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Abstract

:

Ship category classification in high-resolution aerial images has attracted great interest in applications such as maritime security, naval construction, and port management. However, the applications of previous methods were mainly limited by the following issues: (i) The existing ship category classification methods were mainly to classify on accurately-cropped image patches. This is unsatisfactory for the results of the existing methods in practical applications, because the location of the ship in the patch obtained by the object detection varies greatly. (ii) The factors such as target scale variations and class imbalance have a great influence on the performance of ship category classification. Aiming at the issues above, we propose a novel ship detection and category classification framework. The category classification is based on accurate location. The detection network can generate more precise rotated bounding boxes in large-scale aerial images by introducing a novel Sequence Local Context (SLC) module. Besides, three different ship category classification networks are proposed to eliminate the effect of scale variations, and the Spatial Transform Crop (STC) operation is used to get aligned image patches. Whatever the problem of insufficient samples or class imbalance have, the Proposals Simulation Generator (PSG) is considered to handle this properly. Most remarkably, the state-of-the-art performance of our framework is demonstrated by experiments based on the 19-class ship dataset HRSC2016 and our multiclass warship dataset.






Keywords:


high-resolution aerial images; convolution neural network; ship detection; rotation region; ship category classification












1. Introduction


Ship detection and recognition in high-resolution aerial images are challenging tasks, which play an important role in many related applications, e.g., maritime security, naval construction, and port management. Although many ship classification methods have been proposed, they only roughly identify the ship as warship, container ship, oil tanker, etc., on the accurate image patch. However, what is needed to know for us is the more specific ship categories like Arleigh Burke, Perry, Ticonderoga, etc., and it is difficult to obtain high-quality sample patches by automatic ship detection. Some methods have tried to locate ships and identify their categories at the same time; nevertheless, the results are undesirable such that they lead to serious confusion, as shown in Figure 1d.



Existing research on ship detection and classification can be divided into two aspects. One is the location problem, which finds the ships in the aerial images and expresses the location in some way. The other is the classification issue, which assigns the ships to different categories.



Object detection is a fundamental and challenging task in computer vision, aimed at determining whether there are any instances of targets in an image or not. In the field of remote sensing, ship and ship wake detection have attracted considerable attention of researchers. Iervolino et al. [1] proposed a ship detector based on the Generalized Likelihood Ratio Test (GLRT) to improve the detection ability under low signal-to-noise/clutter ratios. The GLRT algorithm has proven to be effective and has been extensively used in [2,3,4]. Graziano et al. [5] exploited the Radon Transform (RT) to detect ship wake and validated the method’s robustness in [6]. Biondi et al. [7,8,9] first utilized the Low-Rank plus Sparse Decomposition (LRSD) algorithm assisted by RT to achieve excellent performance on ship wake detection. The inclination of ships also can be calculated by LRSD and RT for some regions of interest [10].



Recently, with the development of Deep Convolutional Neural Networks (DCNN) [11], an increasing number of efficient ship detection frameworks have been reported [12,13,14,15,16]. Zou et al. [12] proposed a novel SVD Network (SVDNet) based on the convolutional neural networks and the singular-value decompensation algorithm to learn features adaptively from remote sensing images. Huang et al. [14] proposed Squeeze Excitation Skip-connection Path networks (SESPNets) to improve the feature extraction capability for ship detection and used soft Non-Maximum Suppression (NMS) to avoid deleting some correct bounding boxes for some targets. However, these methods are based on the Horizontal Bounding Box (HBB). Although this representation has no effect on the sparse targets at sea, it is not suitable for densely-docked inshore vessels. As shown in Figure 1b, the angle of the ship can be in an arbitrary direction, and the aspect ratio of the ship is large, so the horizontal bounding box of one ship may contain a relatively large redundancy region, which is not conducive to the classification task. Therefore, we chose the representation shown in Figure 1a.



With the improvement of the resolution of aerial images, more and more works have tried to detect inshore vessels and use the Rotated Bounding Box (RBB) to locate ships [17,18,19,20]. Liu et al. [17] proposed the Rotated Region-based CNN (RR-CNN) to predict rotated objects and changed the Region of Interest (RoI) pooling layer in order to extract features only from the rotation proposal. Zhang et al. [18] modified the Faster R-CNN [21] and utilized the Rotation Region Proposal Networks (RRPN) [22] and the Rotation Region of Interest (RRoI) Pooling layer to detect arbitrarily-oriented ships. Yang et al. [19] proposed Rotation Dense Feature Pyramid Networks (RDFPN) to solve problems resulting from the narrow width of the ship and used multiscale RoIAlign [23] to solve the problem of feature misalignment. However, the above networks ignored one problem that is important for classification. As shown in Figure 1c, when the background is complex and the ships are densely docked, the rotated bounding box cannot accurately locate the ship. If the box is too small, the discriminative regions such as prow that are important for classification will be missed. If the box is too large, it will contain the background and the adjacent ships, which is not conducive to classification either. In order to better classify the ships into different categories, we must attach importance to how to generate more precise rotated ship bounding boxes. In other words, we do not meet the situation where the Intersection over Union (IoU) value is only greater than 0.5. Therefore, based on the arbitrarily-oriented ship detection network, we introduce the Sequence Local Context (SLC) module to predict more accurate rotated bounding boxes.



As for the ship category classification task, most methods are concentrated on a few large ship categories with distinctive features [24,25,26,27]. Wu et al. [26] proposed a model named BDA-KELM, which combines Kernel Extreme Learning Machine (KELM) and the dragonfly Algorithm in Binary Space (BDA) to conduct the automatic feature selection and search for optimal parameter sets to classify the bulk carrier, container ship, and oil tanker. Some works tried to classify more types of ships. Oliveau et al. [27] trained a nonlinear mapping between low-level image features and the attribute space to build discriminative attribute representations. Based on these attributes, a Support Vector Machine (SVM) classifier is built for the classification of image patches into 12 categories. However, these traditional methods need careful design and extraction of complex features, which increases the computational complexity. Motivated by advanced CNN models, such as VGGNet [28], GoogleNet [29], and DenseNet [30], CNN models have been used in ship classification in high-resolution aerial images. Bentes et al. [31] built a CNN model with four convolutional layers, four pooling layers, and a fully-connected layer to achieve good performance among the five categories of targets. However, previous methods on ship classification whether using traditional methods or based on the CNN model both concentrated on a few large categories of ships and achieved classification based on accurately-cropped image patches. To solve these problems, in this work, we achieve the classification of 19 classes of ships with large differences in scale and characteristics based on the patches from the output of our ship detector. The work most similar to ours is that of Ma et al. [32]. However, they used a horizontal bounding box, which cannot handle the inshore vessels and only classified sparse ships in the sea with a single background into eight categories.



In conclusion, the challenges of ship detection and classification in high-resolution aerial images are mainly in the following three aspects: (i) It is an important basis for classification to find as many ships as possible and predict accurate target locations, especially including the most discriminative regions and excluding noise information (background and the part of adjacent targets). (ii) The size of the different types of ships varies greatly, which is not conducive to classification. (iii) The scarcity of training data causes class imbalance, which can result in overfitting to more frequent ones and ignoring the classes with a limited number of samples.



In this paper, based on the challenges above, we propose a rotation-based ship detection network to capture accurate location and three different ship category classification networks to solve the problem of large difference in ship scale. Finally, a Proposals Simulation Generator (PSG) is introduced to address the problem of insufficient samples and class imbalance. The main contributions of this paper are as follows:




	
We build a new rotation-based ship detection network. The trade-off between recall and precision is different compared with the previous ship detection methods such that the recall rate is ensured with the condition of high precision.



	
The SLC module is introduced to extract local context features, which makes the rotated bounding box fit tightly with the ship. The accurate bounding box can include the discriminative parts such as prow and exclude noise information such as background.



	
In order to reduce the burden of the classification network, we introduce the Spatial Transform Crop (STC) operation to obtain aligned image patches. Aiming at the problem of the large difference in ship scale, we propose three different ship category classification networks.



	
A PSG is designed to greatly augment the training data by simulating the output style of the ship detector, which can address the problem of insufficient samples and class imbalance.



	
We achieve state-of-the-art performances on two real-world datasets for ship detection and classification in high-resolution aerial images. The phenomenon of category confusion like Figure 1d does not appear, and it is considered more suitable for practical application.








The rest of this paper is organized as follows: Section 2 describes the details of the proposed method. In Section 3, we describe the datasets and present experiments to validate the effectiveness of the proposed algorithm. Section 4 discusses the results of the proposed method. Finally, Section 5 concludes this paper.




2. Materials and Methods


The pipeline of our proposed framework is illustrated in Figure 2. The whole system is mainly divided into two phases: the location phase and the classification phase. Give an input image with size m×n, the ship location is first obtained through the red box A, and then, the red box B is used to get the category of each ship target. The computational Block Number 1 extracts the local context feature maps with size m/s×n/s, where s is the output stride. Block Number 2 regards the feature maps as input and outputs a set of rotated rectangular object proposals, each with an objectness score. We randomly sampled 256 proposals in an image to compute the loss function. The computational Block Number 3 crops and resizes the feature maps inside these proposals into the fixed spatial extent by max pooling (such as 14×14) and outputs the ship location. Block Number 4, which is used to crop and resize the ship regions from the input image to the same size, does not participate in the training process. Finally, the computational Block Number 5 takes the ship regions as input and outputs the specific ship categories such as Arleigh Burke, Perry, Ticonderoga, etc. Block Number 6, which is used in the training process, generates large training samples to address the problem of insufficient annotated pictures. In our framework, the computational Block Numbers 1, 2, 3, and 5 are devoted to training the model, and Block Numbers 4 and 6 are dedicated to decoding features. Subsequently, the main parts of our framework are presented in detail.



2.1. Rotation Proposals and HRoI Pooling Layer


In most object detection tasks, the ground-truth of the object is described by the horizontal bounding box with (x,y,w,h), where (x,y) is the center of the bounding box, and the width w and height h represent the long side and the short side of the horizontal bounding box, respectively [33]. However, the bounding box represented in this way cannot perfectly outline the strip-like rotated ship. In our task, the rotated bounding box with five tuples (x,y,w,h,θ) was introduced to represent the location of the ship, and the parameter θ (between zero and 180) describes the angle from the horizontal direction of the standard bounding box.



Similar to the way of RRPN, we added the angle parameter outside of the scale and aspect ratio to generate the rotation anchors. The value of the angle parameter was defined as 0,π3,2π3. The zero means generating the horizontal anchors, and the other two generate oriented anchors. In addition, as ships always have special shapes, we analyzed the shape of the ship targets in the dataset and refer to the setting of the relevant work [18,34,35,36,37]. We set 1:3, 1:7 as the aspect ratios. The scale of anchors were set from 32–512 by a multiple of two on different Feature Pyramid Networks (FPN) [38] layer. An extra anchor scale of 1.414 was introduced on each layer to reduce the spacing of the scale [39]. In summary, for each point on different feature maps of FPN, 12 rotation anchors (3 angles, 2 aspect ratios, and 3 scales) were generated, and the total number of anchors on the feature map with height H and width W was 12×H×W. For the rotated bounding boxes regression, we adopted smooth L1 loss [40] for the rotation proposals:


Lregd*,d=∑i∈x,y,w,h,θsmoothL1di*−di



(1)






smoothL1x=0.5x2ifx<1x−0.5otherwise



(2)




where variables d and d* represent the detection proposal and ground-truth label, respectively. The five coordinates of d and d* are calculated as follows:


dx=x−xawa,dy=y−yahadw=logwwa,dh=loghha,dθ=θ⊖θa



(3)






dx*=x*−xawa,dy*=y*−yahadw*=logw*wa,dh*=logh*ha,dθ*=θ*⊖θa



(4)




where variables x,xa, and x* are for the predicted box, anchor box, and ground-truth box, respectively, and the variables y,w,h,θ are the same. The operation α⊖β=α−β+kπ,k∈Z rescales the angle within the range (−π2,π2].



For the rotation proposals, the traditional IoU computation method cannot obtain the IoU value accurately to distinguish whether it is a positive rotation proposal or a negative rotation proposal. The skew IoU computation method was introduced to solve this problem. We divided the convex polygon of intersection points set into multiple triangles by the triangulation [41] and calculated the area of each triangle. Then, the sum of the areas was the IoU value.



The arbitrarily-oriented object detection methods always use the RRoI pooling layer to extract features of object regions accurately [18,19,42]. As a hypothesis, we set the RRoI layer hyper-parameters to Hr and Wr. The rotated ship proposal region can be divided into Hr×Wr subregions of h/Hr×h/Wr size for a proposal with height h and width w (as shown in Figure 3a). Then, max pooling was performed in every subregion, and max-pooled values were saved in the matrix of each RRoI. This operation is very common in high-resolution aerial images like DOTA [43] and NWPUVHR-10 [44] to eliminate the mismatching between RRoIs and corresponding objects for classification and regression. In general, the RRoI pooling layer should be used for our detection network. However, different from other arbitrarily-oriented object detection, we did not need to classify the ships into more specific categories like Arleigh Burke, Perry, Ticonderoga, etc. Our detection network only needed to distinguish whether the proposal was a target or not. We hoped the ship detection network could achieve a higher recall rate, which is a different choice for the trade-off between recall and precision compared with other methods. Although the RRoI pooling layer can reduce the influence of the irrelevant background and other incomplete ships, the large aspect ratio of the ship may lead to misalignment of the rotating bounding box, resulting in a lower recall rate. In contrast, the Horizontal Region of Interest (HRoI) pooling layer [21,45] can extract more features, such as the features of ship shadows and adjoining ships, which can improve the target confidence and recall rate. Therefore, we applied the HRoI pooling layer, as shown in Figure 3b. We calculated the horizontal bounding box of the rotation proposal, then the HRoI pooling layer used max pooling to crop and resize the feature map inside the horizontal bounding box into the fixed spatial extent of hr×wr, where hr and wr are layer hyper-parameters. Finally, through the cls branch and reg branch, we obtained the predicted result, i.e., either ship or background.




2.2. Sequence Local Context Module


The features of high layers have strong semantics and of low layers have accurate location information. The FPN structure makes use of the feature hierarchy of a convolutional network, which combines the advantages of different layers via a top-down path to make all features have strong classification and regression capability. However, as shown in Figure 1, it was not enough for the ships densely docked in the harbor, and we hoped our network could distinguish the pixels belonging to different ships to predict a more accurate position. An intuitive idea is to learn the local context information around the objects based on the FPN structure. In our previous work [46], a flexible module called the sequence local context module was proposed to learn multi-scale local context features. Specifically, we utilized the dilated convolution with different dilation rates to integrate multi-scale context features. As shown in Figure 4, the SLC module consisted of three sequence convolutional blocks, each with a 1 × 1 convolution followed by a 3 × 3 dilated convolution with different dilation rates. The SLC module captures context information at different scales and fuses the outputs of three layers by element-wise summation operation. The module can be formulated as follows:


SLC=F1F,θ1+Fr1F1,θr1+Fr2Fr1,θr2



(5)




where F is the input feature and F1, Fr1, Fr2 are the functions of convolution blocks with dilation rates 1, r1,r2, respectively. F1, Fr1 are the output features of F1, Fr1. θ1, θr1, and θr2 are respective parameters, and SLC is the output feature. The SLC module progressively enhances the connection of context information from different blocks and avoids losing too much information caused by the dilation rate.



In order to distinguish the adjacent ships and provide accurate locations for the second phase, we added the SLC module r1=2,r2=3 after the FPN structure to make the features learn the local context information. The reason is as follows: Firstly, the module was proven to be effective at ship detection tasks. Secondly, the feature size of the input and of the output from the SLC module were identical, so it could be embedded between any two convolutional layers and did not require major modifications. By the way, this was another reason to apply the HRoI pooling layer, because the RRoI pooling layer could not extract the local context feature learned by the SLC module. The SLC module took the feature Pi,i∈2,3,4,5,6 from the FPN structure as input and output the feature Si,i∈2,3,4,5,6.




2.3. Spatial Transform Crop Operation


With the increase in the categories of ship classification, the type of ship becomes complex and highly similar, especially for smaller ships. Without the corresponding expertise, it is difficult for humans to distinguish between different types of ships. Therefore, it is necessary to build a classification network to better identify categories of different ships.



The STC operation was introduced to crop the rotated bounding boxes from the corresponding images, which can eliminate the noise information and align ship patches to better extract marginal visual differences between different types of ships. The detailed operation can be seen in Algorithm 1. Therefore, the detection part did not need to classify the different ships. The phenomenon of category confusion like Figure 1d did not appear. We only needed to consider the NMS within classes, not the NMS between classes [17].





	Algorithm 1: Spatial Transform Crop (STC) algorithm.
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2.4. Ship Category Classification


After STC operation, we found that the size of the patches was not uniform, because the length and width of different types of ships varied widely (as shown in Figure 5). However, the traditional classification networks needed a fixed-size input image, because the fully-connected layers required a fixed-size/-length input. The most intuitive method to handle this problem is that we resized the patches to the fixed size for the classification network. In general, this operation may reduce the recognition accuracy. In SPP-Net [47], the Spatial Pyramid Pooling layer is proposed to generate fixed-length representations regardless of image size/scale, which was proved to achieve much better classification results. However, could this similar operation work well in our task?



The objects with the same category, such as cats, dogs, and birds, may present large appearance variations due to changes of posture or viewpoints, complex backgrounds, and occlusions [48]. For example, the appearance of one bird can be very different when it is preying, resting, or flying, which makes intra-class variance great. The operation of resizing can exacerbate this situation to reduce the recognition accuracy. However, in aerial images, a powerful prior constraint is that we can only get the top view of targets, which makes our analysis easier. In addition, the ship is a rigid body, and we used the rotated bounding box. Therefore, it was unnecessary for us to consider the impact of the above factors. We propose the view that in high-resolution aerial images, the operation of resizing may produce a smaller negative impact than other operations.



In order to verify our idea, in this paper, we propose three different methods to compare the effects of fixed-size and arbitrarily-sized input images on recognition accuracy. As shown in Figure 6, the classification network took the ship patches as input and output the specific ship categories such as Arleigh Burke, Perry, Ticonderoga, etc. For the first row, we fit the patches to the fixed size and then extracted the feature maps using the backbone network. The average pooling layer was introduced to reduce the feature dimension and preserve the important features. Finally, the fully-connected layers output the predicted class. The second row did not require a fixed patch size. We introduced the RoIAlign layer, which can aggregate the feature maps of the backbone network to meet the requirement of fully-connected layers. The third row was to use only a convolutional network like FCN [49] and ACoL [50]. We removed the fully-connected layers and added a convolutional layer of C (C is the number of classes) channels with the kernel size of 1 × 1, stride one on top of the feature maps. Then, the output was fed into a Global Average Pooling (GAP) layer followed by a softmax layer for classification. The conclusion will be elaborated in Section 3.2.2.




2.5. Proposals Simulation Generator


Due to insufficient training samples, the number of instances belonging to different types of ship would be unbalanced, and even several ship types would have very few samples. A proper data augmentation was necessary to increase the training samples and avoid the class imbalance. Since we already had the ground-truth box and predicted box for each ship, we could generate a large training sample with the same distribution as the predicted box. In this way, we could solve the above problems and improve the performance of our network.



Due to the different sizes and characteristics of different types of ships, we analyzed the distribution of the relative offsets between the predicted proposal and the ground-truth proposal for each class. Since the ship in the aerial images was a rigid body and oriented upward, it was simple to learn the distribution Pδf|T, where δf represents the offset between the coordinates of the predicted proposal and the coordinates of the ground-truth proposal and T is the ground-truth proposal for each ship. For each proposal, we calculated the offsets between its ground-truth bounding proposal and detected bounding proposal. The offsets were then normalized by the corresponding coordinate of the ground-truth. After these operations, we fit the offset to a Gaussian distribution and show it in Figure 7.



During the training phase of the classification network, for each sample in the training set, we could generate many different offsets based on the distribution Pδf|T to obtain large augmented training samples.





3. Experiments and Results


In this section, we first introduce the evaluation datasets and then analyze the effectiveness of the different components for our framework. Finally, we compare our results with the previous methods.



3.1. Datasets


We choose two datasets to experiment with our framework in high-resolution aerial images. One was the public multiclass ship dataset HRSC2016 [51], and the other was our constructed dataset Multiclass Warship Collection (MWC).



HRSC2016 [51]: The dataset contained 1061 images with resolutions between 2 m and 0.4 m. The image sizes ranged from 300×300–1500×900, and most of them were larger than 1000×600. It contained 436 training images with 1207 instances, 181 validation images with 541 instances, and 444 testing images with 1228 instances. The label of the dataset included three levels, namely ship class (L1), ship category (L2), and ship type (L3), which contained 1 class, 4 classes, and 19 classes, respectively. The specific ship categories included ship (ship), aircraft carrier (air.), war craft (war.), merchant ship (mer.), Nimitz class aircraft carrier (Nim.), Enterprise class aircraft carrier (Ent.), Arleigh Burke class destroyer (Arl.), Whidbey Island class landing craft (Whi.), Perry class frigate (Per.), Sanantonio class amphibious transport dock (San.), Ticonderoga class cruiser (Tic.), Austen class amphibious transport dock (Aus.), Tarawa class amphibious assault ship (Tar.), Container ship (Con.), Command ship (Com.A), Car carrier A (Car.A), Container ship A (Con.A), Medical ship (Med.), Car carrier B (Car.B). The difference between Car.A and Car.B is shape. The bow and stern of Car.A are round, and the stern of Car.B is flat. The Con. and Con.A are designed for different applications. Con. is used to transport containers, and Con.A is used to transport other goods. In this work, we focused on the L3 classification. For a fair comparison, we excluded submarine, hovercraft classes, and samples with “different” labels, as done in [17].



MWC: We collected 934 aerial images with resolutions between 1 m and 0.5 m from QuickBird. The sizes of most of the images were 600×600. There were 1332 ship targets of 11 categories, including Arleigh Burke class destroyer (Arl.), Austin class amphibious transport dock (Aus.), ChungHai class tank landing ship (Chung.), Endurance class landing platform dock ship (End.), Formidable class frigate (For.), Henry J Kaiser class replenishment oiler (Henry.), Knox class frigate (Kno.), La Fayette class frigate (LaF.), Nimitz class aircraft carrier (Nim.), Perry class frigate (Per.), and Ticonderoga class cruiser (Tic.). The ratio of the training samples to the testing samples was 4:1. It contained 751 training images with 1048 instances and 183 test images with 284 instances. The detailed information and physical sizes of different classes are listed in Table 1. Although there were 19 categories in HRSC2016, some classes belonged to L1 or L2. There were only 10 classes belonging to concrete subclass. By contrast, the MWC focused on the subclasses of warship, and the size of these classes is similar, so the inter-class variance in MWC was much smaller than HRSC2016.




3.2. Comparative Experiment


We conducted a series of comparative experiments on HRSC2016 to evaluate the effectiveness of the different components for our method. The different settings for our method are discussed in detail next.



3.2.1. Comparisons of Ship Locating


The accurate location and higher recall rate are the key and foundation for classification. We fixed the classification phase of our framework (not including the data augmentation strategies) and changed the first phase to validate our detection method, whether or not it was suitable for our framework.



As shown in Table 2, we evaluated the performance of different methods in the same testing image patches, which were obtained through the STC operation based on ground-truth labels. The SLC-HRoI Detection (SHD) means we used the rotated bounding box of our detection phase to generate training image patches. The SHD-HBB means we converted the rotated bounding box to a horizontal bounding box to generate training image patches. RDFPN [19] means the Rotation Dense Feature Pyramid Networks, which is one of the state-of-the-art ship detection networks. We re-implemented the results on HRSC2016 to generate training image patches for our classification phase https://github.com/yangxue0827/R2CNN_FPN_Tensorflow. We can see that SHD achieved the best Overall Accuracy (OA), which outperformed SHD-HBB by 12%. This indicates that the representation of the rotated bounding box was more suitable for classification, because the RBB could eliminate the influence of the noise information coming from other adjacent ships and complex background. Although the SHD-HBB could contain the feature of ship shadows, it would bring too much noise information. Therefore, we gave up the feature of ship shadows. How best to use the ship shadows in classification needs to be discussed in our future work. On the other hand, OA of SHD also outperformed RDFPN by 5.3%. Therefore, the locations of our detection method were closer to the ground-truth box.



To further verify our conclusions, we propose a recall and location metric to reflect the recall rate and the similarity between the predicted boxes and the ground-truth boxes. Specifically, the Recall and Location metric (RL) is defined as follows:


RLt=1TPt∑q∈TPtIoU(q)×Recallt



(6)




where the subscript t means the threshold (i.e., 0.5) of IoU, TP is the True Positives, and q is one predicted bounding box belonging to TP. Therefore, the IoU between q and the corresponding ground-truth box is greater than a certain threshold t. RL value is the product of recall and the average of all IoU values of TP. The larger the value of RL, the more similar are the predicted boxes to the ground-truth boxes and the higher the recall rate.



As shown in Table 3, the baseline method did not include the SLC module. Although the recall rate was higher due to the HRoI pooling layer, the RL value was not good. When we added the SLC module, the value of RL for our detection method SHD was best. As shown in Figure 8, we counted the IoU value of TP (threshold = 0.5) and plotted the box-plot to measure the dispersion of the IoU value. The upper and lower edges of the box represent the upper quartiles and the lower quartiles, respectively. The line and the small rectangle in the box represent the median and average, respectively. The values in the figure represent the outlier truncation point. The curves were used to fit the distribution of the IoU value. We can see that the IoU value of our method was more compact, and the median of ours was almost over the upper quartiles of others. Figure 9 can show a similar conclusion as well. The HRoI pooling layer improved the recall rate better than the RRoI pooling layer, and the SLC module made the location more accurate. Especially in Figure 9c, as the IoU threshold increased, the Average Precision (AP) of our method decreased more slowly than that of RDFPN. In particular, when IoU threshold rose from 0.7 to 0.8, the AP of our detection network dropped 41%, but the AP of the RDFPN dropped 65%. Therefore, our detection network achieved a higher recall rate and provided more accurate rotated bounding boxes to get better image patches for the classification.




3.2.2. Comparisons of Classification Strategies


To validate our idea in Section 2.4 and find a more suitable classification method for our framework, the comparative experiment is as follows: We removed our data augmentation technique and obtained the training image patches through the STC operation based on the rotated bounding box predicted in the detection part (SHD). For the first method (“Resize”), the input size was fixed at 335×58 and was calculated using the k-means algorithm. For the other two methods (“RoIAlign” and “FCN”), although the networks could be trained with the input images of arbitrary size, we followed the training strategy in SPP-Net to take advantage of these Graphics Processing Unit (GPU) implementations. During the training process, we considered a set of predefined sizes. We utilized the k-means algorithm to get three sizes: 591×109, 350×55, and 154×32. In addition, we also tried to fix the size of image patches in the test process for “RoIAlign” and “FCN”. All methods were evaluated on testing image patches obtained from the outputs of SHD, and the comparisons can be seen in Table 4. Although the training time of RoIAlign and FCN is three-times larger than Resize, the method with a fixed size for the input images outperformed RoIAlign and FCN by 21.4% and 15.6%, respectively. For RoIAlign-f and FCN-f, when fixing the size of test image patches, we also obtained higher results than using an arbitrary size. What this tells us is that the RoIAlign and FCN methods can only converge to the sub-optimization, and fixing the size of the patch may achieve better performance. We can see that the network with an arbitrary input size not only needed more time to train, but also, the result was worse. Although these were contrary to the conclusion obtained in the images taken in ordinary life, like the images in the PASCAL VOC dataset [52]. We validated that the operation of resizing for ship classification in high-resolution aerial images would not cause a large negative impact. Therefore, since the classification network with fixed-size input images had the fastest convergence speed and achieved the highest OA, we selected it to complete the ship category classification.




3.2.3. Comparisons of the Augmentation


In this experiment, we evaluated the effect of the PSG. We added the data augmentation to the ship classification network with fixed-size input images. To compare our data augmentation technique, we built a simple baseline. We added a small random jitter of a normal distribution to the five tuples x,y,w,h,θ of the rotated bounding box predicted from the ship detector to generate a large number of training samples for the baseline. The experiment results in Table 5 demonstrate that the data augmentation strategies were of benefit to the improvement of classification accuracy. Our strategy was better than the random method, especially for complex categories such as ship and mer. and categories with few samples. Therefore, the training samples generated from the distribution were more consistent with the output samples of the ship detector, addressing the problem of insufficient labeled samples and making the classification network more suitable for predicting the test samples produced from the detection phase.




3.2.4. Comparisons of Inference Speed


In this experiment, we evaluated the inference speed of our framework. As shown in Figure 10, all of the comparative experiments were done using NVIDIA GeForce GTX 1080. We excluded the time of the process (i.e., loading model) and repeated the experiments five times to average the results. The time spent in the classification phase was much less than that spent in the location phase, which was almost negligible. Even though our framework processed 400 images in a row, it only accounted for about 10% of the total running time. In addition, the inference speed of our framework was similar to the methods based on Faster R-CNN. These results suggest that our framework was efficient in real-world applications.





3.3. Results


We compared the performance of our method on the two datasets HRSC2016 and MWC. The experiment settings are described in Appendix A, and the results are discussed in detail next.



3.3.1. Results on HRSC2016


The experimental results are shown in Table 6. The benchmark methods were based on the Fast R-CNN [45]. SRBBS [42] (Ship Rotated Bounding Boxes Space) is a proposal generator, which can provide the rotated polygon for ships; RBB extends Fast R-CNN to a method capable of regressing rotated bounding boxes; Multi-NMS is the NMS between classes, which was specially designed to avoid category confusion. We can see that our method achieved state-of-the-art detection accuracy. We finally achieved an average accuracy of 74.2% mAP (Mean Average Precision), which was 23.2% mAP higher than the previous state-of-the-art method. In addition, we can see that our detection method was more suitable for the total framework, and the classification network with a fixed input size was better than those with an arbitrary size. We re-implemented the state-of-the-art detection networks Faster R-CNN [21] and RDFPN [19] to predict the type of ships directly. As shown in the table below, the results were worse than the HRSC2016 benchmark. What is worse is that the previous methods led to the unacceptable situation that one ship can be predicted as multiple results, as shown in Figure 1d. Although the Multi-NMS operation can also solve the problem, we can see that RC2 [17] with Multi-NMS operation reduced 6.3% mAP compared to RC1 [17]. Therefore, our framework was more suitable for the practical application than the previous method. In Figure 11, we visualize some detection results on HRSC2016.




3.3.2. Results on MWC


We evaluated our method on the MWC test set. Quantitative results are shown in Table 7. We can see that our framework still achieved the best performance on mAP. In Figure 12, we visualize some detection results on the MWC. Although the inter-class variance in MWC was much smaller and the appearance of different subclasses was more similar, our well-designed framework could output accurate location and category information.






4. Discussion


Through the comparative analysis in Section 3.2 and the experimental results in Section 3.3, the validity of the proposed method was verified, and the framework had a performance improvement over other methods. However, there were still some unsatisfactory results. As shown in Table 6, we found the results of the classes belonging to L2 level to be poor, especially for the classes mer. and war. The AP values were only obtained 17.9% and 11.5%, respectively. Besides, we found that the accuracy of class Nim. was worse than other methods.



The confusion matrix was analyzed, of which the classes of the L2 level were easy to confuse and classified into other classes, as shown in Figure 13. These classes consisted of different types of ships, making intra-class variance larger and inter-class variance decrease. As shown in Figure 14, we show samples of training image patches obtained from the classes mer. and war. Different from the concrete types belonging to the L3 level, we can see a high diversity in sizes, textures, and colors among these examples belonging to the same class. On the other hand, we observed that some small-sized ships were assigned to the background because they did not have ground-truth labels in the dataset, which also enhanced the severity of the confusion. We will investigate how to improve the performance of the impure categories as described above in our future work.



As for the problem about the Nimitz class, there were two factors contributing to this situation. One was the small inter-class variance and the inaccuracies of the ground-truth data. As shown in Figure 15, there were no obvious differences between the classes air., Ent. and Nim.. In addition, we noticed the inaccuracies of the ground-truth data, such as those shown in Figure 16. Obviously, the correct label of the aircraft carrier in Figure 16b is Nim. Therefore, the PSG augmentation strategy may exacerbate this problem and lead to performance degradation. The confusion matrix in Figure 13 could show a similar conclusion as well. The other was that the detection results of aircraft carrier targets were not ideal. As shown in Figure 17, the rotated bounding box only contained part of the aircraft carrier targets, and even one target had two incomplete detection results. The reasons for the unsatisfactory examples will be investigated in our future work.



Although there are already many ship remote sensing datasets, there is a lack of specific category information for ships. Most of them only labeled categories as coarse-grained or even ignored categories. Furthermore, the ship number in different types has an unbalanced distribution. Therefore, because of the scarcity of training samples and the class imbalance, the improvement of its performance has been deeply influenced. In the future, while accumulating ship samples, we will carry out more detailed labeling of the ships.




5. Conclusions


In this paper, we proposed the rotation-based ship detection and category recognition framework, which consisted of two phases: the location phase and the classification phase. A rotation-based network with an SLC module and HRoI pooling layer was built to produce accurate rotated bounding boxes and achieve a higher recall rate. The ship category classification network was used to classify ships from different subcategories. The STC operation was introduced to connect the two phases and align the discriminative regions. A PSG was used to simulate the output style of the ship detector during the training process, which can address the problem of insufficient samples and class imbalance. In future work, we will try to explore how to train our framework together with the ship detector and classification in an end-to-end manner.
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Appendix A. Materials and Implementation Details


In this section, we will describe all materials used and the implementation details of our methods. We used a workstation with 32 GB RAM, an Intel Core i7-6700k processor, and one NVIDIA GeForce GTX 1080 GPU card under CUDA 8.0 and CuDNN 6.0. Our methods, using the Python language, were implemented based on the publicly available Keras [53] framework.



For the location phase, we added the rotation proposals on the ResNet-101-based [53] Faster R-CNN [21] and introduced the FPN [38] structure to combine the different semantic features. The above network initialized by the pretraining model for MS COCO [54] was used as our baseline. We adopted the image-centric sampling strategy [45]. Due to the large difference of the image sizes, we used an input size of 1025×1025 to reduce the distortion of the input images. Each mini-batch had one image, and each image had 256 sample RRoIs [38], with a ratio of 1:2 of positives to negatives [21,38,45]. Due to the dataset not being very large, we trained the network for 60 epochs with a small starting learning rate of 3e-4, which was decreased by 10 at Epoch 42 and Epoch 54, respectively. We used a common setting for weight decay with 0.001 and momentum with 0.9. We set the output score threshold to 0.1 in order to keep more detection results. Other parameters not mentioned followed the setting of Faster R-CNN [21].



As for the classification phase, we calculated the IoU value between the ground-truth box and the patch obtain from the STC operation and then assigned the patch the same category label as the ground-truth box with IoU > 0.5. Other patches were set as the background. For a fair comparison, we used the same backbone (ResNet-50 in this paper) for the different classification networks. In additional, except for the PSG, we did not use other augmentation technologies like color, contrast, sharpness, etc.
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Figure 1. (a) The ground-truth labels of rotated bounding boxes. (b) The ground-truth labels of horizontal bounding boxes. (c) The inaccurate prediction labels of rotated bounding boxes. (d) The overlapping rotated bounding boxes. 
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Figure 2. Overview of our framework including the detection phase and the classification phase. HRoI, Horizontal Region of Interest; PSG, Proposals Simulation Generator; cls, classification; reg, regression. 
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Figure 3. The pooling layer in the detection phase: (a) Rotation Region of Interest (RRoI) pooling layer. (b) HRoI pooling layer. 
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Figure 4. The sequence local context module. 
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Figure 5. The distribution of the image patches on HRSC2016. 
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Figure 6. Illustration of the three different classification networks. 
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Figure 7. The Gaussian distributions of the rotated bounding box offsets with x,y,w,h,θ for different classes on HRSC2016. 
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Figure 8. The box-plot of IoU belonging to TP for different methods. 
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Figure 9. Detailed analysis of the P-R curves with different IoU thresholds on HRSC2016: (a) the P-R curves of RDFPN; (b) the P-R curves of the baseline; (c) the P-R curves of our detection network. 
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Figure 10. Comparisons of the inference speed of our framework. Num refers to the number of test images. 






Figure 10. Comparisons of the inference speed of our framework. Num refers to the number of test images.



[image: Remotesensing 11 01901 g010]







[image: Remotesensing 11 01901 g011 550]





Figure 11. The samples of the detection results on HRSC2016. The samples in the first row are generated by the baseline; the ones in the second row are predicted by our detection part SHD; the images in the third and the fourth row are predicted by our whole framework. 
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Figure 12. The samples of the detection results on the MWC. 
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Figure 13. The confusion matrix for the ship classification network on HRSC2016. 
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Figure 14. A sample of the training images from the classes mer. and war. on HRSC2016. Above the dotted line is the class war., and below is the class mer. 
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Figure 15. The training patches from left to right belong to classes Nim., Ent. and air., respectively. 
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Figure 16. Examples of ground-truth labeling errors. The aircraft carrier in the two pictures is same: (a) The aircraft carrier with correct label Nim. (b) The aircraft carrier with incorrect label Ent. 
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Figure 17. Incomplete detection results of aircraft carriers. 
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Table 1. The information and physical sizes of different classes on the Multiclass Warship Collection (MWC). Chung, ChungHai; For, Formidable; Henry, Henry J Kaiser; Kno, Knox; LaF, La Fayette.






Table 1. The information and physical sizes of different classes on the Multiclass Warship Collection (MWC). Chung, ChungHai; For, Formidable; Henry, Henry J Kaiser; Kno, Knox; LaF, La Fayette.





	Item
	Arl.
	Aus.
	Chung.
	End.
	For.
	Henry.
	Kno.
	LaF.
	Nim.
	Per.
	Tic.





	Training set
	155
	32
	83
	74
	165
	70
	45
	84
	68
	165
	107



	Testing set
	44
	9
	22
	19
	48
	17
	12
	22
	20
	39
	32



	Length
	156.5
	173
	105
	141
	114.8
	206.7
	133.6
	154
	332
	135.6
	173



	Width
	20.4
	32
	15
	21
	16.3
	29.7
	14.3
	12.4
	40.8
	13.7
	16.8
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Table 2. Classification accuracies (%) of different methods among different targets on HRSC2016. RDFPN, Rotation Dense Feature Pyramid Network; SHD, Sequence Local Context-HRoI Detection; HBB, Horizontal Bounding Box.
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	Method
	Ship
	Air.
	Mer.
	War.
	Arl.
	Aus.
	Car.A
	Car.B
	Com.A
	Con.
	Con.A
	Ent.
	Med.
	Nim.
	Per.
	San.
	Tar.
	Tic.
	Whi.
	OA





	RDFPN [19]
	57.4
	92.3
	24.6
	25.9
	95.1
	97.3
	56.3
	100.0
	78.6
	83.3
	79.5
	38.5
	90.0
	68.4
	92.5
	95.5
	100.0
	92.7
	81.0
	76.2



	SHD-HBB
	48.3
	69.2
	5.3
	29.6
	87.8
	91.9
	56.3
	75.0
	76.2
	77.8
	87.7
	23.1
	100.0
	84.2
	85.0
	59.1
	82.0
	84.5
	78.6
	69.5



	SHD (ours)
	68.1
	92.3
	24.6
	48.1
	93.9
	100.0
	62.5
	87.5
	95.2
	83.3
	91.0
	69.2
	100.0
	86.8
	90.2
	90.9
	98.0
	90.9
	88.1
	81.5
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Table 3. Compression of recall and the location metric for different methods on HRSC2016.






Table 3. Compression of recall and the location metric for different methods on HRSC2016.





	Method
	R0.5
	RL0.5
	R0.6
	RL0.6
	R0.7
	RL0.7
	R0.8
	RL0.8
	R0.9
	RL0.9





	RDFPN [19]
	0.89
	0.68
	0.83
	0.65
	0.67
	0.54
	0.37
	0.32
	0.05
	0.05



	Baseline
	0.93
	0.70
	0.85
	0.65
	0.63
	0.51
	0.28
	0.24
	0.03
	0.03



	SHD (ours)
	0.97
	0.80
	0.94
	0.77
	0.87
	0.73
	0.63
	0.55
	0.13
	0.12
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Table 4. Classification accuracies (%) of different strategies among different targets on HRSC2016.






Table 4. Classification accuracies (%) of different strategies among different targets on HRSC2016.





	Method
	Ship
	Air.
	Mer.
	War.
	Arl.
	Aus.
	Car.A
	Car.B
	Com.A
	Con.
	Con.A
	Ent.
	Med.
	Nim.
	Per.
	San.
	Tar.
	Tic.
	Whi.
	OA





	RoIAlign
	10.8
	61.5
	23.4
	11.5
	84.1
	94.6
	86.7
	93.8
	92.9
	77.8
	90.1
	53.8
	100.0
	43.2
	63.4
	95.5
	98.0
	80.7
	85.4
	60.2



	FCN
	31.8
	69.2
	19.1
	50.0
	89.6
	100.0
	60.0
	87.5
	92.9
	72.2
	86.5
	84.6
	100.0
	48.6
	77.9
	90.9
	93.9
	61.5
	80.5
	66.0



	RoIAlign-f
	36.7
	61.5
	70.2
	11.5
	90.9
	91.9
	93.3
	87.5
	97.6
	72.2
	89.2
	61.5
	100.0
	70.3
	88.5
	90.9
	100.0
	89.0
	78.0
	73.4



	FCN-f
	47.2
	84.6
	83.0
	61.5
	93.3
	97.3
	73.3
	87.5
	92.9
	72.2
	89.2
	53.8
	100.0
	94.6
	94.7
	86.4
	93.9
	82.6
	75.6
	78.2



	Resize
	66.8
	92.3
	38.3
	38.5
	93.9
	100.0
	66.7
	87.5
	90.5
	88.9
	87.4
	76.9
	100.0
	81.1
	90.8
	86.4
	98.0
	90.8
	87.8
	81.6
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Table 5. Classification accuracies (%) of augmentation among different targets on HRSC2016.






Table 5. Classification accuracies (%) of augmentation among different targets on HRSC2016.





	Method
	Ship
	Air.
	Mer.
	War.
	Arl.
	Aus.
	Car.A
	Car.B
	Com.A
	Con.
	Con.A
	Ent.
	Med.
	Nim.
	Per.
	San.
	Tar.
	Tic.
	Whi.
	OA





	Random
	68.9
	92.3
	10.6
	34.6
	93.9
	97.3
	83.6
	96.5
	90.5
	77.8
	87.4
	69.2
	100.0
	91.9
	91.3
	95.2
	98.0
	90.8
	87.8
	82.1



	PSG (ours)
	73.4
	92.3
	48.9
	42.3
	93.9
	100.0
	86.7
	100.0
	92.9
	83.3
	90.1
	61.5
	100.0
	73.0
	93.9
	95.4
	100.0
	91.9
	92.7
	84.5
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Table 6. The average precision (%) values of all the classes on HRSC2016. SRBBS, Ship Rotated Bounding Boxes Space.






Table 6. The average precision (%) values of all the classes on HRSC2016. SRBBS, Ship Rotated Bounding Boxes Space.





	Method
	Ship
	Air.
	Mer.
	War.
	Arl.
	Aus.
	Car.A
	Car.B
	Com.A
	Con.
	Con.A
	Ent.
	Med.
	Nim.
	Per.
	San.
	Tar.
	Tic.
	Whi.
	Total





	CP [17] (Fast R-CNN [45] + SRBBS)
	35.3
	18.2
	20.5
	0.8
	55.8
	32.6
	35.9
	61.0
	43.1
	30.3
	50.8
	12.8
	30.1
	32.3
	37.3
	36.5
	31.4
	41.1
	30.8
	33.5



	BL2 [17] (CP + RBB)
	41.9
	41.2
	12.8
	3.9
	71.0
	43.2
	53.1
	67.8
	57.1
	36.8
	49.6
	3.0
	78.8
	44.6
	43.9
	51.4
	50.9
	57.4
	50.9
	45.2



	RC1 [17] (BL2 + RRoI)
	34.3
	53.9
	27.4
	3.9
	65.3
	48.7
	61.0
	67.8
	50.5
	56.2
	62.7
	23.0
	98.5
	59.3
	47.6
	45.5
	62.4
	48.6
	51.8
	51.0



	RC2 [17] (RC1 + Multi-NMS)
	32.9
	40.3
	18.2
	4.8
	61.0
	42.7
	56.7
	57.6
	38.4
	40.2
	56.3
	18.2
	62.5
	65.0
	42.3
	31.5
	67.0
	49.8
	45.8
	43.7



	Faster R-CNN [21]
	45.6
	18.9
	54.4
	6.8
	85.0
	26.3
	72.7
	51.6
	17.0
	42.1
	60.2
	3.0
	0.0
	64.6
	51.8
	0.0
	79.5
	69.4
	20.9
	40.5



	RDFPN [19]
	46.7
	30.8
	22.0
	11.8
	68.9
	26.9
	55.5
	65.0
	33.2
	42.1
	52.1
	43.8
	34.5
	68.0
	49.1
	13.7
	75.0
	66.6
	20.4
	43.5



	SHD + RoIAlign
	6.9
	28.5
	15.4
	4.4
	80.9
	90.7
	72.2
	66.9
	49.9
	61.9
	50.4
	29.4
	84.5
	36.2
	60.0
	77.4
	50.5
	65.2
	74.6
	52.9



	SHD + FCN
	20.4
	45.6
	10.9
	5.8
	87.0
	87.4
	56.3
	83.6
	77.0
	62.5
	53.6
	50.4
	90.8
	48.6
	66.0
	79.6
	84.5
	61.5
	76.6
	60.4



	SHD + Resize
	43.9
	86.7
	21.5
	10.8
	91.5
	83.2
	51.7
	84.6
	84.0
	69.6
	64.5
	63.8
	95.5
	69.6
	87.9
	80.9
	93.1
	85.9
	81.3
	71.1



	RDFPN [19] + Resize + PSG
	36.8
	72.3
	10.0
	33.4
	87.6
	80.5
	70.8
	94.5
	85.2
	58.4
	67.3
	55.3
	90.9
	78.8
	82.9
	95.0
	89.1
	84.2
	75.4
	71.0



	SHD-HBB + Resize + PSG
	30.8
	72.5
	15.0
	10.8
	81.4
	72.8
	65.1
	69.9
	72.2
	36.7
	54.3
	54.6
	95.5
	72.8
	80.2
	68.6
	92.1
	79.2
	78.3
	63.3



	SHDRP (SHD + Resize + PSG) (ours)
	52.3
	77.7
	17.9
	11.5
	91.3
	86.3
	77.7
	98.9
	85.3
	64.7
	72.8
	55.7
	95.5
	67.2
	91.9
	92.4
	96.5
	88.2
	86.3
	74.2
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Table 7. The average precision (%) values of all the classes on the MWC.






Table 7. The average precision (%) values of all the classes on the MWC.





	Method
	Arl.
	Aus.
	Chung.
	End.
	For.
	Henry.
	Kno.
	LaF.
	Nim.
	Per.
	Tic.
	Total





	RDFPN [19] + Resize + PSG
	79.9
	55.6
	94.8
	94.7
	66.8
	36.6
	80.3
	95.2
	80.5
	61.5
	52.1
	72.5



	SHDRP (ours)
	94.3
	62.0
	95.5
	94.7
	92.7
	49.8
	98.7
	96.3
	95.2
	84.1
	94.7
	87.1
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