o n   x , y   > e d g e   x , y         0 , p o l y g o n   x , y   ≤ e d g e   x , y          



(8)




we use the watershed algorithm [34] to delete the redundant semantic polygon and extract the edges. According to the input seed points, the watershed algorithm delimits the region ownership of each pixel, and the value of the boundary between regions is set to “−1” to distinguish. Accurate semantic polygons are used to mark the seed points inside the restricted semantic polygon. The seed points come from the erosion operation of semantic polygons. To prevent the disappearance of seed points due to excessive erosion operations, we choose to iterate five times to obtain seeds after many experiments. Then, the desired correctly predicted polygon boundary is obtained (as shown in Figure 3d). Then, we use the hole filling algorithm to fill boundaries into semantic polygons. At this time, we can ensure that all the semantic polygons are within the single-pixel edge. The details of the watershed algorithm are shown in Figure 4.



In the second case, the semantic polygon object and single-pixel edge are fused by Equation (9), which can highlight the edge information outside the semantic polygon. (as shown in Figure 3e), after filling the holes, a complete semantic polygon (as shown in Figure 3f) can be obtained. At this time, the boundary of the obtained semantic polygon results becomes more regular and fits the real building boundary.


  R e s u l t   x , y   = &       255 , p o l y g o n   x , y     | |   e d g e   x , y   = 255       0 , p o l y g o n   x , y )   & &     e d g e   x , y   = 0        



(9)







Finally, we solve the problem that adjacent buildings cannot be distinguished in semantic segmentation. The eight-neighborhood algorithm is used to determine whether the edge is the boundary of adjacent buildings and obtain the result of precise semantic segmentation of buildings (as shown in Figure 3h). This operation overcomes the above problems by fusing accurate edge information, and the accurate edge of the building (as shown in Figure 3g) is obtained.



More importantly, through the series of operations mentioned above, the integrity of the semantic polygon is used to repair the broken line in the single-pixel edge map, and the details of repairing a broken line are shown in Figure 5. If the boundary of the semantic polygon cannot realize the connection of the broken line, the broken line will be removed, and the boundary of the semantic polygon will be retained. The final edge result is guaranteed to be complete.



In the postprocessing stage, by fusing the accurate edge information with the accurate semantic segmentation information, our method can make the positioning of high-level prediction more accurate. More importantly, the edge and segmentation details become better, especially the edge of buildings, which cannot be recognized by semantic segmentation, and the problem of broken lines in edge detection.





3. Results


3.1. Dataset


We choose two high-resolution remote-sensing image areas of representative buildings as our experimental area to evaluate our method on different datasets. Moreover, one is from Google images, and the other is aerial images.




	(1)

	
The first is Beijing, the capital of China. The Beijing scene represents a typical Chinese urban landscape, including different types of buildings, which are difficult to accurately discriminate and extract. We selected four districts in the center of Beijing. The original Google images with a spatial resolution of 0.536 m are Chaoyang District, Haidian District, Dongcheng District, and Xicheng District.




	(2)

	
The second is Zhonglu countryside, located in Weixi County, Diqing Prefecture, Yunnan Province. As a typical representative of rural architecture, its buildings have a relatively regular and uniform building shape. The original aerial images with a spatial resolution of 0.075 m.









We select samples with typical architectural features and a certain number of negative samples that do not contain buildings in the abovementioned study area, draw the precise boundary of the building manually, generate corresponding line labels and polygon labels, and randomize divide 80% of the samples are used as the training set, and 20% of the samples are used as the test set. The Beijing area contains 320 training sets of 512 pixel × 512-pixel images and 80 test sets of 512 pixel × 512-pixel images. The Zhonglu area contains 75 training sets of 1024 pixel × 1024-pixel images and 23 test sets of 1024 pixel × 1024-pixel images. The data set is shown in Figure 6.




3.2. Training Details


In our experiments, all deep learning network models are implemented using the PyTorch framework. DDLNet and the comparative experiments are all trained on an NVIDIA RTX TITAN (with 24 G memory) graphics card. We initialize the weights of the DDLNet with the weights of a ResNet34 model pretrained via ImageNet [35]. Some hyperparameters are set as follows: The batchsize on Beijing dataset and Zhonglu dataset are 4 and 2, respectively. The initial learning rate of DDLNet is 2 × 10−4, and the learning rate is updated for 1/4 of the total epochs. We trained 800 epochs on Beijing dataset and 400 epochs on Zhonglu dataset with DDLNet. Due to the insufficient amount of data, we adopt a data enhancement operation including random cropping, rotation, translation, and horizontal flipping operations after entering the network to expand the dataset and reduce overfitting.




3.3. Evaluation Metrics


We use Intersection over Union (IoU) and F1 score to evaluate the performance of our method. The IoU index represents the overlap ratio between the predicted area and the real area of an image. The higher the overlap rate is, the higher the accuracy of the predicted results. Equation (10) is as follows:  A  represents the prediction area, and  B  represents the real label area:


   Polygon   IoU  =   A ∩ B   A ∪ B    



(10)







However, IoU can only evaluate the prediction accuracy of the building polygon result but cannot reflect the prediction accuracy of the building boundary. Therefore, we propose the boundary IoU method to evaluate the accuracy between the predicted building edge and the real building boundary. This method expands the edge by kernel size = 5 pixels and then uses Equation (11) to calculate the accuracy. Exp represents expand and   k s   represents kernel size:


   Boundary   IoU  =   Exp   A , k s   ∩ Exp   B , k s     Exp   A , k s   ∪ Exp   B , k s      



(11)







Polygon IoU can reflect the completeness of the edge, and boundary IoU can reflect the accuracy of the polygon boundary.



The F1 score is an index used to measure the accuracy of a two-category model. To calculate the F1 score, it is necessary to calculate the precision and recall. In the following formulas, true positives (TP) represent the number of positive pixels belonging to buildings that are correctly identified. True negatives (TN) represent the number of negative pixels belonging to nonbuildings that are correctly identified. False positives (FP) represent the number of negative pixels belonging to nonbuildings that are incorrectly identified as positive pixels belonging to buildings. False negatives (FN) represent the number of positive pixels belonging to buildings that are incorrectly identified as negative pixels belonging to nonbuildings. The explanation of the above TP, TN, FP, FN indicators is shown in Figure 7.



Precision is the ratio of true positives in the identified positive pixels, and Equation (12) is as follows.


  Precision =   TP   TP + FP    



(12)







Recall is the proportion of all positive pixels in the test set that are correctly identified as positive pixels, and Equation (13) is as follows.


  Recall =   TP   TP + FN    



(13)







The F1 score is the harmonic mean value of the precision rate and recall rate, which suggests that the precision rate and recall rate are equally important. The larger the value, the stronger the model’s ability, and Equation (14) is as follows.


  F 1    score    = 2 ×    Precision ∗ Recall    Precision + Recall    



(14)








3.4. Results


To further demonstrate the effectiveness of our methods, we select some soft-of-the-art models to compare with our model and the postprocessing method.



First, for semantic edge detection, to assess the quality of our DDLNet model, three models, namely RCF, BDCN, and DexiNed, were selected for comparison with DDLNet on the Beijing and Zhonglu datasets.



In the Beijing dataset, RCF, BDCN and DexiNed achieved boundary IoU of 0.2815, 0.4087 and 0.4503, respectively. DDLNet achieved a boundary IoU of 0.5116, which greatly surpasses the accuracy of the other models. As shown in Table 1, RCF, BDCN, and DexiNed achieved polygon IoU of 0.2751, 0.5110 and 0.1724, respectively. DDLNet achieved a polygon IoU of 0.5295, which is 3.62% more than that of BDCN. The results of those semantic edge detection models on the Beijing test dataset are summarized in Table 1, and their performance are shown in Figure 8.



In the Zhonglu dataset, RCF, BDCN, DexiNed, DDLNet achieved boundary IoU values of 0.4378, 0.7050, 0.6326 and 0.7399 and achieved polygon IoU values of 0.5824, 0.7009, 0.6452 and 0.8719, respectively. The results of those semantic edge detection models on the Zhonglu test dataset are summarized in Table 2, and their performances are shown in Figure 9.



The capability of DDLNet for semantic edge detection tasks is demonstrated on two different data sets. RCF does not perform well on our dataset. BDCN can effectively extract the building boundary and ensure the integrity of the boundary, but its edge is blurred and insufficient in accuracy. DexiNed can produce more accurate and visual edges, but its edge integrity is difficult to guarantee. DDLNet can achieve edge integrity beyond DexiNed and BDCN and effectively extract the boundaries of buildings. It means that it is effective to provide more high-level semantic features for low-level edge features to realize semantic edge extraction.



Second, for semantic segmentation, we also selected three advanced models, namely U-Net, U-Net3+, and D-LinkNet, for the experiment on the Beijing and Zhonglu datasets.



In the Beijing dataset, U-Net, U-Net3+, and D-LinkNet achieved 0.6726, 0.7161, and 0.7212 in polygon IoU, respectively. DDLNet achieved the top performance of 0.7527 of the polygon IoU, which was better than all other models, and even 4.36% more than D-LinkNet. U-Net3+ and DDLNet use the full-scale skip connection to help network learning, and they achieved boundary IoU of 0.4731 and 0.4746, respectively. This greatly surpassed the accuracy of U-Net and D-LinkNet, which achieve boundary IoU of 0.4281 and 0.4438, respectively. The results of those semantic segmentation models on the Beijing test dataset are summarized in Table 3, and their performances are shown in Figure 10.



In the Zhonglu dataset, U-Net, Unet3+, and D-LinkNet achieved 0.7067, 0.8855, and 0.9261 in polygon IoU, respectively. DDLNet achieved the best performance of 0.9364 of the polygon IoU. U-Net3+ and DDLNet achieve boundary IoU of 0.5396 and 0.6905 which greatly surpassed the accuracy of U-Net and D-LinkNet. The results of those semantic segmentation models on the Zhonglu test dataset are summarized in Table 4, and their performances are shown in Figure 11.



The capability of DDLNet for semantic segmentation tasks is demonstrated on two different data sets. U-Net3+ and DDLNet achieve boundary IoU greatly surpassed the accuracy of U-Net and D-LinkNet that proves that the full-scale skip connection is effective in improving the boundary of the polygon from semantic segmentation. The result of DDLNet proves that making full use of low-level edge information proved to be helpful in extracting buildings from high-resolution remote sense images.



Moreover, we evaluated the effectiveness of the postprocessing method. We choose a variety of semantic edge models and semantic segmentation models to verify the effectiveness of our postprocessing scheme. The criteria we chose were that the boundary IoU of the semantic edge model was larger than that of the semantic segmentation model to improve the edge accuracy of the semantic polygon, and the polygon IoU of the semantic segmentation model was larger than that of the semantic edge model to improve the integrity of the semantic edge.



Based on the criteria, in the Beijing test dataset, we choose DDLNet combined with DDLNet, D-LinkNet, U-Net3+, and U-Net. DexiNed combined with D-LinkNet and U-Net. Compared with Table 1 and Table 3, the results of postprocessing improve the polygon IoU of semantic edge detection and the boundary IoU of semantic segmentation. In addition, the results are closer to manual vision. The combination and the results of the combination are shown in Table 5 and Figure 12.



Based on the criteria, in the Zhonglu test dataset, we choose DDLNet combined with DDLNet, D-LinkNet, U-Net3+, and U-Net. BDCN combined with DDLNet, D-LinkNet, U-Net3+, U-Net. DexiNed combined with D-LinkNet and U-Net. RCF combined with U-Net. Compared with Table 2 and Table 4, the results of postprocessing improve the polygon IoU of semantic edge detection and the boundary IoU of semantic segmentation. The combination and the results of the combination are shown in Table 6 and Figure 13.



In summary, we conducted comparative experiments on two different datasets with other SOTA models to verify whether our methods could obtain high-quality results. Experiments confirmed that our model DDLNet had better results than other SOTA models in both semantic edge detection tasks and semantic segmentation tasks and all evaluation metrics, which not only indicated that our models have a good performance in building extraction but also indicates that the edge guidance module and full-scale skip connection are conducive to the automatic extraction of buildings in a network. What’s more, our postprocessing method is effective and further improved results of building extraction that helps to improve the vectorization of the result.





4. Discussion


There are certain shortcomings of neural network-based deep learning methods. The edge detection network usually adopts a multiscale fusion strategy to preserve more detailed predictions, resulting in fuzzy and insufficient refinement of the final edge results, as well as difficulty in solving edge disconnection problems. From the experiments and results in the fourth section, DDLNet has better detection accuracy and visual effects than the other edge detection models. The decoder combines the semantic information of the previous layer and the edge information of this layer to improve the accuracy. Through the especially designed CMSE loss, the problem of edge blur, roughness and disconnection is reduced to a certain extent. However, the current loss function design still has problems, and the final edge result still has a disconnection problem.



For the semantic segmentation task, which focuses on the pixel-level classification of targets, the previous semantic segmentation network structure focuses more on the contextual and semantic information of the targets, ignoring the importance of edge information, which leads to difficulty in matching the boundaries of the final semantic polygons with the boundaries of real buildings. Compared with the current semantic segmentation, DDLNet has been improved to a certain extent. From the boundary IoU indicator, we find that the full-scale skip connection and edge guidance module are simple and effective to improve the boundary of buildings.



Convolutional neural networks adopt downsampling pooling operations in encoder and upsampling operations in decoder, and the use of downsampling to compress data is irreversible, resulting in information loss and therefore causing translation invariance and poor results [4]. The loss of information is irreversible, so we design a method to fuse the edge information and semantic information from a postprocessing perspective to achieve precise building extraction. The experimental results show the effectiveness of our postprocessing method, and the final result shows both the edge precision of edge detection and the semantic precision of semantic segmentation. After postprocessing, the boundary IoU and polygon IoU of most final results have improved.



However, some results provide lower-boundary IoU compared with the initial single edge detection in Table 5. As we consider, while the polygon cannot realize the supplement of the disconnection line, we will remove the disconnection line and choose the polygon boundary. Moreover, the polygon may lead to a false detection polygon in the final result. Considering that the polygon boundary may be poor, the final result may have a lower-boundary IoU. At the same time, the hyperparameter setting of the watershed algorithm will also influence the result. This means that the postprocessing process can be further improved.




5. Conclusions


This article focuses on solving the problem of edge discontinuity and incompleteness generated by semantic edge detection, and the polygon shape generated by semantic segmentation is irregular, which does not match the actual building boundary. We propose a novel CNN model named Dense D-LinkNet (DDLNet). DDLNet uses full-scale skip connection, deep multiscale supervision and edge guidance module to overcome the aforementioned problem. The experimental results show that DDLNet is useful and has a certain degree of improvement in the evaluation indicator boundary IoU and polygon IoU in both semantic edge detection tasks and semantic segmentation tasks. Moreover, our postprocessing method is effective and universal and can arbitrarily fuse semantic edge information from edge detection with semantic polygons from semantic segmentation to improve the quality of the final result of buildings.
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Figure 1. Overall architecture of our method. This architecture can be divided into three stages. The first stage is data preprocessing, the second stage is deep learning training and prediction, which are used for DDLNet to generate edge strength maps and semantic polygons. The last stage is postprocessing, which is used for fusing edge and semantic information to obtain more accurate building results. 
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Figure 2. Dense D-LinkNet architecture. Each blue block represents a multichannel feature. Left is the encoder, and the right is the decoder. The dotted curves represent full-scale skip connection. The purple curves represent edge guidance module. Each convolution layer is activated by ReLU, except the last convolution layer, which uses sigmoid activation. 
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Figure 3. Postprocessing flow chart. (a) is a single-pixel edge map, and (b) is a semantic polygon map. (c) is the result in which Equation (8) is used to overlay edges on the semantic polygon. (d) is the result in which the watershed algorithm is used to extract the boundaries. (e) is the result in which Equation (9) is used to add edges on the semantic polygon. (f) is a complete semantic polygon. (g) is the final edge result, and (h) is the final semantic segmentation result. The most obvious improvement is indicated by the circle. The blue line represents the effect of Equation (8) and the watershed algorithm, and the yellow line represents the effect of Equation (9) and hole filling. 
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Figure 4. Details of watershed algorithm. The single-pixel edge and semantic polygon use Equation (8) to generate background. The semantic polygon is eroded to generate seeds for the watershed algorithm. The watershed algorithm uses seeds to extract the correct edge (red line in watershed result) in the background. 
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Figure 5. Details of repairing a broken line. 
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Figure 6. Dataset display. Image represents high-resolution remote-sensing image, line label and polygon label are ground truth of the image, the first two are Beijing dataset, the last two are Zhonglu dataset. 
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Figure 7. Graphic representation of the TP, TN, FP, FN for the matched ground truth and predicted result. 
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Figure 8. The edge results of RCF, BDCN, DexiNed, and DDLNet on the Beijing dataset. 
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Figure 9. The edge results of RCF, BDCN, DexiNed, and DDLNet on the Zhonglu dataset. 
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Figure 10. The semantic polygon results of U-Net, U-Net3+, D-LinkNet, and DDLNet on the Beijing dataset. 
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Figure 11. The semantic polygon results of U-Net, U-Net3+, D-Linknet, and DDLNet on the Zhonglu dataset. 
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Figure 12. The results of postprocessing method with DDLNet on the Beijing dataset. DDLNet (edge) represent the edge result of DDLNet. In addition, DDLNet (polygon) represent the polygon result of DDLNet. DDLNet&DDLNet represent the result of postprocessing method. The blue circle mark shows the improvement of semantic segmentation where the boundary is closer to the real boundary of building, and the yellow circle mark shows the improvement of semantic edge where the disconnection edge was repaired completely. 
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Figure 13. The results of postprocessing method with DDLNet on the Zhonglu dataset. DDLNet (edge) represent the edge result of DDLNet. In addition, DDLNet (polygon) represent the polygon result of DDLNet. DDLNet&DDLNet represent the result of postprocessing method. The blue circle mark shows the improvement of semantic segmentation where the boundary is closer to the real boundary of building, and the yellow circle mark shows the improvement of semantic edge where the disconnection edge was repaired completely. 
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Table 1. The results of semantic edge detection on the Beijing dataset.
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Study Area

	
Methods

	
Boundary IoU

	
Polygon IoU

	
F1 Score






	
Beijing

	
RCF

	
0.2815

	
0.2751

	
0.4300




	
BDCN

	
0.4087

	
0.5110

	
0.6341




	
DexiNed

	
0.4503

	
0.1724

	
0.6124




	
DDLNet

	
0.5116

	
0.5295

	
0.7049
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Table 2. The results of semantic edge detection on the Zhonglu dataset.
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Study Area

	
Methods

	
Boundary IoU

	
Polygon IoU

	
F1 Score






	
Zhonglu

	
RCF

	
0.4378

	
0.5824

	
0.5677




	
BDCN

	
0.7050

	
0.7009

	
0.7182




	
DexiNed

	
0.6326

	
0.6452

	
0.6604




	
DDLNet

	
0.7399

	
0.8719

	
0.7582
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Table 3. The results of semantic segmentation on the Beijing dataset.
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Study Area

	
Methods

	
Boundary IoU

	
Polygon IoU

	
F1 Score






	
Beijing

	
U-Net

	
0.4281

	
0.6726

	
0.8048




	
U-Net3+

	
0.4731

	
0.7161

	
0.8352




	
D-LinkNet

	
0.4438

	
0.7212

	
0.8398




	
DDLNet

	
0.4746

	
0.7527

	
0.8607
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Table 4. The results of semantic segmentation on the Zhonglu dataset.
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Study Area

	
Methods

	
Boundary IoU

	
Polygon IoU

	
F1 Score






	
Zhonglu

	
U-Net

	
0.4180

	
0.7067

	
0.9004




	
U-Net3+

	
0.5396

	
0.8855

	
0.9122




	
D-LinkNet

	
0.6861

	
0.9261

	
0.9537




	
DDLNet

	
0.6905

	
0.9364

	
0.9584
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Table 5. The results of the postprocessing method on the Beijing dataset.
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Study Area

	
Methods

	
Boundary IoU

	
Polygon IoU






	
Beijing

	
DDLNet&DDLNet

	
0.5227

	
0.7531




	
DDLNet&D-LinkNet

	
0.5067

	
0.7297




	
DDLNet&U-Net3+

	
0.5075

	
0.7217




	
DDLNet&U-Net

	
0.4909

	
0.7072




	
DexiNed&D-LinkNet

	
0.4775

	
0.7239




	
DexiNed&U-Net

	
0.4525

	
0.6784
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Table 6. The results of the postprocessing method on the Zhonglu dataset.
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Study Area

	
Methods

	
Boundary IoU

	
Polygon IoU






	
Zhonglu

	
DDLNet&DDLNet

	
0.7428

	
0.9415




	
DDLNet&D-LinkNet

	
0.7368

	
0.9360




	
DDLNet&U-Net3+

	
0.7265

	
0.9212




	
DDLNet&U-Net

	
0.7256

	
0.9225




	
DexiNed&U-Net3+

	
0.7085

	
0.9124




	
DexiNed&U-Net

	
0.7134

	
0.9131




	
BDCN&DDLNet

	
0.7123

	
0.9371




	
BDCN&D-LinkNet

	
0.7068

	
0.9291




	
BDCN&U-Net3+

	
0.6815

	
0.9038




	
BDCN&U-Net

	
0.6809

	
0.8906




	
RCF&U-Net

	
0.6270

	
0.8643
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