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Abstract: In recent years, skeleton-based action recognition has made great achievements in Computer Vision. A graph convolutional network (GCN) is effective for action recognition, modelling the human skeleton as a spatio-temporal graph. Most GCNs define the graph topology by physical relations of the human joints. However, this predefined graph ignores the spatial relationship between non-adjacent joint pairs in special actions and the behavior dependence between joint pairs, resulting in a low recognition rate for specific actions with implicit correlation between joint pairs. In addition, existing methods ignore the trend correlation between adjacent frames within an action and context clues, leading to erroneous action recognition with similar poses. Therefore, this study proposes a learnable GCN based on behavior dependence, which considers implicit joint correlation by constructing a dynamic learnable graph with extraction of specific behavior dependence of joint pairs. By using the weight relationship between the joint pairs, an adaptive model is constructed. It also designs a self-attention module to obtain their inter-frame topological relationship for exploring the context of actions. Combining the shared topology and the multi-head self-attention map, the module obtains the context-based clue topology to update the dynamic graph convolution, achieving accurate recognition of different actions with similar poses. Detailed experiments on public datasets demonstrate that the proposed method achieves better results and realizes higher quality representation of actions under various evaluation protocols compared to state-of-the-art methods.
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1  Introduction

Action recognition is a popular topic and has rich applications in emergency detection [1], educational scenes, and intelligent monitoring [2]. For example, school bullying can be avoided by recognizing students’ abnormal actions, and dangerous movements can be predicted by analyzing the athlete’s posture, performance, and completion of the movements. Compared to RGB image-based action recognition, the skeleton-based method has strong adaptability under dynamic environments and complex backgrounds, and avoids the challenges of background occlusion, illumination change, and multiple viewing angles. Therefore, it has attracted considerable attention.

The deep neural network method has been widely used in action recognition field and space-time modeling of skeletal sequence. Conventional action recognition methods are based on convolutional neural network (CNN) and recurrent neural network (RNN) to learn action features from video, with high accuracy and robustness. However, CNN and RNN do not explicitly use skeleton topology information to completely extract features from the irregular natural structure of the human body. Some recent work has captured structural features of actions in spatiotemporal maps through GCN, which have been shown to have superior effects in action recognition.

Because of the strong modeling ability of non-Euclidian structural data, GCN-based methods have attracted significant attention in skeleton-based action recognition. Most existing methods generate graphs with heuristic predefinitions in which joints are defined as vertices and edges are defined according to the physical relations of joint pairs in the human body [3,4]. However, these methods ignore the features of the spatial relationship between non-adjacent joint pairs in special actions and result in the false recognition of these actions with a large number of non-physically dependent joint pairs. The physical relationship between non-adjacent joint pairs affects the judgment of action recognition. For example, in the actions “taking a selfie” and “reading,” the non-adjacent joints such as the neck and the hand are important for accurate action recognition, which is called behavior dependence in this paper.

As shown in Fig. 1, comparing the two actions “taking a selfie” in Fig. 1a and “reading” in Fig. 1b, behavior dependence, which is the key feature of an action, cannot be extracted by current methods. In other words, joint pairs that are not adjacent to the physical structure but are adjacent to the spatial structure are not extracted. For example, the dependencies between the two hands, as well as the hand and chest, are extracted to recognize the action. Therefore, these two types of action are incorrectly identified.
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Figure 1: Visualization of confused actions in recognition

Recognition errors caused by actions with similar poses are common problems in GCNs. Figs. 1c and 1d show the similar frames between the two actions “put palms together” and “clapping.” Some poses in these two actions are highly similar, leading to confusion in action recognition. This is because a large number of similar poses mislead the recognition without context clues between adjacent frames.

Therefore, this study proposes a GCN that combines behavioral dependence and contextual clues for skeleton-based action recognition. First, a dynamic learnable graph is constructed by extracting joint pairs with behavioral dependence for specific actions. With the extracted behavior dependence, specific actions with implicit correlations between nonadjacent joint pairs are satisfactorily recognized. Second, a self-attention module is designed to recognize actions with similar poses by extracting contextual clues between adjacent frames. Finally, several comparative experiments are conducted on a public skeleton-based action dataset to validate the superiority of the proposed model. The contributions of this study are summarized as follows:

1.    In this paper, we propose a learnable behavior dependence-based GCN (BDGCN) that models a spatial GCN by extracting joint relationships with strong behavior dependence in actions. The BDGCN recognizes specific actions with many spatio-dependent joint pairs.

2.    We design a context clue-based self-attention module (CSM) that extracts pose connections between adjacent frames during actions. In the CSM, self-attention with embedded joint positions is used to extract the spatial joint topology between adjacent frames that accurately recognizes actions with a large number of similar poses.

3.    By combining the BDGCN and CSM, we provide a method with GCN combining behavior dependence and context clues (BCCLR) for skeleton-based action recognition based on contrastive learning. Compared to current mainstream algorithms, the BCCLR achieves superior results on public datasets. Ablation experiments reveal that both the BDGCN and CSM improve the effectiveness of action recognition.

The remainder of this paper is organized as follows. Section 2 introduces the related research. In Section 3, the proposed BCCLR is explained, including the BDGCN and CSM. Section 4 presents the experimental results to validate the effectiveness of BCCLR. Finally, Section 5 concludes the study.

2  Related Work

2.1 GCNs and Their Use in Different Domains

GCNs are widely used to capture spatial correlations from data in Euclidean space [5,6]. Yan et al. [7] used the same perspective to jointly explain the problem of excessive smoothness and heterogeneity at the node level in a GCN for the first time. Liang et al. [8] proposed a GCN based on a dependence tree and sentiment common-sense knowledge that used sentiment to enhance sentence dependence. Singh et al. [9] proposed convolutional neural network using fast forward quantum optimization algorithm, which can minimize the classification error. Yin et al. [10] proposed a fusion model of a GCN and Long Short-Term Memory (LSTM) for emotion recognition. Zhao et al. [11] proposed the SemGCN model, which combines the channel weights of the implicit prior edges in the learning graph with kernel attributes and significantly improves the convolution ability of the graph. Zhou et al. [12] used a deep mesh relation to generate a GCN. An adaptive adjacency matrix was applied to extract the positive and negative relationships between the joints, and significant results were obtained. Yu et al. [13] proposed a GCN model-based framework to recognize daily lost data and automatically determine the best recovery method. Yue et al. [14] proposed a new attribute fusion model that utilizes attributes through a graph structure to better represent users and projects. Based on TinyJAMBU-128, Rasheed et al. [15] proposed a system which can used for autonomous mobile platforms with CAN bus capability.

2.2 Skeleton-Based Action Recognition

Deep-learning-based methods often use convolutional neural networks (CNN), recurrent neural networks (RNN), and GCNs to learn skeleton sequence representations. CNN-based methods typically embed skeletons into two-dimensional (2D) pseudo-images for input requirements. It first transforms the skeleton sequence into a skeleton graph with the same target size and then uses a CNN to learn the spatial and temporal features. For example, Rong et al. [16] coupled the correlation between spatial features and motions, and constructed a shape-motion representation using algebraic geometry. RNN-based methods typically extract frame-level features and model sequence correlation [17]. For example, Kumar et al. [18] proposed an ensemble-based deep learning framework comprising a CNN and a dense neural network. ShiftGCN [19] is a shifted convolution method for graph-structured data. Multi-range temporal features were extracted by sequentially stacking the temporal convolutions [20]. The human skeleton was studied according to the skeleton data, and convolution was performed on the graph edge corresponding to the human skeleton [21]. GCN-based methods effectively deal with irregularly structured graphs such as skeleton data. Li et al. [22] introduced an encoder-decoder structure for extracting strong joint correlations and mining potential action correlations. Chen et al. [23] proposed a Channel-wise topology refinement GCN that modeled the joint topology with different embedding channels.

2.3 Self-Attention Mechanism

Inspired by human attention, a self-attention mechanism is used to improve the recognition performance. Several studies have used self-attention as the basic building block for model construction [24]. For example, Pan et al. [25] designed a hybrid model with the elegant integration of self-attention and convolution modules. Li et al. [26] seamlessly integrated convolution and self-attention to stack onto a powerful backbone. Zhang et al. [27] used self-attention in global spatial and temporal dependencies, which are used in the spatial and temporal dimensions, respectively. Ren et al. [28] proposed a shunt self-attention model to distinguish between multiscale features. Du et al. [29] provided a new method for multivariate time-series missing values by learning the lost values from a weighted combination of self-attention blocks. Cerquitelli et al. [30] discussed the topic of machine learning and artificial intelligence algorithms, which providing pointers to the non-expert readers in the field of machine learning to some resources. Shan et al. [31] proposed the NRTSI, a time-series interpolation method that treats a time series as a set of (time, data) tuples. Wang et al. [32] introduced a cross-self-attention model to classify and segment tasks of the origin point cloud by learning features and coordinates.

3  Proposed Method

A detailed description of the proposed model is provided, including a learnable GCN based on behavior dependence and a self-attention module, to explore the intrinsic features of actions through context clues.

3.1 Overall Architecture of the Model

Fig. 2 illustrates the overall framework of the proposed model (BCCLR). In BCCLR, an adaptive BDGCN is first used to construct a learnable graph convolution based on behavioral dependence. The BDGCN extracts graph features based on the input skeleton vertices and constructs a dynamic adjacency matrix using the distance matrix from the training set. During the training process, an adjacency matrix with learnable weights is obtained to express the spatial joint connections through the Bernoulli distribution of every element. Finally, the BDGCN is constructed using the weight relationship between the joint pairs.
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Figure 2: Framework of the proposed BCCLR for action recognition

By using the graph convolution model, a context-clues based self-attention module CSM is proposed to model the spatial convolution network and is added to the backbone multi-layer Spatio-temporal Block [4]. The CSM transforms joint features into vectors with learnable parameters through linear variations and adds position embedding. By combining the shared topology for time and instances, and the multi-head self-attention map, the CSM obtains the context-based clue topology to update the dynamic graph convolution.

By combining the information on behavior dependence and context clues from the BDGCN and CSM, a graph convolution is constructed. The temporal features are then aggregated using temporal graph convolution. Finally, after global average pooling, the classification results of the actions are obtained through the activation function, and the entire BCCLR model is constructed.

3.2 Learnable Graph Convolution Network with Behavior Dependence (BDGCN)

In 3D coordinates, the GCN constructs a spatiotemporal graph according to the joints as vertices and the physical connectivity in the human body as edges. The pre-defined graph-based spatio-temporal GCN ignores the behavior dependence of the joint pairs, and incorrectly recognizes specific actions with different behavior dependence between joint pairs, such as the actions “salute” and “reading.” To address this issue, a learnable graph convolution (BDGCN) is constructed by introducing behavior dependence into the GCN.

3.2.1 Basic GCN Structure

The human skeleton structure is represented by the graph G=(V,W). In G, the parameters V={Vi}i=1…k, W={Wi,j}i,j=1…k where k represents the number of joints. The feature graph of a GCN is a tensor of size c×t×k, where c represents the number of feature channels for the joints, and t represents the total number of frames in the video. A Boolean matrix W∈[0,1]k×k is defined as the adjacency matrix of G as shown in Eq. (1):

Wij={1 0   When i is adjacent to j or i=jWhen i is not adjacent to j  (1)

The definition of the graph convolution is expressed as Eq. (2):

Fl+1=σ(MFlW~)(2)

where W~ is the symmetric normalization of W, σ(⋅) represents the nonlinear activation function, M is the convolution kernel with size 1×1, and Fl is the representation of the joint in thellayer. In a basic GCN, W cannot extract nonadjacent joint pairs with behavior dependence because all nonzero elements exist only in the positions of physically adjacent joints.

3.2.2 GCN Model with Behavior Dependence

Some key joints that influence action recognition are not physically adjacent to each other; therefore, a basic GCN cannot extract the behavioral dependencies between them. To learn the behavioral dependencies between nonadjacent joint pairs in specific actions, this study constructs an adjacency matrix B that dynamically generates edges based on the spatial relation of joints.

First, Sd={Sdij} is used to represent the distance matrix of graph G (where Sdii = 0), which is obtained by processing the training set data using Eq. (3):

Sdij=∥Vi−Vj∥2.(3)

A dynamic adjacency matrix Ba is constructed based on the soft-max function β with scale parameter μ on Sd in Eq. (4):

Baij={β(μ1Sdij)1i≠ji=j.(4)

Based on Ba, a learnable adjacency matrix Bd is constructed according to the Bernoulli distribution Z in Eq. (5):

Bdij∼Z(x,Baij).(5)

Each element Bdij follows a Bernoulli distribution with probability Baij. All elements Bdij change constantly by learning in every iteration, and finally, Bd is obtained. For inference, Bdij=1 for all elements. Then, through a matrix dot product and operator β, the final graph eigenmatrix B is calculated by Eq. (6):

B=β(Ws⊙Bd),(6)

where ⊙ represents the matrix dot product operation; Ws∈Rk×k is a learnable weight matrix of Bd.

Ws is updated using the loss function during training, and the weight of each spatial connection is learned. The basic GCN in Eq. (2) is improved to a learnable GCN using Eq. (7):

Fl+1=σ(MFlB~)(7)

where B~ is the symmetric normalization of B.

This module updates W to B based on the behavior dependence to extract the features of nonadjacent joint pairs in the graph and realizes adaptive modeling of a learnable BDGCN. As shown in Fig. 3, the basic GCN extracts only physically adjacent joint pairs, whereas the proposed BDGCN extracts both physically and spatially adjacent joint pairs. Because of the relationship between nonadjacent joint pairs that exhibit behavioral dependence, the BDGCN improves the ability to recognize specific actions with implicit joint correlations. The BDGCN captures deeper spatial dependency features by capturing the rich dependencies between joints, rather than just the physical connectivity of the joints.
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Figure 3: Comparison between the basic GCN and BDGCN. The features between non-adjacent joints of specific actions are strengthened in the BDGCN. The features of both the hand and neck joints have been enhanced in this figure

3.3 Self-Attention Module with Context Clues (CSM)

In action recognition, context clues inside the action play an important role in the recognition of different actions with many similar poses. Here, a self-attention module CSM is provided to model the context clues for adjacent frames in each action. It focuses on the context between adjacent frames and dynamically models the spatial topology between frames. The structure of CSM is proposed in Fig. 4.
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Figure 4: Structure of the proposed CSM

The joint feature F∈Rc×t×k calculated by Eq. (7) is linearly transformed into a D(0) dimensional vector with learnable parameters. By adding joint position information from position embedding (PE) to the vector, a joint feature vector It(0) is obtained, as shown in Eq. (8):

It(0)=Linear(Ft)+PE(8)

where It(0), PE∈RV×D(0), and t is the time index.

It is then updated by a spatial convolution with two processes: The average neighborhood vertex feature and the linear transformation aggregation feature. The update of the hidden layer is expressed by Eq. (9):

It(l+1)=σ(W^It(l)A(l))(9)

where W^=E−12(W+I)E−12, E is the degree matrix of W+I, A(l)∈RD(l)×D(l+1) is a learnable parameter matrix in the l-th layer. The joint of learned matrices AQ and AKϵRD×D ′ represent queries and keys that linearly map from It to dimension D ′. Self-attentional mapping is expressed in Eq. (10):

SA(It)=β(ItAk(ItAQ)TD ′)(10)

Meantime, SA(⋅) learns a shared topology with time and instances. Shared topology and self-attention mapping employ S multi-heads in which the models participate jointly from different subspaces. For a head s∈[1,S], the shared topology Ws~∈Rk×k is combined with the self-attentional mapping SAs(It)∈Rt×k×k to obtain the context clue topology Vs∈Rt×k×k:

Vs=Ws~⊙SAs(It)(11)

Using Vs as the neighborhood information of It, the CSM module is constructed by updating the joint representation in Eqs. (8) to (12):

It(l+1)=σ(∑s=1SWs~⊙SAs(It)It(l)Asl)(12)

where the modules are residually connected using 1 × 1 convolution layers. In this paper, D ′=D8, S = 3, l = 8.

To date, two modules, the BDGCN and CSM, have been constructed. Subsequently, similar to the ST-GCN [4], the backbone of the modules is updated through the convolution of the time graph T-CN. Finally, the entire BCCLR algorithm is used for action classification with global average pooling and a soft-max function. The algorithm for the proposed network is shown in Algorithm 1.
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4  Experimental Results and Analysis

To evaluate the proposed method, numerous experiments were conducted using the NTU RGB+D 60 [33]. Relevant experimental results are reported to validate the effectiveness of the proposed method.

4.1 Datasets

NTU RGB+D 60 is a representative skeleton-based action recognition dataset that is also known as NTU-60 and is available at this link1. It contains 56,880 clips, consisting of 60 action classes. Each 3D skeleton contains the 3D positions of 25 joints per frame. The dataset is constructed from the views of 40 people captured by three cameras. The dataset is tested using two protocols: 1) x-sub: 40,320 training and 16,560 validation datasets from different persons; 2) x-view: Training and validation data are divided according to different camera views, where the information captured by cameras 2 and 3 is processed as a training set, and the information from camera 1 is the validation set. It consists of 37,920 training and 18,960 validation clips. The classification accuracy of NTU-60 is reported under cross-subject and cross-view settings.

4.2 Implementation Details

4.2.1 Experimental Setting

All experiments are performed using PyTorch 1.7. The invalid frame data for each clip are first removed, and the clips are then adjusted to a length of 50 frames using linear interpolation. The minibatch size is set to 128. The experimental environment is based on Ubuntu 16.04 with a GPU (3090-24G) and CPU (AMD EPYC 7601).

4.2.2 Self-Supervised Pretext Training

The AimCLR settings are kept in the proposed experiments, where the momentum coefficient m is set to 0.999, and the temperature hyperparameter τ is set to 0.07. SGD with momentum (0.9) and weight decay (0.0001) is used for training optimization. The model is trained for 300 epochs, where the learning rate is 0.1 during the first 250 epochs, and decreased to 0.01 during the last 50 epochs. The nonlinear activation function ReLU is used for model training. A weight fusion vector [0.6,0.6,0.4] is defined for the three skeletal sequence streams: Joint, bone, and motion.

4.2.3 Linear Evaluation

The proposed BCCLR is validated using a linear evaluation of action tasks. Specifically, a linear classifier (a fully connected layer combined with a soft-max layer) is trained and supervised by a fixed encoder.

4.3 Ablation Experiment

Generalized ablation experiments are conducted using both evaluation protocols for the NTU-60 dataset to validate the effectiveness of the BDGCN and CSM models. The results are presented in Tables 1 and 2.
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Table 1 shows that the recognition accuracy of the single-stream with baseline in the x-sub protocol was 74.3%, and when BDGCN is used, the accuracy improves by 0.3%, reaching 74.6%. After continuously adding the CSM, the accuracy of the proposed model improved to 74.8%, which is an improvement of 0.5%. Under the x-view protocol, when BDGCN was used, the accuracy improved to 80.1%, with an increase of 0.4%. With the addition of CSM, the accuracy of the proposed model improved to 80.2%, with an improvement of 0.5%.

Then, in the ablation experiment with three-stream fusion in Table 2, when using the BDGCN, the accuracy under the x-sub and x-view protocols increased by 1.5% and 0.8%, respectively. When the CSM is further introduced, the third-stream model achieves the highest accuracy under the two evaluation protocols, increasing by 1.9% and 1.1% to 80.8% and 84.9%, respectively.

Tables 1 and 2 show that the proposed model outperforms baseline method on the NTU-60, whether under three single-stream or multi-stream fusion. The BDGCN extracts the behavior dependence of joint pairs to model convolution graph, and better combines the important feature of non-adjacent joint pairs for action recognition. Besides, CSM extracts the topology structure between frames by context clues to avoid interference from many similar poses within different actions. Both two modules provide better recognition accuracy than baseline.

4.4 Quantitative Analysis

To validate the effectiveness of the proposed method, evaluations and comparisons with the existing methods are conducted for NTU-60. The experimental results are listed in Table 3.
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Table 3 shows that the proposed method provides the best recognition accuracy for both two protocols x-sub and x-view. Comparing the SOTA AimCLR, the recognition accuracy of BCCLR under x-sub protocol and x-view protocol increased by 1.9% and 1.1%, respectively.

Table 4 presents the linear evaluation results for different periods of the x-sub protocol for the NTU-60 dataset.
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As shown in Table 4, the proposed 3s-BCCLR achieved the best recognition accuracy during each period. After the 100-th epoch, 3s-BCCLR had an accuracy of 76.9%, which was 0.4% higher than that of SOTA 3s-AimCLR. After the 150-th epoch, 3s-BCCLR had an accuracy of 78.4%, which was 1.0% higher than that of 3s-AimCLR. At the 200-th epoch, the difference between the accuracies of the models was 79.7%–78.3% = 1.4%; finally, with the final accuracy of 3s-BCCLR reaching 80.8%, the difference also reached its highest value of 1.9%. As the number of epochs increased, the accuracy increment of 3s-BCCLR continuously improved relative to the existing algorithms.

The linear evaluation results with the three single streams and the fusion of the three streams on both the x-sub and x-view for AimCLR and BCCLR are presented in Table 5.
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Table 5 shows that the recognition accuracy of BCCLR is higher than that of AimCLR with both single and multi-stream fusion. In detail, compared to those of AimCLR, the results of BCCLR with every single stream improved from 0.4%–3.8%. Furthermore, the result of three-stream fusion improved by 1.9% under the x-sub protocol and 1.1% under x-view protocol. This method focuses on the behavior dependence between joints and the context clues in actions, which makes the recognition of single flow more accurate, improving the accuracy of joint flow. As the features extracted from the joint flow play a leading role in multi-flow fusion, the proposed method achieves better multi-flow fusion results.

Visual comparisons of the three single streams and stream fusion of different methods on NTU-60 are shown in Figs. 5 and 6. In joint flow, the proposed method achieved the best recognition accuracy. As the features extracted from the joint flow play a leading role in multi-flow fusion, the proposed method achieved the best multi-flow fusion results.
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Figure 5: Visual comparisons of x-view with different streams on NTU-60
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Figure 6: Visual comparisons of x-sub with different streams on NTU-60

Accuracy comparisons between 3s-BCCLR and SOTA 3s-AimCLR for actions with behavior dependence and context clues are shown in Fig. 7.
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Figure 7: Comparison of x-view accuracy on actions with behavior dependence and context clues

In Fig. 7, the first two actions “reading” and “taking a selfie” have behavior dependence between non-adjacent joint pairs, the 3rd and 4th actions “clapping” and “put palms together” have context clues, and the last two actions “salute” and “brush teeth” have both behavior dependence and context clues. For actions with behavioral dependence between the hands, head, and neck, the recognition accuracy improved by 8.3% and 10.5%, respectively. This is because the proposed method extracts and models the behavior dependence between joint pairs in actions and then improves the accuracy of such specific actions with implicit correlation between non-adjacent joints. For actions with context clues between consecutive frame sequences, the recognition accuracy improved by 4.5% and 7.6%, respectively. Actions with many similar poses are accurately recognized by the proposed method because it focuses on the context connection between consecutive frame sequences in the action. Similarly, for the actions “salute” and “brush teeth,” with both behavior dependence and context clues, the accuracy of the proposed method improved from 84.5% and 68.0% to 91.5% and 76.9%, respectively.

4.5 Qualitative Analysis

To validate the relationships between joint pairs with strong behavior dependences, particular actions are extracted with the BDGCN. Fig. 8 shows the topological visualization of the joint pairs in actions with behavior dependence. Figs. 8a–8c correspond to topology visualizations of the actions “salute”, “reading”, and “taking a selfie”, respectively. In the BDGCN, the original physical connections between the joints are represented by blue lines, and the joint pairs with strong behavioral dependence are extracted as additional orange lines. Fig. 8 shows that the BDGCN extracts behavior dependence in specific actions, obtains connections between nonadjacent joint pairs, and connects the potential joint pairs. Based on the relationship between these nonadjacent joint pairs, the BDGCN accurately recognizes the actions in which existing methods encounter errors.

[image: images]

Figure 8: Topology visualization of joint pairs in actions with behavior dependence inferred by our BDGCN method

Fig. 8 shows that the three actions are mainly accomplished in the upper extremity, and the entire joint participates in them. During different actions, many different connections are established between the hand, neck, and other body parts, which exhibit different action dependencies between joints. These results confirm that the proposed method captures abundant information on action dependence, shows that behavior dependence better distinguishes different actions, and improves recognition accuracy.

Many similar poses belonging to different actions can cause confusion in recognition. The intrinsic topology of an action is inferred by context clues from adjacent frames, which better distinguish actions with similar poses. In Fig. 9, the original physical connections between joints are represented by purple lines, and the intrinsic topology inferred by context clues in action is represented by orange lines, where the strength of the inferred relationship is represented by the thickness of the lines and the size scale of the joints.

[image: images]

Figure 9: Topology visualization with context clues in actions. The orange lines represent the inferred topology from the joint “left hand” to other joints. The thickness of the orange lines and the size of joints are proportional to the strength of the inferred relationship

Fig. 9 shows that similar poses have different intrinsic topologies for different actions when context clues are considered. In Fig. 9, when t = 0, the orange line and joint size show that these two poses have similar intrinsic topology. As the poses changes during the action, when t = 30, the intrinsic topology of different actions shows significant differences because of the different previous poses. Finally, when t = 50, the attention from the left hand to the head is more concentrated in the action “put palms together” than in the “clapping”, while the attention from the left hand to right hand and elbow is stronger in the action “clapping” than in the action “put palms together”. This is due to the amplitude of “clapping” is larger and the action frequency is more intensive than that of “put palms together”. Moreover, the coupling between the hands is stronger, while “put palms together” establishes more connections with the head and neck. The proposed method accurately extracts the features of these time-based topologies and thus accurately distinguishes actions with similar poses.

Fig. 10 shows the attention map of the joints, which confirms that the joints with more weights in BCCLR are the key joints in action recognition. In Fig. 10, the upper row shows the attention mapping results of AimCLR, and the lower row shows the results of our BCCLR. The first line is the action “put palms together”, the middle is the action “clapping”, and the last is the action “salute”.

[image: images]

Figure 10: Comparison between AimCLR [43] and BCCLR by attention map of joints

In Fig. 10, the green and purple lines present the left and right sides of the skeleton, respectively. The color depth of the vertices indicates the attentional strength of the joint. In the attention map, the strength of the attention to a joint represents the sum of the weights of each connected joint, which reflects the attention paid to the joints in action recognition.

For the similar actions “put palms together” and “clapping”, BCCLR focuses more attention on the joints with behavior dependence than AimCLR, such as the hands and shoulders of the upper body. Then, the action is distinguished by adding the context clues of actions, which AimCLR fails to recognize. Similarly, for the action “salute”, BCCLR assigns higher weights to the key joints of both hands and elbows than AimCLR and achieves a more accurate recognition.

5  Conclusions and Future Work

In this study, we propose BCCLR, which is a skeleton-based action recognition with a GCN combining behavior dependence and context clues. We first propose a learnable Graph Convolution Network (BDGCN) based on behavior dependence that extracts joint relationships with strong dependence on specific actions, thereby increasing the flexibility of the GCN. Experiments revealed that it had a positive effect on the action recognition of the BDGCN, which promotes the recognition application of action. In addition, this study extracted the internal topological features of actions using the self-attention mechanism (CSM), which focuses on the context clues of actions and links the spatial topological structures of human joints. The CSM solves the problem of incorrect identification of actions owing to the interference of similar poses, which provides more accurate recognition for abnormal detection. According to experiments on the widely used NTU RGB+D 60 dataset with many ablation and comparison results, the proposed BCCLR, which combines BDGCN with CSM, showed a good effect on action recognition based on skeleton data and was conducive to the realization of stronger action recognition. For the future work, the use of multi-modal information for action recognition is a future direction. In addition, the hybrid GCN-CNN architecture introduced will also be a good choice for skeleton-based analysis and other aspects of research.
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Table 1: Ablation experiments by linear evaluation of a single-stream on NTU-60

Methods

x-sub X-view
Baseline 74.3 79.7
Baseline + BDGCN 74.6 80.1
Baseline + CSM 74.5 80.0
Baseline + BDGCN + CSM 74.8 80.2
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Table 3: Comparisons of skeleton-based action recognitions with linear evaluation on NTU-60

Method Encoder NTU-60
x-sub X-view

PCRP (TMM’21) [34] GRU 54.9 63.4
AS-CAL (InS’21) [35] LSTM 58.5 -
EnGAN-PRNN (WACV’19) [36] LSTM 68.6 77.8
H-Transformer (ICME’21) [37] Transformer 69.3 72.8
SeBiReNet (ECCV’20) [38] GRU - 79.7
ST-Graph CMRL(CVIU’23) [39] GCN 74.7 82.6
3s-SkeletonCLR (CVPR21) [40] GCN 75.0 79.8
3s-Colorization (ICCV’21) [41] GCN 75.2 83.1
3s-CrossSCLR (CVPR’21) [40] GCN 77.8 83.4
GL-Transformer (ECCV’22) [42] Transformer 76.3 83.8
3s-AimCLR (AAAT’22) [43] GCN 78.9 83.8
HiCo-GRU(AAATI’23) [44] GRU 80.6 -
FoCoViL (Neurocomputing’23) [45] RNN — 83.2

3s-BCCLR (Ours) GCN 80.8 84.9
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Table 4: Linear evaluation for x-sub on NTU-60 with different epochs

Method 100ep 150ep 200ep 300ep
3s-SkeletonCLR [40] 71.3 73.8 74.1 74.1
3s-CrossSCLR [40] 70.0 72.8 76.0 77.2
3s-AimCLR [43] 76.5 77.4 78.3 78.9

3s-BCCLR (Ours) 76.9 78.4 79.7 80.8
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Algorithm 1: Action Recognition Using Behavior Dependence and Context Clues

Input: The training skeleton feature F € R,
Output: The prediction results of the response of the validation set.
1: For training period do:
2:  Step 1. Learnable Graph Convolution Network with Behavior Dependence
3: S% « Compute distance matrix of graph
4: B’ « Compute dynamic adjacency matrix
5 B’ « Compute learnable adjacency matrix by Bernoulli distribution
6: B < Compute characteristic matrix
7 F*' < Complete the update of learnable GCN with Eq. (7)
8: Step 2. Self-attention Module with Context Clues
9: I” « Compute joint feature by adding position embedding from F
10: SA (I,) < Compute self-attentional mapping from learned matrices 4, and4x
11: V, <« Compute context clue topology from shared topology W, by Eq. (11)
12: I «Complete the update of joint representation with Eq. (12)
13:  Step 3. features are aggregated by temporal graph convolution.
14: End for
15:  Step 4. Model prediction
16: Global average pooling
17: Predict the response of validation set through the updated model
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Table 2: Ablation experiments by linear evaluation of a three-stream fusion on NTU-60

Methods x-sub X-view
Baseline 78.9 83.8
Baseline + BDGCN 80.4 84.6
Baseline + CSM 80.3 84.4
Baseline + BDGCN + CSM 80.8 84.9
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Table 5: Linear evaluation results with different streams on NTU-60

Method Stream NTU-60
x-sub X-vView

AimCLR Joint 74.3 79.7
BCCLR Joint 74.8 80.2
AimCLR Motion 66.8 70.6
BCCLR Motion 70.6 73.3
AimCLR Bone 73.2 77.0
BCCLR Bone 74.1 77.4
3s-AimCLR Joint + Motion + Bone 78.9 83.8

3s-BCCLR Joint + Motion + Bone 80.8 84.9
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