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Abstract
Multi-touch mobile devices are becoming ubiquitous due to the proliferation of smart phone platforms such as
the iPhone and Android. Recent research has explored the use of multi-touch input for 3D user interfaces on
displays including large touch screens, tablets, and mobile devices. This research explores the benefits of adding
six-degree-of-freedom tracking to a multi-touch mobile device for 3D interaction. We analyze and propose benefits
of using tracked multi-touch mobile devices (TMMDs) with the goal of developing effective interaction techniques
to handle a variety of tasks within immersive 3D user interfaces. We developed several techniques using TMMDs
for virtual object manipulation, and compared our techniques to existing best-practice techniques in a series of
user studies. We did not, however, find performance advantages for TMMD-based techniques. We discuss our
observations and propose alternate interaction techniques and tasks that may benefit from TMMDs.

Categories and Subject Descriptors (according to ACM CCS): H.5.1 [Information Interfaces and Presentation]:
Multimedia Information Systems—Artificial, augmented, and virtual realities

1. Introduction

Virtual reality (VR) applications have the potential to pro-
vide complex interactions such as those found in modelling
and CAD applications. Realizing complex VR applications,
however, can be problematic due to the difficulties of design-
ing effective three-dimensional user interfaces (3D UIs). In
3D UIs for VR there is a challenge of availing a wide variety
of features to the user without access to the keyboard and
mouse. A device such as a tracked wand with buttons and
a joystick offers some level of expressiveness, but is more
limited than traditional desktop input devices. Multi-touch
surfaces, on the other hand, are becoming common interface
platforms as more tablets and smartphone devices are used.
These interfaces offer support for a variety of applications
due to flexibility of the multi-touch surface, which acts as a
blank canvas upon which interfaces are generated, and be-
cause of their ability to accept high degree of freedom input.

In this research, we explore whether multi-touch input can
be used to offer expressive control in VR applications. We
seek to utilize the multiple degree-of-freedom (DOF) input
provided by multi-touch devices to handle complex tasks.
In addition to the multi-touch input, adding 6-DOF tracking
allows us to interpret the multi-touch actions within the con-
text of the position and orientation data. Multi-touch alone
affords many capabilities, but bringing only multi-touch to

VR does not allow the interface to handle common 3D in-
teraction techniques such as ray-casting. Methods such as
handheld mobile Augmented Reality (AR) utilizes multi-
touch within 3D environments, however, we focus on using
multi-touch as only an input device. This allows the interface
to use the full range of the user’s hand motions for interact-
ing with the environment and separates the user input from
the display. This affords interactions that are not dependent
on the image plane of the display.

Tracked Multi-touch Mobile Devices (TMMDs) benefit
from both the multi-touch capabilities and the 3D input ca-
pabilities. The combination of the two creates a design space
for exploring new interaction techniques that can work in
tandem with current techniques that only use multi-touch
or 6-DOF tracking. The goal of this research is to explore
new interaction techniques based on TMMDs and create a
rich set of techniques that can support a complex applica-
tion. Although there are potential gains to be realized using
TMMDs, there are also limitations to address. Multi-touch
surfaces lack much of the haptic feedback that buttons and
joysticks provide and multi-touch actions with a handheld
device require two hands in most cases. We seek to under-
stand benefits and limitations of using TMMDs and to ex-
plore novel 3D interaction techniques that perform well.

We built several 3D interaction techniques based on the
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proposed benefits of TMMDs and performed user studies
comparing our multi-touch techniques to best-practice tech-
niques. However, performance benefits of TMMDs proved
elusive. We speculate on the reasons for this and propose fu-
ture work that will demonstrate beneficial uses of TMMDs.

2. Related Work

TMMDs are multi-degree-of-freedom devices. Froehlich
[Fro05] classifies such devices based on groups of integral
and separable degrees of freedom. This classification would
classify TMMDs as 6 + 2N DOF where N is the number of
fingers touching the device. Prior research has shown that
integral DOFs of the input device should map to the integral
attributes of the task [JSMM94].

Multi-touch devices provide users with an interactive sur-
face similar to other surfaces that have been used in 3D UIs.
Pen and tablet interfaces provide users with a physical 2D
surface held in the non-dominant hand and a pen for in-
teracting on the surface held in the dominant hand [AS95,
BBMP97, SEaS99, SG97]. Lindeman [LSJ99] showed that
the passive haptic feedback of such interfaces improved task
completion time and accuracy. Multi-touch provides an in-
teractive surface without the need for a secondary input de-
vice since fingers are used and multiple points can be de-
tected. Unlike pen and tablet systems, however, the user’s
fingers are not tracked, making it difficult to use a multi-
touch device for a traditional 2D interface when the device
cannot be seen (as in HMD setups).

Other 3D UIs have used touch-sensing surfaces. The CAT
[HGR03] combined a touch surface with a 6-DOF input de-
vice. CubTile [dlRKOD08] is a five-sided multi-touch cube
allowing users to perform manipulation using multiple fin-
gers touching multiple sides of the cube. Some multi-touch
interfaces (e.g., [MCG09]) interact with the virtual world
through a fixed display, but require virtual navigation to po-
sition the multi-touch surface relative to the virtual environ-
ment. TMMDs overcome this limitation by allowing phys-
ical movement within the 3D environment. Handheld AR
such as used in [HBO05] uses mobile devices to perform in-
teractions with the environment. This method of interaction,
however, can limit the range of 6-DOF interactions since the
camera must face the scene to render virtual content.

Steineke mentions using position and orientation data in
tandem with multi-touch mobile devices discussing the po-
tential benefits of interacting with stereoscopic displays cou-
pled with mobile devices [SHSK08]. WYSIWYF [SGF∗11]
uses a multi-touch mobile device with orientation sensing
to define a plane slice in volumetric data. Once the plane
is specified the multi-touch surface is used to draw line an-
notations in the volumetric data demonstrating the capabili-
ties afforded by tracked multi-touch mobile devices. Our re-
search seeks to build upon the concept of TMMDs, analyze
the possible benefits, and build interaction techniques that
take advantage of these benefits.

3. Tracked Multi-touch Mobile Devices

In this section, we analyze TMMDs for 3D interaction and
propose design characteristics for building interaction tech-
niques. We limit our analysis to the use of a single hand-held
multi-touch mobile device with 6-DOF tracking used only
as an input device. We begin this section by examining the
benefits and limitations of multi-touch surfaces for 3D in-
teraction, then analyze the additional benefits that might be
achieved when 6-DOF tracking is added.

3.1. Characteristics of Multi-touch for 3D Interaction

Multi-touch devices accept expressive high-degree-of-
freedom input from users. Users have a 2D surface where
gestures and finger motions can be mapped into the vir-
tual environment. Here we outline various features of multi-
touch that we will use as a guide to develop 3D UIs.

3.1.1. Benefits

Gestures provide a number of possibilities for users to issue
commands and are well suited for command input without
looking at the device. For example, the iPhone SDK sup-
ports gesture recognition for taps, swipes, holds, pans, and
rotates. Other strokes and symbols can be added for an even
larger number of inputs. Too many gestures, however, be-
come arbitrary and difficult for novice users, and without
good visualizations gesture commands can lack discover-
ability [Tur98, Yee09].

A multi-touch device provides us with a continuous input
channel, in contrast with physical buttons, which generally
provide discrete input. Multi-touch devices can accept dis-
crete commands via gestures, but can also provide a contin-
uous range controlled by the fingers’ position on the touch
screen.

The continuous input on the multi-touch device can be
used for isotonic manipulation in the virtual environment.
Certain interactions such as controlling sliders or manipu-
lating objects may be more intuitive to control through iso-
tonic input opposed to isometric [Zha95]. The multi-touch
surface also provides passive haptic feedback and requires
small muscle groups, which can increase speed and accu-
racy [ZMB].

Each finger touching the screen provides two degrees-of-
freedom, and each DOF can be used to control a separate
parameter. Multiple parameters can be split between fingers.
Two-dimensional actions such as translation of an object
along a plane can map the two DOFs to the two axes. More
complex mappings can be used such as those described by
Kaser [KAP11].

A multi-touch screen provides an interactive tangible sur-
face area. Planar actions such as raster drawings and finger
handwriting are easily mapped to the surface, which pro-
vides a supporting 2D area upon which to perform these ac-
tions. For example, Song et al’s WYSIWYF interface allows
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users to define a plane of interest in volumetric data to anno-
tate data [SGF∗11].

3.1.2. Limitations

While multi-touch surfaces have expressive high DOF in-
put, the multi-touch surface lacks the tactile feedback that
buttons and joysticks provide. Most multi-touch input de-
vices cannot distinguish between a touch and a press in the
way buttons allow, so users cannot feel for a button before
pressing. Some multi-touch devices address this problem us-
ing a multi-touch surface with pressure sensitivity [HL11] or
pressing capabilities like SurePress [Mot10] and AppleTM

Magic TrackpadTM [App].

Interpreting gestures introduces more opportunity for in-
correct recognition and may also require time delays to dis-
tinguish between commands since gestures can be similar
to one another. A multi-touch screen provides a single input
channel, therefore, to use a multi-touch screen for several
tasks, the interface would need to switch modes or use ges-
tures to differentiate between tasks.

Using multi-touch by itself for 3D interaction is limited.
In Fiorella’s work [FSL10], for example, the touch data is
interpreted primarily through the image plane. The multi-
touch screen is stationary in relation to the virtual world
and virtual navigation is needed to reposition how the multi-
touch interactions will be used. Using multi-touch alone
would require alternative techniques to perform tasks that
normally use tracking. Without tracking capabilities, proven
interaction techniques such as ray-casting [Min95] would
not be available.

3.2. Characteristics of Tracked Multi-touch for 3D
Interaction

Adding tracking capabilities to the multi-touch device al-
lows us to use existing techniques such as ray-casting along
with techniques that use multi-touch data. Combining track-
ing with the multi-touch surface can give extra meaning to
the touch data.

3.2.1. Benefits

A benefit of TMMDs is that we can use contextual multi-
touch interactions based on position and orientation. For
example, a scaling gesture might scale only the object that
the TMMD is currently pointing to.

Combining the orientation of the device with multi-touch,
users can intuitively perform constrained interaction. The
2D surface affords interaction along a plane. Using the orien-
tation of the hand, the user can instantly control the plane of
interaction. The user can also apply more constraints through
multi-touch gestures while the hand orientation controls the
plane of interest.

The orientation of the TMMD can be used to control mul-
tiple modalities where the mode changes based on the orien-
tation of the device. An interface may allow one mode of
interaction such as ray-casting when the device is facing the
user and switch to world-in-miniature [SSCP95] when the
user flips the device over.

Combining multi-touch with tracking provides two sepa-
rate continuous input channels: the 6-DOF position of the
hand and the 2-DOF position of each touch. This allows in-
teraction techniques that need continuous range the option
to use either the touch screen or hand position. Some inter-
action techniques may benefit from using the touch data in-
stead of the hand position since moving the hand may cause
more fatigue or offer lower precision.

Allowing the user to control many parameters by assign-
ing them to the 6-DOF of the hand plus the 2-DOF per touch,
we can give the user high levels of expressiveness. Artistic
tasks such as sculpting, painting, and music can utilize meth-
ods to control several parameters simultaneously to increase
the level of expressiveness.

3.2.2. Limitations

Single-touch interactions can be accomplished using the
thumb while holding the TMMD with the same hand. Multi-
touch actions, however, usually require two hands, one to
hold the device and another to perform multi-finger in-
teractions, which can increase the device acquisition time
[HJW04]. Certain device orientations can make multi-touch
actions difficult. In general, having tracked multi-touch in-
put means that the user cannot always hold the device in a
comfortable position while using the multi-touch screen.

3.3. Discussion

As smart-device technology progresses, sensors built into
the device will provide 6-DOF tracking and attaching a
tracker will no longer be necessary. TMMDs could be read-
ily available for 3D UIs and could reduce the barrier to using
VR. TMMDs may be able to reuse many existing 3D in-
teraction techniques while adding the capabilities of multi-
touch without hindering performance. Double-sided multi-
touch devices are another possibility [STC∗09, SH06]. The
opposable thumbs of human hands can allow the thumbs to
interact on one side of the device while the fingers control
the other. The two sides can be used for separate tasks, or to
distinguish between multiple inputs.

To obtain the benefits of both traditional and multi-touch
devices, the multi-touch device can be combined with a
wand to give the user the ability to use joysticks, buttons,
and multi-touch. This type of device is used for the Nintendo
Wii U controller [Nin12] and the Playstation Vita [Son12].
This would allow the interface to overcome the limitations
of using only multi-touch.
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4. User Studies

We designed a series of user studies to test interaction tech-
niques based on the characteristics of TMMDs summarized
in the prior section. We studied the feasibility of interaction
techniques built with TMMDs and whether or not the tech-
niques can overcome the limitations of TMMDs to increase
user performance. Our user studies include the development
of interaction techniques, and a comparison to best practice
manipulation techniques as a baseline performance.

4.1. Experiment I

We began by focusing on techniques for manipulation
tasks that addressed many of the characteristics of TM-
MDs. The TMMD-based manipulation technique we de-
signed included gestures, constrained interaction, and con-
textual multi-touch interaction.

4.1.1. Interaction Techniques

We tested four interaction techniques, each performed using
a TMMD. Two of the techniques were simple adaptations
of existing manipulation techniques, to serve as baselines,
while a third was a new multi-touch technique. The fourth
was a hybrid of the other three. We chose Simple Virtual
Hand [BKLP04] as a basic, default, and direct manipulation
technique, and HOMER [BKLP04] due to its expressive at-
a-distance 6-DOF manipulation with easy selection.

In Simple Virtual Hand, users selected an object by
walking up to it and placing a virtual ball that was attached
to the end of the multi-touch device on the object. Touching
and holding one finger on the multi-touch device selected
the object. Once selected, the position and orientation of the
user’s hand were directly mapped to the object.

In HOMER, users selected an object using ray-casting by
pointing at the object and touching and holding one finger on
the multi-touch surface. Once selected, the position and ori-
entation of the user’s hand were mapped to the object using
the HOMER mapping. This technique allows the selection
and manipulation of objects at a distance, with easy control
over both position (over a wide range) and orientation.

In our new Multi-touch technique, was developed using
an iterative design method considering several design alter-
natives. The user first selected an object using ray-casting
by pointing at the object and performing a single tap on the
multi-touch device. Once the object was selected, the user
could translate the object along a 2D plane by sliding one fin-
ger on the multi-touch surface. The 2D plane was controlled
by the orientation of the hand, and snapped to the nearest
principal plane. Users received visual feedback in the shape
of the input device that changed with the orientation of the
hand.

Three multi-touch gestures using two-fingers allowed the

user to rotate the object around each of the three princi-
pal axes. Each axis was represented in the visual feedback.
Two-fingers sliding up and down the multi-touch device con-
trolled rotation around the red horizontal axis of the screen,
sliding left and right controlled rotation around the blue ver-
tical axis of the screen, and a twisting motion rotated the ob-
ject around the green axis perpendicular to the screen. Rota-
tions could only be performed one at a time. The orientation
of the three axes was mapped to the orientation of the user’s
hand. One-finger gestures were used to translate and two-
finger gestures to rotate the object in a constrained way. Our
rationale was that users could perform precise interactions
by accessing position or rotation transformations indepen-
dently. Gestures were interpreted based on the orientation of
the user’s hand, making this an example of contextual multi-
touch interaction.

The Combined interaction technique allowed the user to
use any of the three interaction techniques depending on how
the user selected the object. If the user selected the object
using ray-casting with a touch and hold, the object would be
manipulated using HOMER. If the user selected the object
from up close the ray used for ray-casting would change to a
virtual ball to allow selection using the Simple Virtual Hand
technique. If the user selected the object using a tap, the ob-
ject could be controlled using the multi-touch gestures. With
this technique, we wanted to understand how users used
multi-touch in tandem with other techniques. Users could,
for example, use HOMER to do coarse manipulation and
then use the multi-touch interactions to do fine-grained in-
teractions like constrained manipulation.

4.1.2. Tasks

For this experiment we chose two docking tasks for manip-
ulation. The tasks we study combine selection and manip-
ulation. We do not separate performance because the inter-
action techniques all use ray-casting except for Simple Vir-
tual Hand. The first tasks involved placing virtual chairs at
a table. Four chairs would appear in random locations in the
environment shown in Figure 1. The user would be asked to
select each chair and place the chair within a specific target
area. Each chair had a different color and the target area had
a matching color. The chairs could only translate along the
2D floor plane and could only rotate around the vertical axis
making the manipulation a 3-DOF task. The second task was
a 6-DOF manipulation where the user was asked to fit two
3D puzzle pieces together by selecting a puzzle piece then
positioning and orienting the puzzle piece to fit within the
target shown in Figure 1.

4.1.3. Experimental Design

Our study was a within-subjects experiment with three inde-
pendent variables: manipulation task, interaction technique,
and display condition. There were two manipulation tasks
presented in order of increasing complexity with the chair

c© The Eurographics Association 2012.

68



Curtis B. Wilkes, Dan Tilden, & Doug A. Bowman / EG 3D UI TMMD

Figure 1: 1. The apparatus using a Virtual Research V8 HMD, Optitrack tracking system, Microsoft HD-5001 webcam, and
an iPod Touch. 2. Chair docking task in the Augmented Reality condition. 3. Puzzle piece docking task in the Virtual Reality
condition.

docking first then the puzzle-piece docking task. These tasks
were performed across four interaction techniques, with the
first three (HOMER, Simple Virtual Hand, and Multi-touch)
counterbalanced in presentation. The Combined technique
was always performed last. There were two display condi-
tions: a VR condition and an augmented reality (AR) condi-
tion, counterbalanced in presentation. We included this vari-
able due to our interest in 3D UIs for AR, but will not discuss
it thoroughly in this paper, since our focus here is on inter-
action with TMMDs. We saw usefulness of TMMD in AR
since multi-touch input is not dependent on tracking which
can be problematic in AR. Also we saw potential to use
TMMD as a sophisticated 3D cursor within the AR envi-
ronment. The dependent variable was task completion time.
Each participant completed 3 trials in each condition for a
total of 24 trials. There were six participants in this experi-
ment. All six were male college students between the ages
of 18 and 34.

4.1.4. Apparatus

Our system used a Virtual Research V8 head-mounted dis-
play (HMD) with 640x480 resolution and 60-degree field-
of-view shown in Figure 1. The multi-touch mobile device
was an Apple iPod Touch. An Optitrack optical tracking sys-
tem with 11 cameras tracked both the HMD and multi-touch
mobile device. The software system was built using OpenGL
in Visual C++ and communicated with the iPod Touch over a
wireless network using iOS software we built to relay multi-
touch data. The video underlay for the augmented reality
conditions was provided by a Microsoft HD-5001 webcam
with 640x480 resolution. We provided occlusion for some
real objects tracked in the scene by writing virtual models of
the real object to the depth buffer in OpenGL before render-
ing the video underlay.

4.1.5. Results

We performed a two-factor analysis of variance (ANOVA)
for both the chair docking task and the puzzle piece dock-
ing task with interaction technique and display condition as

the independent variables and task completion time as the
dependent variable. For the chair docking task, manipula-
tion technique was a significant factor (F(3,34) = 6.551, p
< 0.01). The average completion times were 31.004 seconds
for HOMER, 39.001 for Simple Virtual Hand, 52.828 for
Multi-touch, and 30.563 for the combined technique. For
the puzzle piece docking task, manipulation technique was
again a significant factor (F(3,31) = 20.696, p < 0.0001). The
average completion times were 25.078 seconds for HOMER,
20.250 for Simple Virtual Hand, 67.278 for Multi-touch, and
22.823 for the combined technique. In both cases, a post-hoc
test showed that the Multi-touch technique was significantly
slower. Display condition was a significant factor (F(1,31)
= 27.586, p < 0.0001) only for the puzzle piece docking
task. The average completion times were 44.979 seconds for
the AR condition and 21.621 for the VR condition. We did
not find a significant interaction between the display condi-
tion and manipulation technique for the chair docking task
(F(3,34) = 1.011, p = 0.399) or puzzle piece docking task
(F(1,31) = 2.069, p = 0.125).

4.1.6. Discussion

The multi-touch technique was shown to have poorer per-
formance for the simple manipulation tasks we chose. This
can be attributed to several reasons. First, users perform bet-
ter when the integral DOFs of the input device map to the
integral DOFs of the task [HJW04]. The HOMER and Sim-
ple Virtual Hand techniques more closely match the action
since the integral DOFs of the tracked hand input match
the integral nature of the 6-DOF manipulation task. We ob-
served that multi-touch users particularly had difficultly un-
derstanding how to make minor orientation adjustments us-
ing combinations of rotations around a single axis at a time.
The requirement to use two hands to perform multi-touch
gestures for rotations also noticeably reduced the usability
of the multi-touch technique. For positioning the objects us-
ing multi-touch we noticed that users would overshoot more
often, especially when attempting fine-grained adjustments.
Techniques that scale the control/display ratio based on the
speed could mitigate this issue.
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Figure 2: Alternative mappings of finger gestures to object transformations.

Although the multi-touch technique was slower over-
all, we observed some positive characteristics of the multi-
touch. The interaction plane that mapped to the orientation
of the user’s hand was intuitive. Users were quickly able to
understand how the plane worked and predict how the object
would behave. Users found that the 2D constraint for trans-
lation and the single-axis rotation constraint to be helpful
in cases where a simple fine-tuning was necessary. Overall,
however, the tasks did not necessarily benefit from the con-
straints provided by the multi-touch interaction. In particu-
lar, the chair docking task already constrained rotation to a
single axis and translation to a 2D plane.

With the Combined technique, we observed that users
rarely used the multi-touch interactions. Occasionally, users
experienced poor tracking from our tracking system, but be-
cause the multi-touch technique was less dependent on ac-
curate tracking it was still usable during such episodes.

We attribute the lower performance shown by the AR con-
dition primarily to registration error of our system when
docking a virtual object to a real object. Because of regis-
tration error, the tasks were harder in AR than in VR, how-
ever, the proposed benefits of multi-touch did not mitigate
this difficulty.

4.2. Experiment II

In Experiment I we found that our multi-touch technique had
poorer performance than the baseline techniques. The pro-
posed benefits of using TMMDs did not overcome the limi-
tations. Our next iteration further explored combining multi-
touch with tracking. We hypothesized that a more complex
manipulation task would benefit from TMMDs due to the
expressive control that multi-touch provides. Thus, we stud-
ied a 9-DOF manipulation task involving translating, rotat-
ing, and scaling an object in three dimensions. We first ex-
plored several alternatives to determine an appropriate map-
ping from the TMMD input to the 9-DOF manipulation task.
We then compared this technique to a baseline technique
based on joystick input and providing only 1-DOF scaling.

4.2.1. Interaction Techniques

To design a multi-touch technique for 9-DOF manipulation,
we explored various combinations of hand motions (posi-
tion and orientation) and multi-touch gestures (one-finger
gestures, two-finger gestures, and three-finger gestures as
shown in Figure 2).

Based on an informal study, we found that users per-
formed best with a technique that used HOMER for posi-
tioning and rotating objects and multi-touch gestures to scale
the object. One-finger gestures were used to perform 1-DOF
scaling of any of the six sides of the box. Sliding one fin-
ger on the multi-touch surface caused the box to scale in
the direction of the gesture (after snapping the gesture to
the nearest principle axis based on the orientation of the de-
vice). Users also had the option to perform 2-DOF scaling
using a two-finger gesture. The orientation of the device de-
termined a plane that snapped to the principle axes of the
object. To understand how the interaction technique worked,
imagine the plane intersecting the box making a rectangle.
When users placed two fingers on the surface, moving the
fingers would appear to scale the object by moving the cor-
ners of the intersecting rectangle.

The wand-based technique allowed position and rotation
to be performed using the HOMER technique and 1-DOF
scaling using the wand’s joystick. By pressing up or down
on the joystick the user could push or pull a side of the cube.
The side of the cube that was scaled was determined by find-
ing the closest coincident normal of one of the six sides of
the cube to the vector of the pointer.

4.2.2. Task

The task involved superimposing a box over a target box by
translating, rotating, and scaling independently along each
axis, as shown in Figure 3. This makes the task a 9-DOF
manipulation task. The target box appeared with random po-
sitions, orientations, and scales (within given ranges). For
the task to be considered complete, the eight corners of the
box had to fit within the eight spheres at the corners of the
target box. The spheres would turn red when a corner was
aligned and green when all eight were aligned.
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Figure 3: Box (bottom) and a target box (top). The task
required translating, rotating, and scaling independently
along each axis to match the box with the target.

4.2.3. Experimental Design

The experiment used a within-subjects design with two inde-
pendent variables: interaction technique and required preci-
sion. Technique was counterbalanced in presentation, while
users experienced the three levels of required precision (10
cm., 7.5 cm., and 5 cm.) in order. Participants completed six
trials in each condition, for a total of 36 trials. The depen-
dent variable was task completion time. This experiment had
seven participants. The participants were college students
between the ages of 18 and 34. One participant was female.

4.2.4. Apparatus

As before, we used a Virtual Research V8 HMD and an
Apple iPod Touch. However, unlike the prior experiment,
Experiment II used the Intersense IS-900 tracking system
which has robust tracking performance without requiring
line of sight. The IS-900 wand was used for the wand-based
interaction technique because we wanted an ecologically
valid comparison of the combination of input device and in-
teraction technique. The wand-based technique would have
been less usable with multi-touch because of the isometric
properties of multi-touch input. The software was built on
OpenSceneGraph in Visual C++. We used the TUIOpad app
for Apple iPod Touch to communicate over a wireless net-
work.

4.2.5. Results

We performed a two-factor analysis of variance (ANOVA).
We found that both interaction technique (F(1,236) = 18.12,
p < 0.001) and required precision (F(2,236) = 6.14, p =
0.002) had significant effects, but the interaction between
them was not significant. The average task completion
time was 72.804 seconds for the multi-touch technique and
48.466 seconds for the wand.

4.2.6. Discussion

The multi-touch technique had lower performance with
longer completion times. We attribute some of the degraded
performance of the multi-touch technique to the cognitive
load for deciding how to scale the object. Users had a choice
between 1-DOF or 2-DOF scaling to complete the task, and
it often took several trials before they settled into a strategy.
The two-finger multi-touch technique also required the use
of both hands. This would increase the time to complete the
task since users would have to perform position and orienta-
tion with the non-dominant hand or switch hands to use the
dominant hand for multi-touch gestures.

A proposed benefit of using a TMMD was the expressive
control of more scaling parameters simultaneously. We ob-
served that the strategy most users employed was serial in
nature rather than parallel. Users would perform coarse po-
sitioning, scale one side at a time, and then perform fine-
grained improvements. Users’ preference for serial inter-
action mitigated the potential benefits of the 2-DOF scal-
ing multi-touch technique. The 2-DOF scaling technique al-
lowed more expressive control of the box, which increased
the learning curve of the technique and could make fine-
grained improvements more difficult. This may be due to
lack of expertise since our participants were novice users,
and we expect performance would have improved over time.

Some users felt that the wand and joystick interface was
more familiar, consistent, and precise than the multi-touch
technique. The joystick provided rate-controlled scaling, but
the position-controlled scaling of the multi-touch technique
sometimes required clutching to reach a desired scale and
may have increased the time to complete the task.

5. Conclusions and Future Work

TMMDs combine multi-touch input with 6-DOF tracking
for 3D interaction. Based on our analysis of TMMDs, we
proposed several characteristics that could aid in the design
of 3D interaction techniques based on these devices. We
discussed potential benefits, and designed interaction tech-
niques to accomplish manipulation tasks using TMMDs. We
found, however, that our multi-touch interaction techniques
did not offer superior performance, indicating that the pro-
posed benefits were outweighed by the limitations of TM-
MDs for this task. Generic 6-DOF position and orientation
tasks are well suited for hand motions and the use of multi-
touch only slowed users down. The expressive capabilities of
the scaling technique did not provide a benefit, either, since
users preferred serial interaction.

Despite these negative results, we feel that TMMDs still
have a place in 3D UIs. TMMDs are effectively used for
interactions in Handheld AR applications. Our user stud-
ies pointed out the importance of accurate registration when
performing manipulation tasks that require precision in AR.
There is potential to enhance the TMMD interfaces by using
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the multi-touch display in AR and also Augmented Virtual-
ity (AV) by showing video of the multi-touch screen within
the virtual environment. In AR and AV users are able see
their hands, which will allow accurate interaction on the
multi-touch surface. In future work, we wish to explore other
tasks that may benefit from using an interactive 2D surface.
The 2D interfaces for desktop systems and smart devices
may translate well into TMMD-based interfaces for virtual
environments. Menu systems such as marking menus can
benefit from the multi-touch surface, and by combining the
interaction with the hand position we can provide context
to the menu. We can extend this method of interaction to
contextualized gestures by changing the meaning of gestures
based on the user’s hand position. We also wish to study text
entry and symbolic input using TMMDs.

TMMDs provide an interesting design space that offers
the opportunity to create rich interaction techniques for vir-
tual environments. The multi-degree of freedom input and
the flexible 2D surface can address the limited input capa-
bilities provided by devices with fixed interfaces to create a
larger set of interaction techniques and user interfaces. How-
ever, as our results demonstrate, full multi-touch input may
be detrimental in some cases. We speculate that the best use
of TMMDs in a complete 3D UI may be to use standard
3D interaction techniques (simply using the touch surface as
a button) for spatial tasks such as manipulation, and using
gestures and true multi-touch input for tasks such as system
control and symbolic input.
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