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ABSTRACT

The manipulation of 3D objects on a tabletop computer is inherently problematic. The flat surface of tabletop computers enable
natural 2D interaction, but lack the additional dimension needed to
intuitively facilitate 3D object manipulation. In this thesis I present
TZee, a passive tangible widget that enables natural interactions
with 3D objects by exploiting the lighting properties of diffuse illumination (DI) multi-touch tabletops. The Tangible User Interface
(TUI), TZee is constructed from several pieces of stacked acrylic
glass. The stacked glass enables TZee to channel the light emitted
from the tabletop slightly higher above the surface without major
light loss. This technique allows the tangible interface to transmit
touches on the device to the tabletop without any supplementary
power. TZee enables simple translation, rotation and scaling along
the x, y, or z axes. TZee’s transparent construction allows these interactions to be enhanced with visual feedback or other additional
information under the device. This new TUI is compact and is easily
assembled from affordable and accessible materials. These factors
allow multiple TZees to be fabricated and to interact on one surface. This thesis discusses several important design considerations
of TZee, demonstrated TZee’s value though several applications and
a gesture design study. The thesis also presents several solutions to
enhance the performance of TZee.

ii

P U B L I C AT I O N S

Some ideas and figures in this thesis have appeared previously in
the following publication by the author:
Cary Williams, Xing-Dong Yang, Grant Partridge, Joshua UsiskinMiller, Arkady Major, and Pourang Irani. TZee: exploiting the lighting properties of multi-touch tabletops for tangible 3d interactions.
In Proceedings of the SIGCHI Conference on Human Factors in Computing
Systems (CHI ’11), pages 1363–1372, 2011. ACM.

iii

ACKNOWLEDGMENTS

I thank my advisor, Dr. Pourang Irani, for his knowledge and guidance through my graduate studies and much more.
I would like to acknowledge the Natural Sciences and Engineering
Research Counsel of Canada (NSERC) and SurfNet for their financial
support.
I thank Dr. Major Arkady for his knowledge of optics and optoelectronics. I would also like to thank my collaborators and lab
members for their input and assistance.
I thank my parents, who gave me their drive and taught me the
worth of hard work. I would also like to thank my brothers and
sisters who believed in me.
Finally, I would like to thank Absatou Edgar for her support and
understanding.

iv

CONTENTS

1 introduction

1

2 related work
4
2.1 Multi-Touch Surface Technology
4
2.1.1 Infrared Components
4
2.1.2 Surface Technologies
6
2.1.3 Tracking Software
9
2.2 2D and 3D Gesture
10
2.2.1 Interaction On the Surface 11
2.2.2 Interaction Above the Surface 12
2.3 Towards Natural Interfaces 13
2.3.1 Tangible User Interfaces 13
2.3.2 Tangibles and Surface Computing 15
2.3.3 Passive Tangible Interfaces 16
2.4 Summary
17
3 tzee: design and evaluation 18
3.1 Design and Evolution 18
3.1.1 Design Considerations 19
3.2 Hardware Evolution and Lighting Optic Theory
3.3 Lighting and Optic Theory Validation
26
3.4 Construction 30
3.5 System Test
31
3.5.1 Participants 31
3.5.2 Apparatus
31
3.5.3 Task and Design 32
3.5.4 Results 33
3.5.5 Limitations 35
3.5.6 Discussion and Summary 38
4 interactions on tzee 39
4.1 Interactions
39
4.1.1 Translation, Rotation, and Scaling (TRS)
4.1.2 Beyond TRS 45
4.2 Gestural Design Study
47
4.2.1 Participants 48
4.2.2 Apparatus
48
4.2.3 Task 49

v

22

40

contents

4.3

4.2.4 Design 49
4.2.5 Results 52
4.2.6 Discussion 55
Summary
59

5 enhancements 61
5.1 Surface Software 61
5.1.1 Filters 62
5.2 TZee Hardware 65
5.2.1 Stack Material 65
5.2.2 Above Surface Medium Study
5.3 Summary
78
6 conclusion and future work

71

79

a material from experiments 82
a.1 Gesture Design Study: 2D vs 3D TZee Interface 82
a.2 Above Surface Medium Study: Refraction Index vs.
Signal Strength 92
bibliography

96

vi

LIST OF FIGURES

Figure 1
Figure 2
Figure 3
Figure 4
Figure 5
Figure 6
Figure 7
Figure 8
Figure 9
Figure 10
Figure 11
Figure 12
Figure 13
Figure 14
Figure 15
Figure 16
Figure 17
Figure 18
Figure 19
Figure 20
Figure 21
Figure 22
Figure 23
Figure 24
Figure 25
Figure 26
Figure 27
Figure 28
Figure 29
Figure 30
Figure 31
Figure 32
Figure 33
Figure 34
Figure 35
Figure 36
Figure 37

TZee
2
Electromagnetic spectrum
5
Bandpass filter
6
FTIR surface setup
7
DI setup
8
Raw and processed camera images 10
Prototypes for ergonomic evaluation 20
Evaluating prototype ergonomics 21
Fiber bundle 23
PDMS frustum problem 23
Lambertian profile 25
Light transmission through acrylic stack 27
Acrylic panel vs. blob size 28
Photodiode sensor 29
Setup to measure light intensity 29
TZee’s components
30
Visualization of task for system evaluation
33
System evaluation results 34
Open surface steps 38
TZee face identification 39
General translation gestures using TZee
41
Translation gesture in xy plane
42
General rotation gestures using TZee
42
Rotation gesture about z-axis
43
Rotation gesture about y-axis
43
General scaling gestures using TZee
44
Scaling gesture along x-axis
44
Deformation gesture 45
General use of modifier keys 46
Plane cutting gesture 46
Widget as display 47
Paper Prototypes 48
Surface-device coordinate system 50
Animation application 52
Agreement score vs manipulations 54
Agreement score vs interaction axes 55
User-defined x-axis translation
56

vii

Figure 38
Figure 39
Figure 40
Figure 41
Figure 42
Figure 43
Figure 44
Figure 45
Figure 46
Figure 47
Figure 48
Figure 49
Figure 50
Figure 51
Figure 52
Figure 53
Figure 54
Figure 55
Figure 56
Figure 57
Figure 58
Figure 59

User-defined y-axis translation
56
User-defined z-axis translation 57
User-defined xz and yz plane cutting
57
User-defined xy plane cutting
58
User-defined z-axis scaling
58
User-defined x-axis rotation 59
Low contrast touch signals 62
Contrast filter 63
Noisy touch signal 64
Smoothing filter 64
Sharpening filter 65
Law of refraction
67
Mixed index layers 69
High index stacks light propagation 70
Apparatus for optical liquid study 73
Optical liquid experiment setup 74
Refractive index touch signal comparison 75
Pixel per signal versus medium 76
Comparison of pixels per signal 76
Comparison of pixel count magnitude 77
Signal Analysis software 77
TZee’s stacked acrylic core 80

L I S T O F TA B L E S

Table 1
Table 2

Conditions for system evaluation 32
Interactions for gesture design study
60

ACRONYMS

DI

Diffused Illumination

FTIR

Frustrated Total Internal Reflection

IR

Infrared

viii

List of Tables

LED

Light Emitting Diode

NIR

Near Infrared

ix

1
INTRODUCTION

Touch technology has been around for many years. We interact with
touch-based systems, such as ATM machines and kiosks, on a daily
basis. Multi-touch technology is just an extension of touch technology.
Multi-touch technology has been integrated into most of our mobile
devices, such as cell phones and handheld computers, and recently
in surfaces, such as interactive floors, walls and counter-tops. Multitouch technology has the potential to reduce the user’s cognitive
load when interacting with computers [10, 18]. For instance, rotating
an object in a typical graphics application on a desktop computer, a
user would have to click on a series of buttons and menus. Whereas
multi-touch, could allow for a more natural grab and manipulate
interface.
Multi-touch surfaces are ideal for direct interaction with 2D virtual
objects, such as digital pictures and documents. Interactive surfaces
provide easy access to two dimensions, like traditional graphical
user interfaces. However, the introduction of a third dimension
raises a number of interesting problems [22]. For example, interaction techniques that have become common in many 2D multi-touch
application, such as pinching or flicking, may not be easily extended
to support free 3D manipulations.
The interaction with 3D content on multi-touch surfaces has become a topic of interest of many researchers [13, 22, 24, 38, 43].
The surface computer has many unique capacities that allow for
the creation of innovative solutions for manipulating 3D objects.
These solutions have used pressure [13], multiple fingers [22], or
layers above the surface [24, 38] to interact with the third dimension.
However, these approaches have their own inherent weaknesses. For
instance, users could be required to learn a special gestural syntax
in order to correctly interact with content.
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Figure 1: Manipulation of a 3D model using TZee. The image in the bottomleft corner is snapshot of the surface’s touch tracking software.
The four small outer blobs represent the four corners of TZee.
The two larger blobs near the center represent the two fingers
touching TZee.

In order to address the weaknesses in previous 3D interaction
strategies, I present TZee (figure 1). TZee is a multi-touch device
which is intended to be used on interactive surfaces, such as counter
or tabletop computers. TZee’s physical design exploits the inherent
characteristics of multi-touch surfaces. TZee’s ergonomic design
helps to facilitate the design of simple interactions that resemble
the handling of everyday objects. TZee stands for tangible z-axis.
This refers to the interactions supported by the device. TZee is a
transparent, palm-sized device which is shaped like a pyramid, or
frustum. The device can be operated with one hand. This leaves the
other hand available for mixed bi-manual interaction on the surface.
TZee does not require any external power source because it is
able to channel the light emitted from a diffused illumination (DI)
surface to permit touch detection on it’s five faces. This method of
touch detection affords TZee the interaction capabilities previously
reserved for only powered touch devices [14].

3

The construction of TZee is simple. It uses materials readily available at local hardware stores. This cost-effective method of interaction with 3D objects on interactive surfaces can be used with current
surface technology and scales to support multiple users. These characteristics make TZee an accessible and useful tool for designers
who work with 3D content.
This thesis provides two main areas of contributions. The first
contributions is the process and realization of a unpowered tangible
interface for 3D manipulation on tabletop computers, that takes
advantage of current technology. The second contributions is the
exploration of the gesture design space enabled by the new interface,
that allows easy interaction with to all three dimensions of virtual
3D object, especially the z-axis.
The chapters of this thesis are structured as follows: Chapter 2 discusses the work related to surface technology, interaction techniques
and tangible interfaces. Chapter 3 presents TZee – a custom-built
tangible widget for 3D interaction on multi-touch surfaces and a performance evaluation. Followed by, in Chapter 4, a brief exploration
of the interactions possible with TZee and a study to investigate
benefits of TZee for gestural input. Chapter 5 proposes both software and hardware solutions to enhance TZee’s performance. Finally,
chapter 6 provides a conclusion and future work.

2
R E L AT E D W O R K

Many of the Multi-touch devices used today, such as iPhones, iPads
and Android based devices, have flat interactive surfaces that naturally lend themselves to 2D interactions and data. I believe that three
dimensional information has the potential to allow for a richer user
experience and visualization of complex data. Researchers [13, 22, 38]
have been investigating the problem of interacting with 3D information on flat interactive surfaces.
In this chapter I discuss three related issues. Firstly, I briefly explain how large display multi-touch systems work that are based on
computer vision in order to build a 3D interface upon the technology.
Secondly, I review the current 2D and 3D interactions for surface
technology. Thirdly, I look at researcher’s [26, 27] attempts to make
computer interfaces more user friendly and efficient through tangible
devices. This will be based on how people interact with everyday
objects.

2.1

multi-touch surface technology

I begin by highlighting a few of the key components that makes multitouch technology possible. Then I briefly describe the construction
of two commonly used multi-touch surfaces and highlight the key
features of their technology. finally, I introduce one software option
used to track finger touches on multi-touch surfaces.

2.1.1

Infrared Components

Light Source
Light emitted from an infrared light source cannot be seen by the
human eye. The near infrared (NIR) light spectrum ranges approxi-
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Figure 2: The visible and near-infrared spectrums with respect to the electromagnetic spectrum.

mately between 700 to 1000 nanometers (nm) (figure 2) [3]. On the
other hand the visible light spectrum, that can be seen by the human
eye, ranges approximately between 400 to 700 nm [3]. This distinct
difference between infrared and visible light is an important property
that makes computer vision-based multi-touch surface technology
possible.
An infrared (IR) light source is used to illuminate the fingers and
objects that touch the surface (see figure 4 on page 7 and figure 5 on
page 8). A projector is used to emit an image on to the surface using
light in the visible spectrum, while fingers and objects that touch the
surface are highlighted by the non-visible infrared light. A special
camera is used to capture only the infrared light touches above the
surface.
Camera
The term touches refers to any fingers or objects that comes in contact
with the multi-touch surface which are intended to be registered by
the system. In order to detect touches on the multi-touch surface,
the multi-touch system must be able to capture the infrared hotspots
where a user touches. An infrared camera is used for this purpose.
Normal cameras and webcams see visible light and ignore infrared
light. These cameras either contain an additional lens or a special
coating that is applied to the camera lens that act as a filter to block
infrared light. However, these cameras can be modified to detect
infrared light. The process involves removing the IR blocking filter
and replacing it with one that allows infrared but blocks visible
light. A common filter used for this purpose is a Bandpass filter
(figure 3). A Bandpass filter, is a filter that only allows a subset of
values from a larger set through the filter. In this case, the Bandpass
filter only allows through wavelengths from the infrared spectrum
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Figure 3: Bandpass filter.

and blocks wavelengths from all other light. It is important to know
the wavelength of the infrared light source used when selecting the
Bandpass.

2.1.2

Surface Technologies

Frustrated Total Internal Reflection (FTIR)
One of the most commonly used large display multi-touch surface
technology, especially by Do-It-Yourself (DIY) communities, is Frustrated Total Internal Reflection. This multi-touch technology was first
introduced by Jeff Han [20].
Total Internal Reflection [20, 40] is an optical phenomenon that
occurs when light enters a second medium with a lower index of
refraction than the first. The index of refraction is the ratio of the
measurement of the speed of light in a vacuum compared to the
speed of light in a given medium. The index of refraction causes
light to bend as it passes the interface of two media (see figure 49 on
page 67). The angle between the refracted ray and an imaginary line
which is normal to the interface of the two media, is called the angle
of refraction. Total Internal Reflection occurs when the incident ray,
in the first medium, enters the second medium at an angle which
causes the refracted ray to pass a point called the critical angle. When
the refracted ray passes this point, most of the ray is reflected and
remains in the first medium (see acrylic surface in figure 4).

6

2.1 multi-touch surface technology

Figure 4: Frustrated Total Internal Reflection (FTIR) surface setup.

The three major components of the FTIR setup are the rear mounted
projector which is used to project an image onto the touch surface
from below, the infrared camera which is used to track touches
from below the surface, and the touch surface. The touch surface is
comprised of several layers and components (see figure 4).
The bottom layer, which is the main component of the FTIR setup,
consists of a sheet of acrylic glass surrounded by infrared LEDs
(Light Emitting Diode). The LEDs are mounted such that the light
shines inward into the edges of the acrylic sheet. When the LEDs
are turned on, the infrared light fills the acrylic sheet and is trapped
inside the glass. This is due to total internal reflection. When an
object, such as a finger touches the surface, the light is said to be
frustrated, and the light at that point in the acrylic glass surface
is redirected towards the infrared camera underneath. On top of
the acrylic sheet is a thin layer of silicone. The silicone acts as a
compliant layer which allows better contact between the acrylic sheet
and finger touches and thereby redirects more infrared light. The
diffuser is on the very top layer of the touch surface. The projector is
used to project an image from below the surface onto the diffuser.
The diffuser also helps to reduce unwanted objects from being seen,
which are above the surface, that may be seen by the camera.
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Figure 5: Diffused Illumination (DI) surface setup.

Diffused Illumination (DI)
Diffused Illumination is another commonly used large display multitouch surface technology. It is used in commercially produced surfaces (i.e. Microsoft Surface) and by DIY groups. The components
under the surface are similar to those of the FTIR setup. These consist of a projector, an infrared camera, and several infrared lamps.
A single infrared lamp may be comprised of tens of LEDs. The
construction of the surface is much simpler than the FTIR setup.
The surface is made from a sheet of acrylic or glass, with a diffuser
material placed on top (see figure 5).
The main feature of a Diffuse Illuminated setup is the infrared
sources that come from below the surface. The infrared lamps are
directed up towards the surface from underneath. When the infrared
light passes through the glass surface and hits the diffuser from
underneath, the light that passes through is scattered above the
surface. The scattering of light caused by the diffuser helps to spread
the light evenly above the surface. One inherent problem that can be
caused by the infrared lamps are large hot spots seen by the infrared
camera. This is due to light reflecting off the bottom side of the glass
or acrylic surface. This problem can be minimized by bouncing the
light from the lamps off the walls or floor of the touch surface’s
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enclosure. An alternative image processing solution to this problem
is called background-subtraction [3].
Touches on or near the surface are detected by the system, when
the infrared light that passes through the diffuser is redirected back
towards the infrared camera.
Technology Comparison
Each surface technology has its own advantages and disadvantages [3]. Which technology is better depends on preference and
applications.
The FTIR setup allows more prominent touch points to be seen
by the camera. This is due to the compliant layer. The compliant
layer also allows the camera to detect pressure. This is based on
how hard the user presses and the amount of light returned to the
camera. However, because FTIR relies on pressure to frustrate the
infrared light trapped inside the acrylic sheet, FTIR is unable to
detect barcodes, such as Fiducial markers, sitting on the surface.
In the DI setup, the infrared light sources are directed up towards
the surface from below. The DI setup allows for the detection of
direct touches on the surface, and also for objects hovering near or
Fiducial markers sitting on the surface. The detection of hover and
Fiducial markers are possible because of the placement of the IR
lamps under the surface. The light that comes through the glass
surface and the diffuser can be reflected back towards the camera
by a hovering object above the surface. However, the detection of
hover can lead to false object detection. For example, arms, hands or
jewelry hovering near the surface can lead to false detections.

2.1.3

Tracking Software

The Community Core Vision (CCV) [9] software can be used for
tracking touches on the multi-touch surface. The CCV is an open
source, cross-platform software that uses computer vision. The CCV
takes the raw image from the infrared camera and processes the
images to produce monochrome, black and white images to represent
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Figure 6: Surface camera images before and after image processing: (a)
an image of touch signals captured by FTIR surface camera; (b)
an image of processed touch signals by the surface’s tracking
software.

the touches on the multi-touch surface (figure 6). The white spots
on the black background represent the users touches. The touches in
the processed image are often referred to as blobs. The CCV assigns
a unique identifying number to each blob. When a touch occurs
the CCV will use the TUIO (Tangible User Interface Protocol) to
send the identification number, the location and the event type to an
application that can make use of the information.
The blob information received by the application is a sampling
of the motion on the touch surface. Certain motions can be used
to trigger specific functionalities of an application. These specific
motions are often referred to as gestures.

2.2

2d and 3d gesture

The following section provides a review of the literature pertaining to
gestures for 3D manipulation on interactive surfaces. The knowledge
gained from previous research will aid the design of future gesturebased technology. This section looks at utilizing the space both on
and above the multi-touch surface.
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2.2.1

Interaction On the Surface

Reisman et al. [33] extended traditional 2D multi-touch techniques to
3D object interactions. Their screen-space mapping technique projects
2D screen coordinates into a 3D environment. Hence, touches on the
multi-touch surface are projected into the 3D environment. A user
is able to touch virtual objects in the 3D scene no matter the depth,
since the touch points are projected into the environment.
Davidson and Han [13] took advantage of the inherent pressure
sensing properties of FTIR surfaces. In their research, they mapped
the pressure applied by the user, when touching the surface, to move
an object along the z-axis. In their work, they mapped light touches
to lifting objects and harder touches to push objects away.
Hancock et al. [21, 22] suggested various methods for on surface
3D interactions. In their Shallow-Depth [21] interactions work, Hancock et al. presented a set of single-finger gestures that would allow a
user to preform 2D rotate-and-translate [30] manipulations by touching designated regions on an object. For example, three dimensional
rotations, such as roll and pitch, are accomplished by pinning down
the object with one finger and using the second finger to motion
the direction of rotation on the surface. Hancock et al. [22] later
refined their 3D rotation technique by using the first two touches to
specify an axis and then using a third touch to motion the direction
of rotation about the defined axis. Hancock et al. used the pinch
gesture, which is commonly used for zooming in and out, to move
an object along the z-axis.
Wilson et al. [46] used a physics engine to simulate real-world
forces on virtual objects. A user touch on the surface is represented
as a proxy-particle. A proxy-particle is a small rigid object that represents the user’s contact point in 3D space. Objects can be translated
in the xy plane by responding to the force applied by proxy-particles.
In order to lift an object, the user must push the object up a virtual
ramp.
As can be seen in the above gesture, one common difficulty in
designing 3D interaction for a 2D surface, is that at least one dimension depends on indirect controls. This dimension is usually the
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z-axis. Indirect manipulation of objects can lead to less natural [24]
interactions. Hence, such gestures can become ambiguous and open
to the interpretation of the user [33].

2.2.2

Interaction Above the Surface

In order to overcome the constraints mentioned in the previous
section, researchers [5, 12, 24, 39] have be been exploring the space
above the surface with and without motion sensing devices.
For instance, Hilliges et al. [24] experimented with finger or hand
gestures above the surface for 3D manipulation. Hilliges et al. were
able to move an object along the z-axis by performing a lifting
gesture [24]. The lift gesture is performed by either a pinching or a
grabbing motion in mid-air above the surface over the object. The
reverse action of the gesture drops the object. The camera under the
surface is used to capture the gesture. Similarly, Cutler er al. [12]
explored the use of finger and hand gestures by using gloves or
styluses equipped with motion sensing hardware.
Subramanian et al. [38] suggested partitioning the area above
the surface into horizontal layers. Each layer was associated with a
particular set of commands. Likewise, Takeoka et al. [39] introduced
the Z-touch. Z-touch uses multiple laser light planes to divide the
space above the surface. The system is able to detect how close a
finger or object is to the surface. The accuracy depends on which
laser planes are intersected. Takeoka et al. applied their system to a
map navigation application. A user is able to pan a map by moving
a finger around on or above the surface. The user can zoom into a
particular area of interest by moving a finger closer to the surface.
The proximity of the finger to the surface determines the zoom’s
magnifications.
Benko et al. [6] proposed a muscle sensing technique to detect
finger gestures above the surface. The muscle sensing apparatus is
attached to certain point on the user’s forearm. The apparatus relays
information about which fingers are being used during a gesture.
For instance, Benko et al. used a pinch gesture to lift and drop virtual
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objects on and off the surface. However, the muscle sensing system
has its limitations. It does not provide any depth information nor
the location of the user’s hand on or above the surface. The system
only detects muscle movement. The mapping of muscle sensing can
be complex and mapping muscle sensing information to depth is
difficult.
Parts of the systems, in many of the solutions purposed above,
involved optical depth-sensing method. Lately, there has been improvements in optical sensing techniques and technology [5, 45]. In
most of the purposed solutions, finger or hand motions captured
are mapped to depth. However, optical depth-sensing is not flawless.
The motion captured may not be accurate enough for precise 3D
manipulations. The resolution of current depth-sensing is relatively
low and the technology is susceptible to inaccurate reading owing
to occlusion from fingers, hands and arms above the surface. One
problem with above surface gestures in general is arm fatigue owing
to prolong use [24].

2.3

2.3.1

towards natural interfaces
Tangible User Interfaces

Tangible user interfaces (TUI) [27] are interfaces that allow the user
to use physical objects to interact with a digital environment. These
types of interfaces can provide haptic feedback and can possibly
allow for better mapping between user input and digital controls [37].
Resent research [15, 23, 26] has suggested that TUIs would offer
better control than graphical interfaces. It was also suggested that
TUIs controls could be more natural than gesture based controls
because TUI interactions may resemble interactions with physical
objects in the real-world [41].
For instance, Huang [26] investigated tangible interfaces by comparing a tangible paper interface with a graphical user interface
(GUI) controlled with a mouse. The task was a 2D spatial manipulation task. In the first phase, the user was shown a scene where
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objects were arranged in a particular pattern. The user was given as
much time as was needed to memorize the pattern before moving on
to the second phase. In the second phase, the user had to use the two
interfaces to reproduce the scene from memory. The effectiveness of
each interface was based on the time it took to reproduce the scene
and the displacement of each object in the reproduced scene from
it’s position in the original scene.
The investigation proved that the reproduction time and the displacement time was lower for the tangible interface compared to that
of the GUI with a mouse. The results of the experiment favored the
tangible interface.
Tuddenham et al. [41] examined the use of tangible inputs in
surface computing. Tuddenham et al. compared the use of multitouch and tangible input in performing acquisition and manipulation
tasks. In each experiment they compared multi-touch input with
a custom made tangible widget and with a mouse with puck (a
magnetically position-tracked device) input. The first experiment
looked at object manipulation. The user was given two objects of
the same shape. One was blue and the other was yellow. The user
was required to use the different input methods to position and
orientate the yellow object to match the blue.The results showed that
the tangible input technique took less time to match the two objects.
The second experiment looked at acquisition of an object. The user
was given two sets of four different shapes. One set was blue and the
other was yellow. At the beginning, the yellow shapes were on top
of their matching blue counterparts. Once the experiment began, the
blue objects would slowly be moved away from the yellow objects.
The user was required to use the three input techniques to move the
yellow objects on top of the blue ones. The user had to match both
the position and orientation of the moving blue objects. The results
showed that the user was able to track the position and orientation
of the objects with less error by using the tangible input device.
The Tuddenham et al. experiment demonstrated the potential of
tangible computing and illustrated the method by which leveraging
interactions with physical object could make surface computing more
efficient.

14

2.3 towards natural interfaces

2.3.2

Tangibles and Surface Computing

Tangible User Interfaces are designed for various applications [29, 48].
For example, AcitiveCube [29] are physical building blocks used for
constructing and interacting with cubes in a virtual environment.
The blocks supply visual and audio feedback to a user, and the
blocks can also relay orientation information to an application.
Since TUIs were found to have many benefits they are now being
designed for surface computing. Guo et al. [19] used TUIs on an
interactive surface for controlling remotely located robots. Jordà et
al [28] created Reactable, an interactive surface that uses tangibles
to create music. The tangibles are used as controls, much like a
synthesizer, to change the properties of music. DataTiles, created by
Rekimoto [34], are tiles that are placed on an interactive surface to
augment the information displayed. Their augmentation properties
depend on the tiles’ functionality. Patten et al [32] used TUIs to solve
graph optimization problems on a interactive surface.
In regards to 3D interactions, Hancock et al. [23] created Tableball.
The Tableball is a tangible input device that contains a trackball for
use on multi-touch surfaces. Virtual objects on the table’s surface
are linked to the device by placing Tableball on top of them. The
tangible multi-touch device allows for five degrees-of-freedom. The
xy position and orientation of an object are all relative to the device.
The trackball on the Tableball allows the user to rotate an object
about its x-and y-axes.
De la Riviére et al. [14] developed CubTile, which is a multi-touch
surface in the shape of a cube. Five out of the six faces of the cube
are multi-touch. The multi-touch faces do not display any images
on their surfaces. Therefore, virtual objects controlled by CubTile
are shown on a separate display. A user is able to scale, rotate and
move 3D objects by performing one- and two-handed gestures on
the device.
However, many TUIs require batteries or must be tethered to the
surface or other sources for power. This factor can effect the size of
the device and the number of devices that can be used with or on
the surface. Other inherent problems are development, maintenance
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and cost of these devices. These problems can make electronic TUIs
less accessible for general use.

2.3.3

Passive Tangible Interfaces

The intrinsic problems of powered TUIs have led to the exploration
of unpowered (passive) TUIs for interactive surfaces. Most of these
types of TUIs rely on computer vision and they can leverage commonly used computer vision based multi-touch surfaces.
Gallant et al. [16] presented Flexible User Interfaces (FUI), a foldable input device. FUIs are constructed from paper and augmented
with IR reflectors. The reflectors allow a camera to track the tangible
widget and its shape as it bends. The interactions with the widget
resemble actions normally performed with paper. The bending of the
widget into different shapes makes it possible to manipulate objects
in a virtual world.
PhotoelasticTouch, was created by Toshiki et al. [36]. It is a clear
rubbery tangible interface that can sense forces. A user can interact with shapes and objects in a virtual environment by touching,
pressing and squeezing the interface.
SLAP widgets [44] are transparent physical widgets, such as slider,
button and knobs, that can be used on a vision based multi-touch
surface. Since all the components of a single SLAP widget are mechanical, no power is required. Infrared reflectors placed on the
bottom of the widget and it’s moving components help to identify
the widget and the actions it is performing.
Luminos [4] are building blocks that allows a user to assemble
3D virtual structures by using physical blocks on top a DI surface
computer. Luminos relies on the vision system built into surface
computers. The key element that allows the camera to track these
blocks, even when they are stacked on top of each others, are fiber
optic bundles. Each block consists of a small barcode on the bottom
of the block and contains a bundle of vertically standing optic fibers,
slightly off-set from top to bottom inside the block. The camera is able
to see the barcodes on the bottom of the stacked blocks by "looking
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through" the slanted fiber bundles. Lumino provides a natural means
of constructing simple virtual 3D structures by building physical
structures on top the surface computer. However, Luminos did not
explore touch input for 3D manipulation.

2.4

summary

In this sections we looked at multi-touch technology and several
solutions for manipulating 3D objects on a flat tabletop computer.
However, the literature indicates that tabletops lack the third dimension to interact with 3D content effectively. Hence, the various
proposed solutions for interactions with 3D data.Many of these solution suffer from ambiguous gesture mapping, low resolution of
gesture detection and muscle fatigue from interactions above the
surface. However, research has shown that tangible interfaces may
provides a simpler mapping from the physical to virtual space. In
the next chapter I proposes a solution to reduce the ambiguous 3D
mapping of tabletop gestures by leveraging Tangible User Interfaces.
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In this chapter I present my solution for interacting with 3D data on
a flat interactive surface, called TZee. TZee was specifically designed
to reduce the ambiguous gesture mapping caused by pseudo 3D
gestures on a flat multi-touch surface for 3D manipulation.
The development of TZee was a multifaceted undertaking. In the
following sections I recount the design process, the optical theory
behind TZee, TZee’s construction, and discuss the system test used
to evaluate the reliability and performance of TZee.

3.1

design and evolution

TZee was inspired by Lumino [4] and CubTile [14]. Luminos are
passive (unpowered) tangible building blocks that allow the detection of stacked Lumino blocks through their transparent core.
Luminos do not support touch gesture input. CubTile, on the other
hand, supports touch gestures, especially 3D interactions. CubTile’s
five touchable surfaces make it ideal for 3D interactions. However,
CubTile is a powered device. It’s size restricts its portability and the
number of devices that can be use in one application.
Several key concepts were used in the design of TZee. Firstly,
one-hand operation was selected because it left the second hand
free to perform gestures. Secondly, the widget had to be unpowered.
This allows for simple construction and accessability for general
use. Lastly, the widget had to facilitate the creation of gestures that
mimicked real-world interactions. This could make gestures more
simple and natural.
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3.1.1

Design Considerations

The type of interaction that will be performed on the device must be
taken into consideration, when deciding whether to support manual
or bimanual operations on TZee.
One of the main design goals was to base the TZee gestures on
interactions with everyday objects. Research [11, 12, 31] has shown,
that both one- and two-handed operations have their advantages.
These are based on how human hands distribute work in the real
world. Since each face of TZee is a multi-touch surface, the device
should be capable of handling one- or two-handed interactions. The
two-handed operation would allow for a richer set of gestures. For
instance, the stretching of a lump of clay with two hands could be
performed on TZee. Nonetheless, the most common gestures on
TZee should be capable of being performed with one hand.
The shape of the tangible device must be considered when designing for one- or two-handed interactions. The shape of the device will
also influence the mapping between gestures on the device and the
virtual world.
Several shapes were considered when designing TZee. These include the cube, sphere, cylinder and pyramid. Since TZee was specifically designed for 3D interactions, the selected shape had to lend
itself to axis-aligned and planar interactions to simplify gestures for
3D manipulation mappings. Most of shapes listed above have vertical
or inclined surfaces that could be differentiated from interactions on
the xy-plane.
The top surface of a cylinder (standing upright) could provide
distinguishable x and y axes. Similarly, its tubular side surface could
lend itself to vertical z-axis gesture. However, mapping horizontal
gestures to its side surface could be limited. The sphere could lead
to ambiguous axes mappings. Interaction along the x or y axes could
be performed by rotating or gesturing left, right, up or down on the
sphere like a trackball, but interaction along the z-axis would not
map well.
The cube on the other hand, has four right angle sides that are
distinguishable from the xy-plane. Each surface of the cube has two
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Figure 7: Prototypes for ergonomic evaluation: (a) Touchcube constructed
from USB touchpads; (b) Frustum created form polyurethane.

clearly defined axes. The symmetry of the shape can be advantageous
for symmetrical or grasping gestures (see figure 8). A square pyramid
also shared these similar traits. The top of the pyramid could be
removed, leaving a flat top, to permit input in the xy plane. A
truncated pyramid is known as a frustum.
Two preliminary prototypes, a cube and a frustum, were created
to assess the ergonomics of each shape for comfort and ease of
use by one or two hands. The cube was constructed from five USB
touchpads and was placed on a hard plastic base. Each touchpad
was 2 × 2.5 inches. The result was a CubTile [14] like device, suitable
for surface use (see figure 7a). The cube, which was created by the
touchpads, was connected to a computer through a USB hub to test
simple interactions. The frustum was created from polyurethane.
The four inclined surfaces were shaped like a triangle, with the top
point chopped off (ie. trapezoid) (see figure 7b). The dimension of
the frustum was 4.5 × 4.5 × 1.25 inches.
An informal ergonomics evaluation showed that the frustum was
slightly better than the cube. The conclusion was based on the reports from five users. One hand could always be used to partially or
fully stabilize the device during a gesture, when operating both devices with two hands. But, certain gestures were difficult to perform
without slightly displacing the device from it’s rest position when
operating the cube with one hand. For instance, the act of moving
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Figure 8: A comparison of grasping gestures: (a) cube; (b) frustum.

two fingers up the sides of the cube, on opposite faces, caused the
cube to be lifted (see figure 8). This was due to direction of motion
and the force applied by opposing fingers. When the same gesture
was performed on the frustum, the force applied by the two fingers
was transferred downward. This lift was due to the inclined faces.
Therefore, the frustum kept in contact with the surface for the entire
gesture. Hence, the frustum was selected because the one-handed
operation was better.
In order to create a passive (unpowered) tangible device, touches
upon the tangible must be communicated to the surface computer
below without any powered electronic components. The problem
was solved by using the IR light emitted through the surface to
fill the device, and then re-directing the light towards the surface’s
built-in IR camera to capture gestures upon the device. A similar
method is used by Lumino [4] to detect stacked Lumino blocks on a
diffused illuminated surface.
The IR light that passes through the surface could be transfered
into the tangible device by using a diffuse illuminated surface. The
shape and construction of the device played an important role in
ensuring that the camera could see the gestures above the surface,
and on the device. If a cube was selected for the shape of the TUI,
a solution would be required to redirect the light from the surface
to the side faces of the cube. However, such a solution would also
decrease the resolution of gestures seen by the camera, because it
would map the five touchable faces into a region directly proportional to the cube’s top face. A frustum, on the other hand, would
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not suffer from this problem. The incline faces of the frustum would
allow the light to be easily distributed throughout the device and all
five faces would always be in clear view of the camera.

3.2

hardware evolution and lighting optic theory

The engineering of TZee involved the combination of the appropriate
materials and design to realize the final passive tangible device.
The careful design of TZee’s internal structure and choosing of it’s
materials helped to avoid impairing the touch signal transmitted to
the DI surface’s built-in camera from TZee to the.
The First design of TZee involved experimenting with fiber optic
bundles similar to Baudisch et al. [4] (figure 9a). The advantage
of the fiber bundles is that they can be cut at different angles to
comply with the sloped surfaces of TZee. Before the construction
of the TZee with fiber bundles, a 1.2 × 1.2 × 1.2 test bundle was
created. The small test bundle showed that touches and movement
on the bundle could not be read accurately by the surface’s builtin camera. Touches seen by the camera were noisy and fluctuated.
Further experimentation showed that the noisy touch signals were
due to tiny gaps between the round cross-sectional area of individual
fibers in the bound bundle (figure 9b). Consequently, the use of fiber
bundles was rejected owing to the fact that they were unable to
reliably transmit finger touches and that they had a potential to
decrease the resolution of touches, especially near the corners and
edges of TZee.
The second prototype of TZee was created from polydimethylsiloxane (PDMS), a silicon-based mixture (see figure 10a). PDMS is
optically clear, transparent, and flexible and light when solidified.
These properties made PDMS ideal for fabricating a lightweight
passive optical device.
The prototype TZee was made by pouring the viscous liquid into a
frustum-shaped mould. The liquid mould was placed in an air-tight
chamber in an attempt reduce the formation of air bubble during
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Figure 9: Fiber Optics test: (a) a sample fiber bundle; (b) most visible gaps
between individual fibers highlighted with a white ring. These
gaps made finger tracking difficult

Figure 10: Total internal reflection within prototype frustum created with
polydimethylsiloxane (PDMS) prototype: (a) the PDMS frustum
prototype (b) the recognition of the pdms frustum by surfaces’s
tracking software; (c, d) the scattering of a laser due to total
internal reflection within the frustum.
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solidification. Air bubbles in the prototype may cause loss of light
owning to scattering.
The newly created prototype TZee registered a square shaped halo
when it was placed on top of the multi-touch surface (figure 10b).
When the device was touched, nothing was seen by the camera.
In order to investigate the problem, a single red laser was shone
into the bottom of the device to simulate a single IR ray from the
table(figure 10b and c). The problem quickly became apparent. The
light from the laser was seen to be reflected and scattered inside
the device and much of the light that had entered the device had
been reflected back to the source. This effect was due to total internal
reflection. The halo captured earlier by the camera was due to the
reflected IR light. The geometry of the device caused most of the light
that was internally reflected to be focused at the edges of the square
base. Further prototype experimentation led to the the final version
of TZee that consisted of stacked acrylic glass. It was discovered that
enhanced light transfer could be attained by using a simple piece of
acrylic.
Acrylic is transparent and light-weight. It is often used as the surface’s material for FTIR, and some times for DI multi-touch surfaces.
It was observed, that the intensity of light above a DI surface, at
a fixed point, could be increased by placing a piece of flat acrylic
glass on top of the multi-touch surface. This phenomenon can be
explained by the consideration of the characteristics of light radiation above the surface and the refraction of light in materials with
relatively high indices of refraction. In this case, refractive indices
greater than one are considered high as compared to the air above
the surface with a refractive index of approximately one.
At each point above the diffuser atop the surface, the light radiated
follows a Lambertian radiation profile (see figure 11a). The Lambertian profile is a spherical pattern that describes the intensity of light
at each angle defined by Lambert’s cosine law.
As light radiates further from the surface, the intensity of the
light gradually decreases. At a certain height above the surface, the
intensity of light reflected off an object hovering above it is too weak
to be detected. An acrylic panel placed on top of the surface can
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Figure 11: Light radiation profile above the surface according to Lambert’s
cosine law: (a) the light radiation profile of a single point source
above the surface; (b) the light radiation profile augmented by
an acrylic panel.

modify the Lambertian profile by reducing the spread inside the
acrylic. This will result in an increase in light intensity transmitted
above the surface through the acrylic panel as compared to the same
height in mid-air. The variation in transmissibility is a result of the
refraction of light at the surface of the acrylic.
When the light is passed through two medias of different refractive
indices, the light is refracted at the interface between them according
to Snell’s law [42] (see figure 11b). The ray in the higher-index material, in this case the acrylic with a refraction index of approximately
1.49, is bent closer to the normal of the interface. The bending of
light resulted in a more narrow radiation profile, corresponded with
an increase of the transmitted light intensity. Therefore, for a given
intensity, light can be brought to a slightly higher position above a
DI surface by using this simple mechanism (figure 11b).
When the light exited the acrylic panel, it resumed it’s propagation
according to the uninhibited Lambertian profile. The cross-section of
the radiation profile, where the light emerged from the panel, was
smaller than the profile of air alone at the same height. The smaller
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cross-section was due to refraction in the acrylic, but corresponded
to a higher intensity of light.
It is noteworthy to mention that since the light intensity at the
top of the acrylic panel was higher, therefore a higher intensity of
light reflecting off the object would be captured by the IR camera.
The resulting light pattern inside the acrylic panel(s) would be a
superposition (via interference) of all individual Lambertian sources
created by the diffuser under the acrylic panels. Therefore, the net
effect of placing the acrylic panel on the surface’s diffuser would be
similar, i.e. it would result in an overall increase of light intensity
above the panel.

3.3

lighting and optic theory validation

In order to validate the lighting and optical theory proposed in the
previous section, two tests were devised to observe and detect the
increase in light intensity atop an acrylic panel when it is placed on
the surface.
The first test involved observing blob size of an object detected
by the surface’s built-in camera. The vision software was used for
observing the blob. For consistency, a reflective marker was used to
simulate touches and hovering objects over the surface.
When the marker was placed above the surface, at a fixed position
in mid-air, the surface vision software registered the marker as a
bright circular blob. When an acrylic panel was inserted between the
surface and the marker, the blob became visibly larger (figure 12). The
increased blob size was due to the fact that there were more pixels in
the processed camera image that exceeded the intensity threshold for
surface activity. In general, this verified the assertion that the surface
camera detected more light when the acrylic panel was inserted
between the surface and the marker. Hence, this proved that the
acrylic panels had the ability to preserve the light intensity above
the surface. The amount of change in the blob size depended on the
markers height above the surface and the number of panels inserted
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Figure 12: Transmission of light through TZee’s acrylic stack: (a) circular
reflective marker; (b) the detection of reflective marker without
acrylic stack by surface’s tracking software; (c) the detection of
the reflective marker with acrylic stack by surface’s tracking
software.

between them. The same result was observed at several different
heights when using one or more acrylic panels (see figure 13).
The second test involved the use of a silicon (Si) photodiode sensor
operating in the photovoltaic regime to quantitatively measure the
intensity of light above the surface (see figure 14a).
The procedure for the second test was similar to the first. The
photodiode was placed at several different heights, with and without
the acrylic panel, and the signal was registered on a oscilloscope
(figure 15a). It is important to mention that when the photodiode
was placed above the surface, it’s sensing area was larger than the
physical size of the photodiode’s aperture. In this scenario, some
light rays from the DI surface were refracted towards the sensor,
while others were refracted outside. This is particularly the case,
from rays from point sources that were on the periphery of the
sensor’s sensing area.
Therefore, to overcome this unwanted effect, a portion of the DI
surface was masked with black tape, which left only a small opening
the size of the photodiode’s aperture. This prevented the interference
from rays from peripheral light (figure 15b).
When the acrylic panel was inserted between the surface’s diffuser
and the photodiode’s sensor, there was an increase in signal strength
measured by the oscilloscope. When the panel was inserted there
was a 10 to 15 percent increase in signal strength over the signal
strength when there was only air with the sensor placed at the same
height. However, as more panels were added, the gains in intensity
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Figure 13: A demonstration of the effective blob size (ie.touch) registered
by surface’s tracking software when using a finger on various
acrylic layers: (a) a finger on the touch surface; (b) a finger upon
one acrylic panel sitting on the touch surface; (c) a finger upon
two stacked acrylic panels sitting on the touch surface; (d) a
finger upon three stacked acrylic panels sitting on the touch
surface; (e) a finger hovering above the touch surface with no
acrylic panels at a height of three acrylic panels high.
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Figure 14: The photodoide light sensor (right) and the visible light blocking
filter (left).

Figure 15: The setup and equipment used to measure the intensity of light
above the touch surface and atop acrylic panels: (a) the photodiode connected to the oscilloscope to measure light intensity
above the small opening created by the black tape; (b) the photodiode with filter connected to oscilloscope probe and a portion of
the touch surface masked by black tape to prevent the interfere
of IR light rays outside the photodiode’s physical aperture size.
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Figure 16: TZee’s main components: (a) the acrylic stack; (b) thin plastic
cover; (c) the reflective markers for tracking TZee.

were diminished. This loss in intensity was due to the spreading of
light upward and additional losses introduced by multiple fresnel
reflection at the edges of the panels.

3.4

construction

TZee was constructed by stacking several pieces of acrylic glass (see
figure 16a). The prototype TZee consisted of three acrylic layers 3 /8
of an inch thick , for total height of approximately 1.2 inches. The
surface area of each acrylic layer, from bottom to top, was 4 × 4,
3 × 3 and 2 × 2 inches respectively. All the edges of each acrylic
layer were polished. A thin plastic cover, less than 0.05 inch thick,
was placed over the inclined surfaces of the prototype to provide a
smooth surface for reliable fingertip contact (see figure 16b).
Preliminary testing of the device revealed intermittent noise along
the edges and joining seams of the device’s outer shell. Black electrical tape was used to cover the edges and seams. The black tape
prevented false blob detection caused by the superposition of signals
from a hand hovering above the device, and noisy joints and edges
from the shell. The tape also added an additional feature. It provided
handles which will allow a user to hold or manipulate the device
without registering touches.
Four reflective markers placed on the bottom of TZee facilitated
the surface vision software’s identification of TZee and the area
it occupied (see figure 16c). The markers also allowed the vision
software to track the orientation of the device. This allowed gestures
upon TZee to be recognized regardless of the device’s orientation.
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Thus, any activity detected within the boundary of the markers were
registered as a touch upon TZee.

3.5

system test

The literature has already shown the potential for tangibles over
virtual controls [15, 23, 26]. Therefore, this section only provides an
evaluation of TZee’s hardware to transmit signals. In particular, these
tests were designed to evaluate whether continuous signals from
gestures could be reliably transmitted on all points of the surfaces of
TZee.

3.5.1

Participants

For this study, ten participants, between the ages of 25 and 35,
were gathered from a the University of Manitoba. The participants
consisted of nine males and one female. All participants said that
they used computers in their daily activities, but only two had
previous experience with surface computers. All participants were
right-handed.

3.5.2

Apparatus

The surface computer used in the study was a custom-built diffuse
illuminated (DI) surface. The surface was made from a 20 × 26 inch
sheet of acrylic glass. The diffuser placed upon the surface was made
from vellum. A thin coat of silicon was applied to the side facing
the acrylic surface. The surface computer contained several infrared
LED lamps which emitted light at a wavelength of 850 nm. It had
a 12 volt power supply. The surface’s built-in IR camera captured
images at resolution of 320 × 240 pixels at a frame rate of 15 fps. The
experimental platform used the Core Community Vision tracking
software and communicated with TZee’s software over the TUIO
communication protocol. The surface’s computer ran on Widows XP
on a 1.86 GHz Core 2 Duo processor.
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Table 1: Gestures for system evaluation.

3.5.3

Task and Design

A series of 2D docking tasks upon the device’s surfaces was used
to evaluate TZee. This task was intended to assess TZee’s ability to
reliably transmit a signal that could be captured by the surface’s
camera. Participants were required to interact with objects displayed
upon the device. Participants were required to perform one or two
finger (at a time) sliding gestures upon TZee. All tasks required the
movement of an object from an initial position to a marked point
target. A failure to dock the object at the end position was attributed
to a loss of signal, indicating a weakness with TZee.
The experiment consisted of two tasks. The first task was the
single-touch conditions. Participants were asked to drag their index
finger on the top and side surfaces as described in table 1 (also see
figure 17 right).
The second task was the multi-touch condition. Participants were
asked to use their thumb and index finger to simultaneously drag
two objects from left to right on the front and back surfaces of TZee
(see table 1 and figure 17 left). This task assessed the effect of multiple
simultaneous gestures.
Each condition was repeated ten times. A trial was completed if
the participants successfully docked the object. Otherwise, they had
to repeat the movements until they succeeded. Participants were
given an unlimited number of attempts for each trial. The objects
to be dragged and the end targets were both approximately 0.6 ×
0.6 inches. This ensured that the objects selected and the end targets
were large enough such that a participant could easily perform the
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Figure 17: Gesture conditions for system evaluation on TZee: (left) the
direction of movement in the docking task with the index finger;
(right) the direction of the docking task with the thumb and
index fingers.

task. Therefore, failure to complete the task would mostly be due
to a loss of signal tracking. TZee’s control-display (CD) ratio for
this experiment was set to 1:1. This meant, that a moveable object
would travel at the same speed as a participants’s finger and would
always remain under their finger. This also meant, that the distance
between the object’s initial position and end target position was the
same as the finger’s dragging distance. Both the object and the end
target were displayed underneath TZee. TZee’s clear and transparent
construction permitted easy visibility and interaction with objects
displayed through the device.

3.5.4

Results

The dependant variables recorded during the experiment were accuracy and the number of attempts. The accuracy of gesture detection
on TZee referred to the percentage of time that the system was able
to detect an entire gesture, from start to end, without losing signal.
The overall average accuracy rate of the system was 76.5 percent
of the overall trials performed by the participants. This meant that
the system was able to detect an entire gesture 76.5 percent of the
time. The results showed that sliding a finger on the top face of TZee
attained an average accuracy rate of 76 percent . The accuracy of
sliding the object with two fingers, one on each opposing face, had
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Figure 18: the results from the system evaluation. The x-axis shows the
different docking conditions described in figure 17: (a) the y-axis
shows the accuracy rate of the docking task; (b) the y-axis shows
the average attempts to complete an entire gesture.

the lowest accuracy at 69 percent. The sliding of an object on the
side faces of the device achieved an accuracy rate 78 percent, except
in condition three where participants had to slide a finger near the
top edges (see figure 17 left) of a side face. The average accuracy
rate of condition three was relatively lower at 66 percent (figure 18a).
The low accuracy could be attributed to a participant’s finger which
was accidentally sliding on the black tape covering the edges and
joining seams. Near the lower region of the side faces, the accuracy
rate approached 90 percent.
The average number of attempts per trial by each participant was
1.43 (figure 18b). The results showed that the number of attempts by
the participants was higher with tasks that required sliding the object
along the top and sliding the object with two fingers (see figure 17)
on TZee. This was consistent with the corresponding accuracy rate.
The result also revealed the fact that task with higher accuracy, such
as condition four, five and six (see figure 17 left), had fewer repeated
attempts. Further analysis of the results indicated that there was a
learning effect by participants. It was noticed that most of the extra
attempts to complete a task were performed in the first few trials.
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In general, the results showed that TZee can reliably detect several
gestures. However, although the results were found to be largely
uniform across all of TZee’s surfaces, the accuracy did not reach 100
percent. The rates could be improved by image processing techniques,
such as filters or properly extrapolating points between samples.
However, the objective of the system tests was to evaluate the raw
performance of TZee.

3.5.5

Limitations

The physical and internal design of TZee was tailored to allow reliable gesture detection and to facilitate simple 3D gestures mapping.
However, despite the many favorable properties of TZee, certain
limitations needed to be examined in the construction TZee.

touch area
The size of the points of contact upon TZee affect its ability to
relay gesture signals. Pressure exerted by users on the device also
indirectly affected signal transmission. When a user touched against
one of the surfaces of TZee, the skin tissue at the finger tips would
flatten out owing to the pressure exerted. The amount of pressure
exerted is important. Pressure could provide a point of contact with
a larger touch area and a larger touch area was capable of reflecting
more light. A user who placed two or more finger close together,
would create a single large touch point on TZee’s surface. This
method could be used to detect signals more reliably.
The outer shell of TZee played an important roll in maximizing
this effect. The TZee shell not only gave users a smooth surface upon
which to glide their fingers, but it also helped to flatten the user’s
finger tips as they touched the device.
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resolution
The physical size of TZee and the resolution of the surface’s camera
affected the system’s ability to recognize and interpret gestures.
The current surface computer had a camera with a resolution of
320 × 240. This resolution was sufficient to detect the direction of a
user’s gesture. However, the detection of the precise amplitude of
each gesture was difficult with such a low resolution. In conjunction
with the surface’s current hardware specification, TZee could only
recognize two touches per side. This was also due to the camera’s
resolution. The users who wish to achieve two touches on a single
face of TZee must leave a space between the two touches. Otherwise,
the system would recognize the two touches (or blobs) as one large
touch (or blob). A camera with a higher frame rate and higher
resolution may help to alleviate this system limitation.
These problems could also be resolved by increasing the physical
surface area of TZee’s faces, however informal feedback from users
suggested that the two touch limitation was not a matter of great
concern for our particular tasks.

light loss
A common problem of tangible tabletop widgets [4] that rely on
optical methods to transmit light, is loss of light. TZee was no
different. TZee is also susceptible to this limitation.
TZee’s construction consists of three acrylic layer covered by a thin
plastic shell. Each of these components introduced two reflective
surfaces. Therefore, there was a maximum of eight reflective surfaces
before light reached a user’s finger. As the light passed from the
surface and through TZee’s layers to it’s exterior faces, the light was
reflected twice at each layer. This led to a decrease in light intensity
which was due to the reflection at multiple layers. In addition, the
air between the acrylic steps1 and the shell also introduced a fair
amount of light spread. This resulted in a change in the direction
1 Each layer of TZee consists of a acrylic layer that varies in surface area. A step is
created by the variation between the acrylic panels
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of the light when the light entered or left the air. This was due to
the change in refraction indices of the media. The net result was a
decrease in the vertical distance light could travel within TZee.
Currently, the system is unable to detect a gesture on TZee through
more than three layers when a single fingertip was used. However,
if a user placed two fingertips closely on one of TZee’s surface,
the combined touch area would be large enough for the system to
register activity.

lighting conditions
Performance on a diffused illuminated surface could be influenced
by the lighting conditions of it’s surrounding environment. Therefore,
a certain degree of calibration was required before TZee was used.
A balance between light intensity, noise and blob size threshold was
necessary to obtain optimum performance. This can be found by
adjusting the surface’s software setting. Noise could be introduced
into the system by improper lighting conditions.

slope of inclined faces
The angle of inclination of faces on TZee was directly related to
the open step surface area of each acrylic step (see figure 19). The
step surface area may be affected by the number of acrylic layers,
the thickness of the step and the difference between surface area of
layers. A steeper incline meant that a smaller surface area is seen by
the camera’s perspective. Several prototypes were developed with
various slopes to understand how the slope of TZee’s inclined faces
affected signal transmission. Performance on these prototypes indicated that gestures on slopes up to 39 degrees allowed reliable signal
transmission and beyond that angle, performance was degraded.
Therefore, it is important for designers to be aware of the factors that
affect the slope of the inclined faces and the performance trade-off
when designing TZee.
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Figure 19: Open surface steps created by the difference in acrylic layer area.

3.5.6

Discussion and Summary

There were many aspects to the realization of TZee. In the first stage,
several design goals aided the development of the passive tangible
device. In the second stage, the physical design and ergonomic aspects of TZee were identified. In the third stage there was the creation
of several prototypes which were intended to find a passive solution
that would support the physical shape of the device and provide
reliable performance. The explored solutions involved materials such
as optical fiber, silicone and finally the current solution of stacked
acrylic glass covered by a thin transparent shell. All preliminary tests
confirmed that this solution allowed light from the surface to travel
slightly higher above the surface as compared to air alone.
The gestures carried out during the system test, showed that the
surface software was able to reliably detect sliding actions upon
TZee’s several faces over 75 percent of the time. These results were
impressive since no additional methods or techniques were used
to enhance the raw images captured by the IR camera. However,
signal reliability could potentially be increased by additional image
processing.
TZee is an indirect input device. Therefore, when TZee is integrated into existing software, the control-display ratio can be adjusted to smoothen input to the application. This can allow designers
to extend the physical space available on the sides to create rich
interactions.
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4
INTERACTIONS ON TZEE

TZee stands for tangible in along the z-axis. This refers to the interactions that the device was designed to support. TZee is a palm sized
device. It can be manipulated with one hand, while the second hand
is left available to make mixed bi-manual interactions.
In the following section, I present TZee’s design space, by showcasing possible gestures and features. I then discuss a user study
that investigated the benefits of TZee’s 3D design in terms of gesture
creation and mapping.

4.1

interactions

TZee defines its own local coordinate system(see figure 20). This
allowed gesture input on TZee to be interpreted independently of
the device’s orientation with respect to the tabletop surface. The
square base of TZee was aligned with the device’s local x and y
axes. The z-axis was perpendicular to the base of the device with the
positive z-axes extending upward and the negative z-axes extending
into the surface. Once TZee was placed upon the surface, a simple
calibration routine assigned a unique Face Identifer (F-ID) to each
face on TZee (figure 20).

Figure 20: TZee’s local coordinate and face identification numbers (F-Id).
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TZee could potentially manipulate one or more objects simultaneously in a digital environment. TZee would act as a physical handle
for those virtual objects. Techniques for linking tangible devices to
digital content has been suggested in previous works [25, 44]. SLAP
widgets [44] employed Symmetrical Bimanual Synchronous Tapping
to link a physical widget to digital content. Hinckley [25] proposed a
’bumping’ technique to synchronize digital content. Similar methods
could possibly be utilized by TZee to link the tangible device to
virtual objects.
Manipulations of virtual objects via TZee was made possible by the
gesture recognition engine. The gesture recognition engine required
a minimum of three to four sample signals from the motion being
performed on TZee in order to interpret the gesture. Once the gesture
was recognized, the engine would begin the transformation, such as
rotation, on the object. In order to compensate for the limited input
resolution, the transformation would continue until the finger or
one of the fingers was lifted off the device. This method allowed for
smooth transformations. Additionally, the control-display ratio for
the top face of TZee was assigned independent of the sloped side
faces. The different assignment of the control-display ratio for the
top and the side faces was to compensate for the difference in signal
strength observed in the system test among TZee’s surfaces.

4.1.1

Translation, Rotation, and Scaling (TRS)

TZee enables basic 3D transformation, such as translation, rotation
and scaling of an object along the x,y, and z axes by simulating the
interactions with daily objects. All transformations initiated by the
gestures would be invoked with respect to TZees’s local coordinate
system.

translation
Translation along a particular axis could be performed by mimicking
a grab and pull (or push) gesture on the device.
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Figure 21: Illustration of translation using TZee.

Two fingers placed on opposing faces of the device and then
sliding them across the device’s surface, would translate an object
according to TZee’s local coordinate system (figure 21). For example,
the movement of an object along the z-axis could be achieved by
sliding straight up or down on faces one and three (see figure 21
green arrow). The sliding upward movement would pull the object
up towards the user, whereas the sliding downward would push the
object away. To move an object along the x-axis, a user could slide
two finger horizontally on faces zero and two. Similarly, the sliding
of two fingers horizontally on faces one and three would translate
an object in the y direction.
When a user needs to move freely in the xy plane without being
restricted to axis-aligned movement, the user could simply move
the device across the surface and the linked object would also be
translated. Alternatively, a user could use the top face (F-ID 4) as a
trackpad to move an object in the xy plane (figure 22).
Note, TZee is an indirect input device. One of the key advantages
of using indirect input for translation was that it allowed users to
move the object to an area that was unreachable by direct touch. The
use of indirect input for translation in the z direction is necessary,
since z-axis motion cannot be performed directly upon a 2D surface.

41

4.1 interactions

Figure 22: Translation in the xy plane using TZee: (a) Illustration of planar
translation gesture (b, c) the before and after images of the
translation of an object from upper left corner to the lower right
corner using TZee. Touches tracked by surface software are
displayed in the lower corners of the images.

Figure 23: Illustration of rotation using TZee.

rotation
Rotation was accomplished by using flicking gestures. This motion
is used for real world situations such as flipping a page of a book,
flipping over a cube with a single finger or rotating a globe on a
fixed axis.
A horizontal flick gesture on any of the inclined faces (F-IDs 0 to
3) would result in a rotation about the z-axis. Alternatively, if TZee
is physically rotated, the associated object would rotate along its
z-axis (figure 24). A vertical flick gesture on faces one zero and two
would rotate the virtual object about its x-axis. Similarly, a vertical
flick on faces one and three would rotate the object about its y-axis
(see figure 25).
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Figure 24: Rotation about the z-axis using TZee: (a) Illustration of rotation
gesture about z-axis (b, c) the before and after images of the
rotation of an object clockwise using TZee. Touches tracked by
surface software are displayed in the lower corners of the images.

Figure 25: Rotation about the y-axis using TZee: (a) Illustration of rotation
gesture about y-axis (b, c) the before and after images of the
rotation of an object about the y-axis using TZee. Touches tracked
by surface software are displayed in the lower corners of the
images.
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Figure 26: Illustration of scaling using TZee.

Figure 27: Scaling along the x-axis using TZee: (a) Illustration of scaling gesture (b, c) the before and after images of the scaling of an object
using TZee. Touches tracked by surface software are displayed
in the lower corners of the images.

scaling
The scaling of an object is accomplished by using a two-handed clay
moulding metaphor (see figure 26a).
TZee enabled scaling by placing four fingers, two fingers per
side on opposing faces of the device and performing a two-handed
stretching motion (figure 27a). The pulling of two fingers apart on
the same face, would stretch a virtual object. The pushing of the
fingers together would compress the object. An object could be scaled
along the z-axis by performing the stretching gesture, with a vertical
motion, on the inclined faces. The stretching gesture performed on
faces zero and two, with a horizontal motion, could scale an object
along the x-axis. Similarly, scaling along the y-axis was also possible
by performing the two-handed gesture with a horizonal motion on
faces one and three.
Alternatively, scaling could be achieved by using one hand with
the aid of "modifier key". When the index finger is resting on the
top face of TZee as a modifier (F-ID 4), scaling in the x direction can
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Figure 28: Deformation of multiple axes using TZee: (a) Illustration of
deformation gesture (b, c) the before and after images of the
deformation of an object by stretching the x and y axes concurrently using TZee. Touches tracked by surface software are
displayed in the lower corners of the images.

be accomplished by sliding fingers, on opposing faces, horizontally
on faces 0 and 2 (see figure 27a). This modified version of scaling
loosely resembled natural stretching motions. That is, scaling required an origin, represented by the top face touch, plus a spreading
or contracting action, defined by the other two fingers moving in
opposition. Scaling in the y and z direction could be achieved in a
similar manner.

4.1.2

Beyond TRS

TZee allowed the creation of unique interactions that have not been
previously demonstrated on interactive surfaces. The following section presents a few possibilities.

stretching across axes
TZee can allow the synchronous stretching of multiple axes. For
instance, the pulling on a corner of an object would deform the
object. This outcome could be accomplished on TZee by sliding the
thumb and index finger towards the edge of two adjacent faces.
The result would be an object with one point or edge protruding
out (figure 28). This could also be applicable to application where
non-affine transformation are required, such as moulding a lump of
virtual clay.
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Figure 29: Illustration of gestures that a modifier key(s) using TZee. The
green ring represents the modifier(s).

Figure 30: The cut operation using TZee: (a) Illustration of cut gesture (b,
c) the before and after images of the slicing of an object using
TZee. Touches tracked by surface software are displayed in the
lower corners of the images.

modifier key
A modifier key is used to extend the functionality of a gesture. This
was demonstrated in the one-handed scaling operation (figure 26a).
Alternate modes could be triggered by holding one or more fingers
on any of the tangible faces (see figure 29).
For instance, a cut operation could be accomplished by using a
modifier. The cut operation could be use to split a virtual object into
one or more pieces. This task is not uncommon when interacting
with 3D volumetric data. The operation could be performed by using
a modified version of the translated gesture. The slicing action could
be accomplished with the translation gesture plus an additional
finger, acting as a modifier, held on one of the sloped faces (see
figure 30). The position and angle of the slice would be defined by
the translation gesture.
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Figure 31: the transparent construction of TZee allows the viewing of information underneath the device on the interactive surface.

widget as display
TZee’s clear and transparent construction allows for the viewing
of images displayed underneath the device on the top interactive
surface. This enablement facilitates a wide range of possibilities.
For example, novice users could benefit from the availability of
help guides like how gestures are performed. Alternatively, various
options or parameters for transformations could be displayed upon
the device to support more sophisticated modes of interaction. At the
very least, the usual contents of the tabletop will be visible through
the device.

4.2

gestural design study

The objective of the gesture design study was to compare and contrast how users map 3D interactions to TZee’s 3D interface verse a
more traditional virtual 2D interface. A user-centric design was used.
The participants were shown the effect of a gesture and the users
had to determine the gesture that caused it. Agreement between participates on the gesture that caused the action helped to indicate the
potential strength of each interface for gesture design and mapping.
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Figure 32: Paper prototypes used for the gesture design study: (a) the two
dimensional version of TZee; (b) the three dimensional version
of TZee.

4.2.1

Participants

The study was conducted in a classroom at a local university. There
were sixty-three participants ranging from ages 18 to 30. All of the
participants were daily computer users. Few of the participants
had previous experience with a multi-touch surface. Most of the
participants’ exposure to multi-touch technology was through multitouch mobile devices.

4.2.2

Apparatus

Two versions of a small-scale paper-prototype TZee were created.
The first version was a flattened 2D version of TZee (figure 32a).
The dimension of the 2D paper-prototype was 3.75 × 3.75 inches
(figure 32b). The second version was a 3D paper model of TZee. The
dimension of the paper-prototype was 3.25 × 3.25 × 0.8 (l × w × h)
inches and the slope of the inclined faces was approximately 53
degrees.
A projector with a projected image size of 90 × 72 inches at a resolution of 1280 × 1024 pixels was used to display 3D manipulations to
the classroom of participants. The 3D manipulations were animated
in OpenGL using C++. The 3D animation applications were run on
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a laptop running Windows 7 on a 2.1 GHz dual core Intel Pentium
processor.

4.2.3

Task

Four groups of 3D interactions were select to investigate the benefits
of gesture mapping and design on TZee’s 3D surfaces versus a flat
2D on surface interface. These groups were translation, rotation,
scaling and slicing. Each of these groups was broken down into axisaligned interactions to help simplify the participants’ comprehension
of the 3D transform. There were twelve manipulation tasks in total.
The participants’ task was to sketch a set of gestures that would
invoke the twelve different 3D manipulations. The twelve tasks are
described in table 2 (see page 60).

4.2.4

Design

coordinate systems
Two coordinate systems were defined (see figure 33) to aid the mapping of gesture to axis-aligned manipulations. The first coordinate
system was the surface coordinate system. The physical surface top
defined the xy plane and the z-axis was perpendicular to the surface.
From the user’s perspective, the surface was in front of them, the
positive x-axis was to their right, the positive y-axis was increased
away from them and the positive z-axis was increased upward away
from the surface. All 3D transforms that were demonstrated were
with respect to the surface’s coordinate system (see appendix A.1).
The second coordinate system was the local coordinate system of
the interaction interface. Both the 2D and 3D paper-prototypes had
their own local coordinate system (see figure 33). For the purpose of
this study, the local coordinate system of each interface was aligned
to the surface’s coordinated system, to reduce confusion. Therefore,
the three axes of the local coordinate system were all parallel to the
surface’s coordinate system. The local coordinate system increased
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Figure 33: The mapping of the two paper prototype interfaces’s local coordinate system with respect to the multi-touch surface’s coordinate
system.

and decreased in the same directions as the surfaces’s coordinate
system.

procedure
The participants were told that the objective of the study was to
provide a set of gestures for manipulating virtual 3D objects on a 2D
interactive surface.
The study began by showing the group of participants a video of
people interacting on a multi-touch surface in a public environment.
The video showed the people interacting with a simple 2D photo
application instead of 3D content that could bias gestures created.
The purpose of the video was to ensure that all of the participants
knew what a multi-toch surface was and how it was used.
Once the video was finished, the group of participants were introduced to the two interfaces, e.g. the 3D version of TZee and the
2D flattened version of TZee. Part of the introduction included the
explanation of the two coordinate systems, e.g. the surface coordinate system and the local interface coordinate system, and how they
related to one another. The study began once explanations of the
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multi-touch surface, the interfaces and the coordinate systems were
completed.
The participants were seated at desks which were aligned in several rows. Each participant was provided with a form on which
they were required to sketch their gestures and a paper interface
prototype (see figure 32 for paper-prototypes and appendix A.1 for
handouts). The class of participants was split into two groups. One
group was provided with the 2D interface and the other the 3D interface. This objective was achieved by alternating interfaces between
each participant in a row. The outcome of this arrangement was that
thirty-two participants received the 2D interface and thirty-one the
3D interface. The forms that were handed out earlier contained a
written description of the 3D manipulation, a visual representation
of the manipulation on the local coordinate system and an area to
sketch the gesture for the assigned interface.
For each task, the participants where shown on the projection
screen a 3D animation of the manipulation task. They also were given
a verbal description of the manipulation. The latter was to provide
clarity. It is worth mentioning that participants were informed, at the
beginning and repeatedly through the study, that the animation they
saw on the projector screen was from the point of view above the
surface (e.g. as if they were looking down on to a table’s surface) (see
figure 34). This point of view was emphasized with a message posted
on the screen during the animation. In addition, the coordinate
system posted in the 3D scene served as a reminder to the participant
of the point of view. It was further explained to the participants, that
because the animation was projected onto a wall, the z-axis would
be seen as coming out of the wall towards them and not up, as it
would be on a interactive surface.
Once the participant understood the animation of the 3D manipulations, they were asked to sketch a gesture that would invoke
the 3D transformation. The animation, verbal description, and then
sketching process were repeated for all twelve manipulation tasks.

51

4.2 gestural design study

Figure 34: A screenshot of the application used to demonstrate 3D manipulations during the gesture design study: (a) the initial state of the
3D object before 3D transforation; (b) the state of the 3D object
after slicing transform with respect to the yz plane.

4.2.5

Results

agreement score
Wobbrock et al. [47] suggested a mathematical formula to calculate
agreement in order to measures consensus between participants. An
agreement score is a formula used to quantify the degree of consensus
between participants for a particular task. An agreement score can
be calculated by using the following formula [35]:

At =

P

∑( Pti )2

(4.1)

Pi

where, At is the agreement score for task A, Pt is the total number
of participants that proposed a solution to task A, and Pi is a subset
of the number of participants that proposed the same solution for
task A.
Therefore, if in a group of four participants, two participants had
identical solutions while the other two had their own individual
solutions, the agreement score could be calculated as
At = (2/4)2 + (1/4)2 + (1/4)2 = 0.375 ≈ 37.5%.
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2d interface: flat tzee
The agreement scores obtained for the 2D flattened version of TZee
showed that translation gestures had the highest average consensus of 19.01 percent over all other gesture groups (see figure 35b).
Translation along the x-axis had the highest agreement score at 24.35
percent (figure 35c). This was followed closely by translation along
the y-axis which had an agreement score of 22.06 percent. As a group,
the lowest average agreement scores were for slicing and rotation
gestures, whose agreement scores were relatively close. Slicing had
an agreement score of 6.25 percent, and rotation had an agreement
score of 6.10 percent. An individual review of the two lowest group’s
axes showed that, rotation about the x and y axes equally attributed
to the rotation group’s low agreement score of 4.37 percent. However,
the gesture for slicing in the xy plane had the agreement score of
3.13 percent which was the lowest agreement score in the slicing
group and over all twelve manipulation tasks.

3d interface: tangible tzee
In the case of the 3D version of TZee, translation also had the highest
average consensus gesture at 16.20 percent (see figure 35b). Gesture
agreements along the individual axes for translation were roughly
consistent. The difference was over a 2.3 percent range (figure 35c).
However, the gesture for translation along the x-axis had the highest
agreement at 17.17 percent. It is also interesting to note that the
gesture that had the second highest consensus was scaling along
the x-axis at 16.96 percent. The gesture group that had the lowest
agreement was slicing. It had an agreement score of 5.03 percent.
Within this group, slicing along the xz plane had lowest score in both
the slicing group and throughout of the entire twelve manipulation
tasks.
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Figure 35: The results obtained from the gesture design study. The y-axis
shows mean agreement score for both the 2D and 3D TZee
interface: (a) the x-axis shows the general manipulation type; (b)
the x-axis shows the manipulation groups; (c) the x-axis shows
the breakdown of manipulation groups.
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Figure 36: The results obtained from the gesture design study. The y-axis
shows mean agreement score for both the 2D and 3D TZee
interface and the x-axis shows an overview of the interaction
grouped by axes.

4.2.6

Discussion

The study explored gesture design and mapping on both interfaces
to determine the advantage of TZee’s tangible 3D design provided
over that of a flattened 2D interface. The focus was on gesture design.
It helped to determine how general users would like to use each
interface.
A review of the result for both the 2D and the 3D interface indicated that there were similar trends. The trends showed peaks
of agreement for translation and scaling, and dips for rotation and
slicing (figure 35b). This trend could suggest that participants had
an easier time interpreting linear transformation or mapping linear transformations, or both. Within the peak manipulation groups,
there also seemed to be a general trend where agreement decrease
over the x, y, z axes (figure 35c), except for translation with the 3D
interface. This result is supported by the literature [22], regarding
mapping gestures to the z-axis on a 2D surface.
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Figure 37: A sample of the highest user-defined gestures for translation
along the x-axis using the two interface: (a) user-defined gestures
using the 2D TZee interface; (b) user-defined gestures using the
3D TZee interface.

Figure 38: A sample of the highest user-defined gestures for translation
along the y-axis using the two interface: (a) user-defined gestures
using the 2D TZee interface; (b) user-defined gestures using the
3D TZee interface.

As a group, translation had a higher consensus when the 2D
interface was used than when the 3D interface was used (figure 35b).
This fact was attributed mostly to translation along the x and y
axes (figure 35c). A review of the gestures suggested by participants
indicated that the same faces and gestures were used for the x and y
axes for both interfaces (see figures 37 and 38). However, agreement
scores for translation along the z-axis where much higher for the 3D
interface as expected. The gestures suggested by participants showed
that the participants took advantage to of incline surfaces of the 3D
interface and mapped the z-axis to vertical motions on the sloped
faces (figure 39).
Surprisingly, the slicing gesture in the 2D interface had slightly
higher agreement than in the 3D interface (figure 35b). The review
of the individual planes showed that the agreement for slicing in
the xz and yz was double that of the 3D interface (figure 35c). One

56

4.2 gestural design study

Figure 39: A sample of the highest user-defined gestures for translation
along the z-axis using the 3D TZee interface.

Figure 40: A sample of the highest user-defined gestures for plane slicing
using the 2D interface: (a) user-defined gestures for slicing with
respect to the xz plane; (b) user-defined gestures for slicing with
respect to the yz plane.

explanation why the agreement for slicing using the 2D interface
was higher was because from the participant’s perspective above the
table, the planes slices looked like lines along the x and y axes (see
figure 34 and figure 40). Therefore, these gestures could have been
easier to map to the 2D interface.
However, the slicing gesture in the xy plane showed that the 3D
interface consensus did roughly double the consensus of the 2D
interface (figure 35c). Since the users perspective was from above the
surface, the plane was a bit more difficult to imagine and to properly
manipulate. For instance, the slicing of an object in the xy plane
was like the slicing of a pop can into halves (ie. so there was a top
half and bottom half) from the side, but without looking at the side
of the pop can. The results indicated that, the 3D interface allowed
participants to "physically" see the sides of the object (or pop can) (ie.
from the top-down view) and that enabled them to slice the object in
halves. The perpendicular slicing motion, with respect to the z-axis,
could be seen in the gestures suggested by participants (figure 41).
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Figure 41: A sample of the highest user-defined gestures for slicing with
respect to the xy plane.

Figure 42: A sample of the highest user-defined gestures for scaling along
the z-axis.

As a group, there was a higher consensus for rotations that used
the 3D interface than those that used the 2D interface (figure 35b).
Surprisingly, the review of agreement for rotation about individual
axes, showed that the 3D interface had higher agreement for rotation
about the x and y axes (figure 35c) than the 2D interface. The gestures
suggested by participants showed that most participants believed
that a twisting or a flicking gesture about the 3D interface’s local
coordinate system was most intuitive.
Scaling gestures, as a group, on the 3D interface were also found
to have higher agreement among participants than on the 2D interface (figure 35b). Agreement for scaling along the x and y for
both interfaces was relatively close. However, agreement for the 3D
interface was almost twice that of the 2D interface for scaling along
the z-axis (figure 35c). Suggested gestures showed that participants
took advantage of the incline faces and used vertical gestures along
the sloped faces for stretching an object along the z-axis (figure 42).
In general, the agreement scores and the resulting gestures supplied by participants suggested that the 3D interface was ideal for
gestures along the z-axis (figure 36). The gestures suggested by participants showed that for most participants mapping translation,
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Figure 43: A sample of the highest user-defined gestures for rotation about
the x-axis.

scaling and slicing along the z-axis to the inclined faces of the 3D
interface was easier (see figure 36 and figure 35c). This finding is
beneficial because it is usually very difficult to interact with the z-axis
on flat surface computers [22]. In the case of rotation, participants
used twisting or flicking gestures around the 3D interface’s local
coordinate system on the sloped surfaces (figure 43).
Figure (figure 35a) indicates that gesture mapping on the 3D
interface may be slightly more intuitive. The 3D interface had slightly
higher agreements score for overall TRS gestures.

4.3

summary

In the first half of this chapter, I presented a small sample of the
interaction possible within TZee’s design space for 3D interactions.
The second half of this chapter, I provided a study that compared
the mapping of 3D interactions on TZee’s 3D interface versus a
flattened 2D version of TZee. One of the key findings of this study
indicated that the inclined surfaces of TZee enabled access to the
z dimension for 3D gestures design. This was important owing to
the awkward mapping of gestures for z-axis interactions previously
proposed for surface computing. This study showed that there was
benefit for TZee’s 3D design over traditional 2D on-screen interfaces
by "physically" allowing easy access all three dimensions for 3D
interaction.
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Table 2: A list of 3D interactions used for the gesture design study.
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5
ENHANCEMENTS

A key method for increasing the reliablity of TZee is to evoke brighter
touch signals. Stronger touch signals will lead to better gesture tracking. Better gesture tracking will lead to better gesture recognition,
and better gesture recognition will allow for better performance and
a more enjoyable user experience.
In this section I discuss several approaches to enhancing the touch
signals seen by the multi-touch surfaces’s camera for stronger signals. These solutions include image processing techniques and the
investigation of different materials for TZee’s construction.

5.1

surface software

Image processing is the processing of any signal in the form of an
image [2]. Digital signal processing is the practice of using computer
algorithms to perform image processing on digital images [1]. The
digital image can be defined as a two dimensional function, where x
and y are planar, or spatial, coordinates [17]. The amplitude, A amp ,
given by the function may represent the colors, the greyscale values
or the intensity of an image at a particular point (see equation 5.1).
Digital image processing allows for the classification, extraction,
recognition and enhancement of objects or features in digital images.
Therefore, one method of creating stronger touch signal, without
changing TZee’s or the surface’s hardware, is the use of image
enhancement techniques. In particular, this section will focus on
the use of several digital filter techniques, in the spatial domain,
to enhance the touch signals captured in the images taken by the
surface’s camera. This will enable better touch detection.

f ( x, y) = A amp

(5.1)
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Figure 44: A comparison of a hand touching the surface versus a hand
touching an acrylic panel sitting on the surface: (a) an image
captured by the surface camera of a hand touching the surface;
(b) an image captured by the surface camera of a hand touching
on top an acrylic panel sitting on the surface.

5.1.1

Filters

contrast stretching
Sometimes, it can be difficult to identify objects in images owing to
low contrast or low variation in colors (figure 44). Low contrast images can be caused by improper lighting or camera settings. Contrast
stretching [17] is a technique used to increase the dynamic range
of color in an image such that it will use a greater portion of the
available color spectrum. A piecewise-linear function can be applied
to the image in order to transform the color spectrum and allow for
greater depth and detail (see figure 45a).
The images taken by the multi-touch surface’s camera are captured
in greyscale owing to the IR filter in the camera (i.e. the filter block
the visible color light spectrum). High intensity IR lamps placed
under the surface and improper ambient light setting above the
surface can cause images to look faded. In such a situation only
the upper brighter portion of the greyscale spectrum is being used.
Improper environment conditions can lead to low contrast between
touch signals captured on the surface and touch signals above the
surface, ie. on TZee (figure 44).
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Figure 45: An application of a contrast filter applied to a low contrast image:
(a) a simple piecewise-linear filter function; (b) an example of a
low contrast image containing a single touch signal in the lower
right corner; (c) the low contrast image after the application of
the contrast filter.

A contrast filter could help to make the signals from objects hovering above the surface more prominent. This filter could be applied to
the raw images captured by the camera before it passes the image to
the surface’s tracking software for touch signal detection. Figure 45
shows an example of how a simple piecewise-linear contrast filter
can make a weak touch signal become more defined.

smoothing filter
Noisy touch signals may not become apparent until after the surface’s tracking software has processed the image (see figure 46).
A smoothing filter [17] can be used to clean up noise signals. A
smoothing function reduces noise and removes unwanted elements
by slightly blurring an image. The net effect of the filter is a image
which has less noise, but softer edges at the boundaries of objects in
the image.
A simple linear smoothing filter can be create by taking the average
of pixel intensities of neighboring pixels at a given point in an image.
Figure 47 shows the effect of a simple 3 × 3 smoothing mask applied
to a portion of an image containing a single touch signal and noise.
Additional smoothing filters could be added to the surface’s vision
tracking software before touch signals are classified.
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Figure 46: An extreme case of noisy touch signals: (a) the raw touch signals
captured from surface’s camera; (b) the processed image from
surface’s tracking software.

Figure 47: An example of the application of a smoothing filter applied to
an image containing noise : (a) smoothing mask; (b) an example
of an image containing speckled noise and a single touch signal in
the lower right corner; (c) the noisy image after the application
of the smoothing filter.
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Figure 48: An application of a sharpening filter applied to a blurry image:
(a) sharpening mask; (c) an example of a blurry image containing
a single touch signal in the lower right corner; (c) the blurry
image after the application of the sharpening filter.

sharpening filter
The previous section discussed how noise could be removed from an
image by using a smoothing filter to blur the image. However, once
the noise has been removed, the image may need to be restored to
allow for the recognition of certain features. A sharpening filter can
be used to sharpen soft edges created by the smoothing filter.
A sharpening filter [17] is a filter that is used to highlight fine
details in an image. Since the smoothing function is basically an
integration over the image, then the image can be sharpened by
taking the derivative of the image. Figure 48 shows an example
of the application of a simple sharpen mask to sharpen an image
containing a single touch signal. However, the application of the
sharpening filter may result in a slightly darker image.
Each filter has their own advantages and disadvantages. In order
to produce bright and well defined touch signals in an image, a
combination of filters could be applied.

5.2

5.2.1

tzee hardware
Stack Material

In order to achieve stronger touch signals, more light has to be transmitted to the five surfaces of TZee. As was discussed in chapter 3, the
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intensity of light above the surface could be increased by narrowing
the light radiation profile through a medium. The investigation of
the optical properties of different materials, could show that further augmentation of the light radiation profile will result in higher
increase in light intensity at the faces of TZee.
One of the most important optical properties that can affect the
spreading of light in a material is the index of refraction (or refractive
index). The index of refraction of a material can affect the direction
of the light propagation when light first enters a material. If the
direction of the light can be diverted, the the spreading of light
profile can be controlled. The direction of propagation of a single ray
(i.e. light ray) can be determined by Snell’s law (eq. 5.2) [42], or the
law of refraction where n is the index of refraction of the material.

sinθ 1
v
n
= 1 = 2
sinθ 2
v2
n1

(5.2)

Refraction is the change of direction of a ray owing to a change in
speed. The index of refraction is a unit-less constant that measures
the speed of light in a material. The index of refraction is a ratio that
expresses the speed of light in a vacuum relative to the speed of light
in a given material [40]. The constant c denotes the speed of light,
approximately 3.0 × 108 meters per second, and v p denotes the phase
velocity, i.e. the speed light travels in the material.

n=

c
vp

(5.3)

The index of refraction for a given material can also be calculated
if the relative permittivity and relative permeability of the material is
known [40]. Here er denotes the relative permittivity and µr denotes
the relative permeability. The relative permittivity is the ratio of
electric field strength in a vacuum compared with that of a material.
The relative permittivity is also known as the dielectric constant. The
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Figure 49: Refraction of light at the interface of two media according to
Snell’s law.

relative permeability is the ratio of the magnetic flux density in a
given material compared with that in a vacuum.

n=

√

er µr

(5.4)

Snell’s law describes the relationship between the incident angle
and the refracted angle as the moment when a ray passes from one
material to the next (see figure 49). The incident angle is the angle
between the incident ray and a line perpendicular to the interface
of the two materials, called the normal. The incident ray is the ray
that moves towards and strikes the interface before any refraction,
reflection, transmission or absorption occurs. The refracted angle is
the angle between the refracted ray and the normal in the second
medium. The refracted ray is the ray transmitted into the second
medium corresponding to the incident ray.
Snell’s law states (eq 5.2), that when a ray is transmitted through
a material with a relatively low refractive index into a medium with
a relatively higher refractive index, the ray can be deflected from it’s
original path, towards the normal. Further, the amount of deflection
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depends on the difference between the index of refraction of the two
media.
The preliminary test, in chapter 3, with a reflective marker visually
showed the effect of Snell’s law. The test showed that if the marker
was placed above the surface and if the acrylic panel was placed
between the marker and the touch surface, the diameter of the touch
signal registered by the surface’s vision software was larger than that
of air at the same height. As a result, an increase in light intensity
would be found. This was supported by the second preliminary test
with the photodiode sensor (see section 3.3).
Therefore, the construction of TZee with a material that had a
refractive index higher than acrylic (approximately 1.49), should
further narrow the light radiation profile (see chapter 3) above the
touch surface, and thus further increase the light intensity at the
faces of TZee. Figures 50 and 51 are examples show the path of a
single ray of light as it propagates through TZee’s stack when the
material used had a refractive index higher than acrylic.
Figure 50 shows that the deflection of the light ray is closer to the
normal, when the layers in the stack are replaced by a higher index
material from top to bottom. Note, that when layers with the same
refractive index are placed together, there is little to no deviation in
the lights path from one layer to the next. This example shows, that
most light can be deflected up towards TZee’s faces when all layers
in TZee’s stack have the same refractive index.
Figure 51 is a comparison of the path of a single ray of light, when
TZee’s entire stack consists of a material with a higher index than
acrylic. Several paths are plotted, in the figure, using different index
of refraction. In general, the figure shows that as the refractive index
increases the refracted angle decreases (ie. the ray gets closer to the
normal).
These screenshots were obtained from custom software. The software was used to trace light through TZee’s stack based on Snell’s
law.
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Figure 50: An example showing the effect of high index glass on the light’s
path through the stack as the lower index layers are replaced
by higher index layers from top to bottom. Here n denotes the
refractive index of the material and e denotes the exit point
of the ray from the top of the stack: (a) the index of all three
layers are 1.49; (b) the top layer is replaced with a material that
has an index of 2.0; (c) the top and middle layers are replaced
with materials that have an index of 2.0; (d) all three layers are
replaced with materials that have an index of 2.0.
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Figure 51: An example showing light propagation through several high
index stacks. Where p represents the propagation path of light
in the stack’s layers. The refraction index for p1 was 1.49. The
refraction index for p2 was 2.0. The refraction index for p3 was
3.0. The refraction index for p4 was 4.0.
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5.2.2

Above Surface Medium Study

The previous section discussed a mechanism for strengthening touch
signals from TZee using higher index materials for the stack. The
proposed theory is supported by Snell’s law. Snell’s law states that
when a ray of light is transmitted from one relatively low index
medium to a second relatively higher index medium, the ray will
be bent closer to the normal of the interface in the second medium.
With respect to the TZee’s stack material and the DI surface, this
meant that the radiation profile of the IR light emitted from the
surface can be narrowed within TZee by using higher index material.
This reduction of the spreading of light within TZee should lead to a
denser cluster of light rays, thereby increasing the intensity of light
at TZee’surfaces.
This section validates the effect that the refractive index has on
signal strength above the touch surface. The experiment used liquids
with different refractive indices and air as the media for comparison.
Optical Liquids
Liquids share some of the same optical properties of homogeneous
optical glass [8]. For instance, one common property liquids share
is the index of refraction. The index of refraction of a liquid can
be calculated by using the same mathematical formulas used for
glass. The liquids that are commonly used in applications have a
refractive index between 1.45 and 1.55 [8]. Liquids with a refractive
index outside this range do exist and can be created. However,
temperature and evaporation can affect the the refractive index of a
liquid. Therefore several properties must be considered when liquids
are used for optical applications [8].
The temperature coefficient of refractive index is the change in
refractive index per degrees Celsius [8]. Temperature is one property
that can have both a positive and a negative effect on the refractive
index of a liquid. One positive application of temperature is the
capacity to tune the refractive index of a liquid by heating or cooling
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the liquid. However, temperature gradients in the liquid can cause
refractive index gradients.
Evaporation is another property that can affect the refractive index
of a liquid [8]. The refractive index of liquids that are chemically
pure will not change when evaporation occurs. However, if the liquid
is created from a mixture, evaporation can cause a difference in the
composition of the liquid. The change in the liquid’s composition
can affect the refractive index because each substance has its own
refractive index. Therefore, the net result of the evaporation on a
liquid that is created from a mixture is a change in the mixture’s
refractive index.
Apparatus
The apparatus used to contain and test the refractive properties of
the different liquids was a glass bowl and a reflective marker to
simulate an object hovering above the surface (figure 52a). The glass
bowl could hold up to 100 ml. A three-legged stand was devised to
hold the reflective marker at a fixed height of one inch above the
multi-touch surface. The top side of the reflective marker, that was
facing away from the touch surface, was covered with black tape.
The black tape covering was used to prevent the interference of any
additional rays (figure 52b).
The same DI surface and computer setup used in TZee’s system
evaluation was used for this study (see chapter 3).
Procedure
The study was intended to observe the signals registered by the
surface’s tracking software when the reflective markers was placed
in several liquids and in the air media. Each medium had a different
index of refraction. The liquids selected for the study were water
whose refractive index was approximately 1.33 and glycerin whose
refractive index was approximately 1.47. The refractive index of air
was approximately 1.0.
Three bowls were placed on top of the DI surface. One bowl was
filled with water, one bowl was filled glycerin and one was kept
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Figure 52: The apparatus used to contain liquid and non-liquid medium
and reflective marker with stand to simulate objects above the
touch surface: (a) the bowl to contain different medium and
reflective marker with stand; (b) the reflective marker stand
setup showing reflective and non-reflective side of marker.

empty (ie. air medium)(see figure 53a). One reflective mark with a
stand was placed in each bowl (figure 53b).
The surface’s tracking system was reset before recording any data.
This was done to remove any noise and to allow the system to adjust
to the current environment lighting settings. Several screenshots
were taken to record the signals produced by the three markers
from the tracking software at different intervals. Each screenshot
contained the captured signal for air, water and glycerin. This process
was repeated twice. This resulted in two sets of recorded captured
signals .
Results
The images captured from the surface’s tracking software showed
that the signal obtained for glycerin had the largest cross section
and that the signal obtained for air had the smallest cross section
(see figure 54). Glycerin activated an average of 128 pixel past the
threshold for surface activity, while air activated on average 58.6
pixels (figure 55). Table 56 shows that on average glycerin activated
36 more pixels than water and 69.4 more pixels than air. This resulted
in a glycerin signal that on average was 1.6 times larger than water
and 2.6 times larger than air (see table 57).
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Figure 53: The setup to the relationship between the refractive index and
signal strength using air and optical liquids: (a) three bowl
placed onto the DI surface containing air, water and glycerin;
(b) a reflective marker with a three legged stand place in each
medium to simulate an object hovering above the touch surface.

These results were extracted from the captured signal images
through the use of a custom-built application (figure 58 and appendix A.2). The software allowed for the selection and analysis of
several regions containing signals of interest.
Discussion
The findings from the study supported the theory proposed in the
previous section (see section 5.2.1). The theory referred to the relationship between the refraction index and signal intensity. The study
showed that when a relatively higher index material was used above
the surface, in this case glycerin, more light was diverted towards
the reflective marker according to Snell’s law. The affect was visibly
demonstrated by the physical size of the signals captured from the
surface’s tracking software. The medium with the smallest index (i.e.
air) registered the smallest signal and the medium with the largest
index (i.e. glycerin) registered the largest signal.
This study also explored an interesting alternative for TZee’s
stack material (i.e. optical liquids). Each individual layer of TZee’s
stack or a hollow step-shaped frustum could be filled with a high
index optical liquid. However, special precautions would be needed,
with respect to the containment of the liquid, to prevent leakage,
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Figure 54: A comparison of signals registered by the surface’s tracking
software when using several different medium with different
index of refraction above the surface: (a-d) first series of signal
captures showing the signals for glycerin on the left, water in
the middle and air on the right; (e-h) second series of signal
captures showing the signals for glycerin on the left, water in
the middle and air on the right.
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Figure 55: A comparison of the average number of pixels to surpass the
surface’s threshold for surface activity using different media
above the surface.

Figure 56: A comparison of the average difference of the number of pixels
to surpass the surface’s threshold for surface activity using
different media above the surface.
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Figure 57: A comparison of the average magnitude of the number of pixels
to surpass the surface’s threshold for surface activity using
different media above the surface.

Figure 58: Software used to analyze signals captured from surface tracking
software by taking screenshots.
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evaporation and other unforseen problems. Further exploration of
this solution will be required to assess the viability of the usage of
optical liquids in TZee’s stack.

5.3

summary

In this section I discussed several methods to enable reliable gesture
detection on TZee by enhancing the strength of touch signals. These
methods include both software and hardware solutions. From the
software perspective, I discussed several image processing techniques
that can be used to brighten, sharpen and remove noise from touch
signals. From the hardware perspective, I investigated high index
liquid to preserve the light emitted from the touch surface. The
study demonstrated that TZee could transmit stronger touch signal
by using a relatively higher index material for it’s stack. However,
preliminary research indicates that many of the high index liquid
above 1.8 are either toxic or corrosive. Therefore at this stage, further
prototyped of index versions of TZee may be delayed until proper
containment is available. Alternative high index media will have to
be investigated until then.
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6
CONCLUSION AND FUTURE WORK

The manipulation of the third dimension of 3D content is a common
problem when working on a flat interactive surface. This thesis began
with a survey of the current interaction techniques pertaining to the
manipulation of both 2D and 3D data on a surface computer. The
survey investigated gestural interaction directly on the surface, in
mid-air and with the use of tangible interfaces. The examination of
the literature led to the design and construction of TZee which is an
accessible and cost-effective tangible widget to facilitate natural 3D
interactions on tabletop surface computers.
TZee is an unpowered device that works by exploiting the light
emitted from a common diffuse illuminated surface computer. A
key feature of TZee is it’s transparent core which is created by
stacking acrylic panels (see figure 59). When TZee is place upon
the surface, the acrylic core of TZee allows the IR light, which is
emitted from the surface, to be channeled towards TZee’s five multitouch faces without a major loss of light’s intensity. This approach
allows the motion of the fingers upon TZee’s faces to be captured
by the surface’s built-in camera which is located below. The system
evaluation showed that TZee could reliably extend input above
the touch surface, even when a low resolution camera was used
(320 × 240 @ 15Fps).
The inclined faces of TZee enables 3D object interactions, that were
previously not natural on an interactive surface, to be carried out
more intuitively. TZee’s unique design helped to avoid some of the
ambiguities that have lessened the effectiveness of previous gestural
systems. For instance, evidence from the gestural design study previously conducted showed that TZee could enable intuitive interaction
in the third dimension. This finding is based on participants’ consensus. TZee can easily support basic object transformations, such
as translation, rotation and scaling. The device is compact but large
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Figure 59: TZee uses the lighting properties of DI tabletops to map gestures
on its inclined faces to three-dimensional interactions. (a) fingers
hovering above the surface can not be detected by the camera;
(b) fingers above the surface are now visible when placed upon
TZee. (c) without the TZee’s acrylic core, touches cannot be
detected.

enough to support a comprehensive design space which involves
both one- and two-handed interactions.
The last chapter of this thesis introduced the main focus which
future work on TZee should take. This is the enhancement of touch
signals. Several solutions are proposed for both software and hardware. Preliminary test of the hardware solution proposed has shown
that more reliable touch signals from TZee could be produced by using higher index material. These results and other solutions proposed
will be taken into account in future designs of TZee.
Beyond performance enhancement, the next step is the implementation of a software package to integrate TZee into pre-existing
graphical and design software, and the investigation of the use of
TZee in a collaborative environment.
The main contributions of this work are the following:
• A low-cost and an easily constructed tangible multi-touch widget for surface 3D interactions.
• A mechanism for bringing light above the multi-touch surface
to allow reliable touch and gesture recognition. This finding is
supported by empirical data from a system evaluation.
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• The first unpowered tangible device (to my knowledge), that
allows true 3D gesture for surface computing.
• A tangible interface that allows easy interaction along the zaxis on interactive surfaces. This conclusion is supported by
empirical data from a user gesture design study.
• A tangible device that allows for the creation of expressive
multi-touch gestures and an introduction to the interaction
design space is presented.
TZee is a useful contribution to research in 3D interaction on
tabletop surfaces. I hope that future iterations of TZee can make it a
common device alongside of popular tabletop systems.
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