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ABSTRACT

In conventional games, enhancing a character’s physical abilities leads to increased
entertainment and exhilaration. However, in virtual reality (VR) games, the movements
of in-game characters and players are synchronized, enhancing the sense of physical
presence and immersion. Therefore, the entertainment value of VR games can be
enhanced by extending the characters’ physical abilities. In this study, we investigated
the effects of varying the trajectory of a leap on players. The results suggest that visual
information at the time of ascent may not be used significantly in the human motion
perception of jumping. This suggests that extending the forward-inclined trajectory is
beneficial. In the future, we aim to propose an optimal extension method by evaluating
the optimal ratio of ascent time to fall time for a forward-inclined trajectory.
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INTRODUCTION

In television and smartphone games such as action- and role-playing games,
players control in-game characters through controllers and control panels,
and the physical abilities of the characters are often higher than those of
real people. This expansion of the physical capabilities in games contributes
significantly to their exhilaration and entertainment value. However, the
market for virtual reality (VR) games using head-mounted displays (HMDs)
has been expanding in recent years, and VR games often synchronize the
movements of characters with those of real players. This provides a superior
sense of physicality and immersion in gameplay compared to existing games.
However, because the player’s physical abilities are strongly reflected in
the character, it is difficult to significantly expand the physical abilities of
the player as in existing games, because they would be uncomfortable and
the game may lack a sense of exhilaration and entertainment. Therefore,
we believe that proposing a method to effectively expand players’ physical
abilities in VR games without compromising their sense of autonomy and
immersion will improve the exhilaration and entertainment value of VR
games and lead to further expansion of the game experience.
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Currently, redirected walking and jumping have been proposed as methods
for augmenting real-world movements in the VR space. These augmentation
methods are limited to extending the physical capabilities within a range that
is unrecognizable to the player, and because the extension magnification is
smaller than that of conventional games, they are unlikely to improve the
exhilaration and entertainment value of games. Therefore, it is necessary
to propose an expansion method that does not impair the sense of motor
subjectivity, even if it is recognized to achieve the same effect as that in
conventional games through expansion.

In this study, the motion subject to the extension was “jumping,” which
is a basic human motion commonly used in daily life and games. In
redirected jumping, which also targets jumping, the range of unrecognizable
vertical jumps has been shown to be 0.06 to 2.20 times larger than that
of unrecognizable vertical jumps (Hayashi et al., 2019). In our previous
study, we investigated the effects on players when they extended their
leaps significantly beyond the above range, that is, within the range that
can be recognized (Adachi et al., 2023). The results showed that a large
jump extension causes a gap between the player’s jump sensation and
visual information, and decreases the sense of motor initiative. In addition,
players may feel discomfort when they extend their jumps, particularly when
they fall. Next, we investigated the effects on the sensation, timing, and
impression of discomfort (the discrepancy between the player’s sensation of
jumping and the visual information) that occur when the player makes a
large jump extension. The results showed that the senses with particularly
large discrepancies were speed and height. It was also suggested that a
higher sense of levitation and time may lead to an increase in the sense of
exhilaration. A sensation of discomfort was observed during ascent. These
results suggest that changing the trajectory during jumping may reduce the
sense of discomfort and increase the sense of exhilaration (Adachi et al.,
2024).

In this study, we evaluated the effects of jumping extensions with changed
trajectories on players using six subjective questionnaires.

LEAP EXTENSION SYSTEM

The system constructed in this study comprises an HMD (VIVE Pro Eye,
HTC), a motion tracker (VIVE Tracker, HTC), and a control PC. The tracker
was attached to the waist and instep of both feet, and the position coordinates
of each foot were acquired. As shown in Figure 1, a series of jumping
movements were classified into three states: upright, crouching, and jumping.
The coordinates of the HMD and tracker in the upright state were used as the
initial positions of the corresponding body positions. When the coordinates
of the waist on the vertical axis were less those of the initial position, the
subject was classified as crouching. The jumping height was defined as the
difference between the HMD coordinates and initial position in the jumping
state. The jump height was extended by applying a specific magnification
factor to the jump height to change the jump height in the VR space. Figure 2
shows an image of this extension. Leap extension was performed by changing
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the trajectory using animation curves, which are functions of unity. The ratio
of the dwell time estimated from the preliminary experiments to the time
spent in the leaping state was obtained. The height was calculated in the
animation curve, and the leap was extended by applying a specific multiplier
to the value. For the intermittent trajectories, the jump was extended by
multiplying the specified jump height by a specific factor once the trajectory
was determined to be in a jumping state.

EXPRIMENTS TO EVALUATE THE EFFECT OF TRAJECTORY
CHANGE ON LEAPFROG EXTENTION

The experiment was performed on ten adult males (23.2 + 0.4 years).

The magnification of leap extension was set to 51.5 (= 2.20°) fold based
on the power law in sensory quantities and 2.20-fold, which is the maximum
magnification of leap extension in previous studies, to the extent that it
is unrecognizable. The jumping trajectory was set under five conditions: a
normal jumping trajectory (parabolic), trajectory that warps to the apex at
the moment of jumping (warp), trajectory with the same duration of stay
but shorter rise and fall times (shifted forward), trajectory with the same
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Figure 1: Sequence of jumping movements.
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and both legs

Upright (initial position) Crouching Jumping

Figure 2: Image of the leapfrog extension.
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duration of stay but longer rise and fall times (shifted back), and trajectory
with a gradual amount of change near the apex (gentle). These five conditions
are illustrated in Figure 3. The ratio of the rise time to fall time was set to
1:4 and 4:1 for the forward and backward inclined trajectories, respectively,
considering that this would reduce the gap in speed. The sense of floating
improves with longer dwell time, which may lead to an increase in the sense of
exhilaration. We considered that a gentle trajectory near the apex and a warp
trajectory would increase the dwell time by increasing the time spent near the
apex. In addition, we instructed the participants to set the jumping height to
0.25+0.03 m, taking into consideration the subjective feeling of jumping and
fatigue during the experiment. The environment of the VR space in which the
participants jumped was set in a city, as shown in Figure 4, because many of
the objects are familiar in daily life, and their sizes and shapes are easy to
imagine.

After explaining the outline of the experiment, questionnaire method, and
items to the experiment participants, the HMD and motion tracker were
attached to them, and a practice task was conducted to familiarize them with
jumping in the VR space and to obtain a sense of jumping at the specified
jumping height. In the practice task, the participants performed the test
and moved on to the experimental task only after completing the test. The
condition for completing the test was the ability to jump within a specified
jumping height range for five consecutive jumps. The experimental task was
conducted according to the procedure illustrated in Figure 5. The participants
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— Reality trajectory
— \ Shifted back

Height
Height

Figure 4: VR environment during the experiment.
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were first asked to complete a questionnaire about their mood. Next, they
performed a normal jump for one minute with no change in trajectory or
extension. The participants then jumped for one minute under one of five
randomly selected conditions. The participants were then compared and
asked to complete a sensory questionnaire. The participants were then asked
to jump again for one minute under the same conditions, and questionnaires
were administered regarding their impressions, moods, subjective feelings of
jumping, and timing of the onset of the sense of discomfort. A one-minute
break was taken after completion of the questionnaire, and the same trials
were conducted for all five conditions. The participants were instructed not
to jump with their ankles alone but to jump with their knees and backs bent.

Evaluation Methods

In this experiment, a subjective evaluation questionnaire was used to
investigate the effects of sensations, impressions, mood, subjective feelings
of jumping, timing of discomfort, and feelings of jumping trajectory.

For the questionnaire on sensations, eight sensations that occurred during
jumping were selected: speed at the time of ascent, speed at the time of
fall, height, force, weight, floating, time, and gravity. Velocity sensation
was measured for each condition. The following sensations were measured
for each condition: speed of ascent and descent, height at the apex, force
of kicking the ground, weight of body, floating sensation, length of time
in air, gravity, and feeling of being pulled downward. Each of these eight
senses was selected for the following reasons. Speed and height were two of
the most important sensations in this study, because they were obtained as
a result of the jumping motion. In addition, the questionnaire was divided
into two sections for the sense of speed: one for ascending and the other
for descending because the speed varied between ascending and descending
under the conditions of this experiment. The senses of force, weight, time, and
gravity were considered from the physical equation describing the physical
phenomenon of jumping. The sense of levitation was selected because it is a
typical sensation that can be felt during the extension of jumping and because
it cannot be replaced by other sensations, such as exhilaration and dynamism,
which can be replaced by questionnaires on impressions.

The questionnaire on impressions was rated from 0 to 1 using a visual
analog scale for the two factors extracted in a previous study: entertainment
and reality factor (Adachi et al., 2024). The entertainment factor contributes
to positive feelings such as fun and interest, while the realism factor is judged
based on daily experiences such as realism and predictability.
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Impression Rest
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Figure 5: Experimental protocol.
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The questionnaire on mood was administered using a two-dimensional
mood scale, and “activeness,” “stability,” and “comfort” were calculated for
each. The higher the score of “vitality,” “stability,” and “comfort,” the higher
the score of “vitality,” “stability,” and “comfort,” respectively, the calmer and
more positive the mood.

The questionnaire regarding the subjective feeling of jumping was
administered using a 7-point Likert scale ranging from -3 (very little feeling)
to 3 (very much feeling).

In the questionnaire regarding the timing of the feeling of discomfort,
participants were asked to choose “yes” or “no” for the presence or absence
of a feeling of discomfort after jumping. If they chose “yes,” they were asked
to select one of six timing options: “at takeoff,” “during ascent,” “at the top,”
“during descent,” “at landing,” and “after that. The questionnaire allowed
multiple responses for each of these timing options.

The questionnaire on the trajectory of the leap asked the participants
how they perceived the trajectory of the leap in each condition, and they
were asked to describe the trajectory of the leap in handwriting so that the
characteristics of the trajectory of the leap could be understood. If it was
difficult to describe the trajectory, respondents were asked to supplement the
description with words.

RESULT

For the velocity ratio between ascent and descent in the four conditions
excluding the warp trajectory (i.e., intermittent trajectory), we computed the
ratio of the response value for the sensation of speed during descent to that
during ascent. Figure 6 shows the velocity ratios for each condition. Using
the parabolic extension as the baseline, Dunnett’s test at the 5% significance
level revealed a significant difference with the shifted forward trajectory, and
at the 10% significance level, a significant difference with the shifted back
trajectory was observed.

Figures 7 and 8 show the response values for the senses of floating and
time, respectively, for each condition. For each of these response values, using
the parabolic extension as the baseline and performing Dunnett’s test at a 5%
significance level for the other four conditions, no significant differences were
observed.
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Figure 6: Comparison of velocity ratios for four conditions except warp trajectory.
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To determine how the eight jump sensations selected in this study
interrelate and identify the sensations that most strongly affect the player,
principal component analysis was conducted using the response results for
each sensation across all conditions. The responses were classified into five
principal components: motor perception, time, jump dynamics, and physical
and spatial perception, with the principal component loadings for each
shown in Table 1.
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Figure 7: Comparison of floating conditions.
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Figure 8: Comparison of time sense conditions.

Table 1: Principal component loadings.

The Time Jump Physical Spatial
Motor Component Dynamics  Component Perception
Perception Component Component
Component
Speed at the  0.738 -0.035 -0.630 -0.119 0.000
time of
ascent
Speed at the  0.846 -0.116 -0.478 0.132 -0.054
time of fall
Height 0.795 0.472 -0.004 -0.136 0.291
Gravity 0.761 -0.382 0.329 0.247 0.260

Continued
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Table 1: Continued

the motor  time jump physical spatial

perception component dynamics component perception

component component component
Float 0.812 0.416 0.084 -0.224 -0.272
Weight 0.682 -0.379 0.263 0.499 —0.195
Time -0.003 0.837 0.188 0.504 -0.010
Force 0.569 -0.065 0.659 -0.456 -0.052
Contribution  0.480 0.172 0.157 0.107 0.033

rate

Figures 9 and 10 present the response values for entertainment and
realism, respectively. The obtained response values were standardized for
each experimental participant. Using parabolic extension as the baseline,
Dunnett’s test at a 5% significance level was performed for the other
four conditions. The results indicated that for entertainment, significant
differences were found between the warp and gentle trajectories, and for
realism, significant differences were observed between the warp, shifted back,
and gentle trajectories.

From the responses to the mood questionnaire, the values for “activation,”
“stability,” and “comfort” before and after the experimental tasks for each
condition were calculated. For “comfort,” the responses were standardized
for each experimental participant; the results are shown in Figure 11.
Furthermore, using the parabolic extension as the baseline, Dunnett’s test at
a 5% significance level for the other four conditions revealed no significant
differences between the conditions.

Finally, based on the responses to the questionnaire on the sense of
agency in jumping, the responses were standardized for each experimental
participant, using the parabolic extension as the baseline. Dunnett’s test at
a 5% significance level on the other four conditions showed a significant
difference with the warp trajectory. The response results are shown in
Figure 12.
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Figure 9: Comparison of entertainment conditions.
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CONSIDERATION

Based on the analysis results of the velocity ratio and the questionnaire results
on the jump trajectories, it was considered that the experimental participants
perceived the characteristics of each of the five trajectories.

Regarding the shifted forward trajectory, the results of Dunnett’s tests
on realism and the sense of agency in jumping did not show a significant
difference from the parabolic trajectory. This may be attributed to the way
in which humans perceive movements during jumping. For the shifted-back
trajectory, because a significant difference from the parabolic trajectory was
observed in realism, it is possible that to induce discomfort, which, in
turn, leads to a decrease in realism. From these findings, it can be inferred
that the necessary visual information for perceiving a jump is the falling
phase from near the apex to landing, as illustrated in the figure. Regarding
motor perception during the ascent phase, internal sensory feedback, such as
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Figure 10: Comparison of conditions of realism.
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Figure 11: Comparison of comfort level conditions.
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Figure 12: Comparison of conditions for leaping subjectivity.
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vestibular and proprioceptive sensations, is thought to play a more dominant
role than visual cues. Therefore, the shifted forward trajectory extension is
considered the most appropriate for maintaining a sense of agency during
jumping.

Regarding the warp trajectory, the results of Dunnett’s test on the sense
of agency while jumping showed a significant difference from the parabolic
trajectory. This suggests that the continuity of movement is important for
eliciting a sense of agency.

Pearson’s correlation analysis between the sense of agency in jumping
and entertainment and realism revealed a positive correlation in each case.
These relationships are illustrated in Figures 13 and 14. Based on these
findings, it can be concluded that the sensation of jumping contributes to
the enhancement of entertainment and realism.

Entertainment value [-]
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Figure 13: The relationship between entertainment and the sense of subjectivity of the
leap.
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Figure 14: The relationship between realism and the sense of subjectivity of the leap.
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CONCLUSION

In this study, we investigated the effects on players when the trajectory of
the leap was changed, and the leap was extended vertically in the VR space.
In the experiment, players experienced five different leaping trajectories and
answered a subjective questionnaire. The results of the experiment suggest
that visual information during ascent may not be used much in the perception
of jumping. Therefore, the extension of the shifted forward trajectory was
considered most useful. In the future, we aim to propose an optimal extension
method by evaluating the optimal ratio of the ascent time to the fall time in
a shifted forward trajectory.
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