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1. Introduction
A practical application of Augmented Reality (AR) is see-through
vision, a technique that enables a user to observe a virtual object
located behind a real object by superimposing the virtually
visualized inner object onto the real object surface. This technique
is considered to be effective in several areas, including medical
[Bichlmeier et al. 2007] [Lerotic et al. 2007] [Nicolau et al. 2011]
[Sielhorst, et al. 2006] and industrial visualizations [Schall et al.
2009] [Zollmann et al. 2010]. In these applications, one challenge
is determining how to cause a virtual object to appear behind a real
object surface.
When using video-based stereoscopic displays, if an image of the
inner object is simply overlaid onto the real object, a conflict occurs.
In Figure 1 (a), the binocular disparity depth cue correctly conveys
to the observer that the virtual object is farther away than the real
object surface. The occlusion depth cue, on the other hand, implies
that the virtual object surface must be closer than the intervening
real surface, due to the fact that all pixels of the virtual object
completely occlude the real surface.
This conflict can obscure the spatial relationship for the observer,
i.e., the anteroposterior relationship between the virtual object and
the real object surface and the distance between them [Kruijff et al.
2010].
To alleviate this problem, we have proposed a method to overlay a
virtual random-dot mask on the surface of a real object in a
stereoscopic environment (Figure 1 (b)) [Otsuki et al. 2013]. This
method conveys to observers the illusion of observing the virtual
object through many small holes (Figure 2). We named this effect
as “stereoscopic pseudo-transparency”.
In this paper, we first introduce the related work, then introduce the
implementation of our method. Since our previous study applied
the method only to flat and single-colored surfaces, this study
applied the method to curved and textured surfaces. In the rest of
this paper, we show an example application using our method to
AR story-telling system. Through the development of this
application, we confirmed the effectiveness of our method.

between the real object surface and the virtual object was not
established.
Other researchers have proposed, in addition to making the real
object surface semi-transparent, enhancing the texture of the
surface and overlaying the surface image immediately above the
virtual object image [Avery et al. 2009] [Lerotic et al. 2007]. By
enabling an immediate comparison between the surface texture and
the virtual object, they showed that the observers’ perception of the
spatial relationship between them was improved. However, these
techniques cannot be applied when the real object surface does not
have sufficient features to be enhanced, e.g., the smooth skin of the
human body or large, flat walls.
Alternatively, we propose to use a random-dot mask as an add-on
surface feature. The mask can provide a depth cue even when there
is no feature on the original object surface.
As we mentioned in Section 1, this method conveys to the
observers the illusion of observing the virtual object through many
small holes. We named this effect as “stereoscopic pseudotransparency” because our idea is based on two well-known
phenomena, pseudo-transparency and stereo-transparency. Pseudotransparency is the effect that an intervening (real object) surface
appears to be semi-transparent, similar to light passes through gaps
in non-transparent lacy objects, such as wire fences or tree branches
[Tsirlin et al. 2010].
Stereo-transparency is based on the power of stereopsis to
overcome cues provided by intervening surfaces [Akerstrom et al.

(a) Overlaying the inner virtual object onto the real object.

2. Related work
To improve observers’ depth perception in AR, researchers have
proposed several techniques. One of the popular methods is to
create a virtual window on the real surface and display only the
inner object through this window [Furmanski et al. 2007] [Schall et
al. 2009] [Sielhorst et al. 2006]. Bichlmeier et al. modified the real
surface to be semi-transparent and then visualized the virtual object
as though the observer viewed it through the semi-transparent area
[Bichlmeier et al. 2007]. Although researchers have partially
confirmed that some of these techniques improved the depth
perception of the virtual object, their effect on distance perception
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(b) Using random-dot mask
Figure 1. Examples of occlusion cue conflict (a) and of
“stereoscopic pseudo-transparency” (b). Stereo pair AR
images (cross-eyed stereo).

Figure 2. The illusion of observing the virtual object
through many small holes.

1988]. When users observe random-dot stereograms, they perceive
the overlapping surfaces simultaneously at different depths in the
same visual direction, and they perceive the front layer as
transparent against more distant layers. Our idea is to combine
these two phenomena by adding a random-dot mask on the real
object surface.
We expect that our proposed method improves not only the
perception of the spatial relationship between a real object surface
and an inner object, but it also improves the depth perception (i.e.,
observers can distinguish the distance between them).
By using a random-dot mask, it is possible to apply our method to
various surfaces regardless of the existence of surface textures.
Another important advantage of this method is that it allows the
observer to perceive the shape and colors of the original surface,
which is difficult for traditional methods that make a virtual
window on a real object surface [Furmanski et al. 2007] [Schall et
al. 2009] [Sielhorst et al. 2006] (Figure 3).
Similar to our method, Zollmann et al. [Zollmann et al. 2010]
proposed adding an artificial texture based on the image analysis.
Mendez et al. [Mendez, et al. 2009] proposed adding an ‘important
mask’ which is defined in advance to the real object surface. Major
difference of our study from these previous studies is that we are
interested in improving the depth perception in AR without
complex image analysis and synthesis procedures, and it can be
applied to various surfaces, regardless of the real object surface
texture.

3. Implementation
3.1 System configuration
All images are generated on a desktop computer (Windows 8.1 OS
with NVIDIA GeForce GTX650), coded using Visual C++ 2010
and OpenGL. The images presented on a head-mounted display
(HMD) (Oculus Rift DK2: Oculus Inc., 1920 x 1080 px resolution
for two eyes), operating in stereoscopic mode. To create a video
see-through augmented reality display, using a stereo USB camera
(Ovrvision, 640 x 480 px for each eye) to obtain the actual scene.
For the head tracking, we used ARToolKit [Kato et al. 1999].

3.2 Mask design
In our system, we can change the dot size and dot density of the
mask, and mask size itself. Dot size refers to the fraction into which
each dimension is divided. For example, 1/10 means that a 10 × 10
grid was used to generate the random-dot pattern. Dot density refers
to the percentage of the entire masking area that consists of dots.
Note that dot size and density are independent of each other.

3.3 Image generation
We generated the image using the following simple procedure
(Figure 4):
(1) Render the virtual object behind or inside the real object
(image A).
(2) Prepare the 3D polygon whose shape is the same as the real
object and render it with the mask (image B). Note that the
shape of real object surface should be known in advance. We
can easily realize this by using a 3D scanner or a depth camera
(If the object shape is simple, we can prepare the 3D polygon
by combination of primitives without such devices.). For
mapping the mask on curved-surface, we used projective
texture mapping.
(3) Render the real texture captured by the stereo camera (image
C).
(4) Scan every pixels of image B with coordinates x, y (PB (x, y)).
If the pixel is inside a dot of the mask (PB (x, y) = 1), then
render the color value of the image A (RGBA (x, y)). Otherwise
(PB (x, y) = 0), render the color value of image B (RGBB (x,y)).

4. Application: AR story-telling system
We implemented a kind of AR-based entertainment in which a user
can enjoy some fairy tales (Figure 5). Specifically, our application

Figure. 3. Comparing between the virtual window method
(upper right) and the proposed method (bottom right).

Figure. 4. Generating the image.
is based on four famous stories; Three Little Pigs, the Grateful
Crane, Princess Kaguya, and Thumbelina. The first two are the
example which is applied the method to flat surfaces. As for three
little pigs, user can see a frightened pig inside a wood house. As for
the Grateful Crane, user can see a crane which flips wings behind
a paper door. The rest two are the example which applied the
method to curved surfaces. As for Princess Kaguya and
Thumbelina, user can see the tiny princesses inside the bamboo, or
tulip.
Through the development, we confirmed that our method can apply
to both flat and curved surface. Furthermore, we found that the
method is effective even for textured surface. Our informal user
study also made us confirm that the mask improved the depth
perception. Because the mask makes the position of the real surface
easier to perceive, users could understand the approximate distance
from the real object surface to virtual object.
Based on our previous study [Otsuki et al. 2013], appropriate dot
size is 1/60 of the mask area, and dot density is 50% in the case that
the distance between eyes to objects was around 50 cm, and the
virtual inner object was a simple circle with a diameter of 2 cm.
However, the mask with this parameter was too obtrusive when an
object was smaller or the animation is subtle. Therefore, in this
study, we decided to use the mask with smaller dot-size (1/120).

5. Conclusion
To improve the depth perception in a stereoscopic AR environment,
we proposed a method to add a random-dot mask on a real object
surface. This method conveys to the observers the effect of
“stereoscopic pseudo-transparency,” the illusion of observing the
virtual object through many small holes. Through the development
of the application, we confirmed that our method can be applied to
various surfaces, e.g., both flat and curved shapes, and even the
surface with texture.
The major contribution of our study is to show that seemingly
obtrusive random-dot masks were effective in improving not only
the anteroposterior relation between the surface and the virtual
object, but also the distance between them. In addition, our method
allows the observer to perceive the shape and colors of the original

(a) Three Little Pigs

(b) the Grateful Crane

(c) Princess Kaguya
(d) Thumbelina.
Figure. 5. Implementation results. Stereo pair AR images (cross-eyed stereo).
surface, which is difficult for traditional methods that make a
virtual window on a real object surface.
Our future work includes establishing the random-dot mask design
guidelines that can correspond to various features of the AR
environment. We would also like to test various devices such as
optical see-through HMDs and video projectors.
Regarding the mapping the mask on the real object, we used
projective mapping. However, we presume that depending on the
shape of surface, the each dot size and shape is changed, or
depending on the distance between the user and mask, the
appropriate dot size is also changed. Therefore, we plan to
implement an alternative mapping method; billboard mapping. In
this case, system adjusts the mask's position and orientation so that
it always faces to observer in constant size.
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