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ABSTRACT A wide variety of methods have been developed to predict the posture of the human body
at a given point in time based on data on previous movements. More recently, prediction models based on
deep learning have become a topic of active research and development. In this study, we adopt the strategy of
separating spatial and temporal information based on an existing STGCN model to extract features effectively
in both space and time, and we analyzed the effects of signed or unsigned and directed or undirected forecasts
of the positions of human joints with this approach. We propose a method using an encoder based on a
modified graph adjacency matrix in a graph convolutional network model and focus especially on the terms
of the signs and directions of data on the locations of the joints in space and time. We also introduce a global
residual block. The results of an experimental evaluation of our proposed method showed that we obtained
better performance by applying the signed and directed features independently to the spatial and temporal
adjacency matrices. The proposed model exhibited noticeable improvements in several aspects. In future
research, we expect these features of the modified adjacency matrix to help learning models understand the
correlation between symbols and directions for various actions and poses.

INDEX TERMS Graph convolutional networks (GCN), spatial temporal graph convolutional networks
(STGCN), 3D datasets, human pose prediction, directional & symbolic method, human joints key points.

I. INTRODUCTION In human posture prediction, interactions between joints and

Human pose prediction techniques have been developed to
predict future poses based on previous movements. These
methods have been adopted for various applications such
as human-computer interaction, autonomous driving, and
medical teleoperation. Conventional methods such as hid-
den Markov models (HMMs) [21] and Gaussian process
dynamical models (GPDMs) [2] provide good results for
simple actions, and deep learning models using recurrent
neural networks (RNNSs) [1], [3] have shown better results
for complex actions. However, RNN models represent 3D
data as vectors, and errors tend to accumulate with deeper
sequential processing, which limits their effectiveness for
pose prediction tasks; RNN models can overfit the input data.
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the feature information of each joint play a key role [7],
and the adjacency matrix and feature matrix used by graph
convolutional network (GCN) models can respectively con-
tain the information on relationships between joints and the
feature information of each joint well [7]. In this study,
we proposed a new model based on a spatiotemporal GCN [5]
to predict human poses from 3D datasets by separating
spatial and temporal information [4] with a directional and
symbolic adjacency matrix to extract spatial and tempo-
ral features followed by a temporal convolutional network
(TCN) model to predict future poses. Given the nature of
information on the positions of nodes representing human
joints in space and time contained in a sequence of image
frames [5], [7], we apply a spatiotemporal adjacency matrix
to represent spatiotemporal features. To explore the intercon-
nectivity between joints represented by the spatiotemporal
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adjacency matrix, we performed directional [15] and sym-
bolic [14] exploration of the information on relationships
between the human joints contained in some benchmark
datasets and experimentally evaluated our proposed direc-
tional and symbolic method. This method is inspired by
the signed [14] and directed [15] approach mentioned by
Sofianos et al. in their work on a space-time separable GCN
(STS-GCN) model [4], and combined with the method of
using separate spatial and temporal adjacency matrices, our
proposed method can separate the spatiotemporal adjacency
matrix into temporal and spatial adjacency matrices to resist
spatiotemporal crosstalk well [4]. The initial intention of
subdividing the spatiotemporal adjacency matrix into sep-
arate matrices for temporal and spatial dimensions is the
same as that of adopting directionality and significance for
temporal and spatial dimension adjacency matrices; both
subdivide a higher-dimensional adjacency matrix into two
lower-dimensional adjacency matrices to predict the posi-
tions of joint nodes representing the human body. We trained
the proposed model using the Human3.6M [6] and AMASS
datasets, and the results were verified using 3DPW. We found
that the multidimensional correlation of human joints in
time and space and the variation process of spatiotemporal
adjacency matrices in the model were not clearly compre-
hensible in the mathematical forms provided in previous
related works. Hence, we collated graph theories on this
topic provided in the relevant literature [7], [10], [11], [20]
the correlations between them along with related mathe-
matical inference methods to describe the variation process
of spatial-temporal adjacency matrices on the 3D dataset.
The results of an experimental evaluation of our proposed
model showed that it exhibited better performance on the
Human3.6M and AMASS datasets and approached the per-
formance of a space-time separable GCN on the 3DPW
dataset.

Il. RELATED WORK

Almost all prior research on predicting the posture of
the human body has focused on representing poses using
3D coordinates, and many related works have encoded
a representation of the degree of joint connectivity with
GCN models [7], [8]. However, basic GCN models can-
not represent spatiotemporal dimensions sufficiently with
a basic adjacency matrix. Hence, to represent the infor-
mation about the degree of joint connectivity of a human
pose in spatial-temporal dimension, STGCN [5] adopted
a spatiotemporal adjacency matrix to represent the posi-
tions of the joints in spatial and temporal dimensions and
showed good performance. Because STGCN models fuse
the temporal and spatial dimensions into a single spatiotem-
poral dimension represented by a spatiotemporal adjacency
matrix, they cannot distinguish the features of poses in
the two dimensions clearly. To solve this problem, Sofi-
anos et al. proposed an STS-GCN [4] model to separate a
spatial-temporal adjacency matrix into temporal and spatial
adjacency matrices. Their results showed that subdividing
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a complex higher-dimensional problem into its constituent
dimensions was effective in pose prediction tasks.

Pose prediction methods provided in the literature may
be categorized as either relying on traditional algorithms or
adopting new approaches based on deep learning. HMMs
and GPDMs have exhibited better performance than other
such methods for these tasks. HMMs are a Kalman filter-like
method for describing a process state using discrete ran-
dom variables. GPDMs use a Gaussian process to simulate
time-series data to predict future poses.

Among methods based on deep learning, RNN and long
short-term memory (LSTM) models have shown better per-
formance on traditional time series prediction tasks. RNNs
process data with temporal relationships by simultaneously
considering information from all time steps in a given
sequence and making predictions at the current time step
based on previous information. However, for longer dura-
tions, data from the previous time steps may not convey
sufficient information to make predictions accurately, which
is known as the problem of long-term dependencies. LSTM
models are a type of RNN designed to address this problem.
CNN models have also been applied for pose prediction
tasks [19], and TCN models have shown better perfor-
mance than methods based on RNNs [16]. Based on these
findings, the proposed approach is based on a simplified
TCN model.

IIl. BACKGROUND

A. BACKGROUND ON GNNS

Many types of GNN [10] models based on graph theory
have been developed. In this study, we consider GNNSs in
terms of recurrent graph neural networks (RecGNNs) [7],
convolutional graph neural networks (ConvGNNs) [7], and
spatiotemporal graph neural networks (STGNNs) [7] to illus-
trate GNNs briefly.

RecGNNs assume that the nodes within a graph con-
tinually exchange messages with a single neighbor until a
balanced state is established. In contrast, ConvGNNs con-
vert convolutional operations on grid data into convolutional
operations on graph data, and STGNNs take both spatial
and temporal relationships into account, as does the STGCN
model used in the proposed approach. That is, graph convo-
lution captures spatial relationships, whereas RNN and CNN
models are used to handle temporal dependencies [5], [7].

B. BACKGROUND ON GCNS

ConvGNNs can be categorized as spectral [7], [11] or
spatial [7], [11] methods. Graph convolutions in spectral
approaches use filters [11] inspired by graph signal process-
ing that use convolutions to remove noise from graph signals
effectively.

Graph convolutions in spatial approaches adopt concepts
from RecGNNs [7] to perform graph convolutions through
the propagation of information. Specifically, similar to the
conventional CNN convolution operation on images, the spa-
tial approach defines the convolution of the graph based
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on the spatial relation of the nodes. A grid image can be
considered as a particular kind of graph specified with each
pixel serving as a node and connected to its neighboring
pixels. The convolution of a 3 x 3 filter on the image takes a
weighted average of the values of the central node and that of
its neighbors.

Similarly, the spatial graph convolution operation involves
convolving the representation of a central node with that of its
neighbors into an updated representation of the central node.
This process effectively propagates information on the nodes
through the edges [10].

GCN models have been successfully adopted in previ-
ously independent approaches based on spectral and spatial
techniques [11] in which a graph convolutional operation is
used to propagate information between nodes in the graph
and extract features from the graph structure of data for
non-Euclidean structures. Approaches based on spatial char-
acteristics have been developed and widely adopted for their
better performance. Compared to data representing Euclidean
structures as used in conventional CNNs, GCN models retain
structural information from non-Euclidean data [7].

From the following derivation of mathematical relations of
GCN models given in Appendix B, we note that in methods
based on spectral characteristics, GCN models can also be
interpreted as spatial methods.

C. BACKGROUND ON STGCNS
STGNN models can be used to forecast the values of future
nodes or predict spatiotemporal graph labels.

STGNN models may be roughly divided into two cat-
egories including methods based on RNN and CNN
models [7]. STGCN models apply a CNN architecture for
action recognition based on the positions of the joints and
extend graph convolutional networks to spatiotemporal graph
patterns by capturing both the spatial and temporal depen-
dencies of a graph. The GCN model plays a crucial role both
mathematically and theoretically in correlating spectral and
spatial techniques.

Compared to GCN models that represent the local inter-
actions of the graph data, STGCN models add a temporal
dimension to model spatiotemporal interactions. Variations
are reflected in an adjacency matrix, i.e., the adjacency matrix
A = D 2(A + )D"? in GCN becomes A* in an STGCN
model on the basis of the temporal dimensions added to A,
Thus, the mathematical representation of the graphical con-
volution process in STGCN is given as follows.

H(l+1) =0 ASt_lXIWZ) (])

IV. PROPOSED MODEL

The proposed model is inspired by the method provided by
Sofianos et al. [4], in which spatial and temporal dimensions
are separated as proposed by Sofianos et al., which splits an
adjacency matrix fused into spatiotemporal dimensions into
two adjacency matrices A’/ in the time dimension and A~
in the spatial dimension.
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In our proposed approach, an STS-GCN model is adopted
to process data structured as a graph that contains spatial
and temporal features. This type of data comprise two key
aspects, including spatial and temporal relationships [5].
While traditional STGCN models mainly deal with the rela-
tionship between temporal and spatial dimensions, STS-GCN
models solve this problem by separating the spatial and
temporal aspects to limit crosstalk [4] between data in the
temporal and spatial dimensions. This separation allows an
STS-GCN to capture both spatial and temporal features to
model spatial-temporal relationships more accurately.

Among methods to implement graph convolution, tra-
ditional GCN models perform graph convolution as given
in Eq.(1). In the proposed STS-GCN, because the input data
are multidimensional, i.e., NCtV for N samples, an adjacency
matrix is used to convolve the CtV dimensions by Einstein
summation [4].

The process of Einstein summation differs for different
adjacency matrices, i.e., the spatial-temporal and spatial-
temporal separated adjacency matrices [4]. This process is
described in detail below for the different adjacency matrices.

In the Einstein summation process NCtV, WVig —
NCgW, NCtV, Vtg — NCqV and NCtV, tVW — NCtW
for the space-time, time, and space dimensions, respectively.

The dimensions of NCtV, NCqW, NCqV, NCtW are [Nd,
cd, 14, Vd], and the dimensions of WVrg are [Vd, yd,
T4, Td], the dimensionality of Vg is [Vd, TY, Td], and
the dimensions of tVW are [T9, V4, V4]. Each element
NyCpq.W4 in the NCgW matrix is obtained using Eq.(2).

T v
NaCogeWa =27 D NaCotiVixWaVitige (@)

Each element N,Cpq.Vy in the NCqV matrix is obtained
by using Eq.(3) as given below.

T4
NuCpqeVa = . NaCptiVax Vatige 3)

Each element N,Cpt. Wy in the NCtW matrix is obtained
by using Eq.(4).

Vd
NaCoteWa =2 NaCoteVyxtcViWa &

where a takes values from 1 to N9, b takes values
from 1 to C¥, ¢ takes values from 1 to 79, and d takes values
from 1 to V<.

In this work, [N, €4, T4, V4] = [256, 3, 10, 22]. It should
be clear that the graph convolution process performed by
Einstein summation can convolve the input features with
the corresponding dimensions in the adjacency matrix more
effectively even for an adjacency matrix comprising multiple
dimensions because Einstein summation can represent mod-
eling spatiotemporal adjacency matrices as well as modeling
separated temporal and spatial adjacency matrices. Moreover,
it is not limited to these three cases and can also be used
to model higher-dimensional relationships. Thus, Einstein
summation can be used more systematically in 3D or higher-
dimensional modeling [4].
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FIGURE 1. The spatial-temporal adjacency matrix in symbols and its representation on the joints of the figure.

In terms of the adjacency matrix, our proposed direc-
tional and symbolic method further explores the relationship
between keypoints on a skeleton model representing the
human body and an adjacency matrix in the two separated
dimensions to limit spatiotemporal crosstalk between the
temporal and spatial dimensions.

Because the dimensions of the input matrix [N d, C d, T4,
v4] = [256, 3, 10, 22] and the dimensions of the spatiotem-
poral adjacency matrix [V¢, V¥, T4 T4] = [22,22, 10, 10]
are so large, providing an example of a figure to explain
the implications of the spatial-temporal adjacency matrix
on the human skeleton is relatively inconvenient. Therefore,
we assume the dimensions as [Nd, Cd, Td, Vd] =[2,3,2,4],
[Vd, yd, T4 Td] = [4,4,2,2] and explain the implica-
tion of the spatiotemporal adjacency matrix on the human
skeleton as a method to deduce the relationship between the
human skeleton and the spatial-temporal adjacency matrix
in data with high dimensionality. Assuming [N9, C¢, T,
vl = [2,3,2,4], [V4, ve, T, T4) = [4,4,2,2], taking
the parts of W1V and W, V4 as examples, the spatial-temporal
adjacency matrix and its representation on the joints of the
figure are as shown in Fig.1.

In this method, the spatial-temporal adjacency matrix
can represent not only the information associated with
nodes at different times but also that between different
nodes in time, i.e., the complex spatiotemporal information
between nodes is contained in the spatial-temporal adjacency
matrix.Assuming [Nd, ce, Td, Vd] =1[2,3,2,4], [Vd, Vd,
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T4,T9) = [4, 4, 2, 2], taking the part of V| as an example, the
temporal adjacency matrix and its representation by symbols
on the joints in the figure are shown in Fig 2.1 of Fig 2,
and the spatial adjacency matrix and its representation by
symbols on the joints in the figure are shown in Fig 2.2
of Fig 2, assuming N4, ¢4, 19, vi] = [2,3,2,4], [V4,
Vd, T4, Td] = [4,4, 2, 2], and taking the part of V] as an
example.

It may be observed from the figure that the temporal adja-
cency matrix can still indicate whether nodes are associated
at different times, and their degree of association can be
indicated by the temporal adjacency matrix A’. However,
in contrast to the spatiotemporal adjacency matrix A%, A’
can only have association information on the same node at
different times, whereas different nodes can be associated at
different times in the A% part, taking the part of W,V as an
example.

For the spatial adjacency matrix, the nodes can only have
associated information simultaneously, and the spatial adja-
cency matrix reflects the information on whether they are
associated and their degree of association. At the level of the
spatial adjacency matrix, this method of associating the infor-
mation between nodes is similar to the method of associating
information between the joints of a traditional GCN. It may
be noted that modeling the adjacency matrix by separating
spatial and temporal information can indeed restrain crosstalk
between temporal and spatial information. This countermea-
sure to prevent information crosstalk [4], that is, modeling
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FIGURE 2. The temporal adjacency matrix and an equivalent representation by symbols on the joints are shown in Fig 2.1, and a similar illustration
of the spatial adjacency matrix is shown in Fig 2.2.
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FIGURE 3. The signed and undirected temporal adjacency matrix in Fig 3.1 and the unsigned and directed spatial adjacency matrix in Fig 3.2.

the adjacency matrices sequentially by separation, can enable Thus, our proposed method is designed to allow the
the model to learn information associated with joints more model to learn information associated between joints more
effectively. effectively.
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FIGURE 4. The overall pipeline of the proposed model.

Suppose that V3 is a joint location on the arm and the
feature information of V3 is unchanged before and after a
given moment 7, and suppose Vj is the location of a joint
on the hand.

If the hand being modeled is performing a pushing motion
and its associated information #, V3 W is assumed to be pos-
itive at the moment #, from V3 to Wy, then, at the moment
2, V4 to V3, its associated information #, V4 W3 are negative
in the simplest case, and the value of #, V3 W, is the same as
the value of V4 W3. Moreover, the only difference is that
the positivity and negativity are reversed. In contrast, if the
hand being modeled is performing a pulling motion, based on
these assumptions and this logic, the value of #, V3 W4 would
be negative and 1, V4 W3 would be positive.

Conversely, if we assume that 7, V3W, is negative for a
pushing motion, all the resulting positivity and negativity
are the opposite of the result of those implied by these
assumptions.

Given this complexity, for £, V3 W4 and 1, V4 W3, although
their values may differ owing to the complex association
between the joints in complex space-time and the positivity
and negativity of their values may be equivalent, it may be
determined relatively easily that the positivity and negativity
of the value of the degree of association between joints are
the same even though the joints have a complex association
in complex space-time. Even with such complex associations,
the positive and negative values of the degree of association
vary with the sequence of the joints, which means that the
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positive and negative values represent the same information
as the sequential values; that is, by removing the positive
and negative values and retaining only the sequential values,
information between the joints can be retained without any
distortion and redundancy can be eliminated. The benefit of
removing the positive and negative values and retaining the
sequential values is that overfitting resulting from redundancy
is obviously reduced in the learning process.

After applying this idea to process the spatial adjacency
matrix, we obtain unsigned and directed spatial adjacency
matrices as shown in Fig 3.2.

For the time dimension, as an example, in Fig 3.1, after
directionless processing, the symmetry of the data for Vit;1¢»
and Vit2q is maintained, which is represented in the figure
as removed directionality, i.e., the joint-to-joint information
is independent of the order of the starting and ending points in
the elements of the matrix, except for the diagonal. We handle
the data this way because the information between the joints
in the previous frame and those of the next frame should
intuitively give the same impression of taking the same size as
the information between the joints of the next frame and the
joints of the previous frame in the simplest case. The results
were found to be meaningful and exceeded the original SOTA
results.

As shown in Fig. 4, the proposed model consists of
a signed and undirected method, unsigned and directed
method, an STGCN with X layers, a Simple TCN with X lay-
ers, and a global residual layer [13].

146095



lEEEACC@SS J. Li et al.: Symbolism and Directivity of Joint Keypoints in Temporal and Spatial Dimensions

Scenario Walking (HUMAN3.6M_MPJPE) Eating (HUMAN3.6M_MPIJPE) Smoking (HUMAN3.6M_MPIJPE)

milliseconds (ms) 80 160 320 400 [ 560 720 880 1000| 80 160 320 400 [ 560 720 880 1000| 80 160 320 400 560 720 880 1000

ConvSeq2Seq [19] |17.7 33.5 56.3 63.6(72.2 77.7 80.9 82.3|11.0 22.4 40.7 484|613 72.8 81.8 87.1|11.6 22.8 41.3 48.9|60.0 69.4 77.2 81.7
LTD-10-10 [18] 11.1 214 373 42.9(53.1 59.9 66.2 70.7| 7.0 14.8 29.8 37.3(51.1 62.5 72.9 78.6| 7.5 15.5 30.7 37.5(49.4 59.2 66.9 71.8

DCT-RNN-GCN [17] | 10.0 19.5 34.2 39.8 (474 52.1 555 58.1| 6.4 14.0 28.7 36.2(50.0 61.4 70.6 75.5| 7.0 14.9 29.9 36.4|47.5 56.6 64.4 69.5

STS-GCN [4] 10.7 16.9 29.1 32.9(40.6 45.0 48.0 51.8| 6.8 11.3 22.6 254(33.9 402 46.2 52.4| 7.2 11.6 22.3 25.8(33.6 39.6 454 50.0

Ours 9.5 154 25.6 30.1|37.7 42.3 443 483 6.2 10.6 19.8 24.4|32.2 39.1 46.0 51.5( 6.5 10.9 20.0 24.4|32.2 38.3 43.1 49.7

Scenario Discussion (HUMAN3.6M_MPJPE) Directions (HUMAN3.6M_MPJPE) Greeting (HUMAN3.6M_MPJPE)

milliseconds (ms) 80 160 320 400 [ 560 720 880 1000| 80 160 320 400 [ 560 720 880 1000| 80 160 320 400 560 720 880 1000

ConvSeq2Seq [19] |17.1 34.5 64.8 77.6(98.1 112.9123.0129.3

3.5 29.0 57.6 69.7(86.6 99.8 109.9115.8/22.0 45.0 82.0 96.0(116.9130.7142.7147.3
LTD-10-10 [18] 10.8 24.0 52.7 65.888.1 104.4115.5121.6| 8.0 18.8 43.7 54.9(72.2 86.7 98.5 105.8/14.8 31.4 65.3 79.7(103.7120.6 134.7 140.9|

DCT-RNN-GCN [17] [ 10.2 23.4 52.1 65.4(86.6 102.2113.2119.8| 7.4 18.5 44.5 56.5|73.9 88.2 100.1106.5|13.7 30.1 63.8 78.1(101.9118.4132.7138.8

STS-GCN [4] 9.8 16.8 334 402|534 63.6 723 78.8| 7.4 13.5 29.2 34.7|47.6 56.5 64.5 71.0(12.4 21.8 42.1 49.2|64.8 76.3 85.5 91.6

Ours 8.6 15.7 30.9 38.7|51.9 62.6 71.4 77.8| 6.5 12.7 26.7 33.2|45.8 55.4 64.0 70.9(11.2 20.1 38.5 46.9|62.3 74.0 83.9 91.1

Scenario Phoning (HUMAN3.6M_MPIJPE) Posing (HUMAN3.6M_MPIJPE) Purchases (HUMAN3.6M_MPJPE)

milliseconds (ms) 80 160 320 400 [ 560 720 880 1000| 80 160 320 400 [ 560 720 880 1000| 80 160 320 400 560 720 880 1000

ConvSeq2Seq [19] |13.5 26.6 49.9 59.9(77.1 92.1 105.5114.0|

6.9 36.7 75.7 92.9(122.5148.8171.8187.4/20.3 41.8 76.5 89.9 (111.3129.1143.1151.5

LTD-10-10 [18] 93 19.1 39.8 49.7|67.8 83.0 96.4 105.1{10.9 25.1 59.1 75.9]107.6136.1159.5175.0[13.9 30.3 62.2 75.9|98.3 115.1130.1139.3

beg
o

DCT-RNN-GCN [17] [ 8.6 18.3 39.0 49.2(67.4 82.9 96.5 105.0/10.2 24.2 58.5 75.8|107.6136.8161.4178.2 29.2 60.4 73.9]95.6 110.9125.0134.2

STS-GCN [4] 82 13.7 269 309|418 51.1 59.3 66.1| 9.9 18.0 38.2 456|643 79.3 94.5 106.4[ 11.9 21.3 42.0 48.7|63.7 74.9 86.2 93.5

Ours 7.4 127 24.1 29.7|40.2 49.5 58.2 65.0 8.4 16.3 34.5 43.0|60.5 77.5 92.3 102.1{10.7 20.4 38.5 45.8|61.5 74.3 85.3 93.0

Scenario Sitting (HUMAN3.6M_MPJPE) Sitting Down (HUMAN3.6M_MPIJPE) Taking Photo (HUMAN3.6M_MPJPE)

milliseconds (ms) 80 160 320 400 [ 560 720 880 1000| 80 160 320 400 [ 560 720 880 1000| 80 160 320 400 [ 560 720 880 1000

ConvSeq2Seq [19] |13.5 27.0 52.0 63.1(82.4 98.8 112.4120.7|20.7 40.6 70.4 82.7(106.5125.1139.8150.3|12.7 26.0 52.1 63.6(84.4 102.4117.7128.1
LTD-10-10 [18] 9.8 20.5 442 559|764 93.1 106.9115.7[15.6 31.4 59.1 71.7|96.2 115.2130.8142.2| 8.9 189 41.0 51.7|72.5 90.9 105.9116.3

DCT-RNN-GCN [17] | 9.3 20.1 44.3 56.0|76.4 93.1 107.0115.9

4.9 30.7 59.1 72.0197.0 116.1132.1143.6| 8.3 18.4 40.7 51.5(72.1 90.1 105.5115.9

STS-GCN [4] 9.1 15.1 299 35.0|47.7 57.0 67.4 752

4.4 237 419 479(63.3 739 862 943| 82 142 29.7 33.6|47.0 574 67.2 76.9

Ours 8.3 14.3 274 33.9|46.0 564 66.4 74.8(14.3 22.7 39.4 47.0|61.4 72.6 84.9 94.2( 7.6 13.4 26.6 32.4|44.3 56.3 66.9 74.6

Scenario Waiting (HUMAN3.6M_MPJPE) Walking Dog (HUMAN3.6M_MPJPE) Walking Together (HUMAN3.6M_MPIJPE)

milliseconds (ms) 80 160 320 400 [ 560 720 880 1000| 80 160 320 400 [ 560 720 880 1000| 80 160 320 400 560 720 880 1000

ConvSeq2Seq [19] |14.6 29.7 58.1 69.7(87.3 100.3110.7117.7)27.7 53.6 90.7 103.3{122.4133.8151.1162.4|15.3 30.4 53.1 61.2|72.0 77.7 829 874
LTD-10-10 [18] 9.2 19.5 433 544|734 88.2 99.8 107.5[20.9 40.7 73.6 86.6|109.7122.8139.0150.1f 9.6 19.4 36.5 44.0|55.7 61.3 66.4 69.8

DCT-RNN-GCN [17] | 8.7 19.2 43.4 54.9|74.5 89.0 100.3108.2[20.1 40.3 73.3 86.3(108.2120.6135.9146.9| 8.9 18.4 35.1 41.9|52.7 57.8 62.0 64.9

STS-GCN [4] 8.6 14.7 29.6 352|473 56.8 66.1 72.0(17.6 29.4 52.6 59.6|74.7 85.7 96.2 102.6| 8.6 14.3 26.5 30.5|38.9 44.0 482 51.1

Ours 7.4 13.2 269 32.8|44.5 53.8 62.3 69.0(15.9 27.5 48.8 56.7|71.2 83.5 93.1 101.2[ 7.7 13.1 23.2 28.1|35.9 41.8 46.2 50.8

FIGURE 5. The results in terms of MPJPE on the Human3.6M dataset in 15 scenarios.
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Scenario Average (HUMAN3.6M_MPIPE) Average (AMASS_MPIJPE) Average (3DPW_MPJPE)
milliseconds (ms) 80 160 320 400 [ 560 720 880 1000 80 160 320 400 [ 560 720 880 1000| 80 160 320 400|560 720 880 1000
ConvSeq2Seq [19] |16.6 33.3 61.4 72.7]|90.7 104.7116.7124.2/20.6 39.6 59.7 67.6(79.0 87.0 91.5 93.5[18.8 32.9 52.0 58.8(69.4 77.0 83.6 87.8
LTD-10-10 [18] 112 23.4 47.9 58.9|78.3 93.3 106.0114.0/10.3 19.3 36.6 44.6 (61.5 759 86.2 91.2(12.0 22.0 38.9 46.2(59.1 69.1 76.5 8l.1

DCT-RNN-GCN [17] | 10.4 22.6 47.1 58.3(77.3 91.8 104.1112.1{ 11.3 20.7 35.7 42.0(51.7 58.6 63.4 67.2|12.6 23.1 39.0 454|56.0 63.6 69.7 73.7
STS-GCN [4] 10.1 17.1 33.1 38.3[50.8 60.1 68.9 75.6(10.0 12.5 21.8 24.5|31.9 38.1 42.7 45.5| 8.6 12.8 21.0 24.5|30.4 35.7 39.6 42.3
Ours 9.1 159 30.1 36.4|48.5 58.5 67.2 74.3| 9.8 11.5 19.9 23.9|30.2 36.1 40.1 44.6| 9.4 12.5 20.9 23.8(30.2 35.6 39.6 42.5

FIGURE 6. Average results in terms of MPJPE on Human3.6M datasets (Average (HUMAN3.6M_MPJPE)), the average results based on
MPJPE metric on AMASS datasets (Average (AMASS_MPJPE)) and the average results based on MPJPE metrics trained with the
Human3.6M datasets and validated on the 3DPW datasets(Average (3DPW_MPJPE)).

To simplify the identity notation, the notations N d cd,
T4, v¢ describing the dimensions are simplified to N, C,
T, V, respectively. As shown in Fig. 4 and described in the
pseudocode provided in Appendix A, N input frames with
T frames are input into the proposed model, and we can
obtain the input features matrix with dimension NC1 TV from
the N input frames with T frames. Then, the signed and
undirected temporal adjacency matrix with dimension VIT
and the unsigned and directed spatial adjacency matrix [14]
with dimension TVV are obtained by the signed and undi-
rected method and the unsigned and directed method [15],
respectively.

Combined with the input feature matrix above, the opera-
tion is performed in the STGCN model, and the process of
this operation is shown in detail in the pseudocode presented
in Appendix A. Specifically, in the feedforward process,
steps 4-7 comprise the operation of the global residual layer,
and steps 10-15 comprise the processing method we adopted
for the temporal and spatial adjacency matrix, i.e., the signed
undirected and unsigned directed methods. Steps 16-20 indi-
cate the operations of the STGCN layer, i.e., the signed
and undirected temporal adjacency matrix obtained after the
processing is graphically convolved with the input feature
matrix and then graphically convolved with the unsigned and
directed spatial adjacency matrix.

As described in Appendix A, steps 4-7 are a global residual
process. In Fig. 4, corresponding to the parts of a single
STGCN layer, the dimensional transformation process is
shown in detail in Appendix C, except for the temporal and
spatial graph convolution operation on the input features
matrix, a residual module is added at the stage of the archi-
tecture in which the input feature matrix enters the STGCN
layer, and the common convolution operation is performed
in the residual module, i.e., Com2D’, and HI(V%IHQW are
obtained. The common convolution operation Com2D! is
also performed after the input features matrix completes the
temporal and spatial graph convolution operation, i.e., when

H 1(\55 ]Q)W is obtained.

Then,
ual module and summed to obtain the output

H 1(\% 3W are calculated by the resid-

+1
Hye,, ow

which is used as the input of the next layer of the

0)
HNCIHQW and
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STGCN model. These operations are repeated until the
loop ends.

Thus, steps 10-20 encode the signal. In the remaining
decoding process, a simple TCN is utilized to predict the
next T;4; frames. The first layer of the TCN part of the
architecture comprises a Conv2D! convolutional layer with a
residual module added to each of the remaining three layers,
which are composed of Conv2D'! convolutional layers. Thus,
steps 23-29 perform decoding.

Finally, the output Xp and H }(\féngvg) bal re obtained from the
results of the decoding steps and the global residual process,
respectively.

We utilized the Human3.6M and AMASS benchmark
datasets to train the model based on the mean per-joint posi-
tion error (MPJPE) coordinate-based joint prediction metric
and evaluated the performance of our proposed method on the
3DPW dataset.

V. EXPERIMENTS

After training our proposed model according to the strat-
egy described above, we conducted experiments on the
Human3.6M dataset for the human skeleton forecasting task.
For a fair comparison with existing methods, we adopted
the conventional approach to categorize the human body in
motion with a skeleton in common forecasting scenarios. The
results shown in Figs. 5 and 6 demonstrate that our proposed
approach performed better compared to an STS-GCN model
on long- and short-term human pose prediction tasks in each
section in terms of the evaluation metric MPJPE on both the
Human3.6M and AMASS datasets. We validated the effect of
the 3DPW dataset in the model trained on the AMASS dataset
and found that it exceeded the original results on sections
160-720 and showed a close approximation to the original
model in the other parts. This shows that the matrix pro-
cessing in our proposed model based on the significance and
directionality of the adjacency matrices was able to extract
features necessary for prediction with the separated temporal
and spatial adjacency matrices, which allowed the model to
learn associations between nodes in the temporal and spatial
dimensions more effectively. This enabled it to predict human
poses based on positions of the joints more accurately than
previous methods.
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Module2

JAc:T(x) =UTx

Modulel Module3 Module4

= F1(x) = Ux

x
xxg=F N (F) F@) - xxg=UUTgOUTX) =UgeUTx - go*x =UggUTx
Operationl Operation2

Module5
K
G~ ot
Operation3 =0
K
Module7 9o (A) = Zk=091'(Tk(A)
L=D-4 To(®) = LT () = 2, Toss (%) = 22T () = Ty (0)
Module8 UTILU=UTLU =A
K - Module6
gorx=) 6T(D)x L=uay ( . p
k= « Gorx=UY GT(RUTx=) GUTMUTx
go*x = Z OkT(D)x = O4x + 0}Lx Operation4 L =0 k=0
k=0
Module9
I= 2l
T Amax Operation5
1 1 1 1 11
L'=D"2LD"2=D"2(D—-A)D2=1-D"2AD"2
Modulell
Modulel0 Modulel2

1 1
[ 11 go*x=0(+D2AD7Z)x - -
9o *x = 6x +0}( ~ DIADZ — D)x . . . w1 g (p-k T }
Operation6 | go +x = (D Z(A + [)D Z)x H U(D 2(A+ DD 2X'w )

Modulel:The Fourier transform of the graph convolution operation

Module2:Fourier transform of x
& Fourier inverse transform of JAC
Module3:The Matrix form of Fourier transform of the graph convolution operation
Module4:Express graph operation of Module3 with gg
Module5:Using the polynomial to approximate the gg (A), especially using the Chebyshev polynomial gy (K), and takeK = 1
Module6:The graph operation after substituting Module5 into Module4

Module7:Utilizing the degree matrix D and the adjacency matrix A of the graph to express the Laplacian matrix L
& Utilizing the Fourier transform and Fourier inverse transform to diagonalize the the Laplacian matrix L into A
& Also the Laplacian matrix L could be expressed as L = UAUT by simple calculation from the above
Module8:The graph operation represented with L

Module9:The disassembled Laplace matrix L'
& The normalized and regularized Laplace matrix L, where 1,4, = 2

Module10:The graph operation after Operation5

Module11:The graph operation after the computational parameters-reducing operation
& The graph operation after Utilizing the technique of the "Normalisation Trick"

Module12:Representing Modulel1 in matrix form as Module12

i.e., input a whole matrix of features X!, multiplied by the weights W! corresponding to each feature,

and after Graph Filter, the value of H +1 is returned after a nonlinear activation .

Operationl:Represent Module2 as Module3 according to the Fourier transform and Fourier inverse transform in Modulel
Operation2:Express the the process of graph convolution operation in Module3 as Module4
Operation3:Substituting Chebyshev polynomials in Module5 into Module4
Operation4:Utilizing L = UAUT in Module7 and take K = 1 to simplify the Module6 as Module8
Operation5:Substituting L' into L of Module9,and substituting L of Module9 into Module8

Operation6:In order to reduce the number of computational parameters, use 8 instead of 8, 61
& In order to achieve the final result of a feature x corresponding to a 8, utilizing the technique of the "Normalisation Trick"

FIGURE 7. Mathematical Derivation of GCN.
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Conv2D!

Kernel size » (1 X 1 X C)) X Cj41)
Padding — (0,0)
Stride = (1,1)

It e e B e e I B B I -+
1
1
]
1
:
Input Feat Matrix |
TpUEE uiv;es i i Signed and Undirected Temporal Adjacency Matrix
T, — 1 T Q Q
yg I i —_— - —_——— ——
g :
T;/ o ! / /
CJ, [ ; Cl : N
[ i [
1
l 1 =
c | cl I
l I -

X, = [X,X; ..., Xp] € RNACXT=V

0)
Hucrsow

[ENTE

AS_(D(E, li) € RTxVxV

(1+1)
Hycqw

Kernel size > (1 X 1X C)) X Ciy1) Cl

Padding - (0,0) 1+1) g0+
Stride - (1,1) NC4+1QW NC141QW
FIGURE 8. The Process of Transformation of single STGCN Layer.
VI. CONCLUSION task of human pose prediction. Our experimental results show

In this study, we have proposed an approach based on a that the undirected processing in the temporal dimension and
GCN model for human pose prediction tasks that focuses on unsigned processing in the spatial dimension of the adja-
the symbolism and directionality of keypoints representing cency matrix enabled our proposed model to perform better
human joints in the temporal and spatial dimensions in the than previous methods. That is, our method extracted more
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TABLE 1. Table of Notations used in Paper.

Notation Description

A The spatial temporal adjacency matrix at layer /

X' Input feature matrix at layer /

w'! The weight matrix corresponding to the feature matrix at layer /

H®Y The hidden feature matrix at layer /+1

A Adjacency matrix

1 Identity matrix

D Degree matrix

A" The spatial temporal adjacency matrix

A The temporal adjacency matrix

A The spatial adjacency matrix

NCtV ,WVtq — NCgW The Einstein summation process for the space-time dimension

NCtV,Vtg - NCqV The Einstein summation process for the time dimension

NCtV tVW — NCtW The Einstein summation process for the space dimension

N The number of samples

C The number of features

L,q The number of frames

V.w The number of joints

X, =[X,X,-,X,]e RNXCHTV The input feature matrix at layer 1

Permute,,, , 5 (a) Permute the dimension of a from [0,1,2,3] to[0,2,1,3]

H;};l*ég;f'b“’ The input matrix in global residual part

H;]Z;Cg;"b‘” The output matrix in global residual part

uniform(a,b) Relocate the elements in A~ or 4" to random values following
a uniform distribution in the range [a,b]

abs(A4 0 (s,d)) Unsigned and Directed method

(A"U)(S,d).;_Af‘“)(s,d)r)/z Signed and Undirected method

A (s,dye R Signed and Directed spatial adjacency matrix

A" (s,dye R”"T Signed and Directed temporal adjacency matrix

A (s,dye R™" Unsigned and Directed spatial adjacency matrix

A (s,d)e R Signed and Undirected temporal adjacency matrix

X, =[X, ., X,y Xy J€ RVOT | The output feature matrix

Residual(a,b) Residual part

c=[(C,C,,C,.C,,C,,C,C,LCL G The number of features from layer 1 to layer 9

=[3,8,16,32,64,128,64,128,3]

T =[1,1,,T,,T,,7.1=[10,25,25,25,25] | The number of frames from layer 1 to layer 4

o Non-linearity

Conv2D' Convolution operation with kernel size (Ix1xC,)xC,,, ,padding (0,0)
and stride (1,1)

Conv2D" Convolution operation with kernel size 3x3xT,)xT,,, ,padding (1,1)
and stride (1,1)

Conv2D" Convolution operation with kernel size (1x1x7,)xT,,, ,padding (0,0)
and stride (1,1)
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Algorithm 1 Algorithm of Feedforward Process
VHW v < X1
2C =[C1, (2, (3,4, Cs, Cg, C7, G, Co
=3, 8, 16, 32, 64, 128, 64, 128, 3],
T =[T1,T2, 13,14, T5]
=[10, 25, 25, 25, 25]
3L =9,1,=4

1 lobal
4 Hli,T)lchO a < Permuteg 2,1,31(X1)
(2)—global (1) global
5 Hyr cv ConVZD[(lxlel)xTz]( NI Cv )
(1)—global (2)—global
6  Hyrey HNTZCV
(1)—global (1)—global

7 HN TV < Permuteg 2,1,3] (HNTCV )
8 forl=11tL;do
9 forVveVdo
10  stdv_t < 1/ﬁ
11 A"=D(s, d) < uniform(—stdv_t, stdv_t)
1 Atf(l)(s, 3) - (A,,([)(s, d) _{_Atf(l)(s, d)T)/2
13 stdv.s < 1/JV
14 Asf(l)(s’ d) <« uniform(—S[dV_S, SldV_S)
15 As—(l)(g, d) < abs(AS_(l)(S, d))
(I+1) G, dYAD (s, dYH\
16 HyE Dy < oARG, DALY, DHY WD)

(+1) (l+1)
17 HNC, ow < CO”V2D [(Ax1xCHxCii1] ) NC,QW)

0
18 Hy, ow < Com2Dl 1 cpyecyHneion)
[+1 . [+1 )

19 HyY ., < Residual(H ;Vgl; j210) )

NC 110 10W> NCI-HQW
) (I+1)

20 HNC[TV HNC1+1QW

21 end

22 end
1 !
23 Hzif%, cv < Permuteyg 31 3](H1%1TV )

24 HI(VI;;I:CV <« Com2DX

@) (+1)
25 Hyg,ey < Hyry,ov
26 for | =2 to L, do
27 HyP o, < Com2D]! HD. )
NT;4 CV OMV 2L\ 3% 3xT))xT1411\ANTICV

28 H(1+1)CV<—Restdual( ¢+D J240 )

HD )
[BX3xT)xTi41] NT;CV

NT4 NT[ 1CV> NT[CV
0] (I+1)
29 Hypcv < HNT/+1CV
30 end
(1) )
31 Hyrey < Hyryey

1 1
32 HI(VZ"TV <— Permuteg 2,1 3](H1(V])"CV)

33 Hj(\%TV < Residual(H 1(\%TV7 Hliflc)';élabal)

34xo < HI).,

useful information about the correlations between joints and
learned to predict their positions in space and time more accu-
rately and allows the model to learn this information better.

VOLUME 11, 2023

Such refinement opens up a new avenue for further research
on human pose prediction, and we hope that our mathematical
reasoning and the discussion of GCN and STGCN models in
the present work will prove useful as a starting point.

In the future, we plan to continue to improve the proposed
model using the strategies described in this study. In particu-
lar, we plan to consider integrating a GAT model [12] or other
attentional mechanisms [9], [17] in the encoder and adopting
a better prediction module in the decoder. To this end, we plan
to explore the application of TCN models for pose prediction.

APPENDIX A
See Algorithm 1.

APPENDIX B
See Fig. 7.

APPENDIX C
See Fig. 8.

APPENDIX D

See Table 1.
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