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Abstract. The advantages of a system that uses virtual reality (VR) are that the
software program can be changed to permit various types of technical training to
be performed with a single device, and that the work environment can also be
changed easily. Another advantage is that a network can be used to allow multiple
users to train at different remote locations. An example of this phenomenon is the
lag between video and sound in a network teleconference system. In an environ-
ment where latency exists, such a system cannot be said to be suitable as a tech-
nical training system, and this is a problem when using a VR system.
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1 Introduction

The advantages of a system that uses virtual reality (VR) are that the software program
can be changed to permit various types of technical training to be performed with a
single device, and that the work environment can also be changed easily. Another
advantage is that a network can be used to allow multiple users to train at different remote
locations. With a standalone system, an independent device that does not interface with
a network will experience no latency, and no time difference At will be generated for
various sensory operations. However, with a VR space connected via the Internet or
other network, as aresult of network latency and packet loss, as well as differing amounts
of information, the data transmission times for various sensory operations will not
necessarily be the same. An example of this phenomenon is the lag between video and
sound in a network teleconference system. In an environment where latency exists, such
a system cannot be said to be suitable as a technical training system, and this is a problem
when using a VR system.

Concurrent with these advances has been a wealth of research on haptic interface
technology [1], and educators have begun exploring ways to incorporate teaching tools
utilizing touch properties in their curriculums [2, 3]. This will make replacing familiar
teaching tools with digital media incorporating VR seem more attractive. For example,
various learning support systems that utilize virtually reality (VR) technology [4] are
being studied. Examples include a system that utilizes a stereoscopic image and writing
brush display to teach the brush strokes used in calligraphy [5, 6], the utilization of a
robot arm with the same calligraphy learning system [7], a system that uses a “SPIDAR”
haptic device to enable remote calligraphy instruction [8], and systems that analyze the
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learning process involved in piano instruction [9] or in the use of virtual chopsticks [10].
However, with a VR space connected via the Internet or other network, as a result of
network latency and packetloss [11, 12, 13], as well as differing amounts of information,
the data transmission times for various sensory operations will not necessarily be the
same.

In this study, we created a drum performance system in a VR space to investigate
the effect of visual, auditory, and haptic sensation time differences generated while
performing an operation in a VR space. As a result, we clarified the impact that delays
of various information in a VR space have upon a user, and the impact of delays upon
a user when that system is adjusted to more closely approximate an actual network.

2 Experiment Using Ball Striking Action (Preliminary
Experiment)

2.1 Description of the Experiment

First, in order to investigate the linkage between cooperative characteristics of haptic,
visual, and auditory senses in a VR space, we used PHANToM to create a program that
will strike a ball within a VR space. Striking the ball causes a reaction force to be
returned, and the user is thus able to sense the striking of the ball in the VR space.

In this study, we used a PHANToM Omni Device (Sensable Technologies) as
our haptic device. It was attached to a control computer (CPU: Intel® Core™
17-2600[3.00 GHz], RAM:4.00 GB, OS:Windows7Pro.,64bit) running Open-Haptics™
toolkit v3.0 as the control program. The participants were seven male (17-20 years
old).

The action of striking a ball with a pole causes a collision that returns a reaction force
and exhibits basic characteristics. A sound is generated when the ball is struck, and the
collision causes the ball to begin to move with respect to the pole. The sound of a billiard
ball being hit was used as the sound generated when the ball is struck. A lag between
the generation of sound and the start of motion imparted a feeling of sensory discomfort
to test subjects when using this system. Therefore, we investigated human reactions and
the acceptable range for deviation arising from differences in visual, auditory, and haptic
operations occurring in the ball strike timing.

Figure 1 shows the execution screen. The blue sphere in the screen represents the tip
of the pole, and PHANToM has been used to create a program in which the tip of the
pole is moved to strike the white sphere in the center of the screen. As shown in the
figure, by generating delays between the sound and haptic sense generated when striking
the ball, and between the haptic sense and the video of the ball beginning to move, we
tested the acceptable ranges of time difference for various senses.

The test subjects compared various measurement values for which the video and
sound were delayed to a non-delayed reference of 0 ms, and selected one of three criteria
corresponding to whether the generated video and sound seemed to be earlier than, later
than, or simultaneous with the haptic reference.
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Fig. 1. Overview of the experiment

2.2 Experimental Results

Figures 2 and 3 show the experimental results of the visual and haptic characteristics
and the auditory and haptic characteristics, respectively. The horizontal axes indicate
the time difference until the respective video or sound is generated with respect to the
haptic reference, and the vertical axes indicate the number of people who felt a delay
with that time difference. The test subjects were men and women in their teens or twen-
ties; 15 people participated in the visual-haptic experiment and 7 people participated in
the auditory—haptic experiment. The time difference settings in these experiments ranged
from O to + 150 ms in 10 ms intervals (31 points) and + 200 ms for a total of 33 points
for the visual-haptic experiments and from O to + 200 ms in 10 ms intervals for the
auditory—haptic experiments for a total of 41 points.
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Fig. 2. Visual-haptic sense coordination characteristics

From Fig. 2 it can be seen, for example, that when a 30 ms time difference is generated
between the video of the start of ball motion and the haptic reaction force when the ball
is struck, 7 people were able to distinguish that difference.
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Fig. 3. Auditory—haptic sense coordination characteristics

From Figs. 2 and 3, it can be seen that as the delay time increases, the number of
people capable of feeling a difference from the reference also increases. Furthermore,
because the increase in people who can feel a difference occurs at a gentler rate in
Fig. 3 than in Fig. 2, we can conclude that the effect of an auditory delay has less of an
impact than the effect of a visual delay.

1
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Fig. 4. Visual-haptic sense characteristics

From Fig. 2, in comparing visual and haptic senses, it can be seen that at a time
difference of + 30 ms, approximately 50 % of the people began to feel a difference, and
at about + 50 ms and larger, nearly all the people could feel a difference. From Fig. 3,
in comparing auditory and haptic senses, it can be seen that beyond a time difference of



Auditory and Visual Properties in the Virtual Reality 139

about + 50 ms, more than 50 % of the total people began to feel a difference, and that
from differences of about + 80 ms, nearly all of the test subjects could feel a difference.

From the obtained results, the method of constant stimuli was used to analyze the
time difference threshold, and Figs. 4 and 5 show those findings.

-200 0 200
PSE = 0.18
Sigma = 60.287
IND (75%) = 40.663

Lower difference threshold = -40.84 Upper difference threshold = 40.48

Fig. 5. Auditory—haptic sense characteristics

From Fig. 4, in a comparison of auditory and haptic senses, with respect to a standard
stimulus of O ms, an upper limen of 10.48 ms and a lower limen of —11.222 ms were
obtained. This finding indicates that for time differences of up to approximately + 10 ms,
75 % of the test subjects did not distinguish any difference from 0 ms. Similarly, from
Fig. 5, with respect to a standard stimulus of 0 ms, an upper limen of 40.48 ms and a
lower limen of —40.84 ms were obtained. This finding indicates that in a comparison of
auditory and haptic senses, for time differences of up to approximately + 40 ms, 75 %
of the test subjects did not distinguish any difference from 0 ms.

It can be seen that the number of users who feel a difference in the program begins
to increase when, due to delays, the haptic—visual data time difference begins to exceed
10 ms or the haptic—auditory data time difference begins to exceed 40 ms. Visual sense
is said [14] to have a greater impact than auditory sense, and that statement is consistent
with these findings. Moreover, for visual sense, there exists research showing that people
begin to sense network latency when the delay reaches approximately 30 ms, and this
is consistent with the finding that 50 % of the test subjects began to feel a difference at
this level.
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3 QoE Measurement with Drum Performance System in a VR
Space

3.1 Drum Performance System

In this experiment, we created a drum performance system in a VR space to investigate
the impact of delay on a person who is performing a more realistic task and the associated
quality of experience (QoE). In addition, we changed the way in which the delay was
generated to investigate the acceptable range of delays for a person in a state that more
closely approximates network latency than in the previous experiment. Figure 6 shows
the execution screen of the created drum performance system. The stick on the screen
is moved using a PHANTOoM haptic device so as to strike a drum. At the timing when
the stick strikes a drum, a sound and reaction force are generated, providing the user
with a feeling of actually playing the drums. When the stick strikes a drum, we applied
delays to the video in the screen and to the sound in order to investigate human reactions
to latency in visual, auditory, and haptic operations and the acceptable ranges of those
delays.

Fig. 6. Program execution screen

3.2 Measurement with Constant Delay and Random Delay

In this experiment, we took measurements using two types of delays: constant and
random. Each type is explained below.

3.2.1 Constant Delay

When a drum is struck, a predetermined single type of delay time only is generated.
Since a constant delay will always be generated, this differs from an actual network
environment, but it is thought that basic human responses to delays could be measured
in this manner.
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3.2.2 Random Delay

If the same delay time always occurred for all communication, then the delay could be
predicted and managed accordingly, but delay times are not necessarily constant. Espe-
cially in the case of the Internet, since in principle, the location through which a packet
will be transferred is not known, predicting the arrival time of a packet is extremely
difficult. In consideration of the fluctuation in such a network, we conducted experiments
in which random delays of two or more preset delay times would occur when a drum is
struck. Accordingly, the delay format more closely resembled the state when using an
actual network than in the case of a constant delay. For this experiment, two types of
delays (Delay 1 and Delay 2) were preset in advance. We measured the rates of occur-
rence of the two delays and set them to occur with nearly equal probability.

3.3 QoE Measurement of Drum Performance System with Constant Delay

Video and sound delays were generated when a drum is struck, and we investigated the
impact on people at that time. In the previous experiment, measurements were made
using three criteria, but in this experiment, the users performed evaluations to rank each
delay on a five-step scale from 1 to 5. The criteria for the five evaluations are shown in
Table 1.

Table 1. Experimental evaluation ranking

evaluated . operability of
quality
value system
5 Excellent to have g.OOd
operability

4 Good v
3 Fair v
2 Poor v

to have not

1 B -

ad good operability

The experiment was conducted for both sound and video with measurements taken
in the range of 0 to 150 ms in 10 ms intervals for a total of 16 measurement points. The
delays were presented to the test subjects at random, without prior notification. The
experiment was conducted multiple times for each test subject, and measurements were
taken a total of 20 times for 7 test subjects.

Figure 7 shows the experimental results. From this figure, it can be seen that the users
evaluated the delay at lower values as the delay time increased. It can also be seen that
a video delay has a greater impact than a sound delay on the evaluation results.
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Fig. 7. QoE measurement results with constant delay

In addition, for sound delays greater than the standard deviation, the evaluation value
increased gradually as the delay time increased. For video delays, however, it can be
seen that the evaluation values became smaller if the delay time became excessively
large. This is because users are thought to concentrate their evaluations at the “poor”
level when the video delay time becomes large. On the other hand, for sound delays,
there was a variety of evaluations even when the delay time was 150 ms. There is thought
to be a delay time zone during which individual differences appear in the impact of a
delay.

For video delays, evaluation values of 3 or below for “normal” or lower quality were
recorded at 80 ms, but for sound delays, there were no evaluation values of 3 or less
until 150 ms. From the results of the previous experiment in which the number of users
who feel a difference in the program begin to increase when the haptic-visual data time
difference begins to exceed 10 ms or the haptic-auditory data time difference begins to
exceed 40 ms, there is thought to be a discrepancy between the time difference value at
which a difference is felt due to delay and the time difference value at which quality is
affected significantly.

3.4 QoE Measurement of Drum Performance System with Random Delay

The measurement range consists of Delay 1 fixed at a single value and Delay 2 varied
from 0 to 150 ms in 10 ms intervals, for a total of 16 points. Here, the experiment was
performed for two random delays, with the value of Delay 1 being fixed at O ms and
fixed at 30 ms.

3.4.1 QoE Measurement with Random Delay (Delay 1 = 0 Ms)

Figure 8 shows the experimental results. From Fig. 8, it can be seen that for a random
delay in which Delay 1 is fixed at O ms, the video quality is evaluated at an overall higher
value than in the case of a constant delay, and the evaluation values have risen to a level
comparable to those of a sound delay.
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Fig. 8. QoE measurement results with random delay (Delay 1 = 0 ms)

When a video with a constant delay is evaluated, the quality drops below the
“normal” level at evaluation value 3 in the vicinity of 80 ms, but with a random delay,
the quality evaluation maintains a value of 3 or higher up to 110 ms. Therefore, we found
that even if the delay time is not stable, as long as one of the delay times is short, QoE
will be able to maintain a high value. Furthermore, in the case of a sound delay, no
significant changes with respect to a constant delay were seen. As for the standard devi-
ation, in contrast to a constant delay, we confirmed that the standard deviation would
spread out as the delay time increased, even with a video delay. In the case of a sound
delay, the spreading out of the standard deviation is more pronounced for a random delay
than for a constant delay. From the above, we found that increasing the number of delays
presented and more closely approximating the state of using a network causes the deter-
mination of quality by users to deviate even further.
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Fig. 9. QoE measurement results with random delay (Delay 1 = 30 ms)
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3.4.2 QoE Measurement with Random Delay (Delay 1 = 30 Ms)
Compared to the case when the value of Delay 1 was fixed at O ms, the evaluation of
random video delays results in low overall values, and this can be seen in Fig. 9.
Accordingly, for similar random delays, it is thought that the evaluation values will be
lower when the longer delay time is longer.

This result also shows that, for a video delay, people are able to discriminate time
differences when the time difference is about 30 ms.

Additionally, Figs. 10 and 11 show the results of Figs. 7 through 9 compiled into
graphs for video delays and sound delays, respectively.
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Fig. 10. QoE evaluation values with video delays
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Fig. 11. QoE evaluation values for sound delays

From Figs. 10 and 11, it can be seen that for a video delay, there are no large changes
in the evaluation values while the delay time is small, but when the delay time reaches
about 80 ms, most evaluation values are in agreement with Constant Delay < Random
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Delay (Delay 1 =30 ms) < Random Delay (Delay 1 = 0 ms). For sound delays, no large
change in QoE was observed for either constant delays or random delays.

4 Concluding Remarks

In this study, it can be seen that the number of users who feel a difference in the program
begins to increase when, due to delays, the haptic—visual data time difference begins to
exceed 10 ms or the haptic—auditory data time difference begins to exceed 40 ms. Visual
sense is said to have a greater impact than auditory sense, and that statement is consistent
with these findings. Moreover, for visual sense, there exists research showing that people
begin to sense network latency when the delay reaches approximately 30 ms, and this
is consistent with the finding that 50 % of the test subjects began to feel a difference at
this level.

When a video with a constant delay is evaluated, the quality drops below the
“normal” level at evaluation value 3 in the vicinity of 80 ms, but with a random de-lay,
the quality evaluation maintains a value of 3 or higher up to 110 ms. Therefore, we found
that even if the delay time is not stable, as long as one of the delay times is short, QoE
will be able to maintain a high value. Furthermore, in the case of a sound delay, no
significant changes with respect to a constant delay were seen. As for the standard devi-
ation, in contrast to a constant delay, we confirmed that the standard deviation would
spread out as the delay time increased, even with a video delay. In the case of a sound
delay, the spreading out of the standard deviation is more pronounced for arandom delay
than for a constant delay. From the above, we found that increasing the number of delays
presented and more closely approximating the state of using a network causes the deter-
mination of quality by users to deviate even further.

This result also shows that, for a video delay, people are able to discriminate time
differences when the time difference is about 30 ms.

It can be seen that for a video delay, there are no large changes in the evaluation
values while the delay time is small, but when the delay time reaches about 80 ms, most
evaluation values are in agreement with Constant Delay < Random Delay (De-lay
1 =30 ms) < Random Delay (Delay 1 = 0 ms). For sound delays, no large change in
QoE was observed for either constant delays or random delays.
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