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Abstract—In this paper, we deal with harvesting fruit in a
3-D virtual space for an olfactory and haptic media display
system. Making use of the system, a user can pick fruit from
a tree in the 3-D virtual space and perceive the smell of picked
fruit by using an olfactory display (SyP@D2) and the reaction
force when picking fruit by using a haptic interface device
(PHANToM Omni). In the case where there exists inter-stream
synchronization error between olfactory and haptic media, we
assess the inter-stream synchronization quality as the quality of
experience (QOE).

. INTRODUCTION

Multi-sensory communications have been emerging. Vision
and auditory sensation are mainly used as computer interfaces
at the present time. In multi-sensory communications, we treat
other senses such as olfaction, tactile sensation, and gustation
as computer interfaces [1]. We can share not only vision and
auditory sensation but also olfaction [2], tactile sensation [3],
and gustation [4] through a network in order to communicate
naturally and realistically. This paper focuses on transmission
of vision, tactile sensation, and olfaction.

However, when we transmit visual, haptic, and olfactory
media streams over the Internet, the network delay jitter
disturbs the temporal relationships among the media streams.
Thus, the quality of service (QoS) of the streams may seriously
be degraded. To solve this problem, we need to carry out media
synchronization control [5]. Mainly, there are two types of
media synchronization control. One is intra-stream synchro-
nization control, and the other is inter-stream synchronization
control [6]. It is necessary to clarify the influence of inter-
stream synchronization error on the quality of experience
(QoE) [7] for efficient media synchronization control.

QOE in haptic media and video transmission has been
assessed so far [8], [9]. Kameyama and Ishibashi [8] measured
the allowable range and imperceptible range of inter-stream
synchronization error between haptic media and video by
conducting an experiment in which the haptic media and the
video of areal object which a user is touching are transmitted
to another user. Fujimoto et al. [9] investigated the influences
of inter-stream synchronization error between haptic media
and video on the inter-stream synchronization quality and the

easiness of the collaborative work in which two users lift and
move a rea object by holding the object between the styli of
the two haptic interface devices.

Thereisafew papers handling olfactory mediatogether with
other media [10], [11]. Ademoye et al. [10] investigated the in-
fluence of inter-stream synchronization error between olfactory
media and video on the inter-stream synchronization quality.
They concluded that when the inter-stream synchronization
error is between about —20 seconds and around +30 seconds,
the inter-stream synchronization error is hardly perceived (if
the synchronization error is negative, the olfactory media
are output ahead of the video). Also, Kadowaki et al. [11]
investigated how to transmit and present olfactory information
together with audio-visua information. They tried to solve
a problem of asynchrony between olfactory and audio-visual
media which causes various problems such as lingering of
odors and human olfactory adaptation in the air by using an
olfactory display which can gect a pulse of the smell for a
very short period of time.

However, no one has investigated the influence of inter-
stream synchronization error between olfactory and haptic me-
dia on QoE. Since QOE deteriorates owing to the inter-stream
synchronization error, it is necessary to clarify the influence
of inter-stream synchronization error between olfactory and
haptic media on QoE.

In this paper, we deal with a system which displays olfactory
and haptic media. Making use of the system, a user can pick
fruit from a tree in a 3-D virtual space and perceive the
smell of picked fruit and the reaction force when picking
fruit. The system is referred to as the olfactory and haptic
media display system in this paper. By QOE assessment, we
investigate the influence of inter-stream synchronization error
between olfactory and haptic media.

The rest of this paper is organized as follows. We explain
the olfactory and haptic media display system in Section II.
Section 111 describes the assessment method, and assessment
results are presented in Section 1V. Section V concludes the

paper.
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Fig. 1. Configuration of olfactory and haptic media display system.

1. OLFACTORY AND HAPTIC MEDIA DISPLAY SYSTEM

As shown in Fig. 1, the olfactory and haptic media dis-
play system consists of the PHANToM Omni [12] (just
caled PHANTOM here) as a haptic interface device, the
SyP@D2 [13] as an olfactory display, and a personal computer
(PC). In this paper, for simplicity, a stand-aone system is
used to investigate the influence of inter-stream synchroniza-
tion error between olfactory and haptic media. We use the
PHANTOM to touch and catch an object in a 3-D virtua space.
The reaction force is calculated by using the spring-damper
model [14]. PC inputs the positional information of the cursor
(i.e., a position which a user tries to touch or is touching with
higher PHANToM) and performs collision detection between
the cursor and an object. The reaction force F' is caculated
by the following equation.

F=K, x4+ Kq-v,

where x is a vector representing the depth of penetration of
the PHANToOM cursor into the surface of the object, v is the
velocity of the PHANTOM cursor relative to the object, Ksis
the spring coefficient, and Kd is the damper coefficient.

The SyP@D2 displays a smell to a user by blowing air into
a smell cartridge attached to the main body. We can attach six
cartridges to the SyP@D2, and the SyP@D2 can diffuse each
smell at any time. There are some parameters of the SyP@D2
which we can set up, such as the name of smell, the duration
of diffusion, and the intensity of diffusion (i.e., the power of
wind). In this paper, we set the distance between a user and
the SyP@D2 to about 0.3 m. We measured the average time
that it takes for the user to perceive the smell. As a result,
when we set the intensity of diffusion to the maximum, it took
about 2 seconds for the user to perceive the smell. Therefore,
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Fig. 2. Displayed image after picking grapefruit.

the maximum wind speed of the SyP@D2 is approximately
0.15 m/s.

In this system, a user can move the viewpoint in a 3-
D virtual space by keyboard input. There is a grapefruit
tree in the virtual space. The user can touch a grapefruit
by manipulating the PHANTOM and catch the grapefruit by
pressing the button of the PHANToM stylus while touching the
grapefruit. Also, he/she can pick a grapefruit from the tree by
pulling the grapefruit while catching it. We show a displayed
image after picking a grapefruit in Fig. 2. When he/she pulls
a grapefruit, the reaction force is generated. If the reaction
force exceeds a threshold value (2.45 N), the grapefruit pulled
by him/her is picked. Before exceeding the threshold value,
the strength of the reaction force is the same as that of the



force given by him/her; however, the direction is opposite.
After exceeding the threshold value, the reaction force F' is
calculated by the following equation.

F=F.+C4-d,

where d is a vector representing the movement of a picked
grapefruit, F'c is the current reaction force, and Cd is a
dynamic coefficient to express feel of picking a grapefruit. In
addition, the smell of a grapefruit is diffused by the SyP@D2
when the grapefruit is picked. If he/she releases the button
of the PHANToOM stylus after picking the grapefruit, the
grapefruit disappears and the diffusion of the smell stops.

Figure 3 shows functions of the olfactory and haptic media
display system. PC inputs the information about the stylus
button (ON or OFF) and the positional information of the
cursor every millisecond. By using these types of information,
we update the information of the reaction force, the olfac-
tory information, and the positional information of grapefruit,
where the olfactory information means the name of smell, the
duration of diffusion, and the intensity of diffusion; also, the
positional information of grapefruit has an effect on the visual
media. The information of the reaction force, the olfactory
information, and the positional information of grapefruit are
output after buffering for a certain period of time which is set
beforehand. In this paper, for simplicity, the haptic media are
assumed to be synchronized with the visual media. Therefore,
the buffering time of the information of the reaction force is
set to the same value as that of the positional information of
grapefruit in our assessment?.

We need to generate the difference in output time between
olfactory and haptic media to investigate the influence of inter-
stream synchronization error between the two media on QoE.
In this paper, we set the buffering time of the haptic media to
0 ms, and generate the temporal difference by outputting the
olfactory media earlier or later than the haptic media. When
outputting the olfactory media later, as described earlier, we
generate a delay by buffering. When outputting the olfactory
media earlier, we do not use buffering, and we output the
olfactory media when the force given by a user exceeds a
threshold value. Then, since the inter-stream synchronization
error between olfactory and haptic media is not constant, we
calculate the average of the inter-stream synchronization error
generated in QoE assessment. Thus, we change the inter-
stream synchronization error between olfactory and haptic
media by adjusting the output time of the olfactory media.

1. ASSESSMENT METHOD

In QOE assessment, each subject operates the PHANTOM
and picks grapefruits in the virtual space. Before carrying
out the QOE assessment, we make each subject pick some
grapefruits without the inter-stream synchronization error in

1We assessed the influence of inter-stream synchronization error between
visua and haptic media on QoE. As a result, we saw that inter-stream syn-
chronization errors between about 0 ms and around +40 ms are imperceptible
(if the synchronization error is positive, the haptic media are output ahead of
the visual media). We will report the assessment results in another paper.

TABLE |
FIVE-GRADE QUALITY OF SCALE.

Score | Description
5 Excellent
4 good
3 fair
2 poor
1 bad

order to get the subject used to picking. Then, the subject picks
grapefruits with the inter-stream synchronization error. As
described earlier, we generate the inter-stream synchronization
error by outputting the olfactory media earlier or later than
the haptic media. If the inter-stream synchronization error is
positive, the haptic media are output ahead of the olfactory
media. In this case, the error between olfactory and haptic
media is changed from 0 ms to +3000 ms. Then, the constant
additional delay of the olfactory media is changed from 0 ms
to +1000 ms at intervals of 100 ms, and is changed from
+1000 ms to +3000 ms at intervals of 500 ms. When the
olfactory media are output ahead of the haptic media (the
inter-stream synchronization error is negative), as described
earlier, the inter-stream synchronization error is not constant.
Therefore, we change the threshold value of the force when
outputting the olfactory mediafrom O N to 2.10 N at intervals
of 0.35 N in order to change the average of the inter-stream
synchronization error (the average time from outputting the
olfactory media to picking a grapefruit). When the threshold
value of forceis O N, the olfactory media are output on catch-
ing a grapefruit even if a user has not picked the grapefruit.
The average of the inter-stream synchronization error will be
shown in Section 1V.

Each subject is asked to base his’/her judgement about
the inter-stream synchronization quality in terms of wording
used to define the subjective scale, as shown in Table I. The
subject gives a score from 1 through 5 to each test to obtain
the mean opinion score (MOS) [15], which is one of QoE
parameters. We set the diffusion intensity of the SyP@D?2 to
the maximum in our assessment. Each subject picks grapefruits
while listening to classical music (Four Seasons by Vivaldi)
to prevent the subject from being influenced by the sound
of blowing from the SyP@D?2. In addition, the subject takes a
30-second rest every judgement to prevent him/her from being
influenced by lingering odors in the air and human olfactory
adaptation (we verified that there is no influence of lingering
smell in the air and human olfactory adaptation if each subject
takes a 30-second rest in a preliminary experiment). The
subjects were men and women whose ages were between 21
and 30. It took about half an hour per subject to complete all
the judgments.

IV. ASSESSMENT RESULTS

We show the MOS value of the inter-stream synchronization
quality as a function of the inter-stream synchronization error
in Fig. 4, where the 95 % confidence intervals are aso
plotted. In Fig. 4, when the inter-stream synchronization error
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Fig. 3. Functions of olfactory and haptic media display system.
TABLE Il
AVERAGE AND COEFFICIENT OF VARIATION OF INTER-STREAM SYNCHRONIZATION ERROR (WHEN OLFACTORY MEDIA ARE OUTPUT AHEAD OF HAPTIC

MEDIA).
Threshold value of force [N] 0 0.35 0.70 1.05 1.40 1.75 2.10
Average of inter-stream synchronization error [ms] —1379.13 | —934.73 | —954.89 | —630.59 | —669.98 | —249.42 | —89.84
Coefficient of variation of inter-stream synchronization error 0.57 0.96 0.97 0.72 1.08 1.08 0.93

is positive, the horizontal axis means the constant delay of
the olfactory media. When the inter-stream synchronization
error is negative, the horizontal axis denotes the average of
the inter-stream synchronization error. We show the average
and coefficient of variation of the inter-stream synchronization
error in Table I1. From Table |1, we find that the average of the
inter-stream synchronization error is between about —1380 ms
and around —90 ms. In addition, as the threshold value of
the force becomes larger, the average of the inter-stream
synchronization error increases. Moreover, the coefficient of
variation is between about 0.57 and around 1.08.

In Fig. 4, for inter-stream synchronization errors between
about —1380 ms and around —250 ms, the MOS value of the
inter-stream synchronization quality is larger than 4 (good).
As described earlier, since it takes approximately 2 seconds
to perceive the smell, we see that the subjects hardly perceive
the inter-stream synchronization error when it takes from about
620 ms to around 1750 ms to perceive the smell after picking
a grapefruit. In addition, Figure 4 reveals that for inter-stream
synchronization errors between about —1380 ms and around
+400 ms, the MOS value of the inter-stream synchronization
quality is larger than 3 (fair); this means that the inter-stream

synchronization error is allowable. The allowable range in this
paper is smaller than that in [10]. This is because subjects
are more sensitive to the inter-stream synchronization error in
the case where the olfactory and haptic media are perceived
together than in the case where the olfactory media and video
are perceived together.

In this paper, however, we cannot assess the inter-stream
synchronization quality when the inter-stream synchronization
error is smaler than about —1380 ms. The reason is as
follows. In our system, it takes about 1380 ms for a user
to pick a grapefruit. When the olfactory media are output
ahead of the haptic media, we cannot generate inter-stream
synchronization errors larger than about 1380 ms. To assess
the inter-stream synchronization quality when the inter-stream
synchronization error is smaller than about —1380 ms, we
have just implemented a new function in our system. In the
new function, if the reaction force which is generated when a
user pulls a grapefruit continues to exceed a threshold value
for 1 second, the grapefruit pulled by him/her is picked; thus, it
takes more than about 1380 ms for a user to pick a grapefruit.
There is a possibility that a user feels uncomfortable when it
takes a long time to pick a grapefruit. For this reason, we also



I 95% confidence interval

1
-1500 -1000 -500 0O

500

Y

1000 1500 2000 2500 3000

Inter-stream synchronization error [ms]

Fig. 4. MOS of inter-stream synchronization quality.

investigate which method is felt more real, the conventional
one or the new one. Currently, we are carrying out the two
types of assessment. We will report the assessment results in
the camera-ready version of this paper.

V. CONCLUSIONS

In this paper, we investigated the influence of inter-stream
synchronization error between olfactory and haptic media on
QoE. As a result, we found that for inter-stream synchroniza-
tion errors between about —1380 ms and around —250 ms,
the inter-stream synchronization quality is good. In addition,
we saw that inter-stream synchronization errors between about
—1380 ms and around +400 ms are allowable.

As the next step of our research, we will investigate the
influences of packet loss and network delay jitter on QoE.
Also, we will study media synchronization control which takes
advantage of the results obtained in this paper for olfactory and
haptic media
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