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Abstract: Three-dimensional human pose estimation from depth maps is a fast-growing research area
in computer vision. The distal joints of the human body are more flexible than the proximal joints,
making it more difficult to estimate the distal joints. However, most existing methods ignore the
difference between the distal joints and proximal joints. Moreover, the distal joint can be constrained
by the proximal joint on the same kinematic chain. In our work, we model the human skeleton as the
tree structure called the human-tree. Then, motivated by the WPL (weighted path length) in the data
structure, we propose a WPL-based loss function to constrain the distal joints with the proximal joints
in a global-to-local manner. Extensive experiments on benchmarks demonstrate that our method can
effectively improve the performance of the distal joints.

Keywords: WPL-based constraint; human-tree; distal and proximal joints

1. Introduction

Three-dimensional human pose estimation from a single depth image is a fast-growing
research area and has drawn long-standing attention in the past decades. It has wide appli-
cations in the computer vision field, such as robotics and human—-computer interaction [1-4].
Recently, deep-network-based methods [5-20] have achieved promising results in 3D hu-
man pose estimation. However, it is still a challenging task because the human body is
highly deformable and suffers from frequent self-occlusions.

The 3D human pose estimation method can be divided into generative methods [15,17,20]
and discriminative methods [5,11,13,21-30]. The generative methods estimate the 3D
human pose by learning the correspondence between the pre-defined human body model
and the input depth image. Even though these methods can introduce prior knowledge
of the human body into models, the process of fitting the complicated human model to
the depth image is time costly. The discriminative methods use the pre-trained body part
detectors to estimate each joint from the input depth image. These methods do not need
the pre-defined human body template and can directly regress the positions of joints. In
this work, we adopt the discriminative method for 3D human pose estimation.

Conventional discriminative methods mainly rely on random forest, such as hough
forests [21], random ferns [22], and random tree walks [23]. Recently, CNN-based dis-
criminative methods have achieved promising results in 3D human pose estimation.
Haque et al. [28] learned viewpoint-invariant features using CNN for 3D human pose
estimation, which makes the model more robust to viewpoint variations. Moon et al. [26]
used the 3D voxelized depth map as input and 3D CNN for human pose estimation. How-
ever, due to the numerous parameters, the training process is challenging. Kim et al. [11]
proposed projecting the depth data in various directions to fully use the depth information.
Xiong et al. [27] proposed the use of anchors to simultaneously estimate human joints from
different viewpoints. However, the spatial information of the human body is ignored.
Though the above methods can effectively improve the average accuracy of human joints,
we find that the accuracy of the distal joint (such as the hand and foot) is lower than other
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human joints. Compared with other joints, the distal joints are more flexible. Therefore, the
distal joints are more difficult to estimate. In this paper, we are devoted to alleviating the
situation and improving the performance of 3D human pose estimation.

As we all know, the muscle group surrounding the torso is one of the core muscle
groups of the human body [31]. Most human movements are performed under the control
of the muscles surrounding the torso. Moreover, the torso is a crucial joint connecting the
upper and lower limbs, as shown in Figure 1a. We can access any joint from the torso
through several bones and joints. These multiple bones and joints are usually combined and
named the kinematic chain. For a specific kinematic chain, we divide joints into proximal
joints and distal joints according to their distance from the human body. For example, on
the kinematic chain of the right upper limb, the right hand is the distal joint, and the right
shoulder is the proximal joint. In the open kinematic chain, the active range of the distal
joint when the position of the proximal joint is unknown is larger than that of the proximal
joint. If we know the position of the proximal joint, the active range of the distal joint will
be further constrained on the same kinematic chain. In other words, the proximal joint can
constrain the position of the distal joint. If we can make use of this constraint, the accuracy
of the distal joint can be effectively increased.

Torso Dep th
0
Neck L-Hip R-Hip
1
L-Knee R-Knee
Head L-Shdulder R{Shoulder 2
L-Foot R-Foot
L-Elbow R-Elbow 3
L-Hand R-Hand 4
(b)

Figure 1. (a) The structure of the human skeleton model. The distal joints are denoted in the red
dotted box. The active range of the right hand is denoted by the orange dotted line when the position
of the right elbow is unknown. The active range of the left hand is denoted by the green dotted line
when the position of the right elbow is known. (b) The structure of the human-tree model. The depth
of the joint is denoted on the right side.

We note that there is a data structure named tree, where the leaf node can be reached
from the root node through several intermediate nodes [32]. Inspired by this, we also model
the human skeleton as the tree structure called human-tree, as shown in Figure 1b. In the
human-tree, the torso is considered the root node, and the distal joints are considered the
leaf nodes. Each branch of the human-tree represents a kinematic chain and the connections
between two nodes represent the bones. In the tree structure, each leaf node contains a
built-in feature called the weight path length (WPL), which is the product of the weight of
the leaf node and the path from itself to the root node [32]. This allows us to use the WPL
of the proposed human-tree to constrain the distal joints. Specifically, we define the weight
of the distal joint according to the sum of the bone lengths between itself and the torso joint,
and the path from itself to the torso joint is equal to the number of bones between the two
joints. Then, we calculate the loss between the estimated and ground-truth human-tree,
called global loss. Of course, not only can the torso constrain the distal joint, but other
proximal joints can also constrain the distal joint. The kinematic chains from other proximal
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joints to the distal joint can be viewed as the subtrees of the human-tree. Similarly, we
calculate the loss between the estimated and ground-truth subtree of the human-tree, called
local loss. Finally, the local loss and global loss are combined to train the parameters in the
model to constrain the distal joints in a global-to-local manner.

The effectiveness of our proposed method is validated on two human body datasets
(ITOP-side [28] and ITOP-top [28]). Extensive experimental evaluation and empirical
analysis are provided, as well. The main contributions of this paper are as follows:

*  We propose a WPL-based loss function for 3D human pose estimation, which can
improve the accuracy of the distal human joints effectively.

¢  The proposed WPL-based function can constrain the estimated human pose in a
global-to-local way.

e  Extensive experiments demonstrate that our method outperforms some competitive
methods on two human pose datasets.

The rest of this paper is organized as follows. In Section 2, we introduce the related
work of 3D human pose estimation. In Section 3, we illustrate the details of the proposed
method. The experimental results and discussion are presented in Section 4. Finally, we
conclude the paper in Section 5.

2. Related Works

There have been many methods for 3D human pose estimation from a single depth
image in recent years, which can be mainly classified into two categories: generative
methods [15,17,20] and discriminative methods [5,11,13,21-28]. In this section, we briefly
show the most relevant works of 3D human pose estimation. In addition, since we are
devoted to constraining the human pose with spatial information, we also discuss the
related work of spatial constraints in human pose estimation.

Generative methods. Generative methods first use the extracted features to estimate the
2D coordinates of joints, then infer the 3D poses from the 2D coordinates. Martinez et al. [15]
used a simple and fast feed-forward network (FFN) to tackle the 2D-to-3D human pose
estimation task. Wang et al. [33] first generated the heatmap of each joint using the FCN,
then inferred the human pose using the existing MatchNet [34]. Zhang et al. [20] first
estimated the 2D human pose, then used PointNet [35] to extract the embedded features
for the 3D human pose estimation. The performance of these methods on 3D human pose
estimation is significantly affected by the accuracy of the estimated 2D pose.

Discriminative methods. Discriminative methods are used to directly regress the 3D
coordinates of human joints from the input depth image. The conventional discriminative
methods mostly rely on random forests. For example, in [5,24], each pixel is classified
into different body parts, then the 3D coordinates of joints are estimated via the approach
based on Mean Shift. In recent years, CNN-based discriminative methods have achieved
promising results on 3D human pose estimation. Haque et al. [28] are devoted to extracting
the invariant features in different viewpoints for 3D human pose estimation. In [26], the
3D voxelized depth map is fed into the 3D CNN, and the network estimates the likelihood
of each body joint for each voxel. Kim et al. [11] proposed the projection of the depth
data in various directions to fully use the depth information. In [36], the cleaned and
transformed point set is used to match the pre-defined prototypes, then the 3D human
pose is estimated from the improved point set. Marin-Jimenez et al. [13] represented the
3D human pose as the weighted sum of the pre-defined prototypes, and the weights can
be learned using ConvNet. Xiong et al. [27] proposed the extraction of features from
different viewpoints using the anchors for 3D pose estimation. Although the discriminative
methods can directly regress the 3D human pose without the time-costly process of fitting
the complicated human model to the depth image, the performance of these methods on
self-occlusion [37,38] human poses is poor.
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Spatial constraints for the human pose. Some spatial constraints are proposed to constrain
the human pose to improve the accuracy of the 3D human pose. Ganapathi et al. [39] used
the enhanced ICP-based model to introduce the free-space constraints into their model.
L He et al. [14] used the graphical model to exploit structural constraints. Shuang L A
et al. [40] proposed a structure-aware regression model where the pose is represented by
human bones. Ding M et al. [41] proposed the articulated Gaussian kernel correlation to
introduce the kinematical chain structure into the model.

We note that the accuracy of the distal joint is lower than other joints in the same
sample. As a result, we are committed to improving the performance of the distal joints by
employing a novel spatial constraint in our paper.

3. Method
3.1. Qverview

The framework of our method is shown in Figure 2. The architecture of the network
consists of three modules: (1) feature extraction module, (2) 3D coordinates estimation
module, and (3) Loss module. The single depth image is first sent to the feature extraction
module to extract the feature of the depth image. The extracted features are then fed into
the 3D coordinates estimation module to estimate the 3D coordinates of joints. Finally, the
estimated and the ground-truth 3D coordinates of joints are sent to the Loss module to
calculate the global-to-local WPL-based loss, informative anchor surrounding loss, and joint
position estimation loss. Then, the above three losses are backpropagated to update the
parameters of the model. In this work, the feature extraction module and 3D coordinates
estimation module all refer to the A2] [27] model. Details of the A2] model are described
in Section 3.2. This section will introduce the principles of the human-tree model and the
WPL-based loss function.

dul Estimated 3D coordinates

Feature extraction module 3D coordinates estimation

ResNet-50

0% 1] PN -

Anchor proposal
branch

Softmax

ae%

= Loss module

Lypr, WPL based loss function

Lg | Informative anchor surrounding loss Ground-truth 3D coordinates

Ly | Joint position estimation loss

Figure 2. The framework of the proposed method is based on A2]. The feature extraction module first
extracts the feature of the input depth image. Then, the 3D coordinates estimation module estimates
the 3D positions of joints using the extracted features. Finally, the estimated and the ground-truth 3D
coordinates are used to calculate the global-to-local WPL-based loss, informative anchor surrounding
loss, and joint position estimation loss.

3.2. The Framework of A2]

In A2], the anchors are densely preset on the input depth image to estimate the position
of each joint from different viewpoints in an ensemble way. ResNet-50 is used as the feature
extraction module to extract the depth map features. The 3D coordinate estimation module
is composed of three branches: (1) the in-plain offset estimation branch, (2) depth estimation
branch, and (3) anchor proposal branch. The in-plain offset estimation branch and depth
estimation branch are used to estimate the 2D coordinates and depths of each joint by all
the preset anchors, respectively. The anchor proposal branch is used to estimate the anchor
weights. Finally, the 3D coordinates of each joint are acquired by the weighted sum of all
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the results estimated by the preset anchors. The process of calculating the 3D coordinates is
as follows:

2

Sj=)_ Pj(a)0Oj(a), (1)
acA

Di=Y" IN)]'(”)D]'(“)/ )
acA

where § jand f)j represent the estimated 2D coordinates and depth of joint j, respectively. A

represents the set of the preset anchors, a represents the anchor, P;(a) represents the weight
of anchor 4 to joint j, and O;(a) and D;(a) represent the 2D coordinates and depth of joint j
estimated by anchor 4, respectively.

However, the spatial relationship between human joints in A2] is ignored when each
preset anchor estimates the positions of joints. In our work, we are devoted to making
up the weakness of A2J and proposing a new spatial constraint: the proximal joint can
constrain the distal joint.

3.3. Human-Tree Model

Figure 1a shows the human skeleton model in the ITOP [28] human pose dataset.
The human skeleton model is composed of several joints and connections (that is, bones)
between joints. Joints on one kinematic chain can be divided into two types: proximal joints
and distal joints. The distal joints are denoted in the dotted line box in Figure 1a, which
includes the head, the right/left hand, and the right/left foot. As shown in Figure 1a, the
possible position range of the right hand joint is denoted by the orange dotted line when
the position of the right elbow joint is unknown, and the possible position range of right
hand joint is denoted by the green line when the position of the right elbow joint is known.
It can be seen if we know the position of the right elbow joint, the possible position range
of the right hand joint will be smaller. In other words, the proximal joint can constrain the
position of the distal joint.

In sports rehabilitation, the muscle group surrounding the torso is one of the core
muscle groups of the human body. Most motions are performed under the support of the
torso muscles. Furthermore, the torso is a vital joint that connects the upper and lower
limbs. Based on this, we take the torso joint as the demarcation point and divide both upper
limb joints and lower limb joints into different levels, as illustrated in Figure 3. Different
joints on the same level share the same number of bones between themselves and the
torso. For example, the torso and the left hip are in level one because the number of bones
between the neck and torso and that between the left hip and the torso are both one.

level 0

level 4 [ L-Hand ][ VR—Hand ]

Figure 3. Division of human joints. The level of each joint is denoted on the left side.
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It is noted that the data structure "tree’ can represent the finite nodes with varying
levels as a set. In the tree structure, there must be one root node with zero or more direct
successor nodes. Except for the root node, other nodes can be partitioned into # disjoint
finite sets Ty, Ty, ..., T;;. Each finite set can be considered a tree, which is called the subtree
of the human-tree. Based on the above analysis, we propose to define the human body
as a tree structure called human-tree, as shown in Figure 1b. Nodes in the human-tree
correspond to joints of the human body, and connections between nodes correspond to
human bones. In particular, leaf nodes in the human-tree correspond to the distal joints of
the human body. The depth of each node corresponds to the level of the joint mentioned
in Figure 3. As shown in Figure 1b, each branch of the human-tree represents a specific
kinematic chain. For example, the branch denoted in black represents the kinematic chain
of the right lower limb, and the branch denoted in purple represents the kinematic chain of
the right upper limb.

3.4. WPL-Based Loss Function

In the tree structure, the weighted path length (WPL) of each leaf node is the product
of the weight of the leaf node and the path length from itself to the root node (that is,
the depth of the leaf node). The weighted path length (WPL) of the tree is the sum of
the weighted path length (WPL) of each leaf node. The WPL of the tree structure can be
denoted as:

WPL =Y wy- Ly, 3)
keK

where wy, represents the weight of the leaf node k, and Ly represents the depth of the leaf
node k. Because the weight and depth of each node in a given tree remain unchanged,
the WPL of the tree remains unchanged. Therefore, WPL can be considered the inherent
feature of the tree structure. Similarly, we can also compute the WPL of the human-tree
and use the built-in feature to constrain the human pose. This section explains the details
of calculating the WPL of the human-tree and global-to-local WPL-based loss functions.

3.4.1. Weight Definition

To compute the WPL of the human-tree, the weight and depth of the distal joint are
required. As mentioned in Section 3.2, the depth of the distal joint is the number of bones
between the distal joint and the torso. In this section, we explain how to define the weight
of the distal joint in our work.

As we all know, the muscle electrical signal carries much information directly relevant
to human motion. The muscle electrical signal is employed as the carrier to transmit the
motion information to the tendon, which, subsequently, drives the skeleton to complete the
motion. Simply, the signal transmission process consists of three steps: (1) the source sends
the signal, (2) the channel transmits the signal, and (3) the sink receives the signal. If the
channel length is long in a non-ideal environment, the signal is more likely to be distorted.

Similarly, joints can be considered sources or sinks, and bones can be considered
channels in the human body. For example, as shown in Figure 1b, for the branch from the
torso to the left hand, the torso node is considered the source node, and other nodes are
considered the sink nodes. With the increase in the bone length between the sink node
and the source node, the signal is more likely to be interfered with, and the quality of the
signal becomes worse. The less useful information is transmitted, the less the sink node is
controlled by the source node. All in all, the degree of control by the source node to the sink
node is inversely proportional to the bone length between the two nodes, and we define
the degree of control as the weight of the sink node. Specifically, the weight of leaf node j
in the human-tree can be denoted as:

N
n=1
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where the number of bones between the leaf node j and the root node is N, L, represents
the length of the n-th bone, | represents the set of all distal joints, C; represents the sum of
the N lengths of bones, and W] represents the normalized weight of leaf node j, which can
be acquired using the so ftmax function.

Of course, there are some methods that use graph structure [42] to model the human
body. They consider the human body as a graph and use GCN to extract the human pose
features. Specifically, each joint is regarded as the node of the graph, and each bone is
considered the edge of the graph. When employing GCN, there is also a concept of weight
in the process of feature extraction. Different from the weight of the leaf node defined in
our work, the weight in GCN is dependent on the adjacency matrix of the graph. The node
with a larger degree contains less useful information and is assigned a smaller weight. This
weight definition ignores that the bone length between the two joints affects the quality of
information transmission.

3.4.2. Calculation of WPL-Based Loss Function

As mentioned in Section 3.3, WPL is a built-in feature of the human-tree, which can be
used to constrain the human pose. In this section, we explain the details of calculating the
WPL-based loss function.

For the same subject, no matter his (her) pose changes, the length and the number of
the bones are unchanged. Therefore, the WPL of the tree structure is unchanged. Based
on this, we can calculate the WPL-based loss between the estimated and the ground-truth
joints. For the b-th sample on the ITOP dataset, the WPL-based loss is denoted as:

Iy =||Hp — Hp||,

@)

where H, and H, represent the ground-truth and estimated WPL of b-th sample, ||.||
represents the L1 loss function. WPL is calculated in the way illustrated in Equation (3).
We explain the calculation process of the ground-truth WPL Hj, in detail. As shown in
Figure 1b, there are five leaf nodes (distal joints). We take the L-hand node as an example
to illustrate the calculation process of the weight path length. There are four bones between
the L-hand node and the torso node, so the path of the L-hand is four. The length of the
bone between node 1 and node v can be calculated in the following way:

Lyy = \/(xu — Xv)z + (yu - yv)z + (Zu — Z-U)z, (8)

where L, represents the length of the bone between node u and node v, (x4, Yu,zu)
represents the 3D coordinates of node u, and (xy, Yo, zv) represents the 3D coordinates of
node v. It is noted that node v and node u are connected by only one bone. Then, the sum
of the lengths of the above four bones Yj;,,,; can be denoted as:

Yihand = Y_ Luo, )
The weight of the L-hand I/N\/lhand can be calculated as:

o
Yihand '
Then, the normalized weight of the L-hand can be denoted as:

Wihana = (10)
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ewlhnnd
Wihana = — = = — —, (11)
erhlmd + ewrhtmd + ewlf‘“’t —+ ewrfoot + ewneck

where thand represents the weight of the r-hand, W, foot Tepresents the weight of the I-foot,

W, foot Tepresents the weight of the r-foot, and Wneck represents the weight of the neck.
Finally, the weighted path length of the L-hand WPLy;,,,; can be calculated as:

WPLinana = Winana 4, (12)

The weighted path length of other leaf nodes can be acquired in the above way.

3.5. Global-to-Local WPL-Based Loss Function

The kinematic chain can be divided into two types: the global kinematic chain and
the local kinematic chain. As shown in Figure 1, we define the branch starting from the
torso as the global kinematic chain, and the branch not starting from the torso as the local
kinematic chain. For example, the branch that begins at the torso and terminates at the
right hand is defined as the global kinematic chain. In fact, some local human motions are
implemented by the local kinematic chain. For example, we only need the local kinematic
chain that begins at the right shoulder and ends at the right hand to rotate the right hand.
If we only use the global human-tree shown in Figure 1b to constrain the human pose,
the local motion information is ignored. It is noted that the local kinematic chain can be
considered the subtree of the human-tree. We show some examples of the subtrees and the
corresponding local kinematic chains in Figure 4. For example, at the top of Figure 4, we
show the subtree constructed by the upper limbs. At this time, the neck joint becomes the
root node, and each branch represents the kinematic chain where the first proximal joint is
the neck rather than the torso. Similarly, we can calculate the WPL of the subtree in the
manner described above. We define the WPL of the human-tree as the global WPL and the
WPL of the subtree as the local WPL. Similarly, we can calculate the WPL of the subtree in
the way mentioned above. Then we can use both the global and local WPLs to constrain
the human pose. For the b-th sample, the global-to-local WPL of the human-tree G, can be
denoted as:

Q
Gy=)_P, (13)
q=0

where Q is the number of the subtree, P represents the WPL of the global tree, and P,
represents the WPL of the g-th subtree. Then, the global-to-local WPL-based loss function
can be denoted as:

B
loss =Y _||WPL;, — (14)
b=1

where WPL;, and WPL, represent the estimated and ground-truth global-to-local WPL of
the b-th sample, respectively.

It is worth noting that our proposed WPL loss function is well designed according to
both the model structure and physical significance of A2], which is aimed at improving the
effectiveness of A2]. The proposed WPL-based loss function is based on the 3D coordinates
produced by Equations (1) and (2) and is combined with other loss functions to train A2].
In this way, when the preset anchors estimate the position of a joint, the spatial relationship
between joints can be considered from different viewpoints.
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Figure 4. The subtrees and the corresponding local kinematic chains.

3.6. End-to-End Learning

Consistent with A2]J, we train the baseline framework A2J in an end-to-end manner
under the supervision of three loss functions, which include the global-to-local WPL-based
loss, informative anchor surrounding loss [27], and joint position estimation loss [27]. The
joint position estimation loss function is used to calculate the loss between the estimated
and ground-truth 3D coordinates of joints, which can be expressed as:

_ S _ i 5. _ ¢

lossy = ) Lat (= T}) + Y Lo (D; = TF), (15)
IS S

where & represents the balance factor, and T]? and T]‘?’ represent the ground-truth 2D coordi-

nates and depth of joint j, respectively. L.(.) represents the L1-smooth loss function, which

is denoted as:

Lx2,  forlx| <t

Lo(x) = { =X,

., 16
x| — %, otherwise (16)

where, in Equation (15), Tl is setas 1, and 72 is set as 3. The informative anchor surrounding
loss function is used to make the anchors surrounding the target joints with larger weights,
which can be formulated as:

lossy =Y L <2 INDj(a)S(a) - T]’>, (17)

j€J acA
where S(a) represents the 2D coordinates of anchor a. Finally, the above two loss functions
proposed in A2] are combined with our proposed WPL-based loss function to train the
model, which is formulated as:

Losstotar = losswpr + loss, + loss), (18)

where Loss;,;,; represents the loss in all, and lossypy, represents our proposed loss function.
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4. Experiments
4.1. Dataset and Experimental Setup
ITOP front-view human pose dataset. The ITOP front-view dataset [28] contains 40K

training and 10K testing depth images, which are captured from the front view. Each depth
image is annotated by 15 joints, as shown in Figure 5a.

(@) (b)
Figure 5. (a) ITOP front-view human pose dataset. (b) ITOP top-view human pose dataset.

ITOP top-view human pose dataset. The ITOP top-view dataset [28] contains 40K
training and 10K testing depth images, which are captured from the top view. Each depth
image is annotated by 15 joints, as shown in Figure 5b.

Evaluation metric. We evaluate the performance of our method under the metric of
the mean average precision (mAP) with the 10-cm rule [28], which is the average precision
of all human body parts. In addition, we present the precision of individual body parts.
The mean average precision (mAP) is formulated as:

R,
f/
where R, represents the number of successful joints, and R represents the number of all the
test joints. The predicted joint is successful when the predicted joint is less than 10 cm from
the ground-truth in 3D space.

Model configuration. We implement our model with Pytorch 1.7 on one GTX-3090Ti
GPU. Consistent with A2] [27], data augmentation is also performed in our experiments.
We use Adam [43] as the optimizer, and the learning rate is set as 0.00035 with a weight
decay of 0.0001.

mAP = (19)

4.2. Comparison with State-of-the-Art Methods

ITOP front-view human pose dataset. We compare our method with other methods
on the ITOP front-view dataset, and the comparison results are displayed in Table 1. Our
method performs well on the ITOP front-view dataset. Since we employ the global-to-local
WPL-based constraint on A2] [27], we mainly analyze the comparison results between
A2J and our method. The mean accuracy of our method exceeds that of A2J by 0.7%.
Specifically, the accuracies of shoulders, elbows, hands, knees, and feet in our method are
all higher than those in A2]. These results demonstrate that the proposed global-to-local
WPL-based loss can effectively constrain the distal joints of the human body.

ITOP top-view human pose dataset. We compare our method with other methods on
the ITOP top-view dataset, and the comparison results are shown in Table 2. Our method
performs well on the ITOP top-view dataset. Our mean accuracy exceeds that of the A2]
method by 0.4%. In particular, the accuracies on elbows and hands in our method are
higher than those from A2], which proves that the proposed global-to-local WPL-based
loss can effectively constrain the distal joints.
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Table 1. Performance comparison on the ITOP front-view dataset. We evaluate the methods that use
the metric of the mean average precision (mAP) with the 10-cm rule. We show the results of each
human joint and the average results of all the human joints.

Method RF[24] 1IEF[44] MatchNet[17] VI[28] RTW [23] CMB [33] REN-9x6x6[45] V2V [26] A2J[27] Owurs

Head 63.8 96.2 95.6 98.1 97.8 97.7 98.7 98.29 98.54 98.46
Neck 86.4 85.2 94.2 97.5 95.8 98.5 99.4 99.07 99.20 99.11
Shoulders 83.3 77.2 87.3 96.5 94.1 75.9 96.1 97.18 96.23 97.14
Elbows 73.2 454 72.5 73.3 77.9 62.7 74.7 80.42 78.92 80.10
Hands 51.3 30.9 53.8 68.7 70.5 84.4 55.2 67.26 68.53 69.19
Torso 65.0 84.7 85.4 85.6 93.8 96.0 98.7 98.73 98.52 98.52
Hips 50.8 83.5 70.5 72.0 90.3 87.9 91.8 93.23 90.85 9227
Knees 65.7 81.8 64.2 69.0 68.8 84.4 89.0 91.80 90.75 91.39
Feet 61.3 80.9 58.8 60.8 68.4 83.8 81.1 87.60 86.91 86.98
Mean 65.8 71.0 72.62 77.4 80.5 83.3 84.9 88.7 88.0 88.7

Table 2. Performance comparison on the ITOP top-view dataset. We evaluate the methods that use
the metric of the mean average precision (mAP) with the 10-cm rule. We show the results of each
human joint and the average results of all the human joints.

Method RF [24] IEF [44] RTW [23] VI [28] REN-9x6x6 [45] A2] [27] Ours
Head 95.4 83.8 98.4 98.1 98.2 98.38 98.19
Neck 98.5 50.0 82.2 97.6 98.9 98.91 98.66

Shoulders 89.0 67.3 91.8 96.1 96.6 96.26 95.89

Elbows 57.4 40.2 80.1 86.2 744 75.88 75.78
Hands 49.1 39.0 76.9 85.5 50.7 59.35 61.72
Torso 80.5 30.5 68.2 72.9 98.1 97.82 97.78
Hips 20.0 38.9 55.7 61.2 85.5 86.88 86.63
Knees 2.6 54.0 53.9 51.6 70.0 79.66 79.27
Feet 0.0 62.4 28.7 51.5 41.6 58.34 60.5
Mean 47 .4 51.2 68.2 754 75.5 80.5 80.9

4.3. Ablation Study

We analyze the effectiveness of the global-to-local WPL-based loss on the ITOP front-
view dataset. The results of the ablation analyses on the ITOP front-view dataset are
displayed in Table 3.

Table 3. The ablation results on the ITOP front-view dataset.

w/o Global and

w/o Global w/o Local
Local . R Ours

. Constraint Constraint

Constraint

Head 98.54 98.56 98.58 98.46
Neck 99.20 99.12 99.18 99.11
Shoulders 96.23 96.78 96.79 97.14
Elbows 78.92 80.15 79.89 80.10
Hands 68.53 69.10 69.12 69.19
Torso 98.52 98.97 98.97 98.52
Hips 90.85 92.02 92.25 92.27
Knees 90.75 90.63 90.94 91.39
Feet 86.91 84.60 84.77 86.98
Mean 88.0 88.2 88.3 88.7

4.3.1. Impact of the Global-to-Local WPL-Based Constraint

In order to validate the effectiveness of the global-to-local WPL-based constraint, we
remove both global and local constraints and train the model based on A2]. The experi-
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mental results are shown in the second column of Table 3. The mean accuracy and the
accuracies of shoulders, elbows, hands, hips, knees, and feet are lower than by using the
global-to-local constraint, which proves the effectiveness of the global-to-local constraint.

4.3.2. Impact of the Global WPL-Based Constraint

To validate the effectiveness of the global WPL-based constraint, we remove the global
constraint and only use the local constraint. Then we train the model based on A2]. The
experimental results are shown in the third column of Table 3. It can be seen that the
mean accuracy is higher than that of the method without the global-to-local WPL-based
constraint and lower than that of the method with the global-to-local WPL-based constraint,
which proves the effectiveness of the global WPL-based constraint.

4.3.3. Impact of the Local WPL-Based Constraint

To validate the effectiveness of the local WPL-based constraint, we remove the local
constraint and only use the global constraint. Then we train the model based on A2J. The
experimental results are shown in the fourth column of Table 3. It can be seen that the
mean accuracy is higher than that of the method without the global-to-local WPL-based
constraint and lower than that of the method with the global-to-local WPL-based constraint,
which proves the effectiveness of the local WPL-based constraint.

4.3.4. Impact of the Learning Rate and Weight Decay

We also validate our model based on different learning rates with different weight
decay on the ITOP top-view dataset. The experimental results are shown in Table 4. It can
be seen that our proposed method performs best when the learning rate is set as 0.00035
with a weight decay of 0.0001.

Table 4. Impact of the learning rate and weight decay on the ITOP top-view dataset.

Weight Decay = 0.0001 Weight Decay = 0.0002
learning rate = 0.00025 80.6 80.7
learning rate = 0.00035 80.9 80.8
learning rate = 0.00045 80.4 80.6

4.4. Qualitative Evaluation

We show the comparison visualization results with A2J] on the ITOP side and ITOP
top datasets in Figures 6 and 7, respectively. The qualitative results show that our method
can effectively improve the performance of the distal joints.

ER{ANAL
TEtkeRee

Figure 6. The comparison visualization results with A2]J in the 2D plane on the ITOP front dataset.

The ground-truth is shown in red, and the estimated result is in green.
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R
A

Figure 7. The comparison visualization results with A2] in the 2D plane on the ITOP top dataset. The

) 3) “) ®) 6)

ground-truth is shown in red, and the estimated result is in green.

As shown in Figure 6, our method can effectively alleviate the phenomenon that
the estimated results are far from the ground-truth for distal joints. For columns (7) and
(8) in Figure 6, the estimated results of the lower limbs in our method are closer to the
ground-truth compared to A2J. Our method also performs well on the upper limbs. For
example, the sharp offsets from the ground-truth of the shoulders lead to it being hard for
the estimated results to be seen as a human body. Although the estimated results in our
method are not fully equal to the ground-truth, they can be clearly seen as a human body.

Figure 7 also validates that our method can effectively improve the performance of the
distal joints. Specifically, the estimated results of hands are improved in columns (4)—(6),
and the estimated results of the shoulders are improved in columns (1)—(3).

5. Conclusions

In this paper, we model the human skeleton as the human-tree and propose a global-
to-local WPL-based loss function. The proposed loss function can constrain the distal joint
with all the proximal joints on the same kinematic chain. The experimental results validate
that our method can improve the accuracy of the distal joints on two human pose datasets.
In the future, we will impose our proposed WPL-based loss function on other baseline
models to further validate the effectiveness of our proposed method.

Author Contributions: Methodology, H.X.; Supervision, ].Y. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (NSFC No.
61773272), and the Six Talent Peaks Project of Jiangsu Province, China (No. XYDXX-053).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Shao, Z.; Hu, Z,; Yang, ].; Li, Y. Multi-stream feature refinement network for human object interaction detection. J. Vis. Commun.
Image Represent. 2022, 86, 103529. [CrossRef]

2. Xu, H,; Yang, J.; Yuan, J. Invariant multi-scale shape descriptor for object matching and recognition. In Proceedings of the 2016
IEEE International Conference on Image Processing (ICIP), Phoenix, AZ, USA, 25-28 September 2016.

3. Tu, Z.; Xie, W.; Qin, Q.; Poppe, R.; Veltkamp, R.; Li, B.; Yuan, J. Multi-stream CNN: Learning representations based on human-
related regions for action recognition. Pattern Recognit. 2018, 79, 32-43. [CrossRef]

4. Chen, Y;; Tu, Z.; Kang, D.; Bao, L.; Zhang, Y.; Zhe, X.; Chen, R.; Yuan, ]. Model-based 3d hand reconstruction via self-supervised
learning. In Proceedings of the Conference on Computer Vision and Pattern Recognition, Nashville, TN, USA, 19-25 June 2021.

5. Shotton, J.; Girshick, R.; Fitzgibbon, A.; Sharp, T.; Cook, M.; Finocchio, M.; Moore, R.; Kohli, P.; Criminisi, A.; Kipman, A.; et al.
Efficient human pose estimation from single depth images. IEEE Trans. Pattern Anal. Mach. Intell. 2012, 35 ,2821-2840. [CrossRef]

6.  Kolotouros, N.; Pavlakos, G.; Black, M.; Daniilidis, K. Learning to reconstruct 3D human pose and shape via model-fitting in
the loop. In Proceedings of the IEEE International Conference on Computer Vision, Seoul, Republic of Korea, 27 October—2
November 2019.

7. Li,].;Bian, S.; Zeng, A.; Wang, C.; Pang, B.; Liu, W.; Lu, C. Human pose regression with residual log-likelihood estimation. In

Proceedings of the IEEE International Conference on Computer Vision, Montreal, QC, Canada, 11-17 October 2021.


http://doi.org/10.1016/j.jvcir.2022.103529
http://dx.doi.org/10.1016/j.patcog.2018.01.020
http://dx.doi.org/10.1109/TPAMI.2012.241

Sensors 2022, 22, 9040 14 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

Chen, Y,; Tu, Z.; Ge, L.; Zhang, D.; Chen, R; Yuan, J. So-handnet: Self-organizing network for 3d hand pose estimation with
semi-supervised learning. In Proceedings of the IEEE International Conference on Computer Vision, Seoul, Republic of Korea, 27
October-2 November 2019.

Bogo, F; Kanazawa, A.; Lassner, C.; Gehler, P.; Romero, J.; Black, M. Keep it SMPL: Automatic estimation of 3D human pose and
shape from a single image. In Proceedings of the IEEE European Conference on Computer Vision, Amsterdam, The Netherlands,
8-10 October 2016.

Kanazawa, A.; Black, M.; Jacobs, D.; Malik, J. End-to-end recovery of human shape and pose. In Proceedings of the IEEE
Conference on Computer Vision and Pattern Recognition, Salt Lake City, UT, USA, 18-22 June 2018.

Kim, Y; Kim, D. A CNN-based 3D human pose estimation based on projection of depth and ridge data. Pattern Recognit. 2020,
106, 107462. [CrossRef]

He, Y; Yang, ].; Shao, Z.; Li, Y. Salient feature point selection for real time RGB-D hand gesture recognition. In Proceedings of the
2017 IEEE International Conference on Real-time Computing and Robotics (RCAR), Okinawa, Japan, 14-18 July 2017.
Marin-Jimenez, M.; Romero-Ramirez, F.; Munoz-Salinas, R.; Medina-Carnicer, R. 3D human pose estimation from depth maps
using a deep combination of poses. J. Vis. Commun. Image Represent. 2018, 55, 627-639. [CrossRef]

He, L.; Wang, G.; Liao, Q.; Xue, J. Depth-images-based pose estimation using regression forests and graphical models. Neurocom-
puting 2015, 164, 210-219. [CrossRef]

Martinez, J.; Hossain, R.; Romero, J.; Little, ].]. A simple yet effective baseline for 3d human pose estimation. In Proceedings of
the IEEE International Conference on Computer Vision, Venice, Italy, 2229 October 2017.

Yang, J.; Zhu, C.; Yuan, J. Real time hand gesture recognition via finger-emphasized multi-scale description. In Proceedings of the
2017 IEEE International Conference on Multimedia and Expo (ICME), Hong Kong, China, 10-14 July 2017.

Wang, K.; Zhai, S.; Cheng, H.; Liang, X.; Lin, L. Human pose estimation from depth images via inference embedded multi-task
learning. In Proceedings of the 24th ACM International Conference on Multimedia, Amsterdam, The Netherlands, 15-19
October 2016.

Huang, Y,; Yang, J. A multi-scale descriptor for real time RGB-D hand gesture recognition. Pattern Recognit. Lett. 2021, 144, 97-104.
[CrossRef]

Yang, J.; Liu, W.; Yuan, J.; Mei, T. Hierarchical soft quantization for skeleton-based human action recognition. IEEE Trans.
Multimed. 2021, 23, 883-898. [CrossRef]

Zhang, Z.; Hu, L.; Deng, X.; Xia, S. Weakly supervised adversarial learning for 3D human pose estimation from point clouds.
IEEE Trans. Vis. Comput. Graph. 2020, 26, 1851-1859. [CrossRef] [PubMed]

Girshick, R.; Shotton, J.; Kohli, P.; Criminisi, A.; Fitzgibbon, A. Efficient regression of general-activity human poses from depth
image. In Proceedings of the IEEE International Conference on Computer Vision, Barcelona, Spain, 6-13 November 2011.
Hesse, N.; Stachowiak, G.; Breuer, T.; Arens, M. Estimating body pose of infants in depth images using random ferns . In
Proceedings of the IEEE International Conference on Computer Vision, Santiago, Chile, 13-16 December 2015.

Yub, ].H.; Lee, S.; Seok, H.Y.; Dong, Y.I. Random tree walk toward instantaneous 3d human pose estimation . In Proceedings of
the IEEE Conference on Computer Vision and Pattern Recognition, Boston, MA, USA, 8-10 June 2015.

Shotton, J.; Fitzgibbon, A.; Cook, M.; Sharp, T.; Finocchio, M.; Moore, R.; Kipman, A.; Blake, A. Real-time human pose recognition
in parts from a single depth image . In Proceedings of the IEEE Conference on Computer Vision and Pattern Recognition,
Colorado Springs, CO, USA, 21-23 June 2011.

Hernandez-Vela, A.; Zlateva, N.; Marinov, A.; Reyes, M.; Radeva, P; Dimov, D.; Escalera, S. Graph cuts optimization for multi-limb
human segmentation in depth maps . In Proceedings of the IEEE Conference on Computer Vision and Pattern Recognition,
Providence, RI, USA, 16-21 June 2012.

Moon, G.; Chang, J.; Lee, K. V2v-posenet: Voxel-to-voxel prediction network for accurate 3d hand and human pose estimation
from a single depth map. In Proceedings of the IEEE Conference on Computer Vision and Pattern Recognition, Salt Lake City, UT,
USA, 18-22 June 2018.

Xiong, F.; Zhang, B.; Xiao, Y.; Cao, Z.; Yu, T.; Zhou, J.; Yuan, J. A2j: Anchor-to-joint regression network for 3d articulated pose
estimation from a single depth image. In Proceedings of the IEEE International Conference on Computer Vision, Seoul, Republic
of Korea, 27 October-2 November 2019.

Haque, A.; Peng, B.; Luo, Z.; Alahi, A.; Yeung, S.; Li, ETowards viewpoint invariant 3d human pose estimation . In Proceedings
of the IEEE European Conference on Computer Vision, Amsterdam, The Netherlands, 8-10 October 2016.

Yang, J.; Yuan, J.; Li, Y. Parsing 3D motion trajectory for gesture recognition. J. Vis. Commun. Image Represent. 2016, 38, 627-640.
[CrossRef]

Yang, J.; Huang, Y.; Shao, Z.; Liu, C.T. Learning discriminative motion feature for enhancing multi-modal action recognition.
J. Vis. Commun. Image Represent. 2021, 79, 1-11. [CrossRef]

Kahle, N.; Tevald, M. Core muscle strengthening’s improvement of balance performance in community-dwelling older adults: A
pilot study. J. Aging Phys. Act. 2014 , 22, 65-73. [CrossRef] [PubMed]

Niu, M.; Li, R. The average weighted path length for a class of hierarchical networks. Fractals 2020 , 28, 2050073. [CrossRef]
Wang, K,; Lin, L.; Ren, C.; Zhang, W.; Sun, W. Convolutional memory blocks for depth data representation learning. In
Proceedings of the International Joint Conference on Artificial Intelligence (IJCAI), Stockholm, Sweden, 13-19 July 2018.


http://dx.doi.org/10.1016/j.patcog.2020.107462
http://dx.doi.org/10.1016/j.jvcir.2018.07.010
http://dx.doi.org/10.1016/j.neucom.2015.02.068
http://dx.doi.org/10.1016/j.patrec.2020.11.011
http://dx.doi.org/10.1109/TMM.2020.2990082
http://dx.doi.org/10.1109/TVCG.2020.2973076
http://www.ncbi.nlm.nih.gov/pubmed/32070974
http://dx.doi.org/10.1016/j.jvcir.2016.04.010
http://dx.doi.org/10.1016/j.jvcir.2021.103263
http://dx.doi.org/10.1123/japa.2012-0132
http://www.ncbi.nlm.nih.gov/pubmed/23348043
http://dx.doi.org/10.1142/S0218348X20500735

Sensors 2022, 22, 9040 15 of 15

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44.

45.

Han, X,; Leung, T; Jia, Y.; Sukthankar, R.; Berg, A. Matchnet: Unifying feature and metric learning for patch-based matching. In
Proceedings of the IEEE Conference on Computer Vision and Pattern Recognition, Boston, MA, USA, 8-10 June 2015.

Qi, C,;Yi, L,; Su, H.; Guibas, L. Pointnet++: Deep hierarchical feature learning on point sets in a metric space. In Proceedings of
the Advances in Neural Information Processing Systems, Los Angeles, CA, USA, 4 December 2017.

Ye, M.; Wang, X.; Yang, R.; Ren, L.; Pollefeys, M. Accurate 3d pose estimation from a single depth image. In Proceedings of the
IEEE International Conference on Computer Vision, Barcelona, Spain, 6-13 November 2011.

Zhu, C; Yang, J.; Shao, Z.; Liu, C. Vision based hand gesture recognition using 3D shape context. IEEE/CAA ]. Autom. Sin. 2021, 8,
1600-1613. [CrossRef]

Yang, J.; Xu, H. Metric learning based object recognition and retrieval. Neurocomputing 2016, 190, 70-81. [CrossRef]

Ganapathi, V.; Plagemann, C.; Koller, D.; Thrun, S. Real-time human pose tracking from range data. In Proceedings of the
European Conference on Computer Vision, Firenze, Italy, 7-13 October 2012.

Sun, X.; Shang, J.; Liang, S.; Wei, Y. Compositional human pose regression. In Proceedings of the IEEE International Conference
on Computer Vision, Venice, Italy, 22-29 October 2017.

Ding, M.; Fan, G. Articulated gaussian kernel correlation for human pose estimation. In Proceedings of the IEEE Conference on
Computer Vision and Pattern Recognition, Boston, MA, USA, 8-10 June 2015.

Yan, S.; Xiong, Y.; Lin, D. Spatial temporal graph convolutional networks for skeleton-based action recognition. In Proceedings of
the AAAI Conference on Artificial Intelligence, New Orleans, LA, USA, 2-7 February 2018.

Kingma, D.; Ba, J. Adam: A method for stochastic optimization. In Proceedings of the International Conference on Learning
Representations(ICLR), Boston, MA, USA, 7-9 May 2015.

Joao, C.; Pulkit, A.; Katerina, F; Jitendra, M. Human pose estimation with iterative error feedback. In Proceedings of the IEEE
Conference on Computer Vision and Pattern Recognition, Las Vegas, NV, USA, 26 June-1 July 2016.

Guo, H.; Wang, G.; Chen, X.; Zhang, C. Towards good practices for deep 3d hand pose estimation. arXiv 2017, arXiv:1707.07248.


http://dx.doi.org/10.1109/JAS.2019.1911534
http://dx.doi.org/10.1016/j.neucom.2016.01.032

	Introduction
	Related Works
	Method
	Overview
	The Framework of A2J
	Human-Tree Model
	WPL-Based Loss Function
	Weight Definition
	Calculation of WPL-Based Loss Function

	Global-to-Local WPL-Based Loss Function
	End-to-End Learning

	Experiments
	Dataset and Experimental Setup
	Comparison with State-of-the-Art Methods
	Ablation Study
	Impact of the Global-to-Local WPL-Based Constraint
	Impact of the Global WPL-Based Constraint
	Impact of the Local WPL-Based Constraint
	Impact of the Learning Rate and Weight Decay

	Qualitative Evaluation

	Conclusions
	References

