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ABSTRACT
The shared surface provided by large interactive horizon-
tal displays enables collaboration amongst co-located users.
Such displays are increasingly being placed in schools, mu-
seums, and other public settings. We present TiltTable, a
multiplayer collaborative gaming application, which facili-
tates experiential learning, and allows for multi-touch 3D
interactions on the SMART Table. The objective of the
gameplay is to direct a ball rolling on a tiltable floating is-
land towards its goal. The tilted orientation of the island is
determined based on the number of touches on the island,
their positions and pressure intensities. TiltTable supports
unlimited touches and orientation independence within a
3D environment under perspective projection. During the
gameplay, it allows players to engage in 3D interactions with
transformable boxes. This is achieved through one-, two-,
and three-touch techniques allowing for rotation, scale, and
translation of boxes. We expect TiltTable to facilitate expe-
riential learning and collaboration amongst co-located play-
ers.

Categories and Subject Descriptors
H.5.3 [Information Interfaces and Presentation]: Group
and Organization Interfaces—Computer-supported coopera-
tive work ; K.8.0 [Personal Computing]: General—games

Keywords
computer supported collaborative work, interactive surfaces,
game physics engine, tabletop gaming, tilting table, rota-
tion, scale and translation

1. INTRODUCTION
Tabletop research has been gaining much attention from
the human-computer interaction community in recent years.
The exploration of games on tabletops is an attempt to fur-
ther study this field. The ability to incorporate multiple
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touches simultaneous co-located players are some of the key
benefits of games on tabletops. This opens a realm of new
possibilities for the games community. However, exploration
of such a scenario must also be taken with care, since there
are new issues introduced with the tabletop technology. Ori-
entation independence, for instance, must be kept in mind.
Interaction techniques on tabletops are still evolving, and
as such, must be designed with caution. As an additional
benefit, the approachability and physical nature of tabletops
can make games more engaging.

Figure 1: TiltTable

Given the capabilities of interactive tabletop displays in fa-
cilitating multi-touch interactions and collaboration, we aimed
to develop a tabletop gaming application that makes use of
these features, while being fun and engaging. On this note,
we present TiltTable, an application that explores multi-
touch 3D interactions in a physically-based environment on
an horizontal digital surface. The objective of the game is
to direct a ball located on a tiltable floating island towards
its goal, while avoiding falling into the water. Tilting of the
island is controlled by the number of touches on the island,
touch positions, and the pressure intensities associated with
those touches. During the gameplay, players can make cre-
ative use of transformable boxes through 3D interactions,
which can be used to direct the ball towards its goal. The
game also embeds several concepts of Newtonian mechanics,
demonstrating its potential as an enjoyable learning tool.

The paper is organized as follows. First, we provide a short
survey of the existing work on multi-touch interactions on
tabletops and tilt-based interfaces. The next section presents
a general overview of the TiltTable application. This is fol-
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lowed by implementation details related to 3D interactions,
and a description of the development process. We then dis-
cuss the problems faced during development and the solu-
tions adopted. This proceeded by a section on the expe-
riential learning and collaborative aspects of our TiltTable
application. Finally, we conclude with some directions for
future work.

2. BACKGROUND
With the increased availability of multi-touch input surfaces
comes the demand for designing and developing guidelines
for interaction. While the traditional mouse and keyboard
support certain interactions, using direct touch as an input
mechanism may introduce new avenues for data manipula-
tion. How the computer reacts to the input must be designed
in such a way that the user feels the response is natural.

Emulating the physical world has been proposed, and ac-
cepted, as a mechanism for responding generically to user
input. Flicking objects across a screen[1] and dragging them
around as if pulled by a string (RNT)[7] are just a couple of
the ways the real world has migrated into the digital realm
of multi-touch. Microsoft Research (Wilson et al.[16]), for
example, presents a mechanism for generically responding to
user input through physical simulation by associating dig-
ital paddles to any input. These paddles then interact in-
visibly with the physical scene. While this generic approach
solves many problems with interacting with a 3D scene, the
“walking-on-stilts” inhibits the potential full range of input.

By exploring the physical world, we can extend this to an
educational view of the physical world around us. Introduc-
tory physics tends to begin with a general understanding of
gravity, and as such provides a starting point for exploring
physical interactions. Several educational games have been
designed such that gravity is used as the dominant element.
Apple’s iPhone Tilt Maze[13] and Labyrinth[8] take advan-
tage of the iPhone’s accelerometer, responding to changes in
the orientation of gravity to roll the ball through the game.
Nintendo’s Incredible Maze[11] for the Wii uses the Wii’s
balance board to roll a ball through a maze. Pressure on the
board, corresponds to pressure on the digital maze. These,
however, are limited to single-player roles. Collaboration
may increase the enjoyment of the educational experiences,
which will aid in long term retention of concepts.

Digital multiplayer interactions incorporating gravity have
also been explored. Tilty Table[2][9] and Lynch’s Tilty Ta-
ble[10] both respond to physical changes in the board’s ori-
entation. While of interest, as they support a collaborative
setting, these systems require specialized hardware, making
them inaccessible outside of their residing venues.

Given the gradual incorporation of interactive tabletops into
everyday life, we proposed a gravity-based game developed
on an interactive multi-touch table. Further, the larger
screen space provided by the SMART Table and the Mi-
crosoft Surface, as compared with the iPhone, naturally lend
themselves to a more collaborative environment.

3. THE APPLICATION
TiltTable is a collaborative game that strongly resembles
the physical game ‘Labyrinth’[15]. Through tilting, this

wooden maze directs a ball to a specific goal while avoid-
ing holes positioned along the way. Our virtual ‘maze’, on
the other hand, represents an island which floats over water.
It can be tilted by applying touch on the island, simulating a
force pushing the surface down into the water. When touch
ceases, buoyancy returns the island to its resting position.
In addition, like the wooden maze, there are also holes and
edges that could cause the ball to fall from the board into the
water. If this happens, the level is reset, with the ball and
board returning to their start conditions. Upon successfully
reaching the goal, a new level is loaded.

Figure 2: On the left, the physical game
Labyrinth[15]. On the right, the game TiltTable.

The game runs on a SMART Table, and was developed using
OpenGL and PhysX[12]. It should be noted that for this
implementation, we are not using the SMART Table SDK.
Instead, we are receiving touch information directly from
the SMART Touch Service through a socket. However, to
maintain portability with later versions of the table, we have
also implemented a version of TiltTable which reads touch
information through the SMART’s Table SDK.

Another game that influenced our application is ‘The Incred-
ible Machine’[14]. It consists of puzzles that can be solved
by the proper arrangement of various objects that interact
in a physically-based way. In our system, we provide boxes
on cargo ships, which can be manipulated (rotated, trans-
lated, scaled) to help direct the ball towards the goal. No
restrictions were imposed to the use of these boxes, and the
players are encouraged to creatively find ways to employ
them during the game.

A level selection menu is available, and can be accessed by
simultaneously pressing both buttons displayed in the op-
posing corners. Access to the help screens is also available
through this menu.

3.1 The Tilting Board
The maze-like appearance of the tilting board is due to the
use of heightfields, which allows for the creation of bumpy
terrains. The characteristic tilting behaviour of the field
is obtained with a special setup, as illustrated in Figure
4. Taking the large square board as a simplified example
of a tilting surface, its midpoint defines the center of ro-
tation. The PhysX resource that allows us to simulate the
inclination through the application of forces is called a joint.
Joints define connections between two bodies, and may have
many degrees of freedom. The movement of a pendulum, the
hinge between a door and a wall, and the orbit of an elec-
tron around an atom’s nucleus are all examples of movement
that can be replicated with different joint configurations. In
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Figure 3: TiltTable’s interactive main menu

our case, a small static pivot sphere was placed below the
board (as shown in Figure 4), and a joint was created to
attach both objects together. The joint was configured to
allow the rotation of the board around the pivot, within a
limited degree of rotation. Figure 4, on the right, illustrates
force being applied to a specific point on the board, and the
corresponding tilt effect.

One important implementation detail is that the tilting mech-
anism is island-independent. Even if the player touches the
water, as long as the touch is confined within the squared
area designated for the board, the tilting around the pivot
will still be performed as expected. Without this ability,
tilting of arbitrary island shapes, particularly those not posi-
tioned around the center of the screen, would be challenging
to support.

As mentioned before, the island’s surface dives into water
according to the user’s touch. There are two main variables
that influence this movement: number of touches and pres-
sure of each touch. Each individual touch on the surface
is associated to a force vector, pushing down the surface
on the same point where the touch is occurring. Multiple
touches, therefore, result in the application of several dis-
tinct force vectors that will make the tilting respond faster.
The pressure, on the other hand, modifies the magnitude of
each created force. This variable is mapped to an intensity
value, which in fact reflects the brightness of the touch’s im-
age, captured on the SMART Table. It means that if the
player presses lightly, a small force will be applied. If pressed
stronger, the force will increase and the tilting will also be
more noticeable. It should be noted that newer versions of
the SMART Table may have different intensity ranges, and
as such, may require calibration.

In order to simulate the water’s buoyancy effect - the force
that brings a floating surface back to an horizontal posi-
tion - yet another PhysX resource, springs, was used. Since
we want to return the board to its resting state, by adding
a spring to the joint and defining a very narrow degree of
freedom, the counter-force effect forces the surface back to
an horizontal position. Through experimentation, this tech-
nique has demonstrated good results in replicating buoy-

ancy. One of the consequences is that the associated objects
may stray away from their inclination limit. This problem
is discussed in depth later on.

Figure 4: On the left, the board in an horizontal
position. On the right, the board tilted, after the
application of a force at a specific point.

Beyond the strategy of applying a force on the touch spot,
giving 360 degrees of freedom, we also tried another tilting
mechanism based on quadrants (Figure 5). The idea con-
sists of equally dividing the board into four quadrants along
the diagonal lines of the board. All touches applied to the
same quadrant would be applied to the same spot located
at the center of the quadrant. The reason we explored such
an option was because we believed it would increase collab-
oration, suggesting each of the four sides of the table to be
taken by a person. In practice, we noticed that this approach
was actually more problematic than the one that allows 360
degrees of freedom. This is because the touches placed near
the diagonals could result in very different tilting (tilting
down, and tilting left), and this disparity was not intuitive.

Figure 5: On the left, tilting with 360o of freedom.
On the right, tilting by quadrants.

3.2 Interactions
There are a number of interactions available on transformable
boxes which allow the user to position, rotate and scale
the boxes to suit their needs. These interactions are dis-
tinguished by the number of touches on the box. To provide
intuitive responses from the input, our main goal is to main-
tain the concept of sticky touches[5]. In other words, once
the user places a touch on a box, the touch remains in the
same place relative to the object after transformations. We
allow the user to work with an object by touching it. This
brings the object up in the world to a height where the user
is allowed to interact with it. At this height the box does not
interact with the rest of the scene. The box is also aligned
such that its closest axis to the global y axis is snapped to
the global y axis. This transformation is smoothly animated
using quaternion spherical linear interpolation. When there
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are no touches on a box, it falls back into the world under
the effect of gravity.

When a box is picked up, the user can interact with it in
a number of ways. Our one touch interaction is based on
the well known RNT method[7]. We break up the difference
between the current touch, Pc, and the previous touch, Po,
into two components – the rotational and the translational
components. These components are visualized in Figure 6.
A rotation is first applied about the up-facing axis of the
box by the angle θ. A translation of magnitude ||Pc−C|| −
||Po − C|| in the direction Pc − C is then applied to the
box. As with the standard RNT, this gives the feeling of a
weight being placed in the center of the box. A translate-
only region is also defined in the center of the box to avoid
large changes of θ with a relatively small change in touch
position when the player is touching near the center of the
box. When in the translate-only region, the translation is
defined by Pc− Po.

Figure 6: Components used for one-touch interac-
tion (RNT).

When a box is touched at two touch points, our two-touch
interaction is enabled allowing the player to resize, rotate
and translate the box. Similar to our one-touch interaction,
the difference between touch points is broken down into two
components, representing rotation and scale. The rotational
component as seen in Figure 7, allows for rotation about a
fixed point if the user keeps one touch stationary. With both
touches moving, the rotation adjusts to keep both touches
sticky. The two touches in their current state are denoted by
Pc and Qc, while their previous state is denoted by Po and
Qo respectively. A rotation is first performed by the angle
θ about the point Qo, followed by a rotation by the angle φ
about the point Po. We compute the scale vector, Sp, for
the touch P , which is of the magnitude ||Pc−Qo|| − ||Po−
Qo|| in the direction Pc−Qo. As we are scaling about the
center of the object, we must compensate with a translation,
otherwise the object will extend in both the direction of
the scale vector and the opposite direction. Consequently,
we calculate our scale vector to be Sp

2
and our translation

offset to be Sp
2

. We can then add the respective component

of this scale vector to the appropriate dimension of our box,
and offset the box position by this translation. Rotation
and scale values for the point Q can be calculated similarly.
With this mode of interaction, there is no need to explicitly
specify two-touch translation as it comes for free as a result
of the previous two transformations.

Figure 7: Components used for two-touch interac-
tion (RST)

We also allow for a constrained version of three-touch 3D
rotation introduced by Hancock et al.[3]. In this mode of
interaction the order of the touches is important. The first
two touch points define an axis of rotation and the third
defines the direction of rotation about that axis. In our
current implementation, there is no need for a user to rotate
a box about any arbitrary axis; therefore we constrain the
axis of rotation to be one of the principal axes from the box’s
coordinate frame. More specifically, as the object always
has one vector snapped to the global y axis, there are two
possible axes of rotation at any time. The closest of these
axes to the vector between the first two touch points is found
and used as the axis of rotation. To determine the direction
of rotation we look at the direction of the vector Pc − Po
relative to the axis of rotation. Rotation is applied in 90
degree intervals.

3.3 Development Process
Development occurred in an iterative manner, over one-week
cycles. At the start of the week, discussion between group
members would facilitate design ideas and aid in problem
solving. Implementation would occur over the course of the
week, and at the end, testing and feedback within the group
would result. The weekly development cycles kept the mem-
bers well aware of the progress and the problems faced by
other members. This allowed them to contribute solutions
when problems were faced.

Additionally, informal feedback was acquired from other col-
leagues in the lab. During the weekly testing, curiosity
would cause individuals outside of the development team
to visit. In exchange for trying out the system, feedback
was requested. This pointed out weaknesses that could be
addressed for the next weekly cycle, and ideas for long-term
modifications.

One example of informal player input resulted in the en-
hanced shading, as discussed below, emphasizing the third
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dimension of the terrain. With the addition of audio-feedback,
more than one player commented on being better able to rec-
ognize the water upon which the table tilted. This informal
feedback, which started early on in the development process,
enhanced the final application. By recognizing weaknesses,
and doing so in advance, there was the ability to incorporate
reasonable solutions.

4. PROBLEMS AND SOLUTIONS
4.1 Manipulation of Boxes
One disadvantage of using a two-touch resize technique is
that it makes it difficult to create thin boxes. This is due to
the low touch resolution of the table and the width of finger
tips. To alleviate this problem we decided to exploit our
perspective projection. With this projection, boxes near the
edges of the screen will have one of their sides exposed. This
provides the player with more area to place two touches on,
which facilitates the use of the standard two-touch resizing
interaction.

A problem which appears when using a perspective projec-
tion arises when lifting boxes up in the world – the box is
not lifted to the touch point, therefore stickiness of touch
is not maintained. To solve this issue, we lift the boxes up
along a vector towards the center of projection instead of
lifting them up along the global y axis (Figure 8).

Figure 8: Technique used for lifting boxes in per-
spective.

4.2 Tilting the Board
We also encountered some technical difficulties when making
the board surface tilt. The maze surface is represented by
a PhysX Heightfield actor. This type of actor is required to
be static and as such does not respond to forces. There is a
good reason for this, since simulation of dynamic behaviour
for such complex objects is computationally expensive and
unreliable. Being unable to manipulate the heightfield di-
rectly, we devised an indirect method. The solution we found
was to apply forces to a second object instead (a Box actor
in the shape of a board, very much like the example provided
in Figure 4), simulate its inclination with PhysX, and then
transfer its orientation to the heightfield. Despite not being
able to apply forces to a static object, its inclination can
still be modified, and the objects lying on the surface still

respond properly to tilt changes. This setup offered more
stability to the tilting, since the weight of the objects over
the heightfield does not affect the inclination, and the only
way to tilt the board is through touch. Beyond offering more
control, this behavior better resembles the static character
terrains.

The use of PhysX springs, however, still caused some in-
stability, due to the nearly unconstrained freedom of move-
ment that it allows the board to take. Through extensive
and meticulous calibration, it would be possible to create
a more well-behaved system by altering the strength of the
springs. Nonetheless, there was no way we could guarantee
a constrained behavior with a multi-touch approach, since
a great number of touches could still create enough force to
make the inclination too extreme. In order to prevent this
we created four obstacles below the board, as illustrated in
Figure 9. This prevented the table of undesired or excessive
tilting.

Figure 9: On the left, unconstrained movement. On
the right, constrained movement.

4.3 Visualizing the Third Dimension
One of the immediate problems faced was the inability to
clearly recognize the third dimension. While players could
identify that the table was tilting, based on the waterline of
the table, and the rolling of the ball, there was initial trouble
identifying the hills and valleys the ball needed to avoid en
route to the goal.

In order to achieve orientation independence – important
for collaborative tabletop environments – we used a vari-
ant of the results found by Hancock et al.[4]. We selected
a perspective view, such that the center of projection was
located high above the table. This granted us orientation
independence as well as subtle retention of 3D depth cues.

To reinforce the third dimension, texturing of the terrain was
selected in such a way as to colour the hills and valleys dif-
ferently than the flat regions. This provided visual cues that
emphasized different regions of the board. Further, lighting
was specifically selected so that the resulting shade would
reinforce the height differential across the terrain. These
three techniques – perspective projection, terrain texturing
and exaggerated shading – aided in player recognition of the
varied terrain height.

It should be noted that while the lighting was placed in
such a way as to emphasize 3D shading – at an angle that
would cause elongated regions of shade – the shadows for the
boxes were specifically designed to aid in the player’s general
interaction. Inspired by Koizumi[6]’s discussion on generat-
ing shadows with the player in mind, we created shadows

5



Figure 10: On the left, early implmentation lacking
depth cues. On the right, current implementation.

that would indicate to the player the landing position of the
dynamic objects. In this way, players were better able to
position the boxes for placement within the scene.

5. DISCUSSION
5.1 Experiential Learning
Experiential learning applications have the educational value
embedded into them. Because TiltTable simulates the game-
play using the PhysX[12] engine, it has several concepts from
Newtonian mechanics embedded into it, such as gravity, ac-
celeration, and momentum. While using such an applica-
tion, students can experience these concepts. Instructors
can use our game to explore physics with their students.

There are two possible teaching strategies which can be
adopted while using our TiltTable application. The teach-
ers can either let the students explore these concepts by
themselves while playing the game, or they can use it to
illustrate specific concepts. The visual help manual allows
teachers and students to quickly familiarize themselves with
the gameplay. While playing, students may also experience
more complex phenomena, such as lever dynamics and buoy-
ancy of water. For example, if a player presses closer to the
center of the island, he or she has to press hard to get the
island tilted in the intended direction. On the other hand,
a touch applied further out requires less pressure, demon-
strating the concept of a lever.

The TiltTable application includes progressive levels, which
allows the players to familiarize themselves with the game-
play before introducing more challenging tasks. Students
have the full freedom to creatively use boxes to complete
levels. TiltTable also stimulates collaboration, discussion,
and negotiation amongst the students allowing them to ex-
perience working together as a team. Furthermore, playing
TiltTable is fun and engaging. This is important because
enjoyment in the educational experience increases retention
of concepts.

5.2 Collaboration
As a group, players need to coordinate their touches to com-
plete a level. While observing informal participants trying
out our application, we found them getting engaged in dis-
cussion and negotiation with fellow players to coordinate
touches.

The entire application has been developed such a way that
it is orientation independent. Therefore, a player can take
a position anywhere around the table and still comfortably
play the game. This eliminates disorientation effects and

enhances collaboration. Access to the main menu, which
allows players to choose levels, browse the help manual,
and close the application, requires simultaneous touches on
the two corner buttons necessitating player collaboration.
Some of the informal participants tried out our application
in a competitive manner attempting to prevent other play-
ers from directing the ball towards its goal. Using boxes as
obstacles and unfavorable tilting were two possibilities for
such gameplay. Even under this competitive scenario, the
application exhibited stable performance.

6. FUTURE WORK
Throughout development, we envisioned several avenues for
future work. TiltTable has a large potential for use as an ex-
periential learning tool. We could include a playback mode
allowing instructors to revisit moments within the game, to
explain and demonstrate the associated physical phenom-
ena. Further, instructors could pre-record events within the
game and use such material to present certain concepts of
Newtonian mechanics. An enhanced water simulation and
supplementary surfaces with different friction coefficients,
such as ice, cement and carpet, could expand the range of
phenomena explored. Lastly, enabling a verbose mode of
gameplay, which displays force vectors, trajectory, velocity
and other graphical cues, could provide a more advanced
physically-based experience.

Other possibilities for expansion lie in the enhancement of
direct gameplay. This includes addition of levels with fur-
ther progression and refinement. Adding multiple balls and
timing the gameplay could add further challenges. Expand-
ing the repertoire of objects, including magnets, ramps, and
the support for sketch-based obstacles, would also be of in-
terest. Finally, a level designer would be useful for both gen-
eral game play and enabling instructors to create scenarios
for exploration of specific physics concepts for educational
purposes.

7. CONCLUSION
In this paper, we presented TiltTable, a collaborative table-
top game allowing for multi-touch 3D interactions on a SMART
Table. We discussed design decisions, challenges faced and
solutions adopted during the development of the game. This
includes using PhysX to make the board tilt, and imple-
mentation of 3D interaction techniques with one-, two-, and
three-touches. We also discussed the game’s collaboration
aspects, and its potential for use as an experiential learning
tool.
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