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Abstract

Examining differences in motion between individual persons involves predicting the
three-dimensional (3D) future pose using an RGB-D camera. The 3D pose of a person is
estimated based on depth data corresponding to the two-dimensional pose on the RGB
image. Utilizing a neural network model, a sequence of 3D poses representing human motion
is learned, and the future 3D pose is predicted from the sequential input of these 3D poses.
The experiment evaluates the error in predicting the future 3D pose for individual persons.
The evaluation involves basic motions like ‘standing’ and ‘sitting,” which do not involve a
change of location in everyday environments. The results highlight individual differences in
motion and demonstrate the effectiveness of using personal motion data for learning and
predicting the motion of individuals.
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1 Introduction

Service robots are designed to support and enhance human daily activities, making
personalization in user experience a crucial aspect. Achieving this involves having home
service and environmental robots observe a person’s actions, identifying the needed assistance
and determining the best time to provide support by predicting the person’s motion.

For a service robot to exhibit intelligent assistance, its visual capabilities must closely
match those of humans. In recent years, deep neural networks (DNNs) have demonstrated
superior abilities in object recognition tasks, surpassing human performance. Additionally,
DNNs can robustly estimate human poses, further contributing to the robot’s understanding
of human actions and facilitating personalized support.

)™ and three-dimensional (3D) human pose

Thus far, many two-dimensional (2D
estimation methods”" have been proposed, with many relying on the relationship between
2D human pose and 3D human pose data obtained from 3D motion capture. Additionally, the
prediction of future human pose has been previously studied”, often involving the learning
of diverse motions from datasets comprising contributions from numerous individuals.

Traditionally, these methods use datasets with data collected from various individuals to
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ensure general applicability.

With the increasing popularity of RGB-D cameras, they have become valuable visual
sensing devices in robotics and computer vision. Unlike standard cameras, RGB-D cameras
provide both RGB images and real-time depth information about a scene. This technology
offers a distinct advantage as it allows direct measurement of depth information without
relying on general 3D human motion datasets obtained through 3D motion capture. In'", for
instance, a method utilizing an RGB-D camera, specifically, Kinect v2, was employed to predict
a person’s future body position 0.5 s ahead during a jumping motion based on a dataset
derived from the jumping motions of 11 individuals.

However, the aforementioned methods do not account for the unique differences and
features in individuals’ motion. Human motion varies among people, as each person possesses
distinct features even when performing the same categorized motion, such as ‘standing’ and
‘sitting’. Our target application in the future involves personalized robot services tailored to
persons in everyday environments. For effective personalized service robots assisting with
human daily activities, it is advantageous to create and learn a personal motion dataset for
predicting individual motion. Further, predicting future 3D pose and motion, considering
individual differences and features, can enhance the capabilities of service robots, enabling
them to initiate movement and actions earlier in support of their users. In the application, we
envision that vision systems introduced in everyday environments, including service robots,
will measure and learn individuals’ motion to predict future motions for assistance. We expect
that training data including a diverse range of motions will be obtained from each individual
person over long-term observation, resulting in personalized motion predictions for each
person.

We evaluate the difference in motion among individuals based on the 3D human poses
measured and predicted using an RGB-D camera and neural network models. We use a
method presented in' for 3D human pose prediction in future frames. In this approach, the
2D pose of a person in the RGB image is estimated using OpenPoseZ), an image-based pose
estimation technique, while the 3D pose is obtained from the depth measured by the RGB-D
camera. The motion of the person is learned using a neural network model, and the 3D pose in
the future frame is predicted from the past sequence of the 3D pose'”. In'”, given the
anticipated personal use of the application, the RGB-D camera is positioned in a room with an
everyday environment. The motions of a person are measured for training, and the motion
predictions are performed in the same setup. Since ‘standing’ and °‘sitting’ motions are basic
motions that do not involve a change of location in everyday environments, the prediction
error for these motions is evaluated in'”. In this paper, we examine the difference between
individuals for ‘standing’ and ‘sitting’ motions as the first step in motion prediction. The paper
experimentally evaluates the error in predicting the 3D future pose for individuals, revealing
differences in individuals’ motion and the effectiveness of using personal motion data for
learning and predicting individual motions.

2 Prediction of 3D Human Pose

2.1 Measurement of 3D Human Pose using RGB-D Camera
We use an RGB-D camera to measure human poses, capturing both RGB and depth images
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Figure 1. Examples of estimated 2D and 3D poses with RGB-D camera
Figure 1 is referred to in Section 2.1.

at the same time. The 3D pose of a person is measured following the approach described in .
First, the 2D pose of a person is estimated from the RGB image obtained by OpenPoseZ),
which detects the 2D skeleton consisting of several keypoints on the RGB image. An example
of estimated 2D poses for a scene where ‘a person is exercising with motion’ is depicted in
Fig. 1 on the left. The 2D skeletons are represented by connecting several keypoints,
overlaying them on the input RGB image. The depth data is also measured by RGB-D
cameras, and the captured RGB and depth images are aligned to match the image coordinates.
Subsequently, the depth data corresponding to the 2D keypoints are obtained. Next, the
RGB-D camera obtains a 3D pose as a set of 3D keypoints. The estimated 3D pose for the
scene where ‘a person is exercising with motion’ is illustrated in Fig. 1 on the right, where the
3D skeleton is represented by 17 keypoints. In the example, we used the Intel RealSense D455
as the RGB-D camera.

Assuming that the 3D coordinates of a keypoint at time t, are denoted by P(t;), a 3D pose
Pose(t,) is represented by a set of keypoints P(t,). The 3D motion is represented by a time
sequence Pose(t,). If depth data are not available at the pixel corresponding to the 2D
keypoint on the RGB image, the depth data at time ¢, are extrapolated from the 3D
coordinates of the keypoint of the previous frame at time t,,_; by eq. (1).

P(tn—l) - P(tn—Z)

P(t,) = P(tn-1) + (tn — th-1) (D)
lh-1 — ly—2

Finally, the sequence of the measured 3D skeleton of a person represents the motion of the
person.

2.2 Learning 3D Human Motion

We use the recurrent neural network (RNN) described in' as our neural network model
for both training and predicting 3D poses. The input consists of 3D pose data from the current
and previous 7 frames ((m+1) frames in total), while the network outputs 3D poses after T
frames. Figure 2 illustrates the input and output data for the neural network model, where the
data comprise the coordinates of the 3D keypoints in human motion. The number of nodes NN
at the input and output layers is three times the number of keypoints, as each keypoint is
represented by three data points (x,¥,z2) in a 3D space. In training, the 3D pose data
(P(tp),..., P(tp+m)) are sequentially used as input data frames to the model, while the 3D pose
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Figure 2. Future pose predictor of RNN
Figure 2 is referred to in Section 3.2.

data after T data frames (P(tpyms+t)) Serve as teaching data for the output layer. The mean
squared error (MSE) is used as the error function to evaluate the error in the output layer.

The parameters for training the future pose predictor include the number of input data
frames (m+1) in a sequence and the future frames T for prediction. The future frames T
represent the number of frames after the last input data frame. The input data comprise
successive (m+1) data frames, and the corresponding teaching data frame for prediction is a
3D pose after T frames from the last input data frame. The choice of the coordinate system
for representing 3D human poses is also a parameter for training. Two coordinate systems,
camera-centered and person-centered, are represented by C and P, respectively. Different
future pose predictors are obtained by training with various combinations of parameters,
including m, T, and the selected coordinate system.

2.3 Prediction of 3D Human Pose in Future Frame

For predicting the 3D human pose in future frames, the same RGB-D camera is used
under identical environmental conditions as in the training stage. To predict the future 3D pose,
a time sequence of a set of 3D keypoints of (m+1) data (Pose(t;), -+, Pose(t;,,)) measured
in real time by the RGB-D camera is successively inputted into the neural network model’s
input layer. Then, the future pose predictor outputs the 3D pose (Pose(t;ym+r)) represented
by a set of 3D keypoints at a future frame t;,,,,.t after T frames from the current time ¢t;,,,.
The successive future 3D pose is predicted by inputting the next data frame successively.

In", the predicted future 2D pose closely aligns with the measured 2D pose. However,
based on examination of the prediction error in 2D and 3D poses, it is evident that both
measurement and prediction errors are large in the depth direction, especially at keypoints
near human boundaries such as the ears and tips of the feet.
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3 Evaluation of 3D Pose Prediction for Different People

3.1 Learning 3D Motion of Different People and Prediction

The evaluation of the predicted 3D pose in future frames of a person is conducted in'. To
clarify the effectiveness of training individual motions for predicting future poses, we train the
future pose predictor for two different individuals, namely, A and B.

In the experiment, we use 17 keypoints of the skeleton, selected from the 25 keypoints
detected by OpenPose. Keypoints corresponding to the ears or tips of the feet are excluded, as
they do not accurately represent the dominant motion of a person, and their depth data are
not reliable. The future pose predictors A and B share the same RNN structures, as illustrated
in Fig. 2; however, the number of nodes NN at the input and output layers is 51 in the
experiments. During the experiment, we use the Intel RealSense D455 as the RGB-D camera,
positioned approximately 0.95 m above the floor.

For the collection and training of motion data, individuals A and B perform the same
categorized predetermined actions. Each person performs 52 daily actions, such as ‘standing
from a chair’ and °‘sitting on a chair’, in front of an RGB-D camera. Within the action data for
each person, the 52 daily actions include 26 different types of predetermined actions that
occur frequently in everyday activities, such as ‘standing from a chair’ and ‘sitting on a chair’.
This set includes six instances of ‘standing from a chair’ and six instances of ‘sitting on a
chair’. The number of data frames for an action is denoted by NF, with NF set to 60 in the
experiments, and the iteration times N equal to 200 for training the future pose predictors of
the model.

We obtain several motion predictors trained with various combinations of input and output
parameters. A future pose predictor trained with different combination parameters is
designated as (Coordinate system)_(number of input data frames). Here, ‘Coordinate system’
represents the camera-centered and person-centered coordinate systems denoted by C and P,
respectively. In the person-centered coordinate system, the origin of the 3D keypoint
coordinate system is set at the waist (mid-hip) of the person. For the ‘number of input data
frames’ parameter, we chose (m+1) to be equal to 3 and 5 for each coordinate system in the
experiment. Furthermore, as a parameter indicating the number of future frames for
prediction after the last input data frame, we set the number of future frames (T) to 3, 5, and
10. Combinations of the parameters include two coordinates C and P, two input data frames: 3
and 5, and three future frames: 3, 5, and 10. In total, we obtain 12 future pose predictors by
training with these 12 different combinations of parameters.

In the experiments, the frame rate of the 3D pose prediction is approximately 10 fps. Thus,
if the future frame T is set to 10, the motion predictor outputs the 3D pose at approximately
1.0 s into the future. To evaluate the prediction error of the 3D human pose for individuals in
the future frame, we use two future pose predictors: A learns the motion of person A, and B
learns the motion of person B. We evaluate the prediction errors when the predictor A
predicts the motion of person A and person B, and when predictor B predicts the motion of
person B and person A. Afterwards, we compare these prediction errors and discuss the
effectiveness of training the motion of individual persons.
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3.2 Evaluation of 3D Pose Prediction for Different People

For quantitative evaluation indices, we use mean per joint position error (MPJPE) and
percentage of correct keypoints (PCK). MPJPE represents the mean distance between the
predicted and measured 3D keypoints across the entire skeleton. In PCK, we determine the
threshold based on the radius of the head, specifically using PCKh@0.5. PCKh@0.5 calculates
the ratio of predicted keypoints within the radius of a sphere approximating the person’s
head. In our experiment, the radius is set to 0.110 m. To perform the evaluation, we compare
and analyze these indices.

We evaluate the prediction errors for person A and B quantitatively; that is, we use two
actions, ‘standing from a chair’ and ‘sitting on a chair.” In each set of the training and
prediction process for a future pose predictor, we select a pair of these actions (one ‘standing’
and one ‘sitting’) for testing, while using the remaining five pairs of actions and the remaining
50 action datasets for training. After completing this process for all six selected pairs of
actions, we calculate the average MPJPE as the prediction error and the average PCKh@0.5
as the prediction precision for the motions of persons A and B.

Subsequently, we compare the prediction error and precision for the motions of two people
using a future pose predictor trained by one of the two people. In the experiments, we call
‘trainA’ the future pose predictor trained by the motion of person A, and ‘testA’ represents
the set of test actions for person A. We define ‘trainB’ and ‘testB’ in the same way. Next, we
evaluate the prediction error for the six pairs of actions, including ‘standing from a chair’ and
‘sitting on a chair’. For the evaluation, ‘trainA’ is applied not only to the test motion ‘testA’ of
person A, but also to the test motion ‘testB’ of person B, and vice versa.

Moreover, we provide examples of predicted and measured skeletons for a sitting motion.
In Fig. 3, a sequence illustrates the predicted pose of person A (‘testA’) by a future pose
predictor trained by the motion of person A (‘trainA’). Similarly, Fig. 4 presents a sequence

> time
Figure 3. Example of predicted pose in sitting motion of person A (‘testA’ by ‘trainA’)

(prediction: dark, measurement: bright)
Figure 3 is referred to in Section 3.2.
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Figure 4. Example of predicted pose in sitting motion of person B (‘testB’ by ‘trainA’)

(prediction: dark, measurement: bright)
Figure 4 is referred to in Section 3.2.
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depicting the predicted pose of person B (‘testB’) by a future pose predictor trained by the
motion of person A (‘trainA’). The predicted skeleton is presented in dark color, while the
measured skeleton is displayed in bright color.

These figures highlight that the prediction is more accurate in Fig. 3, where the persons
are the same in training a future pose predictor and testing the motion. In Fig. 3, the predicted
skeleton accurately matches the measured skeleton. However, in Fig. 4, differences between
the predicted and measured poses are visible, particularly in the middle of the sitting motion.
At the end of the sequence, the distance between the legs of the measured skeleton for person
B is larger than that of the predicted legs. These prediction errors may be attributed to
differences in individual sitting motions.

Next, Table 1 displays MPJPE as the prediction error for the average of standing and
sitting actions, representing typical activities of daily living. Table 2 presents PCKh@0.5 as the
prediction precision for the average of standing and sitting actions. The numerical values in
the tables are the averages of the standing and sitting actions, where the values are averages
of the six pairs of actions used for testing.

In Table 1, average MPJPE values under 100 mm are presented in bold. In Table 2,

Table 1. Average prediction error (MPJPE) for standing and
sitting actions across six pairs of test motions

Motion of person A (testA) | Motion of person B (testB)

Future frames (T) 3 5 10 3 5 10
Future C.3 74.1 97.7 | 1337 | 1313 | 1790 | 2512
pose C_5 71.9 879 | 1295 | 1292 | 1544 | 2541
predictor | P_3 61.2 735 948 | 1023 | 1201 146.9
(trainA) [p 5 60.1 678 | 830 | 1021 | 1167 | 1464
Future C.3 1323 | 1620 | 2565 836 | 1144 | 1772
pose C5 1246 | 1675 | 2604 854 | 1145 167.1
predictor | P_3 884 | 1022 | 1361 65.6 81.3 | 1119
(trainB) P5 86.8 103.7 131.1 66.4 775 97.9

Table 1 is referred to in Section 3.2.

Table 2. Average prediction precision (PCKh @ 0.5) for standing and
sitting actions across six pairs of test motions

Motion of person A (testA) | Motion of person B (testB)

Future frames (T) 3 5 10 3 5 10
Future | C-3 82.4 69.3 477 53.0 36.8 238
Pose C5 85.4 75.4 51.2 51.8 451 194
predictor | P_3 89.4 82.3 70.0 65.8 59.5 51.1
(trainA) [ p 5 91.0 86.0 77.2 66.4 60.5 50.9
Future | C-3 44.6 318 146 77.8 62.8 37.9
pose C5 494 324 167 75.9 63.2 442
predictor | P_3 72.2 64.4 493 87.1 78.7 59.9
(trainB) [""p 5 742 | 640 | 508 | 80 | 800 | 695

Table 2 is referred to in Section 3.2.
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average PCKh@0.5 values over 50% are presented in bold. Both tables demonstrate the
prediction errors and precision for the combination of future pose predictors ‘trainA’ and
‘trainB’, and test motions ‘testA’ and ‘testB’. Additionally, the tables illustrate that prediction
is more accurate in the person-centered coordinate system than in the camera coordinate
system. Furthermore, the experiments reveal a tendency of lower prediction error in near—
future prediction.

Figure 5 and 6 depict the prediction error (MPJPE) and precision (PCKh@0.5),
respectively, for the motions of A and B predicted by the future pose predictor ‘trainA’ in the
person—centered coordinate system. In these figures, ‘trainA_testA’ represents the case where
the future pose predictor ‘trainA’ is applied to the motion of person A, and ‘trainA_testB’
represents the case where ‘trainA’ is applied to the motion of person B. These figures
illustrate a consistent trend where prediction errors decrease and prediction precision values
increase when the future pose predictor trained on the motion of a person is applied to the
same person’s motion.

Therefore, these results demonstrate the effectiveness of training a future pose predictor
using the specific motion data of an individual to predict their future pose accurately.
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M trainA_testA M trainA_testA
250 ™ trainA_testB 250 = trainA_testB
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P_3(T=3) P_3(T=5) P_3(T=10) P_5(T=3) P_5(T=5) P_5(T=10)
(a) (b)

Figure 5. Average MPJPE of prediction for pose of person A and B by ‘trainA’
Figure 5 is referred to in Section 3.2.
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Figure 6. Average PCKh@0.5 of prediction for pose of person A and B by ‘trainA’
Figure 6 is referred to in Section 3.2.
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4 Conclusion

We describe a method for the real-time prediction of 3D human pose using an RGB-D for
personal applications. Our approach demonstrates the distinct differences in motion among
individuals and the effectiveness of using personal motion data for learning and predicting
individualized motions. Using an RGB-D camera, we captured 3D poses and trained an RNN
to predict future 3D poses based on a sequence of input data frames in real time. Next, we
evaluated the prediction error for two representative daily actions, namely, ‘sitting on a chair’
and ‘standing from a chair’. Despite the limited size of the training dataset for each person,
the predicted future pose closely approximated the measured pose. The results indicate the
effectiveness of training the predictor using an individual’s motion data for accurately
predicting their motion.

Future work will involve evaluating differences in individuals’ motions across a broader
range of everyday activities. Creating datasets that include diverse motions for individuals
through long-term observations is also on the agenda. Additionally, employing larger action
datasets from real-work everyday environments during draining is expected to enhance the
precision of future pose predictions. This advancement holds promise for the application of
motion predictions to service robots in real-world scenarios, enabling greater personalization
in their support for individual users.
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