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ABSTRACT

We can use augmented reality (AR) and diminished reality (DR) in
combination, in practice. However, to the best of our knowledge,
there is no research on the validation of the cross-modal effects
in AR and DR. Our research interest here is to investigate how
this continuous visual changes between AR and DR would change
our weight sensation of an object. In this paper, we built a system
that can continuously extend and reduce the amount of visual
entity of real objects using AR and DR renderings to confirm that
users can perceive things heavier and lighter than they actually are
in the same manner as SWI. Different from the existing research
where either AR or DR visual effects were used, we validated one
of cross-modal effects in the context of both continuous AR and
DR visuo-haptic. Regarding the weight sensation, we found that
such cross-modal effect can be approximated with a continuous
linear relationship between the weight and length of real objects.
Our experimental results suggested that the weight sensation is
closely related to the positions of the center of gravity (CoG) and
perceived CoG positions lie within the object’s entity under the
examined conditions.
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1 INTRODUCTION

Senses work in collaboration with one another, not individually.
Therefore, senses mutually complement information, and we re-
ceive the resultant stimuli. This complementary effect, a so-called
cross-modal phenomena, shows that we can handle multiple senses
by giving a single sensory irritation to the user instead of giving
multiple stimuli corresponding to each sensory system [8]. For
example, a visual-weight illusion known as a size-weight illusion
(SWI) is one such phenomena [13]. SWI makes the user feel that ob-
jects with the same weights differ, depending on the size. [3]. Thus,
SWI can change the perceived weight-which usually requires large-
scale instruments to change the actual weight-by simply changing
the visual effects. The use of this phenomenon can simplify system
configurations, making them cost-effective.

Cross-modal phenomena are reproducible in augmented reality
(AR) environments. AR is capable of changing the appearance of
real-world objects fully or partially. For example, changes in the
appearance of an object by a hand would induce SWIand change the
sense of the object’s weight. However, AR has a practical limitation;
AR overwraps the visual stimuli with computational visual effects
(i.e., AR cannot reproduce smaller visual stimuli than the real one).
In other words, SWI in AR is capable of making only the user feel
that the object is lighter than it actually is by making the size larger.

Diminished reality (DR) can, on the other hand, visually remove
real-world information (i.e., DR and AR have opposite concepts).
Briefly, DR makes objects invisible by overlaying synthetic back-
ground pictures onto the object [9]. DR can, therefore, make an
object to be held by a hand smaller than it actually is by visually
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removing part of the object. In theory, SWI effects in DR make
things heavier as opposed to SWI in AR.

In practice, we can use AR and DR in combination. However, to
the best of our knowledge, there is no research on the validation of
the cross-modal effects of AR and DR. Our research interest here is
to investigate how continuous visual changes between AR and DR
would change our weight sensation of an object. Consequently, our
contribution in this research is to answer the following questions:

e How do the AR and DR visual modifications change the
perceived center of gravity (CoG)? For example, in AR and
DR, is the CoG perceived at a position where there is no
entity after visually extending or shortening the object, or is
it perceived within the entity?

e How do the AR and DR visual modifications change the
perceived weights? For example, do AR and DR always make
things lighter or heavier, respectively?

o Are there any limitations on the illusions?

2 RELATED WORK
2.1 Visuo-Haptic Experiments in VR space

Virtual reality (VR) enables us to not only reproduce the real-world
phenomenon in a fully virtual world but also to newly create arbi-
trary phenomenon as we desire. This vital aspect of VR has pushed
psychological studies, especially in visuo-haptics, forward to tackle
challenging issues in this field by presenting contradicting multi-
modal stimulus to the user, which has not been achievable using
real space.

Zenner and Kruger [16] and Fujinawa et al. [5] utilized VR spaces
to validate the effects of visuo-haptics. In these two studies, they
used a passive object with a motorized spindle to change its CoG,
and they showed that the perceived weight can be significantly
altered with this mechanism that changes the object’s properties
slightly.

While these findings are positively recognized in the field, we
also recognize the inconsistency between the real and virtual worlds’
experiences induced from the incompleteness of the video-game-
quality virtual world and geometric remapping from the daily life
experiences to those in the virtual world. This inconsistency is
noticeable, especially in the visuo-haptic field where a user must
touch real or virtual objects via his/her avatar body, and, therefore, a
sense of ownership is hardly achieved. To avoid such unnecessarily
arguable phenomenon in visuo-haptic studies, AR can be an alter-
native. AR adds visual effects to the real world without changing
the appearance of the user’s body. Consequently, the see-through
capability of AR would give us the convincing feelings from the
raw visual world without invading the body ownership existing
there by nature.

2.2 Visuo-Haptic Experiments in AR space

While AR technology can partially solve limitations in VR, it casts
some technical difficulties. Issartel et al. [6] observed visuo-haptic
effects of virtual objects colliding with each other in an AR space.
Taima et al. [14] built a system to modify the movement of a
handled object to evoke the visuo-haptic effect in an AR space.
Punpongsanon et al. [11] proposed an AR-based technique using
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a visuo-haptic mechanism. Their system visually controls the ap-
pearance of soft objects to manipulate the softness perceived by a
user pushing the physical object. In another example, cross-modal
effects of a real object with visual effect overlay are validated. There
is also an example, in which cross-modal effects of a real object with
visual effect overlay are validated. Omosako et al. [10] observed
that the CoG of a real object can be perceived differently when a
larger virtual object is superimposed onto the real one. They also
observed a similar phenomenon when the virtual object is smaller
than the real one. However the conditions and the experiments
were not conducted with sufficient thoroughness. From these at-
tempts, various effects of AR visual stimuli to haptic sensations
regarding roughness, weights, and the CoG have been validated.

2.3 Visuo-Haptic Experiments in DR space

Buchmann et al. [2] showed preliminary results on the perfor-
mance improvements for manual operations with semitransparent
workers’ hands under a fixed head pose. Cosco et al. [4] performed
real-time 6DoF DR to visually remove a bulky haptic device occlud-
ing the user’s workspace and confirmed that this visual effect can
increase performance. While diminishing real objects with DR tech-
niques has been considered effective, Tanaka et al. [15] presented
results showing that the diminished object tends to be perceived as
heavier.

Bayart et al. [1] proposed a pioneering system using both AR
and DR for virtual painting onto real objects. This system could
erase a visual obstacle for the painting target with a DR process. Al-
though we found some systems having both AR and DR rendering
pipelines, to the best of our knowledge, no experiments have been
performed to confirm effects to haptic and the other sensations
with cross-modal effects (i.e., AR and DR). AR and DR are individ-
ually confirmed as able to influence haptic sensations, but these
two modalities have not been combined in a single experimental
condition. Therefore, the continuity of the influence of AR and DR
visual effects to the haptic sensations has not been explored.

2.4 Size-Weight Illusion (SWI)

SWl s an illusion of weight sensation induced by visual effects. Due
to the illusion, we misinterpret that objects with the same weight
are heavier when the size is smaller than it is and vice versa. Rock
et al. [12] reported that objects held by a hand with a magnifier give
different weight sensation from those without a magnifier. Koike et
al. [7] validated that a haptic device, SPIDAR, can be used to induce
SWI. However, most of the related research validated the illusion
in the real space or visual stimuli for SWI are indirectly presented
in a display from a different perspective.

3 OVERVIEW OF AR-DR VISUO-HAPTIC
EXPERIMENTS

3.1 System Setup

In the following experiments, a video see-through-type head-mounted
display (HMD) and an AR platform system were used to implement
DR effects. To allow the test subject to freely move his or her head
during the experiments, the subject’s head motion was acquired
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Figure 1: Extending and shortening a real rod using AR and
DR techniques, respectively. a) a physical rod with 6DoF sen-
sor (a Polhemus Fastrak receiver), b) the user with a VST-
HMD tracked in 6DoF gazes at the rod and waves the rod at
every constant time interval. ¢) 160% length rod with AR, d)
100% length rod with a texture overlay, and e) 30% length rod
with DR.

using magnetic sensors. The system operated at 30 fps. The sub-
jects reported that they did not experience a time lag or shift in the
preliminary experiments.

We adopted a simple method for erasing objects by using DR for
this study. We created a 3-D model of the environment in figure
1 from multiview images using a 3-D reconstruction tool, Agisoft
PhotoScan, in advance. Figure 2 shows the 3D scan data used in
the our experiments. We used a 100g rod of 24mm diameter and
60cm length. We defined a part of a rod within 10cm from the end
to be grasped. The rods were masked for chroma-key composition
of the above-mentioned 3-D environment model.

3.2 Research Questions and Hypotheses

In this experiment, we investigated the relationship between the
visual range of real objects and the weight perception. Specifically,
we considered the following research questions:

(1) When sticks are diminished by DR, depending on the range
to be diminished, will subjects feel them as heavier as or
lighter than normal?

(2) Similarly, as we increase that range, does the weight percep-
tion change to become lighter or heavier uniformly?

(3) Does the change in the appearance of real objects from AR
extension to DR reduction and vice versa continuously in-
fluence the visuo-haptic illusion?

(4) Even if we use sticks of different weights, will the subjects
feel them to be as heavy or as light as they are?

From these research questions, we formulated the following
hypotheses to be validated in the following psychological study.

H1 The shorter the rod is, the heavier it feels to participants

H2 The longer the rod is, the lighter it feels to participants

H3 These transitions in experienced heaviness are continuous

H4 Perceived positions of the weights vary depending on visual
AR/DR visual stimuli
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Figure 2: Pre-scanned background data for DR.

H5 The perceived positions influence to the weight sensation

4 PSYCHOLOGICAL STUDY: WEIGHT

In Experiment 1, we evaluated effects of virtually extended or short-
ened rods to the weight sensation based on magnitude estimation
method to confirm the H1, 2, and 3. For all conditions in this exper-
iment, we used the same physical rod.

4.1 Procedures

In order to eliminate differences in the way that participants might
swing the rods, we instructed the participants on how to swing the
rods the same way, by holding the handle part and swinging the
rods up and down with their right hand. Participants held the rods
so that they could be seen on-screen. The degree of swing was 40
degrees, and the tempo was 100 BPM.

For the evaluation, we used a magnitude estimation method. In
this method, the magnitude of the sensation in the evaluation stim-
ulus is answered by a proportional value for the standard stimulus
(100). For example, participants answer 200 if the evaluation stimu-
lus feels twice as heavy as the standard stimulus. If they feel half
the weight, they answer 50. The standard stimulus was a virtual
rod of the same length as the real object. The evaluation stimulus
was set to 30%, 60%, 130%, 160% the length of the real object. In
the experiment, since three evaluation stimuli were performed, the
number of trials per person was 4 X 3 = 12 trials. In addition, con-
sidering fatigue of the arm, there was a sufficient break every 4
trials. The sample included 10 participants. The test procedure was
conducted as follows:

Start:

(1) Participants wear HMD

(2) Participants swing a standard stimulus rod

(3) One evaluation stimulus is randomly selected from the four
patterns, and the participants swing it

(4) Participants are asked to answer the weight felt by the eval-
uation stimulus with the proportional value of the standard
stimulus

(5) Steps 1-4 were repeated 3 times for all patterns

End.

4.2 Results

Figure 3 shows the results of Experiment 1. The vertical axis shows
the evaluation values answered by the participants (in magnitudes),
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and the horizontal axis shows lengths of the virtually extended or
shortened rod. In this box plot, the top, middle, and bottom lines
of the box represent the value of the first quartile, the median, and
the value of the third quartile, respectively. The cross marks are
placed at the mean of the evaluation values from 10 participants.
The error bars show the maximum and minimum values.

A 60 cm rod is a reference, and its weight is assumed to be
100 in magnitude. Therefore, if a participant’s answer is a higher
value than 100, then it means that the participant perceived the rod
heavier, and vice versa.

From the results in Figure 3, we found the following:

(i) The participants perceived virtually shortened rods heavier
than they actually were (ii) The participants perceived virtually
extended rods lighter than they actually were (iii) A correlation
existed between the evaluation values and the lengths of the aug-
mented and diminished objects

(i) Regarding visually shorter rods than the actual length, we
observed larger median and mean values than the reference. We
can interpret this as visually shorter rods than the actual length (60
cm) are perceived to be heavier. From this result, H1 is supported.

(ii) On the other hand, for the extended rods of 80 cm and 100
cm, the median and mean values of evaluation values were smaller
than the reference rod. This shows that visually longer rods than
the actual length (60 cm) are perceived to be lighter. Consequently,
as with SWI, we confirmed that visually longer and shorter rods of
the same weights are perceived lighter and heavier, respectively.

An analysis of variance (ANOVA) (Tukey Kramer test) found
significant differences between 20 cm and 80 cm, 20 cm, and 100
cm, 40 cm and 80 cm, and 40 cm and 100 cm combinations. This
result shows that 60cm + 40cm with virtual stretching is within an
effective range for the visuo-haptic illusion. From this result, H2 is
supported.

iii) We analyzed the results to see if there is a relationship be-
tween evaluation values, y, lengths of the virtual modified rods, x,
using linear regression analysis. Based on the results of the study,
evaluation values are related to lengths of the virtually modified
rods: y = —0.76x + 156.04(R? = 0.44) with R? > 0.40.

In other words, based on the coefficients in the equation, we
found that the perceived weight decreases monotonically as the
length increases.

5 PSYCHOLOGICAL STUDY: COG

We’ve confirmed that the virtually extending and reduction of the
length of the rod influence to the weight sensation. Next, we mea-
sured positions of perceived CoG and how the CoG influence the
weight sensation to confirm the H4 and 5.

5.1 Procedures

The method of grasping and swinging the rod is the same as in
Experiment 1. A red dot is placed on the rod and the participants
answer the perceived centroid position by moving the point. Partic-
ipants are required to hold the rod with the right hand and answer
the position of the CoG by operating the keyboard with the left
hand. For the evaluation, virtual rods of 30%, 60%, 100%, 130%, and
160% length of the real object was used. In the experiment, since
this evaluation stimulus 5 pattern is executed three times each, the
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Figure 3: Relationship between perceived weights and rod’s
length.

number of trials per person is 15 (= 5 X 3) trials. As in Experiment
1, considering fatigue of the arm, there is a sufficient break every 5
trials.

The procedure of the experiment is as follows.

Start:

(1) Participants wear HMD

(2) Randomly choose one type from five types of costumes

(3) Participants shake sticks until they perceive the CoG position

(4) Participants will move the red point and answer the per-
ceived centroid position

(5) Steps 1-4 were repeated 3 times for all patterns

End.

5.2 Result

Figure 4 shows the results of Experiment 2. The vertical axis shows
the position of the CoG answered by the participants, and the
horizontal axis shows lengths of the virtually extended or shortened
rod. In this box plot, the top, middle, and bottom lines of the box
represent the values of the first quartile, the median, and the third
quartile, respectively. The cross marks are placed at the mean of
the answered CoG from 10 participants. The error bars show the
maximum and the minimum values. From the results in Figure 4,
we found the following:

(i) The participants answered the CoG closer to their hand than
the actual CoG (ii) The participants answered the CoG further
to their hand than the actual CoG (iii) The position of the CoG
answered by the participants was weakly related to the length of
the rod

(i) ANOVA (Tukey Kramer test) also found significant differences
between 100 cm and 60 cm rod conditions. This result shows that
the participants perceived the position of the CoG of the virtually
shorter rod closer to their hand than that of the actual 60cm rod. In
other words, we found that shortening a rod using DR processing
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Figure 4: Relationship between perceived CoG and rod’s
length.

changes the position of the perceived CoG even though the position
of the actual CoG is unchanged.

(i) ANOVA (Tukey Kramer test) also found significant differ-
ences between the 100cm and 60cm rod conditions. This result
shows that the participants perceived the position of the CoG of
the virtually longer rod closer to the tip of the rod than that of
actual 60cm rod. We, therefore, found that extending a rod using
AR processing changes the position of the perceived CoG.

(iii) We analyzed the results to determine if there is a relationship
between answered CoG positions, y, and lengths of the virtual
modified rods, x, using linear regression analysis. Based on the
results of the study, evaluation values are weakly related to lengths
of the virtually modified rods: y = 0.17x + 18.29(R? = 0.25) with
R? > 0.2. From this result, H4 is supported.

6 DISCUSSIONS

According to the results in Experiments 1 and 2, we observed cor-
relations between the weight and length and between the CoG and
the length of rods visually modified by AR and DR techniques. Con-
cretely, these visuo-haptic relationships are continuous and linear
among AR and DR. These results suggest that special compensa-
tions would not be needed for combining AR and DR techniques
in the context of the visuo-haptic weight illusion. From this result,
H3 is supported.

Here, we should also consider the relationships between the
weight and CoG. Under visual modifications to a real rod with AR
and DR visual augmentation and diminishing, we confirmed that
the rod felt lighter as the rod became longer. On the other hand, the
position of the CoG shifted farther from the hand as the rod became
longer. In other words, the shorter the rod became, the heavier the
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rod would be perceived. This fact is consistent with physical laws in
our daily life in the context of the moment of inertia since the CoG
is placed closer to the hand. In Experiment 1 on weight sensations,
we observed significant differences between 20cm and 40cm rods,
while not between 80cm and 100cm. Similar results are obtained
in Experiment 2 on the CoG as well. What these results suggest
is that weight sensations and CoG would have relationships, and
illusions in CoG could induce illusions in weight sensations. From
this result, H5 is supported.

One of our research questions was to confirm that ’perceived
weights can be where there is no entity after visually extending or
shortening the object, or is it perceived within the entity in AR and
DR visuo-haptic simulations?’ In other words, one of our goals in
this research was to clarify positions of the weight under AR and
DR visual effects. In Experiment 2, the length of the physical rod
was 60 cm, and for the 100 cm rods, the participants reported that
they felt the position of the CoG at 50cm from their hands (without
outliers). Therefore, The CoG was within the physical rod. On the
other hand, the CoG for the 20cm rod in Experiment 2, one-third of
the participants perceived weights out of the physical rod. These
results suggest that the position of CoG can be changed only on
the real object using visuo-haptic techniques. In this research, we
changed only the length of the rod and did not change anything
else. As the next step, we need to confirm the visuo-haptic illusions
under other various conditions such as changing weights, length,
and thickness of the physical rod.

7 CONCLUSIONS

In this paper, we built a system that can continuously extend and
reduce the amount of visual entity of real objects using AR and
DR renderings to confirm that users can perceive things heavier
and lighter than they actually are in the same manner as SWI. Dif-
ferent from the existing research where either AR or DR visual
effects were used, we validated one of cross-modal effects in the
context of both continuous AR and DR visuo-haptic. Regarding the
weight sensation, we found that such a cross-modal effect can be
approximated with a continuous linear relationship between the
weight and length of real objects. Therefore, we also suggested that
no special compensation is required for the visuo-haptic illusions
under such continuous AR-DR renderings. Our experimental re-
sults suggested that the weight sensation is closely related to the
positions of the CoG and perceived CoG positions that lie within
the object’s entity under the examined conditions.

The future directions will include further clarifying relation-
ships between the weight and CoG by increasing variations of
visual modifications of AR and DR renderings such as the chang-
ing the sickness and the size of the objects. Changes in weight
perceptions induced by the visuo-haptic illusions under AR and
DR visual augmentations can influence the muscle activity level
and fatigue. We would like to validate the relationship and develop
AR-DR applications.
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