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ABSTRACT

This work develops a system of spherical magnetic tangi-
bles, GaussMarbles, that exploits the unique affordances of
spherical tangibles for interacting with portable physical con-
straints. The proposed design of each magnetic sphere in-
cludes a magnetic polyhedron in the center. The magnetic
polyhedron provides bi-polar magnetic fields, which are ex-
panded in equal dihedral angles as robust features for track-
ing, allowing an analog Hall-sensor grid to resolve the near-
surface 3D position accurately in real-time. Possible inter-
actions between the magnetic spheres and portable physical
constraints in various levels of embodiment were explored us-
ing several example applications.
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ACM Classification Keywords
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INTRODUCTION

A ball is a generic tangible object that has various uses. It
is mostly used in games, where the play of the game follows
the ball as it is hit or thrown by players [5]. When a skilled
player applies force to a ball, it rolls, spins, bounces, or stops
in a predictable way. To further control a ball, physical con-
straints (as in a pinball machine) are usually applied to it. The
physical boundaries enrich the gaming experience by increas-
ing kinesthetic awareness and providing haptic feedback [12],
while confining the movement to prevent its falling outside
the range of play [9].

To detect the precise movement of a ball within physical con-
straints, most related works have used external cameras to
track the ball within static [10] or or dynamic constraints [4].
Portico [1] tracks a ball on a screen and the surrounding sur-
face using two cameras that are positioned above a portable
display. However, since optical detection methods are prone
to interference by occlusions that are introduced by the physi-
cal constraints, the users hands, or both, the external cameras
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Figure 1. GaussMarbles is a system of spherical magnetic tangibles for
interacting with portable physical constraints.

are usually mounted above the areas of interaction, making
the form factors of the interaction platform less portable. At-
taching an analog Hall-sensor grid [8] to the bottom of a plat-
form improves the form factors for portability, because the
sensor platform is entirely hidden from the users. Addition-
ally, this setup is calibration-free and more robust than optical
tracking, because tracking a magnetic tangible in non-ferrous
physical constraints does not suffer from occlusion [7]. How-
ever, precisely tracking a spherical magnetic in a consistently
high speed is challenging because the magnetic field of a
rolling magnet changes with the orientation of the dipole vec-
tor. Although previous work [7] have used images of the
magnetic field to infer information about either the tilt (pitch,
yaw) or roll of a magnet, the non-smooth transitions between
the tilt- and roll-tracking mechanisms may reduce the preci-
sion of tracking.

This work develops GaussMarbles (Figure 1), which is a sys-
tem of spherical magnetic tangibles for token+constraint in-
teractions [12] on portable platforms. To overcome the com-
putational challenges of tracking spherical magnetic tangibles
in 3D, their magnetic fields are shaped using a regular polyhe-
dron. This design makes the magnetic fields of the tangibles
more spherically symmetric as the objects roll/bounce on a
surface, respond to physical constraints or are lifted by hands,
enabling an analog Hall-sensor grid to track the near-surface
3D position precisely in real time. Several applications have
demonstrated a rich set of interactions between GaussMarbles
and physical constraints in various levels of embodiment [3],
including interactions on, above, nearby, and distant from
computer displays.

DESIGNING SPHERICAL MAGNETIC TANGIBLES

Challenges of Sensing Spherical Magnetics

Accurately tracking the 3D position of a rollable spherical
tangible in a consistently high speed is challenging because
the orientation of its dipole vector changes as it rolls and
bounces. Figure 2 shows that the distribution of the magnetic
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Figure 2. (a) Single-magnet ball. (b) When the ball rolls on the plane, the
S-pole component of the magnetic field becomes invisible at a tilt angle
6,—0. (c) When the ball hovers above the plane, the S-pole component
becomes invisible at a tilt angle 6.

Figure 3. (a) Shaping a magnetic field using a magnetic polyhedron. (b)
Schematic and (c) measured bipolar magnetic fields.

field of a rolling magnetic ball (or a ball that contains a flat
disc magnet) changes with the orientation of its dipole. When
a magnetic ball is placed on a sensing plane (7 = 0) such that
the N(orth)-or S(outh)-pole vector is parallel to it, both the N-
and S-parts of its magnetic field are visible, so the 3D posi-
tion of the ball can be resolved from the relative positions and
intensities of the N-and S-pole components, using the sensing
algorithm that is proposed in GaussBits [7]. However, when
the dipole vector is tilted at a specific angle 6,—9 > 0 toward
the N-pole, the S-polar magnetic field becomes invisible to
the sensor, so the same algorithm no longer works. When the
magnetic ball is lifted above the surface in a height 2 > 0, and
the S-polar magnetic field becomes invisible to the sensor at
a specific angle 6~ toward the N-pole. from the N-pole.
Since magnetic field is not spherically symmetric, 6~ is not
equal with 6,_¢, and 0 varies with h. Without a reliable and
efficient way to determine the tilt angle 0, of the dipole vector
in all directions, the position of ball along the z-axis cannot
be determined.

Shaping the Magnetic Fields Using A Regular Polyhedron
In other studies, analytic solutions and specific sensors (e.g.,
[11]) are used to approximate the 3D position of a magnetic
tangible; in this study a simpler but more generic method is
used to simplify the computational challenge: the magnetic
field is caused to be almost spherically symmetric by deploy-
ing equal-strength magnets on a regular polyhedron to elimi-
nate the need to resolve the tilt angle 8. Regular polyhedrons
are chosen because they have the following three important
properties. (1) The vertices of a polyhedron all lie on a sphere.
(2) All of the dihedral angles of a polyhedron are equal. (3)
All of the vertex figures of a polyhedron are regular polygons.
As in GaussBricks [6], magnets with the same poles of equal
strength were mounted on the center of each face of a regular
polyhedron, and the resulting bi-polar magnetic fields were
expanded in equal dihedral angles, making the components
of both the N- and S-polar fields visible to the sensors at all
times, as shown in Figure 3.
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Figure 4. (a) Model of a magnetic-polyhedron sphere. (b) Experimental
Apparatus.

Regular polyhedrons with 4, 6, 8, 12, and 20 faces can be
used to build magnetic spheres. To ensure that a spherical
magnetic tangible rolls in a natural and predictable way, the
magnetic polyhedron must be placed at its center. Figure 4a
shows the model of such magnetic spheres. Consider a target
regular polyhedron. Consider a target regular polyhedron P,
with an inner-scribe sphere radius of rp. A cylindrical magnet
M is mounted on the center of each face of the polyhedron,
where 7y is the radius of the magnet and Ty is its thickness.
The minimal radius r,,;, of the sphere then can be obtained

as Fmin = \/ (rp+ Ty )2 +r3,. In practice, a sphere case C is
required to protect the polyhedron on which the magnets are
mounted. If 7¢ is the thickness of the case, then the radius of a
sphere r with a case of radius ry,;;, is obtained as r = r,,,;, + Tc,

where T > 0.

EXPLORATIVE STUDY

A series of formal measurements were made to establish pa-
rameters for an effective design. Since using magnets of
larger thickness Ty, and/or radius ry; results in stronger mag-
netic fields and more stable tracking, the effects of two other
parameters are studied herein — (1) the number of faces, and
(2) the size of the faces of the magnetic polyhedron — to ob-
tain a suitable tracking algorithm.

Apparatus: As shown in Figure 4b, eight magnetic spheres
were fabricated using a 3D printer. Seven of them, P® and P,
where r ={13.5,16,18.5,21} and n = {4,6,8,12}, are r mm-
radius spheres that contains of a n-face magnetic polyhedron
in each sphere; the other one, Qj¢, is a 16mm-radius sphere
that contains a single 12.5mm (radius) x 3mm (height) cylin-
drical magnet. At the centers of the faces of each magnetic
polyhedron are mounted neodymium magnets of 4mm (ry;)
x 8mm (Ty) such that the N(orth)-poles face outward. The
case thickness (7¢) of each sphere was 0.5mm.

To capture images of the magnetic field, a 32x32 =
1024 Winson WSHI138 analog Hall-sensor grid with a
16(W)x 16(H) cm? sensing area is used. Each sensor ele-
ment detects the intensities of both N-and S-polar magnetic
field components from 0 to 200 Gauss on a 256-point scale
and at a sampling rate that consistently exceeds 40 fps. The
N- and S-polar magnetic field components at each sample
point are mapped as various intense red or blue colors on a
310px x310px bitmap. The Hall-sensor grid is calibrated us-
ing a method that was presented previously [6]. An elevating
platform, which consists of a servo motor that can rotate each
ball, mounted on a base, is used to collect data.

Tasks: Each sphere is placed at five arbitrary positions on the
sensor. At each position, measurements were made at four



hover heights - 3, 6, 9, and 12 mm. At each height, 10 angles
between 0 and 90 degrees were set, and each measurement
consists of 100 samples. The analysis included 8 (units) X
5 (positions) x 4 (hover heights) x 10 (angles) x 100 (sam-
ples) = 160,000 bitmaps of magnetic fields.

Data Processing

Each bi-polar magnetic-field image Iz comprises sub-images
- Iy, which comprises only N-polar fields, and I, which com-
prises only S-polar fields. For each set of three images of
magnetic fields (i.e., Ip, Iy, Is) the distribution of the mag-
netic fields was observed by applying a threshold of 10 Gauss
to each image for blob extraction. In searching for more ef-
fective ways to track spherical magnetics, the following three
centroids are identified; (1) the centroid of contours (O.):
as in GaussBits [7], which is calculated as the centroid of
the pixels of blobs contour. If the target image has multi-
ple contours and contour centroids, then O, is computed as
their centroid position; (2) centroid of pixels (Op): the cen-
troid position of all pixels within all blobs is computed as
Op= Zé\’:o pi/N, where p; is the position of each pixel i, and
N is the total number of pixels within the blobs; (3) centroid
of mass (O,,): the centroid of the intensity-weighted pixel po-
sitions within all blobs is computed as O,, = Zf»V:O vipi/ Y vis
where p; is the position; v; is the intensity of pixel i, and N is
the total number of pixels within the blobs.

For all collected centroids, the mean value O of all samples
is firstly calculated. Then, the Euclidian distance d; between
the centroid of each sample i and O is obtained. Finally, the
mean distance d and its standardard deviation of all samples
is obtained as the metrics of dispersion. Along with O and
d, the blob area size A and the maximum pixel intensities M
inside the blob of each image of a magnetic field are recorded.

Results and Discussions
The results thus obtained yield four major findings and guide-
lines for sensing spherical magnetic tangbles.

1. The bi-polar centroid of mass (Ig — Oyy) is the most stable
feature for tracking magnetic spheres in the xy-plane. Fig-
ure 5 shows the mean distance d of all samples obtained from
the 3 (centroids: O, Op, O;;) %3 (images of magnetic field:
Ip, Iy, Is) = 9 results for the 16mm-radius magnetic spheres
at height 7 = 3mm. The centroid of mass in a bi-polar image
(On-Ip) exhibits the least dispersion as the magnetic sphere
rolls on the display, significantly outperforming the other fea-
tures (i.e., O.-Iy and O.-Ig) that were used in GaussBits [7].
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Figure 5. Using centroid of mass of a bi-polar image (O,,-/) is the most
stable feature of positioning in the xy-plane.

2. The magnetic polyhedrons support reliable z-axis track-
ing using the S-polar intensity (Ms) or the product of S-polar

area and intensity (As X Ms), whereas a single magnet does
not support z-axis tracking. Figure 6 shows the resulting Mg
and Ag X Mg of the four 16mm-radius magnetic-polyhedron
spheres at the heights of 7 = 3,6,9, 12mm. The plotted 95%
confidence interval (CI) region is that in which Mg reliably
discriminates between 2 = 3 and h = 9 and Ag x My further
descrimiates amongh = 3, h = 6 and h = 9. The uses of M
and Ag x My fail for the 16mm-radius single-magnet sphere
because the S-polar component disappears at angle 6j,.
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Figure 6. The hover height of the magnetic polyhedrons can be resolved
by using (a) the S-polar area size (As) or (b) the product of S-polar area
size and intensity (As x Ms).

3. Magnetic polyhedrons with more faces yield greater ac-
curacy, but performance drops as sensing distance increases.
Figure 7a shows the mean distance d of (0,,-I) for the four
16mm-radius magnetic-polyhedron spheres at the heights of
h=3,6,9,12mm. Generally, the O,, of P186 are of the least
degree of dispersion, because the overall magnetic field of a
polyhedron with more faces is more symmetric. The 12-face
magnetic polyhedron P1162 appears to be more stable than P186
at h = 3mm, but the precision falls as / increases above 6mm
because the N-polar blobs becomes unstable.
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Figure 7. (a) Magnetic polyhedrons with more faces yield greater accu-
racy, but performance drops as sensing distance increases. (b) Smaller
magnetic polyhedrons yield slightly greater accuracy.

4. Smaller magnetic polyhedrons yield slightly greater ac-
curacy. Figure 7b shows the mean distance d of (O,,-Ip)
for the four 6-face magnetic-polyhedron spheres at heights of
h =3,6,9,12mm. Larger faces result in lower accuracy, al-
though not statistically significantly so (Z-test, all p > 0.05).

INTERACTING WITH PHYSICAL CONSTRAINTS

Five applications are implemented to demonstrate interac-
tions between spherical magnetic tangibles and physical.
With reference to Fishkin’s taxonomy of levels of embodi-
ment in TUI [3], interactions with physical constraints are
categorized as being on, nearby, or distant from a display.

Interacting with Constraints on a Display

The Pinball game (Figure 8) illustrates the use of a physi-
cal constraint on a tablet display, iPad Air 21 on the back of
which is attached an analog Hall-sensor grid. A physical pin-
ball case is fixed on the display. A user launches the ball by
pulling and releasing the launcher; uses the handles to hit the
ball toward the target to receive a bonus score, and shakes the
display to prevent the ball falling off.

Uhttp://www.apple.com/ipad-air-2/



Figure 8. Pinball game. A user (a) launches the ball, (b) hits the ball to
score, and (c) shakes the display to prevent the ball from falling off.

The Labyrinth game (Figure 9), which illustrates the use of
a GaussMarble that is coated conductive rubber for sensing
touch [2]. A maze-like cover is applied to the same display. A
user releases the ball to begin playing, holds and tilts the dis-
play to move the ball around the obstacles to receive a bonus.
The user can also take a shortcut by popping the ball up, but
risks dropping the ball in so doing. Cheating by touching the
ball is detected.
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Figure 9. Labyrinth game. A user (a) holds the display to move the ball
(b) toward the bonus to score. (c¢) Touching the ball is not allowed.

The Golf putter game (Figure 10) demonstrates using con-
tinuous territory as constraint. A transparent sheet mounted
clay-made territory is applied to a 15-inch laptop display, on
the back of which is attached an analog Hall-sensor grid. A
user uses a golf putter to push the ball from the starting po-
sition toward the hole. Since the game reflects real-world
physics, the user must putt harder to drive the ball up a hill so
that it does not roll into a pond. The user can freely modify
the path by including other physical objects in the game.

Figure 10. Golf putter game. A user (a) applies a transparent sheet

mounted clay-made territory to the display. (b) The ball falls into the
pond or (c) into the hole.

Interacting with Constraints nearby a Display

The Bowling game (Figure 11) demonstrates the use of a near-
display constraint that bridges the physical object and digital
content. A physical bowling lane, on the back of which is
attached an analog Hall-sensor grid, is placed in front of a
display that exhibit a virtual bowling lane. Between the dis-
play and the lane is a valley. After a user bowl the ball by
rolling the physical ball toward the screen, the physical ball
drops into the valley, and a virtual ball appears on the display,
rolls along the original path until it hits the virtual bowing
pins. The platform then returns the physical ball to the user
along the slope underneath, so the user can freely bowl the
ball again. The ball in the users hand provides rich haptic
feedback, and the virtual pins on the screen do not require
manual rearrangement by the user. Users enjoy both physical
and digital gaming experiences.
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Figure 11. Bowling game. A user (a) rolls a physical bowling ball to (b)
hit virtual pins. (c) The ball is returned to the user after the shot.

Interacting with Constraints Distant from a Display

The Dart game (Figure 12) demonstrates the use of a remote
constraint that interacts with mobile displays. Both a dart-
board and GaussMarbles are wrapped in Velcro, which func-
tions as a material constraint that provides high friction to
compensate for the low rolling friction of spheres. Multiple
GaussMarbles can stick to the dartboard, and are sensed by
an analog Hall-sensor grid that is attached to the back of it.
A user must pair a smartphone with the dartboard, and throw
balls, like darts, toward the dartboard to score. When a ball
sticks to the dartboard, the smartphone shows both the results
and the score, based on the position of dart. The user can ei-
ther throw more balls to increase the score, or reset the game
by removing the darts from the dartboard.

Figure 12. Dart game. A user (a) pairs a smartphone with a dart-board,
(b) throws a dart to score, (c) and throws more darts.

CONCLUSION

This work developed GaussMarbles, which is a system of
spherical magnetic tangibles for interacting with portable
physical constraints. Unlike previous token+constraint sys-
tems, most of which are developed for in-hand direct manip-
ulation and 1D interaction under strict constraints on move-
ments [12], this work exploits the affordance of spheres for
hands-off manipulation (such as by letting a ball roll freely)
with a range of loose constraints from 2D to 3D, discrete to
continuous, on-screen and around-screen, using low-friction
to high-friction materials (such as Velcro darts). Through a
series of experiments, the guidelines for designing the mag-
netic polyhedrons have been identified. Therefore, develop-
ers can easily replicate the results, and freely scale the sys-
tem by applying the same methods on various sizes of analog
Hall-sensor grids. This work provides a new perspective from
which TUI researchers and practitioners can design TUIs in
richer movement and various levels of embodiment, which
can be exploited in the future to bring interactivity to physi-
cal ball games and make virtual ball games more physical.
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