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Abstract: Virtual characters are now widely used in games, computer-generated (CG) movies,
virtual reality (VR), and communication media. The continued technological innovations in motion
capture mean that a more natural representation of a three-dimensional character’s motion should be
achievable. Many researchers have investigated how virtual characters interact with their surrounding
environment through spatial relationships, which were introduced for adapting and preserving
character motion. However, technical problems should be resolved to enable the control of characters
in augmented reality (AR) environments that combine with the real world, and this can be achieved
by adapting motion to environmental differences using original motion datasets. In this paper, we
investigate a novel method for preserving automatic motion adaptation for a virtual character in AR
environments. We used specific object (e.g., puddle) recognition and the spatial properties of the
user’s surrounding space, e.g., object types and positions, and ran validation experiments to provide
accurate motion to improve the AR experience. Our experimental study showed positive results in
terms of smooth motion in AR configurations. We also found that the participants using AR felt a
greater sense of co-presence with the character through adapted motion.

Keywords: motion adaptation; augmented reality (AR); virtual character; spatial relationships;
co-presence

1. Introduction

Augmented reality (AR) will be increasingly used as a technology that integrates
digital information and virtual objects with real environments [1,2]. AR systems have
been recently applied in various fields, providing the use of digital contents to combine
the real and virtual worlds [3,4]. For example, Pokémon Go merged real activity and
interaction with digital objects (e.g., virtual characters) in the user’s surroundings [5].
More recently, many researchers in AR fields have begun to actively study the increase
in users’ perception to resolve the environmental differences between real and virtual
spaces, such as light conditions [6] and geometric relationships [7]. AR systems based
on a virtual character that moves and interacts have allowed for a higher sense of being
there with the virtual character; however, it is difficult to match the character’s motion in
real space [8]. In ongoing recent research, there have been many attempts to resolve the
differences in spatial configuration in the real world with respect to motion adaptation [9].
There has been a lack of study on how to adapt using spatial perception in terms of practical
deployment. In particular, it is important to match the virtual character’s motion based
on spatial configurations in order to visualize the environmental conditions of the real
world [10]. To overcome this problem, we present a novel method of real-time motion
adaptation for an AR character using spatial perception based on relationships between a
virtual character and the configuration of its surrounding environments, and we introduce
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a procedural approach for implementation, which had not been previously studied. Thus,
we investigate a method for preserving automatic motion adaptation to adapt motion to
environmental differences using original motion datasets. Also, this paper proposes a
context-aware AR adaptation method for improving the AR experience of participants.
Figure 1 shows an example of adapting character motion in the AR system. The
character can naturally match with and adapt to the spatial configuration in the participant’s
environment. For example, the participant in the AR environment can interact with the
virtual character. In this case, the character should exhibit natural movements to adapt to
the real configuration (e.g., ice vs. puddle). Our method in this paper focuses on adaptive
motion in the AR space rather than spatially correct motion. We identified real objects in
the environment, and then the AR character was designed to move according to the real
environmental situations regarding the context of the AR participant. To adapt the motion
of the AR character to the real configuration, we predicted the real objects using a detection
process. Then, we decided on adaptive motion by considering the location of the detected
object and its characteristics. Also, we then estimated the 3D position for the AR character.

Figure 1. Comparison of the adapted motion of an AR character; for example, a character standing
in the incorrect position in the real environment (left), and the character with adaptive motion in
a puddle (right). The AR character should effectively represent natural movements matching the
real-world configuration to enhance the user experience. The red square in the two images indicates
an AR character synthesized in the real world.

The structure of the remaining part of this paper is as follows: Section 2 gives an
introduction and future directions with related works. Section 3 presents the overall system
configuration, and Section 4 provides a detailed explanation of the implementation of the
proposed approach in this paper. Section 5 presents the evaluation results of our approach
in terms of adapting to environmental conditions and reports the main results, including
those related to co-presence. Finally, in Section 6, we conclude this paper and suggest
future research directions.

2. Related Work

Here, we will describe three topics with respect to the main theme of our work in this
paper (i.e., interactive augmented reality technologies, AR character models, and motion
adaptation in AR environments).

2.1. Interactive Augmented Reality Technologies

To develop interactive AR contents, previously representative studies used a fiducial
marker-based method [11], merging a virtual character with a specific marker in the real
environment. This approach was used to obtain spatially registered results (or virtual
objects) from the participant’s viewpoint or captured images. Recently, with sensing
technologies, markerless-based AR tracking systems have become much more feasible [12].
Reitmayr and Drummond investigated a method for rendering a virtual object registered
with the shape of the object itself, allowing the AR system to determine the position and
orientation of the virtual object using the natural feature points of the object shape [13].
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Also, a few researchers were concerned with using realistic representation to visualize
virtual objects that were indistinguishable from a perceived real space, for example, an
estimation of lighting in the real world [14,15], shadow simulation [16], occlusion-based
rendering [17], and real-time global illumination [18]. In this study, we were interested in
the motion of the virtual character in the AR environment. In particular, more appropriate
research works will be conducted to improve accuracy in spatial configurations for motion
adaptation of the AR character. There have been no applicable results in this field applying
motion adaptation in given spatial configurations of the AR environment.

2.2. Augmented Reality (MR) Character

With the recent developments in using sensing methods to make 3D character datasets,
such as reconstructed characters similar to actual participants, AR character systems have
been evolving to create computer-generated content in a realistic way [19]. Feng et al.
suggested an example of rapid capturing to reconstruct a scanned 3D character by apply-
ing materials including texture information using a depth sensor [20]. The authors also
presented an automatic rigging method for creating the character’s animation through the
use of suitable skeleton embedding for the 3D character datasets [21].

Another concern is the use of motion datasets for character animation. Wang et al. in-
vestigated optical-based motion capture systems for recording movements placed in specific
locations on the body [22]. Recent advances in this technology in terms of deep-learning-
based human pose estimation and using motion retargeting to preserve the captured results
between the actor’s body size and the different skeletal information of the target character
have become quite mature [23]. With recent research approaches, augmented reality (AR)
characters spatially superimposed onto the real world can interact with the participant’s
surrounding environment and enhance the sense of co-presence, namely the sense of being
in the same place together [24]. Here, we present a method for using automatic motion
adaptation to provide accurate motion of an AR character using the spatial properties of
the user’s surrounding space to enhance the AR experience. Accordingly, we hope that this
pioneering study will serve as a reference for future Al-based motion control research in
real-world situations.

2.3. Motion Adaptation in AR Environments

Previously, many researchers in the AR field strove to register a virtual object with an
estimated position and orientation using various physical objects (e.g., a fiducial marker
or the 3D physical shape itself) [25]. More recently, several studies focused on adapting a
virtual object with the corresponding information from real situations (e.g., light conditions,
real objects) [14]. Interestingly, the results of recent adaptations in physical situations
showed that they are beneficial to participants’ experience in AR environments [26]. In one
notable piece of work, Jo et al. introduced the motion adaptation of a teleported character
to a physical configuration with respect to the differences in the real environments between
two remote sites for an AR-based 3D teleconference [12]. The authors suggested that the
adaptation technique was based on spatial properties in the real world and also found that
their method could provide an enhanced AR experience. However, adaptive motion studies
have been usually conducted in VR environments for retargeting, with no comprehensive
work being carried out in the AR area that considers the situation of given objects in the real
world. Therefore, in the future, sufficient research studies will continue to be conducted to
clarify implementation methods.

3. System Overview and Approach

Figure 2 illustrates an example of the adaptive motion control in a puddle in the
real situation. The movements made by the adapted AR character depend on the spatial
configuration. We should also consider the identification of real-world objects to estimate
3D positions in AR [27], assuming that the character would be positioned in various real
environments. After transformations such as the position and rotation of the character
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are decided, the character will adapt its motion depending on the character’s position
registered in the AR environment. In this case, to represent natural movement, the AR
character’s motion will be established in an adaptive form in real-world situations based
on contexts of real space, and the 3D position of the AR character will be estimated.

Figure 2. Comparison between original motion and our adaptive control using a real puddle: an AR
character walking without acknowledging the context of the real environment (left) and the character
using adaptive motion to cross the puddle (right).

Figure 3 describes our automatic motion adaptation process for the AR character in
real environments. To adjust the motion to match the real situation, first, we needed to
predict the objects in the real world using a detection process. At this time, if the score of the
detected object was higher than the pre-defined threshold (T) related to object recognition,
we decided that adaptive motion should be applied to the AR environment instead of the
character’s original motion. Here, the threshold value, which is related to the degree of
performance of object recognition, required to determine the character’s motion will be set
depending on environmental conditions such as lighting conditions. Then, we applied this
to the corresponding character motion by considering the location of the actual detected
object and its characteristics. We then estimated the 3D position from 2D images (or moving
pictures) to determine the location where the virtual character should be superimposed.
For example, the AR character with original movements (e.g., normal walking movement)
will generate suitable motion sequences (e.g., careful walking movement) at the location of
the recognized object. As shown in Figure 3, we recognized real objects, such as puddles,
from a large number of real images and selected the character’s motion expressed to match
the real-world context from several motion candidates. Detailed information is provided in
the Section 4.

Character
motion data

3D position [

Input Images - Object Detection Depth AR Character’s
: = (e-g.,puddle) ‘ Estimation - Motion Adaptation

or movies

Figure 3. Automatic motion adaptation process for the AR character.
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4. Implementation

Algorithm 1 shows the overall implementation algorithm. First, we performed object
recognition to express the AR character’s movements and apply them to real-world situa-
tions using context information. Note that object detection attempts to identify the location
of a recognized object from an image and video [28]. Figure 4 shows examples of our results
using puddle objects detected in real-life images. Here, among the many real-world objects,
we selected the puddle as the most suitable object for the adaptive motion control of the AR
character, and in this study, we used 1000 labeled puddle datasets for learning to establish
object detection related to predictions to identify the specific object in the image. When a
client running our AR content sends a request for object recognition, the server processes
it based on the learned results of YOLOVS5 [29]. YOLOVS5 is a model for detecting objects
in the You Only Look Once family of computer vision technologies, commonly processed
with images or video datasets generated in the real world. The AR environment requires
real-time object detection, and the recognition accuracy is high [30]. Object recognition
methods must also be able to simultaneously detect various objects that may affect the
character [31]. Due to these recognition constraints in AR content, we selected YOLOv5
from among the related object recognition methods [32]. As a result of object recognition,
the area of the recognized results was indicated by a red square (or bounding box), and the
location of the detected object was received from the server. Then, we configured the object
recognition dataset using the X and Y position in the top left, the X and Y position (or X/Y
coordinate) in the bottom right, and the confidence level for the object in the given image.

Algorithm 1. Motion adaption algorithm of the AR character determined by spatial properties in
the real-world configurations

Input: Original motions and configurations of the AR character’s surrounding environment
Output: Adapted motions

Function Adapted_motion(Detected object, Original motion)
// Estimate newly updated motion to apply detected objects
if motion_transition_value > detection_threshold
// Calculate 3D position/rotation/scale factors to be superimposed
3D transformation < depth maps from multi-view 2D images

for each motion(m) in all motions(M)
// match the character behavior using fuzzy inference
updated_character_motion < original_motion + detected object

End for
End if
Return Adapted motion for animation controller, 3D transformation data

Second, we estimated the 3D position from 2D images (or moving pictures) to calculate
the location where the AR character would be registered and superimposed. We adopted
Godard et al.’s method of monocular depth estimation [33]. In this study, we predicted
the 3D shape of the object related to transformation from the viewpoint of several input
images [33] and used the view-synthesis approach to estimate the appearance of the target
image from the viewpoint of another image to construct depth maps [33]. Using the
reconstructed depth map (or spatial map) captured from the actual environment and the
object recognition result, we estimated the relative locations related to spatial perception
such as the position and orientation of the camera included in a user’s mobile computing
device with six degrees of freedom (DOFs). In short, we estimated the depth in the given
space using relative poses with multi-view methods and calculated the 3D spatial location
of the camera. Additionally, we used the interpolation method to correct 3D positioning
errors. Then, the virtual object, namely the AR character, was registered by applying
transformations (e.g., position, rotation, and scale) based on the predicted camera position,
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which is the process of synthesizing a virtual object accurately at a specific location in the
real environment.

e,

2

Figure 4. Puddle objects detected in real-life images. The letters represent the recognized objects,
and the numbers show the confidence level of the results. Here, the object recognition results are
expressed based on a sliding window, so the results are displayed overlapping.

As a final step in applying adaptive motion, the AR character with original movements
(e.g., walking) generates appropriate animation sequences at the location of the recognized
object. Here, as already mentioned, we focused on applying a specific movement according
to context rather than the geometric 3D shape of the real environment. We modified and
used the toolkit developed from previous research according to the purpose of this study
in order to match the AR character’s animation [24]. Our revised toolkit for AR character
control produced suitable animation data via fuzzy logic, and the results of the character
response were expressed in natural movements on the detected area. Here, with a form
of many-valued logic using fuzzy inference, we matched adaptive motions and carried
out adjustments of the AR character’s behavior according to contexts from the real-life
condition [24]. We updated the transformation with Unity3D C# scripting language with
respect to object manipulation applied to the geometric descriptions (e.g., position, rotation,
and size) with a Mixamo 3D model [34,35], and the animated Mixamo character also acted
similar to a real person. Also, we adjusted the real-life scaled character to look like a
person in a real environment. Figure 5 shows an example of the test conditions for the
adaptive motion. In our situation in this study, the AR participant used Galaxy Tab S8
Ultra 5G computing devices (Samsung, Suwon, Korea), which can be used portably in
an outdoor environment, running a version of Android 13 to view and interact between
the character and the real environment in Unity3D [36]. As noted earlier, we intend to
conduct future work related to adapting animated movements to match 3D geometrically
spatial information such as when multiple objects are recognized simultaneously or are
occluded by other objects. Additionally, the AR character should provide behavior that
naturally matches the user’s environment [37], for which there is a need for improved
motions in various situations with real-life adaptation for practical applicability. Moreover,
future research works should be conducted to achieve a more suitable expression of the AR
character using a deep-learning-based approach.
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Figure 5. Examples of AR interaction between a participant and a character. The AR character is
represented on a portable smart pad that operates in an outdoor environment and can express the
adaptive motion (e.g., suitable walking) applied to the given environment.

Figure 5 shows the AR character’s motion adjusted with the detected object in the real
environment. The AR character may walk in a desired place and can express natural behav-
ior that adapts to the context of the environment as determined by the spatial properties.
We will present a discussion of the experiments conducted to validate our results with the
AR character in the next section.

5. Experiments and Results

We developed real-time motion adaptation to provide appropriate character animation
behavior using spatial perception for an AR character and focused on context awareness
using object detection in the real environment. We conducted two comparative experiments:
object detection accuracy and participant’s co-presence.

5.1. Experiment 1: Object Detection Accuracy for an AR Environment

First, we evaluated object detection accuracy to estimate the performance in a real-
world situation where puddles were used as examples of the real environment. Our
evaluation method determined which situations provided more accurate object detection.
Figure 6 shows the accuracy degrees using the position and size of the objects in a given
image of the real environment. It was found that more accurate results were obtained
when the target object was in the center of the input image (see Figure 6 left). Then, in
the test condition, the experiment was set up with the same sliding window size (i.e.,
50 x 50). We also found that the detection performance was better when smaller objects in
the image were recognized (see Figure 6 right). The darker colors in Figure 6 indicate more
accurate results.

Figure 7 shows an example of the detection error in various situations. In the exper-
iment, performance was evaluated using three confusing situations (i.e., water/puddle,
slightly wet ground, and dry road). The right side of Figure 7 shows a confusion matrix of
overall performance, and darker colors of the right image indicate highly confusing values
in our detection scenario. This error was caused by the influence of light that occurred
when the light was reflected. For example, the error probability of recognizing the wet
ground in the image as an ordinary road was found to be 65%. Then, in certain situations, it
was possible to determine what the object was, but it was not possible to determine exactly
where the object’s area was (see Figure 7 left). In our estimation method, there were many
situations where our predictions turned out to be incorrect. For instance, many results
incorrectly predicted water as a road. We will leave it to future research to overcome this
difficulty. As the most representative result related to our research work, Hui et al. focused
on user-defined motion gestures of a virtual character interacting with real environments
in an augmented reality (AR) environment and generated corresponding motions using
a mobile AR interface [10]. In a usability study, they evaluated the accuracy and editing
time for user-created character motions in given real environments. In our research work,
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we investigated the accuracy of object detection and co-presence of the AR character for
automated motion generation. The next section will present the results of user experiments
on co-presence.
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Figure 6. Quantitative accuracy of object detection to evaluate performance in a real-world situation
using puddles as examples. These results were probabilistic recognition performance. The top-left
side of the figure shows the performance for the location in the given image, and the top-right side
shows the performance related to the size of the target object. Here, darker colors indicate more
accurate results. The bottom-left figure shows the x and y position marked in red of a real image,
and the bottom-right figure shows an example for understanding the size of the width and height.
The results show that the objects had the highest scores when they were located between 0.4 and 0.6
in the image; in the case of the size, the best results were between 0.05 and 0.15. Here, numbers for
experimental results represent relative normalized values.
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Figure 7. Example of our results related to detection errors. The figure shows that an error occurred

due to light reflection (left). The right side shows a confusion matrix of our overall performance,
where darker colors indicate higher values. For example, the error probability of recognizing the wet
ground in the image as an ordinary road was found to be 65% (see the block in the bottom middle of
the right image).
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5.2. Experiment 2: Qualitative Comparison with Co-Presence

One essential way to evaluate AR environments is to measure the feeling of being in
the space with the AR character [38]. For participant co-presence, we investigated how the
character responded to two different conditions (adapted motion on or off) in two different
environments (puddle or muddy conditions in a real environment). In the experiment, we
presented the participants with given scenarios on a portable AR device, similar to those
used in previous interaction experiments with virtual characters [10]. Most participants
were university students; twenty people (15 men and 5 women) with an average age of
26.5 years were paid and participated, and they conducted the within-subject experiment,
which was conducted in a one-time session. Also, for consistency, it was performed at the
same time on several days under the same weather conditions (i.e., sunny days). Here, all
participants reported that they had prior experience with immersive virtual reality headsets.
In the experiment, the AR participant used the Galaxy Tab S8 Ultra 5G computing device,
which can be easily used in the outdoor environment as previously mentioned. To measure
the feeling of being in the same space with the AR character, which is called co-presence, the
AR character was naturally operated via a context-aware control method to adapt its motion
to the real environment. After the participants had completed all tasks, their perceptions
were measured using a qualitative questionnaire to allow them to express how much they
agreed or disagreed using a seven-point Likert scale [39]. Figure 8 shows participants’
co-presence results generated for the different conditions (i.e., adapted or nominal/original
motion) and scenarios (i.e., puddle or muddy situations) with a pairwise comparison using
two-sample t-tests. In the puddle situation, the two-sample t-tests revealed main effects at
p < 0.05 in the level of co-presence (see Figure 8 left). However, we found no statistically
significant main effect in the muddy situation (see Figure 8 right). In certain cases of our
experimental results, participants showed a greater co-presence when adapted motion was
used. When asked about the reason to evaluate the resulting score; 12 participants (60%
people in participants) answered that they evaluated it based on similarity to the actual
situation. For example, some subjects answered that the character’s motion should be
adapted to certain situations similar to everyday life. In our results in the puddle examples,
the participants thought that the AR character would walk carefully to avoid splashing.
On the other hand, in the muddy case, they answered that the character should not walk in
the muddy space but has to take a different path. Accordingly, we found that additional
research work on interaction responses of a virtual object such as a 3D character depending
on the situations in daily life will be needed. Thus, in the future, we will need to analyze
situations where higher co-presence can be achieved. For example, we will try to find out
where automatic motion adaptation can be helpful in real-world scenarios.

7

Adapted Nominal Adapted Nominal

Scenario #1 Scenario #2

Figure 8. Survey results regarding participants” experience of co-presence: adapted motion versus
motion without adaptation (or nominal/original motion). Here, scenario #1 involved a puddle, and
scenario #2 was performed in a muddy situation.
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Also, through open follow-up questions of user feedback, we also learned that par-
ticipants” experiences can significantly influence co-presence in AR environments. For
example, participants who had developed mobile AR thought that the AR character should
naturally have adapted motion to real-world situations; otherwise, they said co-presence
with the AR character was broken. Therefore, future research should be conducted to ana-
lyze the impact of the accuracy level of the character motion according to user experience,
and research on motion editing for natural movements will also be needed.

5.3. Discussion and Limitations

We studied the practical approach in terms of adapted motion and its benefits for the
AR character. In this study, we ran comparative validation experiments to measure the
detection accuracy and the effect of adapted motion. It was found that sliding window
size and the position of the detection area have a significant effect on object recognition
performance in an augmented reality environment. We also found that the adapted motion
of the augmented reality character had a positive effect on AR participants. However,
several difficulties were found when using the approach in real-world applications due to
accuracy issues associated with difficulties in object recognition such as light reflections.
Thus, it will be necessary to be able to make accurate object predictions based on sufficient
datasets in various real-world situations. Therefore, more accurate AR registration in
the outdoor environment will still require the use of methods based on more sensors
(e.g., multiple cameras, depth sensors) and more datasets (e.g., image data, labeling, and
point clouds) for deep-learning approaches like research works in the field of computer
vision [40]. Moreover, realistic visualization issues for 3D representation of the physical
environment related to depth perception between real-world objects and the virtual charter
will need to be resolved. For example, it would be helpful to apply the occlusion handling
approach suggested by Alfakhori et al. [17].

Figure 9 shows examples of how the AR character’s motion can be more suitably
adapted. Our systems need to handle cases based on a more accurate context beyond the
recognition capability of object detection in the real environment (e.g., adapted motion
speed and jump height responses to the situation). Thus, we will update the details of the
AR character’s movements for more natural responses. Furthermore, we will improve our
method to support the friction coefficient of the terrain (i.e., the difference between ice and
mud). With our results, we presented a preliminary approach for adapting the character’s
motions in the AR environment and partly evaluating the effectiveness of a future AR
scenario. Additionally, to illustrate the significance of the study, we performed two-typed
comparative experiments. We have realized that object recognition accuracy needs to be
improved, similar to the basic problem of computer vision fields. In particular, in qualitative
aspects such as the participant’s level of co-presence with the AR character, we found that
adaptive motion in our experimental study showed positive results in AR setups.



Appl. Sci. 2024, 14, 650

11 0f 13

Figure 9. Examples of movements that can be made more automatic for the AR character: (top
left) jumping on a stone bridge, (top right) jumping when the character can, (bottom left) avoiding
walking through a small puddle, and (bottom right) falling into a deep puddle.

6. Conclusions and Future Research Works

Augmented reality (AR) contents are an important medium providing helpful in-
formation about real-life situations. Recently, an AR system based on the movement of
three-dimensional characters has begun to be more actively developed, and there have
been many approaches to effectively represent natural movement to enhance the user expe-
rience. In this study, we focused on adapted motion to improve the participant’s sense of
co-presence with the AR character and established a type of character motion that adapts to
real-world situations. We used object recognition and contexts of real space, ran validation
experiments, and evaluated the users’ experience of co-presence. Our experimental study
revealed positive results in terms of adaptive motion in AR situations. There are still many
aspects that need to be improved for use in real life, including detection quality (e.g., how to
recognize situations that may occur in everyday life) and context-based natural motion (e.g.,
applying physical properties such as friction, gravity, and collision due to the influence of
real objects), for practical applicability. Nevertheless, our study related to the AR character
with its potential impact can provide insights into approaches for applications in various
fields such as AR games, teleconference systems, and remote educational systems.

In future directions, we are planning to expand this system for applications related to
motion adaptation in various situations such as scenarios in which multiple AR characters
interact with one another (e.g., crowd simulation using deep reinforcement learning) in the
AR user’s surrounding condition and an AR character who is in a wheelchair. Also, we will
need to improve usability methods (e.g., blurring real people in the video) regarding ethics
and privacy, which are among the fundamental issues in augmented reality technologies.
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exempt categories.
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