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Abstract
A 3D display is a key component to present virtual space
in an intuitive way to users. A motion parallax-based 3D
display can be easily combined with multi-touch surfaces,
and it is expected to bring a natural experience of viewing
and controlling 3D space. However, since virtual objects
are rendered in accordance with the head position of the
user, their projected positions are not ﬁxed on the display
surface. We propose a novel formulation of head-coupled
perspective that adaptively changes the position of the
projection image plane to maintain touch consistency of
direct interaction.
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Techniques for intuitive interaction with 3D virtual
environments have long been investigated. Direct 3D
interaction is expected to provide the most natural user

experience in many scenarios, such as 3D desktop
environments, and to appeal to not only novices but also
experts.
Technical elements for 3D interaction are mainly divided
into two components: display and input [1]. For the
display technique, a 3D display is obviously the most
intuitive way to present the 3D space to users. Many
existing techniques utilize the mechanism of binocular
stereopsis for depth perception; however, monocular cues
like motion parallax are another important factor for
humans to perceive the 3D space.
Figure 1: Illustration of
head-coupled perspective
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Figure 2: Touch inconsistency
during viewpoint change with
head movement

To present motion parallax cues, the eye or head position
of the viewer is used to render 3D objects under a
perspective consistent with the viewpoint, which we refer
to as head-coupled perspective (Figure 1). Conventionally,
head-coupled perspective has been studied in the context
of VR under the name of Fish Tank VR [8]. Owing to the
recent advance in head tracking technologies, it is
becoming much easier to achieve head-coupled perspective
without forcing users to wear additional devices.
For the input technique, a multi-touch surface provides a
great advantage by providing an experience of direct
manipulation on virtual objects. Several research eﬀorts
have attempted to utilize 2D touch to directly manipulate
6-DoF position and orientation of 3D objects [5, 3, 4]. As
discussed in [5], one of the key factors in designing
touch-based 3D interactions is directness. It is easy to
deﬁne pointing and manipulation gestures separately, but
such indirect interaction signiﬁcantly spoils the beneﬁt of
touch-based interaction.
However, as illustrated in Figure 2, the projected position
of virtual objects are not ﬁxed on the display surface under
head-coupled perspective and direct touch interaction

technique cannot be applied in a straightforward manner.
In other words, if the user moves her head while touching
a 3D object, projected position of the object moves away
from the touched position. Since most existing
touch-based 3D manipulation techniques implicitly assume
a static projection mapping, they cannot handle the touch
inconsistency problem and the interaction cannot be direct
under head-coupled perspective. Some researches have
studied 3D manipulation on stereoscopic displays [2, 7, 6].
However, the case of head-coupled perspective has not
been discussed well in previous researches. The view of a
virtual camera is closely related to users’ depth
perception, and it is not a trivial task to resolve the touch
inconsistency problem without aﬀecting rendered scene.
Our basic idea is adaptively changing the depth of the
image plane so that the projected position of the target
virtual object is always ﬁxed on the display surface.
Similar techniques are sometimes used in the context of
VR and 3D user interfaces. However, since the position of
the virtual camera always have to be consistent with the
user’s view position, it is not clear how to incorporate the
depth adjustment into head-coupled perspective. In our
formulation, the rendered image does not change
depending on the touch action, and can be naturally
combined with touch-based interaction techniques.

Touch-consistent Perspective
Touch Inconsistency
As brieﬂy discussed earlier, the problem arises when the
head-coupled perspective is combined with touch-based
interaction. At the time of the initial touch (Figure 2 (a)),
touched 2D position qt can be mapped to a 3D position
pt through back projection. When the viewpoint moves to
a new position (Figure 2 (b)), pt is also projected to a
new position qt+1 , and the initial position qt does not

correspond to pt . If the one-to-one mapping is forced,
i.e., the target object is moved in accordance with the
viewpoint change so that pt is projected to qt , the user’s
head movement can produce unintended object
movement. In both cases, interaction techniques that rely
on the one-to-one mapping between p and q cannot be
direct.
Touch-consistent Relocation of the Image Plane
Let us denote the 3D head position of the viewer in the
virtual world coordinates as h = t(xh , yh , zh ). The virtual
camera is assumed to be directly placed at h and facing
the negative Z direction in a right-hand coordinate
system. The target plane, which is perceived as ﬁxed on
the screen, is deﬁned as a rectangle parallel to the X-Y
plane whose four corners in the world coordinates are
a = t(xl , yt , zd ), b = t(xr , yt , zd ), c = t(xl , yb , zd ), and
d = t(xr , yb , zd ). The distance from h to the target plane
becomes δz = zh − zd .
Figure 3: Touch-consistent
perspective with adaptive
relocation of the target plane

Our key observation is that the inconsistency does not
occur when and only when the target position p is on the
image plane. To resolve the touch inconsistency problem,
we propose changing the position of the target plane
adaptively during touch-based interaction. As illustrated
in Figure 3, the depth zd of the target plane is set to be
the same as the depth ẑd of the back-projected 3D
position p of the touched position q.
To maintain the current visual ﬁeld of the camera and to
avoid the jump of the rendered image depending on the
touch action, the size of the target plane is also changed
as x̂l = xh + δδ̂zz (xl − xh ) and x̂r = xh + δδ̂zz (xr − xh ),
where x̂l and x̂r are the new values of xl and xr , and
δ̂z = ẑd − zh . yt and yb are also changed in the same way
in accordance with yh .

Experiments
To compare user experience, users were asked to execute
a 3D positioning task with and without the proposed
head-coupled perspective. The task was to align the pose
of the target dice whose initial position and orientation
were randomly deﬁned to the goal. A translucent dice
indicates the goal object, and users were asked to align
both position and orientation of the dice. If both position
and orientation errors became lower than a predeﬁned
threshold, the color of the goal dice changed to red. Then
users could ﬁnish the task in their own time at the best
position. There were also randomly placed obstacles, and
users were instructed to avoid them as much as possible,
so that depth perception of the 3D space had more
importance during the experiments.
Reisman et al.’s screen space formulation [5] was used as
the baseline method for touch-based 3D manipulation. In
their method, 6-DoF position t and orientation r of the
target object can be directly controlled by 2D touch
through projection error minimization. By changing the
projection function at each time step in accordance with
the current head position and the target plane, this
method can be combined with our proposed
touch-consistent perspective without any restriction.
The system consisted of a 3M Multi-Touch Display
M2256PW, and a Logitech QuickCam Pro 9000. faceAPI
library from Seeing Machines 1 was used to obtain users’
3D head positions h. The system runs at more than 60
[fps] with a desktop PC with Intel Core i7 3.33GHz
processor, 8GB RAM, and nVidia GeForce GT230
graphics.
Ten people took part in the experiments, and each person
1 http://www.seeingmachines.com/product/faceapi/
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Figure 4: Mean scores of ﬁve
criteria (duration, position and
orientation error, and number of
collisions to the obstacles). Since
the criteria of the task
completion was left to each
user’s decision and relative
diﬀerence between modes is
important. Absolute values of
each criterion were ﬁrst
normalized per user so that they
have zero mean and one variance.
Lower scores indicate better
performance. Error bars indicate
standard errors.

executed ten trials for two modes alternately. In the ﬁrst
mode, Reisman et al.’s original method was used as it is
and users’ head poses were not used to change viewpoint.
Instead of using head poses, users could change the
camera position using arrow keys. For fair comparison,
however, the camera was not allowed to be rotated more
than 45 degrees from the initial orientation. The second
mode corresponded to the proposed method.
As shown in Figure 4, proposed method achieved better
scores in task duration (t-test: t(99) = 3.21, p < 0.01)
and number of collisions (t-test: t(99) = 2.36, p = 0.02)
while pose errors remained the same. After experiments,
ﬁve-grade subjective scores from 5 (best) to 1 (worst)
were collected from each user. The score of the proposed
method (M = 3.7) was higher than the score of the
baseline method (M = 2.5) (Wilcoxon signed-rank test:
p = 0.02).
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Conclusion
This paper presented a novel projection method suited to
touch-based interaction under head-coupled perspective.
In the proposed formulation, The position of the image
plane is adaptively changed without causing change of the
rendered virtual scene. The consistency between touched
positions and target 3D positions is maintained during
interaction, and any kind of touch-based interaction
techniques can be naturally combined with the motion
parallax-based 3D display. Through a user study,
interaction using the proposed formulation was shown to
enable more smooth and natural user experience for 3D
manipulation.
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