t.)

Check for
updates

MagDesk: Interactive Tabletop Workspace Based on Passive Magnetic
Tracking

KUNPENG HUANG, University of Michigan, USA
YASHA IRAVANTCHI, University of Michigan, USA
DONGYAO CHEN, Shanghai Jiao Tong University, China
ALANSON P. SAMPLE, University of Michigan, USA

Stylus Trace

@ MagDesk Software Schematic @ MagDesk S‘ylus Trace

= Ground Truth
350
Magnetometer | | Analytical Solver
Array Update [ | (Gradient Descent) 300

Magnetic

Stylus \

Applications: | | Adaptive Filtering:
Kalman Filter
Tangible =
Interactions Windowed Moving
Average Filter

3D Painting

Magnet Tabletop
Gaming Magnet Pose:

[x .28, 6] 50 100 150 200 250 300 350
X (mm)

\

Fig. 1. MagDesk uses an array of 112 low-cost magnetometers to track multiple magnets in 3D with millimeter accuracy
across an expansive workspace. Magnets’ compact sizes allow them to be embedded in daily objects such as a stylus as
trackers (a). MagDesk models each magnet as a magnetic dipole (b) and employs an analytical solver combined with an
adaptive filtering pipeline to determine the 5-DoF pose of the magnet and enable diverse interactive applications (c). Using a
magnetic stylus, the user is able to recreate digital 2D drawings that closely align with ground truth images (d), as well as
sketch arbitrary 3D traces in an augmented-reality environment for artistic expression (e).
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Accurate and responsive 3D tracking enables interactive and context-aware workspaces, including mixed reality 3D interfaces
and collaborative tangible interactions. However, limitations of current tracking mechanisms - line-of-sight occlusion, drifting
errors, small working volumes, or instrumentation that requires maintenance - ultimately restrict their adoption. This paper
introduces MagDesk, an interactive tabletop workspace capable of real-time 3D tracking of passive magnets embedded in
objects. Using a sensing array of 112 low-cost magnetometers underneath a table, our custom-designed signal processing and
localization engine enables simultaneous tracking of multiple magnets in 5 degrees of freedom with millimeter accuracy.
MagDesk can continuously and robustly track magnets at a maximum height of 600 mm over a 1750 mm (L) X 950 mm (W)
table, while achieving an average positional and orientational error of 2.49 mm and 0.72° near the table surface and 14.40 mm
and 2.25° across the entire sensing range. To demonstrate MagDesk’s object-tracking capabilities, this work presents a series
of magnetic widgets for tangible interactions and explores two applications — a 3D drawing interface and augmented-reality
tabletop games. By instrumenting a regular table surface, MagDesk presents a low-cost and accurate approach to 3D tracking
passive objects for home and office environments.
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1 Introduction

Interactive tabletop workspaces offer opportunities for improved productivity, multi-user collaboration, and
new modalities for gaming and entertainment. The prior works on the office of the future (i.e., Office 2.0) in the
early 1990s, implemented with video tracking and overhead projection, aimed to provide natural and expressive
interactions and demonstrated new possibilities to bridge the physical and digital worlds [47]. More recent
research has focused on 3D-tracked gesture-based interfaces [40, 48], tangible interaction with intuitive and
accessible control [43, 51], and context-aware augmented reality environments [6, 8]. The ability to precisely track
objects and body movements in real-time expands the interaction space beyond 2D surfaces such as tabletops
and screens, enabling a more immersive and engaging user experience. However, one of the key challenges
preventing these applications from realizing their full potential is achieving cost-effective, accurate, and robust
3D tracking in a tabletop environment.

Common approaches for sensing an object or body’s position in a table-sized workspace include optical
tracking and using Inertial Measurement Units (IMUs). Optical tracking implementations include outside-in,
where cameras are placed in fixed locations in the environment to track the positions of markers on the object [2];
or inside-out, where the camera or sensor is installed on the tracked device and determines its location relative
to external references, such as the Lighthouse system used by the HTC Vive [3]. Both approaches require a
direct line-of-sight (LoS) between the tracked device and sensors or markers installed externally, limiting their
adoptions in workspace environments. IMUs alleviate the LoS issue as they can be placed directly on the tracked
object without reliance on external references [2]. However, they suffer from the drifting problem where the
estimated position accumulates errors over time. Furthermore, IMUs are powered devices: battery weight and
charging requirements place additional burdens on the user for all-day usage. Therefore, an alternative tracking
modality is desired for a workspace environment that is accurate, stable, and requires minimum instrumentation.

This paper presents MagDesk, an interactive tabletop workspace for 3D object tracking utilizing passive
magnets and an array of embedded magnetometers. Since common materials with low magnetic permeability
(e.g., wood, plastic, aluminum, rubber, human tissue, etc.) do not disturb the magnetic fields [18], magnetic sensing
enables tracking resilience to the LoS occlusion. The compact sizes of permanent magnets allow them to be easily
integrated into daily objects as trackers without charging, achieving robust tracking with minimum maintenance.

MagDesk’s sensing platform comprises a 112-magnetometer array placed underneath a regular table, enabling
a large sensing volume of 1750 mm (L) x 950 mm (W) x 600 mm (H). Its software adopts the Levenberg—Marquardt
(LM) algorithm with an optimized filtering pipeline to simultaneously track multiple spherical magnets in 5 DoF
(3D spatial + 2D angular) at 32 Hz with millimeter accuracy. The pipeline combines a Kalman filter and a moving
average filter with parameters automatically adapted to magnet sizes, tracking heights, and estimated speeds.

To evaluate the tracking performance of MagDesk, the coordinates of tracked magnets are compared to the
ground truth measured by the HTC Vive Trackers [3]. With a 3/4 in.-diameter magnet, MagDesk can achieve
positional and orientational accuracy of 2.49 mm and 0.72° near the table surface (within 50 mm), respectively.
The maximum trackable height reaches 600 mm while sustaining stable and continuous tracking, with an average
positional and orientational error of 14.40 mm and 2.25° across the entire sensing range. Note that the 600 mm

Proc. ACM Interact. Mob. Wearable Ubiquitous Technol., Vol. 8, No. 4, Article 170. Publication date: December 2024.


https://doi.org/10.1145/3699756

MagDesk: Interactive Tabletop Workspace Based on Passive Magnetic Tracking « 170:3

height doubles the tracking range achieved in prior works that explore passive magnetic tracking and provide
full 3D coordinates [10, 44]. In addition, MagDesk’s algorithm allows two magnets to be tracked at once, even if
they are close to each other. Within 50 mm above the table surface, the average tracking accuracies are 11.18 mm
and 2.54° when two 5/8 in.-diameter magnets are as close as 30 mm apart. Further, MagDesk could track three
or more magnets simultaneously and independently by segmenting the magnetometer array into regions. To
investigate the possibilities of integrating permanent magnets into daily objects for 3D tracking, this paper also
includes a comprehensive evaluation of the tracking heights and accuracies of different magnet sizes (11in., 3/4in.,
5/8in., and 1/2 in.-diameter).

As an interactive tabletop workspace, MagDesk’s extensive sensing range and robust tracking performance
enable a broad range of applications. This paper introduces and evaluates eight magnet-embedded tangible
primitives that serve as trackable digital input devices. In addition, two representative usage scenarios are
presented and evaluated, including a 3D drawing interface with a magnetic stylus and tangible interaction
demonstrated through augmented-reality games controlled by magnetic widgets. These applications demonstrate
MagDesk’s potential to be integrated into home or office environments.

This paper makes the following contributions:

(1) A real-time magnetic tracking algorithm with adaptive filtering, enabling accurate and robust tracking;

(2) A passive multi-magnet tracking approach with 600 mm sensing range;

(3) A series of eight magnetic primitives for intuitive tangible interactions;

(4) A demonstration of MagDesk’s real-world applications with two example usage scenarios and user evaluations.

2 Related Work

This section details work related to MagDesk, first by providing an overview of the sensing approaches for tracking
objects in general and then narrowing the focus towards systems that support making surfaces interactive. Finally,
we contextualize MagDesk within other magnetic sensing and tracking approaches.

2.1 Object Tracking Systems

Tracking the position of specific objects remains an active research area within ubiquitous computing and
human-computer interaction, and the requirements of end-user applications have motivated the creation of many
tracking methods. These applications influence the resolution requirements of tracking (e.g., centimeter-level,
millimeter-level), the distance capabilities (e.g., desk-scale, room-scale, floor-scale), and other instrumentation
or deployment factors (e.g., Line-of-Sight (LoS) requirements, installation of markers). As a result, numerous
approaches offer unique advantages and disadvantages for a given usage scenario.

A predominant approach has been optical or computer vision (CV) tracking, which can optionally include
optical markers (such as in mo-cap). Within the “tabletop” scale, Dodecapen [49] uses a dodecahedron of mini
fiducial tags to localize and extract the orientation of a pen. To achieve markerless 3D tracking, Comport et
al. [16] utilize multiple camera views to track an object in real-time and, more recently, state-of-the-art (SoTA)
high-precision 3D object tracking approaches presented by Li et al. [28] find millimeter-level tracking accuracy.
However, while multiple camera views can relax the LoS requirement (i.e., the system has more opportunities for
an unobstructed view), there are many common scenarios where no unobstructed view is available, such as if the
object is being held within a closed hand. In addition, installing multiple cameras around the environment incurs
additional instrumentation and maintenance costs and introduces privacy concerns.

Alternative approaches not restricted by the LoS requirement include acoustic tracking, where objects instru-
mented with commodity speakers and microphones can be localized within the environment; Liu et al. present a
survey of indoor acoustic localization approaches [33]. However, acoustic approaches can suffer from multipath
effects and require careful selection of the frequency bands of the emitter/microphone pair [33]. RF tracking
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approaches [42] operate on similar principles and include systems that can localize WiFi [14], BLE [9, 13], or RFID
tags [35] within a room. While these systems have decreased resolution compared to optical approaches (i.e.,
cm-scale vs. mm-scale), they have greater robustness to LoS occlusions but, similar to acoustic approaches, remain
sensitive to multipath issues. Fusing these approaches with other sensors, such as IMUs, has also shown increased
robustness to LoS issues [8]. As magnetometers with high sensitivity and measuring range become more widely
available, magnetic tracking has emerged as a high-resolution and environmentally robust approach [45] to
tracking objects by instrumenting them with magnets (either an electromagnet or passive magnet). Section 2.3
below covers these magnetic approaches in greater detail.

2.2 Interactive Surfaces

Making surfaces interactive has generally involved either instrumenting the environment [41] (or users [21])
with sensors to track interactive events, such as with cameras [37], or instrumenting the surface itself [20], such
as with contact-based sensors [12]. Instrumenting the environment, rather than the surface of interest directly,
offers the advantage of not having to modify each surface a user would wish to interact with individually and
often avoids altering the appearance or texture of the surface, such as by applying a coating [50] or sensors onto
the surface. However, the distance between the environmental sensor and its target can affect tracking range [35];
for example, depth cameras significantly increase in estimation error with increased distance and largely only
maintain depth accuracy <4m [1].

Conversely, by directly instrumenting surfaces, sensing approaches can focus on a well-defined area to support
a multitude of interactive modalities and take advantage of their fine-grained resolution in addition to tracking
touch and recognizing gesture (e.g., human event detection [24]). Additionally, directly instrumenting surfaces
offers consistency and robustness to environmental factors that frequently affect approaches that instrument the
environment, such as if the interactive surface is moved further away from a sensor, a camera’s view is partially
occluded, or the introduction of noise sources (e.g., light, sounds, RF waves). MagDesk instruments a surface
with 112 magnetometers and enables fine-grained sensing of magnetic objects without affecting the surface’s
appearance by placing the magnetometer array underneath, such as on the underside of a table. Since most
common household surface materials (e.g., wood, quartz) are not ferromagnetic and have a relative magnetic
permeability of 1 (i.e., the same as in a free space vacuum [18]), the surfaces are effectively “transparent” to the
magnetometer array.

2.3 Magnetic Sensing and Tracking

Magnetic field sensing offers a rich information channel for interactive applications [19, 23]. Within magnetic
sensing for tracking, approaches are typically based on tracking active electromagnets or passive permanent
magnets. Active electromagnetic sensing approaches, such as Aura [48], AuraRing [40], and Finexus [11], track
small electromagnets with a magnetic sensing array. These electromagnets can be driven at a specific frequency,
which assists in identifying individual electromagnets and overcoming the Earth’s background noise. However,
electromagnets do require a power source and supporting driving hardware as opposed to permanent magnets.
While MagDesk can support both active and passive magnetic sensing approaches, we primarily present our
results using N42-grade passive magnets [36].

Permanent magnets, such as neodymium magnets, create a persistent magnetic field. Systems that employ
these magnets can utilize passive tags (i.e., ones that do not require power or maintenance) to enable continuous
tracking [46]. For example, MagX [10] tracks fingertip positions without any instrumentation overhead beyond
wearing magnetic rings. MagHacker [34] tracks the internal magnet of a digital stylus to infer written text.
GaussSense [31] and its subsequent works [27, 29, 30, 32] instrument the backside of portable touchscreen
displays with an analog Hall-sensor grid to sense the magnetic field emitted by permanent magnets within stylus
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or magnetic widgets, enabling occlusion-free drawing or tangible interactions. However, its tracking capabilities
are limited to near-surface (within 50mm of the display), and the system cannot obtain full 3D position and
orientation tracking with the magnet at an arbitrary angle. Further, since the magnetic tangibles’ locations are
determined from pixel coordinates in a magnetic image up-sampled from the sensor grid readings, the tracking
resolution is fundamentally limited by the sensor density, making extending up to desk or room-scale unrealistic.
To increase sensing range, other approaches have looked towards combining passive magnetic tracking with other
sensing modalities through sensor fusion, such as acoustic tracking in MagSound [45], to enable high-resolution
tracking at close ranges (e.g., within a meter) while offering reasonable localization at room-scale.

The works discussed above highlight challenges associated with passive magnetic approaches, including achiev-
ing long-range capabilities and system scalability (i.e., room-scale tracking). To increase the range capabilities of
passive magnetic tracking, MagDesk uses a novel approach to dynamically adjust the position and number of
magnetometers used to track the passive magnets and employs an adaptive filter to maintain tracking resolution
even at 600 mm and with a sparse magnetometer array (i.e., 100 mm sensor spacing as opposed to 5 mm in
GaussSense).

3 System Design & Implementation

The MagDesk sensing platform consists of two functional components: a physical array of 112 magnetometers
that measures the magnetic field induced on the surface of the table and a software pipeline that uses the
Levenberg—Marquardt (LM) damped least-squares algorithm to solve the vector form of the magnetic dipole
model to estimate magnet’s location in 3D space. The coordinates are then fed through a multi-parameter adaptive
filtering algorithm to accurately and robustly predict the source magnet’s location in real-time. This section
provides a background on the theory of operation for tracking passive magnets (Section 3.1) and details the
hardware (Section 3.2) and software (Section 3.3) implementation of MagDesk, followed by a technical evaluation
of tracking performance in Section 4.

3.1 Theory of Magnetic Tracking

MagDesk tracks the movements of permanent magnets by sensing the spatial distribution of the induced magnetic
flux density near the table surface. The magnetic field strength around a magnet can be modeled by the dipole
model [15], as described by Equation 1:
ot (45275 0
dm \ PP I7I?
where i is the permeability of free space, 7 is the vector from the magnet to the magnetometer’s coordinate, and
m is the magnetic moment, as visualized in Figure 2.

While the magnetic field from any static magnetic source resembles a dipole at a sufficient distance, a spherical
magnet’s flux density aligns the closest to the dipole model [25], and is thus used for this mathematical analysis.
Since the magnetic field strength is symmetric around the axis of the dipole, the magnetic moment 7 can be
described in a spherical coordinate system as shown in Figure 2 and mathematically represented in Equation 2:

sin 6 cos ¢
m=m| sin 0 sin ¢ (2)
cos @
where m is the constant magnitude of the magnetic moment of a passive magnet. Therefore, the 5-DoF pose of a
spherical magnet is characterized by the parameters [x, y, z, 6, ¢]. Since the Earth generates a spatially uniform
magnetic field, the magnetic field strength measured by each magnetometer can be represented by a linear
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Fig. 2. Demonstration of the magnetic dipole model, visualizing the external magnetic field around a spherical magnet as
measured by the magnetometer array. B is the magnetic field strength measured by a magnetometer; m is the magnetic
moment; 7 is the vector from the magnet to the sensor; 6 and ¢ are the spherical coordinates in MagDesk’s reference frame.

combination of the field produced by each magnet and the Earth’s magnetic field. The magnetic field at the ith
sensor is given by Equation 3:

=M

Bi=G+y 2 3, - Fij)riy __rij -
o o e Ir3;1° Iri;1?

where G; is the average background magnetic field, ri; is the magnetic moment of the jth magnet, and r;; is the
vector from the jth magnet to the ith magnetometer’s coordinate.

MagDesk combines the 3-axis sensor readings from an array of N magnetometers, which results in a series
of 3N non-linear equations. With the magnitude of magnetic moment and background magnetic field known,
tracking M magnets requires solving for 5M parameters. To solve these equations efficiently, a real-time analytical
solver was developed using the Levenberg-Marquardt (LM) algorithm, an iterative optimization algorithm based
on gradient descent [39]. By providing an initial estimate of the magnet’s pose, i.e., a seed point, and the Jacobian
matrix at that location, the algorithm generates an optimal magnet pose that minimizes the differences between
the magnetometer readings and the magnetic field distribution predicted by the dipole model.

While the analytical solver provides an accurate prediction of magnet poses when the strength of the induced
magnetic field is strong near the table surface, the tracking performance deteriorates when the magnet is higher
above the table, as the magnetic field strength of a dipole degrades with the cube of the distance r7;. If the
magnitude of the measured magnetic field, i.e., excluding the Earth’s background, approaches the standard
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Fig. 3. (a) Hardware schematic of MagDesk, showing the magnetometer array and data flow. (b) Sensor PCBs installed un-
derneath the tabletop using 3D-printed fixtures. (c) Chainable PCB with the zoomed-in view of the MLX90393 magnetometer.
(d) 3D-printed PCB holder positioning the magnetometers 3 cm beneath the table surface.

deviation of magnetometer reading noise, the LM algorithm will not be able to closely align the magnet pose
prediction to the measurement, resulting in poor tracking performance. An unstable solver prediction has two
consequences: (1) low tracking accuracy; (2) if an inaccurate prediction that deviates significantly from the ground
truth is used as the seed point for the next iteration, the solver might converge to an incorrect local minimum for
the magnet pose and the tracking would be lost.

To address these limitations of the LM algorithm, MagDesk adopts a filtering pipeline after the solver prediction
based on two observations: (1) the magnet usually follows a smooth and continuous path during user interactions;
(2) averaging magnet poses over consecutive predictions improves tracking performance during user interactions
(e.g., the speed of the magnet is bounded by human performance, and the magnet can not teleport across the
table). The implementation details of the filtering pipeline are described in Section 3.3.3.

3.2 Hardware Implementation

MagDesk consists of a 175 x 95 cm wooden desk retrofitted with an array of 112 commercial-off-the-shelf,
low-cost magnetometers (MLX90393) underneath the surface [38]. As shown in Figure 3a, the magnetometers
are arranged in a 7-row x 16-column grid at the center of the table with 10 cm horizontal spacing between
adjacent sensors, which balances the implementation complexity and sensing resolution. To aid in deployability
and system wiring, 40 cm-long printed circuit boards (PCBs) were designed consisting of 4 magnetometers
spaced 10 cm apart. Connectors on both ends route power and data, allowing strips of magnetometers to be
easily constructed, reconfigured, and swapped out as needed. For this installation, 3D-printed brackets were
designed to hold the PCBs in place, and the long strips of PCBs were placed 10 cm apart, as shown in Figure 3.
The instrumentation approach described above allows the magnetometer array to be reconfigured and expanded
underneath any regular surface. An Adafruit Feather nRF52832 module [4] collects 3-axis sensor readings from
the 16 magnetometers in a row at 32.1 Hz through an I2C bus with 400 kHz clock frequency. Each sensor in a
row has a unique I2C address. In the current setup, seven Arduino Feather boards stream the readings to a PC
through USB serial ports.
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3.3 Software Implementation

3.3.1  Overview of Software Design. The software design of MagDesk consists of an initialization phase and a
sensing loop. During the initialization, the computer handshakes with the 7 Adafruit Feather boards to establish
serial communication, and the array of magnetometers is configured through the I2C bus. Then, the system
collects the background magnetic field at each sensor location for 10 seconds without the magnetic objects that
will be tracked directly on the tabletop. It should be noted that while the Earth’s magnetic field is relatively
stable, minor natural fluctuations do occur on the time scales of days and weeks, and thus, periodic calibration
is needed. Additionally, static (non-moving) magnetic and ferromagnetic objects on the table surface, such as
monitors and keyboards, can be accounted for in the calibration process, reducing the user’s burden. Next, the
program initializes the magnet pose to a pre-defined seed position for the analytical solver, e.g., on the surface at
the center of the table. When the user brings the magnet close to the seed position, e.g., within 20 cm, the solver
will converge to the magnet’s position and orientation, after which the magnet will be tracked continuously
through the sensing loop.

In the sensing loop, the user moves the magnet-embedded objects to interact with the UL Then, the magne-
tometer array measures the magnetic fields at 112 sensor locations and subtracts the Earth’s background (and
any static magnetic field). The inputs to the analytical solver are updated based on the readings and the magnet’s
previous pose. The solver is executed, after which the filtering pipeline combining a Kalman filter and a moving
average filter with adaptive filtering parameters is applied. If the solver converges, e.g., the prediction is within
20 cm of the seed position, the sensing loop continues; otherwise, the system loses track of the magnet, and the
user is prompted to reset the magnet to the initial seed position to reacquire tracking. While tracking loss has
the potential to disrupt user experience, loss of tracking is rare, as will be shown in Section 6, and the system is
robust enough to enable diverse and complex real-time user applications. The sensing loop completes within
the duration of magnetometer data collection, maintaining the 32.1 Hz refresh rate for the entire array of 112
magnetometers. For reference, Figure 18 in the Appendix visualizes MagDesk’s software design. Note that the
process above describes the procedures of tracking a single magnet — multi-magnet tracking will be discussed in
Section 4.3.3.

3.3.2  Analytical Solver. To determine the poses of permanent magnets, MagDesk leverages an analytical solver
executing the LM algorithm, which solves non-linear least squares problems based on gradient descent [39].
Since the magnetic characteristics of spherical magnets can be accurately described by the dipole model, the LM
algorithm provides benefits over data-driven machine learning (ML) approaches for its faster execution speed and
adaptability to different magnet shapes and sizes without excessive training data. While machine learning could be
used for noise reduction and clustering functions, similar to the usage in imaging applications, the ML model has
to be retrained for different magnets and sensor configurations. Furthermore, the underlying mathematical model
of a dipole magnet has been thoroughly examined and verified by the physics community, and it is unlikely that
a learning approach can outperform the mathematical model. For MagDesk, the LM algorithm was implemented
in C++ using the Ceres Solver library, a speed-optimized non-linear solving library [5]. The C++ implementation
is exported using pybind11, allowing the function to be invoked by the MagDesk software pipeline written
in Python [26]. At each iteration of sensor reading updates, the solver uses the predicted magnet pose in the
previous cycle as the seed point, i.e., an initial estimate of the magnet’s state. Using the magnetometer readings,
sensor positions, and the previous 5-DoF coordinates of the magnet as inputs, the solver function generates a
new prediction of magnet pose.

3.3.3 Adaptive Filtering Pipeline. To compensate for inaccurate prediction when the signal-to-noise ratio (SNR)
between measured magnetic fields and sensor noise is low, MagDesk implements a filtering pipeline on top
of the analytical solver, combining a Kalman filter and a windowed moving average filter. The Kalman filter
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is applied to the output of the LM algorithm for smoothing the tracking path, while the moving average filter
suppresses high-frequency noises in the filter prediction [7]. However, a fixed set of parameters for the Kalman
and averaging filter is suboptimal as the expected prediction error varies with tracking heights, magnet sizes, and
estimated speeds. The same magnet incurs a larger error at higher heights above the table as the SNR decreases.
Compared to a smaller magnet, a larger one with a stronger dipole moment results in lower errors at the same
height. To tackle a large tracking error, when the magnet moves slowly, the estimated poses could be averaged
over a longer time frame, further improving the tracking performance. Note that the delay resulting from the
moving average would degrade tracking performance when the magnet moves fast. Therefore, MagDesk adopts
an adaptive filtering pipeline, the schematics of which are visualized in Figure 19 in the Appendix.

During the preparation phase, for each magnet size, the average stationary position and angle measurement
errors at various heights are measured and extracted with 5 cm intervals. Then, cubic interpolation is performed
between error values at 5 cm increments. In each iteration, the analytical solver predicts the unfiltered magnet
height h;. Next, the average position and angle measurement errors Err, at height h, are estimated using the
cubic interpolation. The measurement noise of the Kalman filter is updated based on the estimated average
tracking error, i.e., different variances for position (3-DoF) and orientation (2-DoF), after which the Kalman filter
is applied. Then, the current linear and angular speeds v; are estimated using the last 0.6 sec of the predicted
tracking path. More specifically, the magnet poses between [f,t — 0.3] and [t — 0.3, — 0.6] are averaged to
minimize prediction noise, and the subtracted displacement is divided by a 0.3 sec time duration to estimate the
instantaneous speed v;. Next, the window size of the averaging filter is updated based on the estimated magnet
speed v; and average measurement error Err;. The window size is capped at 0.5 sec to limit the maximum delay,
i.e., At = max(Errs/v;,0.5). The program applies the moving average filter with the updated window size and
updates inputs to the analytical solver for the next iteration.

The improvement of the adaptive filtering pipeline over the raw outputs from the LM algorithm is discussed
in Section 4.2.2. The filtering parameters and tracking performance for various magnet sizes are discussed in
Section 4.3.2.

4 Technical Evaluation

To evaluate the tracking accuracy of the analytical solver and adaptive filtering pipeline, a benchmarking tool was
developed to compare the magnet pose prediction to the ground truth measurement. In the following sections,
Section 4.1 describes the hardware setup for technical evaluation; Section 4.2 presents the tracking performance
for a single magnet; Section 4.3 explores a few experiments on the effects of (1) magnet movements, (2) magnet
sizes, (3) magnet separations, and (4) magnetometer array density on the tracking performance.

4.1 Experiment Setup

To evaluate the tracking performance of MagDesk, a benchmarking tool was developed using the HTC Vive
system with individual Vive Trackers (3.0) attached to the magnets as ground truth references [17]. To construct
a reference frame with respect to MagDesk, a Vive Tracker was attached to each of the four corners of MagDesk
using 3D-printed stands, shown in Figure 4c. Four SteamVR Base Station 2.0, which emit a pattern of infrared
light, were placed around MagDesk as lighthouses for inside-out tracking. To rigidly affix the spherical magnets
to Vive Trackers, 3D-printed attachment tools were designed for various magnet sizes, as shown in Figure 4a.

For all magnet sizes, the centroid of the magnet, i.e., the center of the magnetic dipole, was positioned 100 mm
away from the tracker’s origin, with the magnet’s north pole aligning to the tracker’s z-axis. Figure 4b shows the
assembled attachment tool with a 3/4"-diameter magnet.
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Fig. 4. (a) 3D-printed attachment tools for four magnet sizes: 1/2", 5/8", 3/4", and 1" diameter. (b) Assembled testing device
with a 3/4"-diameter magnet attached to a Vive Tracker. (c) Vive Tracker attached to the table corner using a 3D-printed
stand to correlate Vive’s reference frame with MagDesk’s.
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Fig. 5. (a) Selected testing locations and path for evaluating MagDesk’s tracking performance. (b) Magnet locations and
poses for evaluating the position and orientation accuracy when the magnet is stationary and in motion.

4.2 Single-Magnet Tracking Performance

4.2.1 Evaluation Methods. To determine MagDesk’s accuracy in tracking a single object, a 3/4 in. (19 mm)-
diameter spherical magnet was selected as the baseline condition. With the Vive Tracker attached, the magnet was
positioned at five predetermined locations above MagDesk, as indicated in Figure 5a. To evaluate the 3D position
accuracy, the magnet was held stationary at each of the five locations with its magnetic dipole pointing downward
perpendicular to MagDesk (Figure 5b-1). To evaluate the orientation accuracy, the magnet was fixed stationary
at points 1 - 5 with its north magnetic pole pointing towards [-z, -X, y, X, -y] in MagDesk’s reference frame, as
visualized in Figure 5b-2. The tracking performance was evaluated at various heights above MagDesk every 5 cm.
For each height, testing location, and magnet orientation, the 3-axis sensor readings from 112 magnetometers
and the ground truth poses from the Vive Tracker were collected for 5 seconds. i.e., around 160 samples.
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(a) Position Error of a Stationary Magnet (b) Orientation Error of a Stationary Magnet
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Fig. 6. Positional (a) and orientational (b) error of tracking a stationary magnet for heights up to 600 mm, compared with
results from prior works. Both the raw outputs from the analytical solver and the improved results after applying the adaptive
filtering pipeline are presented.

After the measurements were collected, for each 5-second group of data, an analytical solver was invoked with
the predicted pose from the previous cycle being used as the seed point for the subsequent iteration, achieving
continuous tracking. For each sample, the position error is calculated by subtracting the predicted 3D coordinates
from the ground truth. The orientation error is derived from the angle between the 3D vectors formed by
the predicted north magnetic pole and the Vive Tracker’s z-axis. The average stationary position and angle
measurement errors based on the unfiltered solver prediction were calculated at each height and interpolated, as
shown in the preparation phase of the adaptive filtering pipeline (Figure 19b in the Appendix). With the Kalman
filter and moving average filter updated with the unfiltered position and angle errors of the particular magnet
size, the analytical solver was executed again on all collected magnetometer readings with the adaptive filtering
pipeline. Then, the improved position and orientation tracking accuracy were recalculated.

4.2.2  Evaluation Results. The position and orientation errors of tracking a single magnet are plotted in Figure 6,
along with results from prior works. The annotated values show the tracking performance with the adaptive
filtering pipeline. Each data point represents approximately 800 samples for position error and 2500 samples
for orientation error. Compared with the raw outputs from the analytical solver, the filter decreases the average
position error by 56.2% and orientation error by 51.3% across all heights. Near the table surface, MagDesk achieves
positional and orientational accuracy of 2.49 mm (SD: 0.47 mm) and 0.72 deg (SD: 0.38 deg), respectively. The
maximum trackable height reaches 600 mm while maintaining stable and continuous tracking, with an average
position and orientation error of 14.40 mm (SD: 12.28 mm) and 2.25 deg (SD: 1.69 deg) across the entire sensing
range. Compared with prior works [10, 44] that explored 3D tracking of permanent magnets, MagDesk provides
a longer sensing range and higher tracking accuracy. Within the 300 mm tracking range demonstrated in prior
works, MagDesk achieves average positional and orientational error of 3.14 mm (SD: 1.52 mm) and 0.99 deg (SD:
0.53 deg), performances suitable for fine-grained interactive applications. For an intuitive visualization of the
tracking performance, the ground truth and predicted magnet positions and orientations collected during the
evaluation are visualized for every 10 cm height in Figure 20a-b in the Appendix.
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(a) Position Error of a Moving Magnet (b) Orientation Error of a Moving Magnet
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Fig. 7. Positional (a) and orientational (b) error of tracking a magnet moving at various speeds for heights up to 600mm.

Average Error across Error Increase compared Improvement by

Error Type Magnet Speed Sensing Range to Stationary Filtering Pipeline
Position 0 mm/s 14.40 mm (SD: 12.28 mm) 0% 56.2%
Position 20 mm/s 16.16 mm (SD: 13.68 mm) 12.2% 51.2%
Position 50 mm/s 17.93 mm (SD: 13.48 mm) 24.5% 46.5%
Position 100 mm/s 20.70 mm (SD: 13.74 mm) 43.7% 39.9%
Position 500 mm/s 36.53 mm (SD: 22.00 mm) 153.7% 11.8%
Orientation 0 deg/s 2.25 deg (SD: 1.69 deg) 0% 51.3%
Orientation 60 deg/s 5.63 deg (SD: 3.79 deg) 150.6% 14.8%

Table 1. Summary of the average position and orientation error across the entire sensing range for a moving magnet.

4.3 Tracking Experiments

The following sections describe several experiments to quantify the localization performance of MagDesk for (1)
a magnet in motion, (2) magnets of different sizes, (3) multiple magnets, and (4) sparser magnetometer array
density.

4.3.1  Effects of Magnet Movements. To demonstrate MagDesk’s usability as a tracking platform for user inter-
actions, its tracking performance while the magnet moves at various speeds was evaluated. Four translation
speeds were selected, with corresponding scenarios in 3D VR/AR applications: 20 mm/s (handwriting), 50 mm/s
(3D drawing), 100 mm/s (object manipulation), and 500 mm/s (swinging lightsaber). One rotation speed, 60 deg/s,
which corresponds to turning a dial, was evaluated. For translation movement, the assembled 3/4"-diameter
magnet and Vive Tracker were moved along the testing path indicated in Figure 5a with the magnetic dipole
pointing downward perpendicular to MagDesk (Figure 5b-3). For rotation movement, the magnet was rotated
horizontally around each of the five test points for three revolutions in a 3D-printed holder (Figure 5b-4).

The position and orientation errors are plotted in Figure 7, along with results from the stationary measurement.
Table 1 summarizes the results for each magnet speed, including the average tracking error across the 600 mm
sensing range, the increased error compared to a stationary magnet, and the improvements by the filtering pipeline
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(a) Position Error for Various Magnet Sizes (b) Orientation Error for Various Magnet Sizes
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Fig. 8. Positional (a) and orientational (b) error of tracking magnets of various sizes. For each magnet, the errors are plotted
up to their maximum trackable range.

Magnet Tracking Average Error across Average Error Improvement
Error Type Diameter Range Sensing Range up to 450 mm by Filtering
Position 1/2" 450 mm  16.66 mm (SD: 14.31 mm) 16.66 mm (SD: 14.31 mm) 51.5%
Position 5/8" 550 mm  16.83 mm (SD: 14.93 mm)  9.04 mm (SD: 7.22 mm) 54.9%
Position 3/4" 600 mm  14.40 mm (SD: 12.28 mm)  5.46 mm (SD: 3.67 mm) 56.2%
Position 1" 700 mm  17.74 mm (SD: 16.59 mm)  5.66 mm (SD: 2.64 mm) 24.1%
Orientation  1/2" 450 mm  3.67 deg (SD: 3.23 deg)  3.67 deg (SD: 3.23 deg) 47.5%
Orientation 5/8" 550 mm 3.62 deg (SD: 3.39 deg) 2.02 deg (SD: 1.51 deg) 45.4%
Orientation 3/4" 600 mm  2.25 deg (SD: 1.69 deg) 1.39 deg (SD: 0.86 deg) 51.3%
Orientation 1" 700 mm  2.66 deg (SD: 2.23 deg) 1.32 deg (SD: 0.83 deg) 25.5%

Table 2. Summary of the average position and orientation error for spherical magnets of various sizes.

compared to the raw solver predictions. The results suggest that the filtering pipeline is effective at reducing
tracking errors for various speeds and that the tracking performance is adequate for interactive applications,
even for fast-moving objects. Note that at lower heights, i.e., below 300 mm, the larger position errors for 500
mm/s speed are mainly attributed to the delay resulting from the 32.1 Hz update rate (31.2 ms duration). For
below 300 mm, the average position error is 3.14 mm for a stationary magnet and 16.12 mm for a magnet moving
at 500 mmy/s. The 12.98 mm difference corresponds to a 26.0 ms delay for 500 mm/s movement speed, matching
the delay resulting from the update rate. For an intuitive visualization of the tracking performance, the ground
truth and predicted magnet positions and orientations collected during the tracking experiments are visualized
for every 10 cm height in Figure 20c-d in the Appendix.

4.3.2  Effects of Magnet Sizes. According to the dipole model, the spatial distribution of magnetic flux density
around a spherical magnet is solely characterized by the strength of its dipole moment. With known magnitudes
of dipole moments, MagDesk’s analytical solver can accurately determine the pose of magnets of various shapes
and sizes. A larger magnet with a stronger dipole moment has a higher SNR as measured by the magnetometer
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array, resulting in a lower prediction error and longer tracking range. Conversely, while a smaller magnet
with a weaker dipole moment has a limited tracking range, its compact size and lower weight allow it to be
integrated into daily objects more discreetly. To determine the effects of magnet sizes on tracking performance,
the evaluations in Section 4.2.1 were repeated for N42-grade spherical magnets of three other sizes (1/2 in., 5/8
in., and 1 in. diameter), the specifications of which are listed in Table 6 in the Appendix with the baseline magnet
size highlighted.

The position and orientation errors of tracking magnets of four sizes are plotted in Figure 8 up to their respective
maximum trackable range. Table 2 summarizes the results for each magnet size, including its maximum tracking
height above the table surface, the average error across its entire sensing range and up to 450 mm, and the
improvements by the filtering pipeline. The results indicate that the maximum trackable height increases with the
magnet size, with the largest 1" magnet achieving a 700 mm range. At the same height, a larger magnet generally
has lower tracking errors, and the dependency is more significant at higher heights, i.e., above 300 mm, as shown
in Figure 8. The average errors up to 450 mm listed in Table 2, i.e., the maximum range attained by the smallest
1/2" magnet, also validate this trend. The results also suggest that the filtering pipeline is effective at reducing
tracking errors for different magnet sizes and dipole strengths. In summary, to achieve the maximum sensing
range, an interactive application should choose a larger magnet as the tracker. Note that the 64.4 g weight of the
heaviest 1" magnet (Table 6 in the Appendix) is still lighter than a typical VR tracker, e.g., the Vive Tracker (3.0)
weighs 75 g and requires a rechargeable battery. On the other hand, for applications that demand less tracking
range but are space-constrained, a smaller magnet could be used. Even the smallest 1/2" magnet weighing 8.05 g
achieves 5 mm position accuracy and 2 deg orientation accuracy up to 200 mm.

4.3.3  Multi-Magnet Tracking. The expansive surface area of MagDesk provides opportunities for simultane-
ous multi-object tracking. While multiple spherical magnets could be tracked individually by segmenting the
magnetometer array into regions, the magnetic field distributions surrounding the magnets overlap and disturb
each other when two magnets are in close proximity. To evaluate the effects of magnet separations on tracking
performance, an experiment was conducted with two 5/8"-diameter magnets. The two magnets, each attached
to a Vive Tracker, were moved randomly near the MagDesk surface, i.e., within 100 mm, while being rotated
simultaneously, and the magnetometer readings and ground truth poses from the two trackers were collected
for 10 minutes. The two magnets were brought as close to each other as possible without being physically
attracted. After the measurements were collected, an analytical solver was invoked for each magnet, denoted
as the one-magnet solver. For a 5/8" magnet, the maximum tracking range of 550 mm, as indicated by Table 2,
suggests that the magnetic field at more than 600 mm away from it is indistinguishable from the background noise.
Therefore, to minimize the disturbance to the sensor readings caused by a nearby magnet, only the magnetometers
within a 300 mm horizontal radius are used for each one-magnet solver, instead of the entire magnetometer array.
The position and orientation errors with the one-magnet solver are visualized in Figure 9 as the solid lines.
The plot suggests that the average errors start to increase after the magnets are brought to within approximately
400 mm of each other, as indicated by the dashed green line. The maximum position error peaks at around 80 mm
separation, which roughly corresponds to the 100 mm spacing between adjacent magnetometers. Within the 100
mm sensor spacing, the analytical solver is unable to resolve the magnetic field of individual magnets and has a
higher chance of identifying the two magnets as one. This could be verified by the slight drop in position error
between 80 mm and 30 mm, i.e., the average error is around 35 mm when the two magnets are 30 mm apart.
To improve the tracking performance when two magnets are close together, MagDesk adopts an analytical
solver that simultaneously tracks two magnets, i.e., the two-magnet solver. This alternative solver accepts the
poses from both magnets as seed points and predicts two sets of 5-DoF position and orientation information.
The analysis was re-executed with the new solver using the readings from the entire magnetometer array, the
results of which are visualized in Figure 9 as the dashed lines. The plot suggests that the two-magnet solver has
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Fig. 9. The average positional and orientational errors of tracking two 5/8"-diameter magnets using the one-magnet, two-
magnet, and combined solver when they are spatially separated by various distances.

Magnet Size Horizontal Radius Threshold Distance

1/2" 250 mm 350 mm
5/8" 300 mm 400 mm
3/4" 350 mm 450 mm

1" 400 mm 500 mm

Table 3. The range of magnetometers used by magnets of various sizes for multi-magnet tracking and the threshold for
switching between one- and two-magnet solvers.

indistinguishable performance compared to the one-magnet solver for distances beyond 400 mm while improving
the accuracy substantially at closer distances. The solver achieves average positional and orientational accuracy
of 11.18 mm and 2.54 deg, respectively, even if the two magnets are as close as 30 mm apart.

To allow MagDesk to track an arbitrary number of magnets, a combined solver was implemented that automat-
ically switches between the two types of solvers when a threshold distance is crossed. The threshold is set to
400 mm for 5/8" magnets. The performance of the combined solver is visualized as the dotted lines in Figure 9.
Its accuracy closely aligns with the two-magnet solver at smaller linear separations while providing flexibility
with the number of trackable magnets on the table. With the combined solver, when there are multiple magnets,
MagDesk automatically segments the magnetometer array into regions based on a set horizontal radius around
each magnet depending on the strength of its dipole moment, i.e., a stronger magnet will affect sensors within a
larger area. When two magnets of the same size are brought within a threshold distance, the algorithm merges
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(a) Position Error with Different Magnetometer Densities (b) Orientation Error with Different Magnetometer Densities
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Fig. 10. Positional (a) and orientational (b) error of tracking a stationary magnet with different magnetometer array densities.
For each density, the errors are plotted up to the corresponding maximum trackable height.

Maximum Height for
Magnetometer Sensor Array Tracking Average Error across 20 mm or 2 deg
Spacing Density Range  Error Type Sensing Range Average Error
100 mm 9.29 / ft? 600 mm Position 14.40 mm (SD: 12.28 mm) 550 mm
Orientation  2.25 deg (SD: 1.69 deg) 550 mm
200 mm 2.32 / ft? 500 mm Position  13.91 mm (SD: 12.31 mm) 450 mm
Orientation  2.91 deg (SD: 2.51 deg) 450 mm
300 mm 1.03 / ft? 500 mm Position 17.64 mm (SD: 14.56 mm) 400 mm
Orientation  3.93 deg (SD: 3.27 deg) 400 mm

Table 4. Summary of the average position and orientation error for various magnetometer array densities.

the set of magnetometers affected by both magnets and invokes a two-magnet solver instead. Table 3 shows the
horizontal radius and threshold distance for four magnet sizes.

4.3.4 Magnetometer Array Density. The magnetometer array employed by MagDesk has a 10 cm horizontal
spacing between adjacent sensors. Prior works [10] demonstrate that a denser sensor array results in higher
tracking accuracy for magnetic sensing. To evaluate the effects of magnetometer array density on tracking
performance, the measurements collected in Section 4.2.1 for the 3/4"-diameter magnet were re-analyzed with
two sparser sensor densities. i.e., 20 cm and 30 cm spacing. Only a subset of magnetometers were used as inputs
to the analytical solver, i.e., 32 magnetometers for 20 cm spacing and 18 magnetometers for 30 cm spacing.

The position and orientation tracking errors with various magnetometer densities are plotted in Figure 10.
Table 4 summarizes the results for each array density, including its maximum tracking height above the table
surface, the average error across its entire sensing range, and the maximum height while maintaining 20 mm and
2 deg average accuracy. Figure 10 indicates that the maximum trackable height and the average accuracy at each
height decrease with sparser array densities. However, even with the sparser 200 mm and 300 mm sensor spacing,
MagDesk still achieves a 500 mm tracking range, a minor decline compared to the 600 mm baseline. The maximum
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Number of Magnet

Tangible Primitive Magnets Size Tracking DoF Output Type Output Range
Stylus 1 3/4" 3D position + 2D angle Binary On/Off
Button (momentary) 1 5/8" 2D position Binary On/Off
Button (toggle) 1 5/8" 2D position Binary On/Off
Switch 2 5/8" 2D position + 1D angle Binary On/Off

Slider 2 5/8" 2D position + 1D angle  Numerical 0 - 300 mm

Knob (absolute) 1 5/8" 2D position Numerical -180° - +180°

Knob (relative) 2 5/8" 2D position + 1D angle =~ Numerical ~ -180° - +180°

Hinge 2 5/8" 2D position + 1D angle = Numerical = -180° - +180°

Table 5. Summary of the eight primitives for tangible interactions.

height below which MagDesk maintains a 20 mm average positional accuracy and 2 deg average orientational
accuracy is 550 mm for the default density, 450 mm for 200 mm spacing, and 400 mm for the sparsest 300 mm
spacing. Note that even with the 300 mm spacing and 1/9 of the magnetometers, MagDesk attains 10 mm position
accuracy and 2 deg orientation accuracy up to 250 mm (Figure 10). With approximately one magnetometer per
square foot ($1.56 each at 100 units), MagDesk’s sensing approach provides an expandable and low-cost solution
for accurate 3D object tracking for areas scalable up to room- or warehouse-size.

5 Tangible Interactions

With the 3D tracking capabilities provided by MagDesk, a set of eight tangible primitives was designed with one
or two spherical magnets embedded in 3D-printed gadgets to enable tangible interactions.

5.1 Design of Tangible Primitives

The eight tangible primitives are listed in Table 5, including the number and size of the magnets and the type and
range of their outputs. The tangibles with two magnets employ the two-magnet analytical solver introduced
in Section 4.3.3. The stylus uses a 3/4" magnet and provides full 3D position and 2D orientation tracking. The
other primitives use 5/8" magnets and provide 2D position tracking near the MagDesk table surface with an
additional horizontal angle for devices with two magnets. All magnets are affixed to the tangibles through the
attachment tools shown in Figure 4a. The image of the eight tangible primitives is shown in Figure 11a, while
their operations are shown in Figure 11b.

Stylus (Figure 11a-1, b-1) The stylus utilizes a 3/4"-diameter magnet attached to a 3D-printed stem with its
north pole oriented parallel to the stylus and pointing toward the tip. A cone encapsulates the magnet with a
vertex 20 mm away from the magnet’s center. A spring-loaded protrusion is positioned at the end of the stylus
110 mm from the magnet’s center, which simulates the function of an eraser.

Button - momentary (Figure 11a-2, b-2) The momentary button contains a 5/8" magnet in its spring-loaded
upper compartment, with a 15-mm vertical travel distance. When the button is depressed for more than 10 mm,
an ON input will be registered (Figure 11b-2[2]). When the button is released, the spring will extend the button
to its original state, registering an OFF signal (Figure 11b-2[3]).

Button - toggle (Figure 11a-3, b-3) The toggle button is similar to the momentary button but with the addition
of alocking mechanism. When the user twists the upper part counter-clockwise after the button is fully depressed,
the button will be locked to its ON position under the force of the spring (see Figure 11b-3 inset). The reverse
motion will unlock the button and return it to the original state.
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Fig. 11. (a) Image of the eight 3D-printed tangible primitives; (b) Schematics of the tangibles demonstrating their operations,
with the polarity of the embedded spherical magnets highlighted.

Switch (Figure 11a-4, b-4) The switch is a binary input device that detects the relative positions of two 5/8"
magnets instead of the absolute height of a single magnet, as in the case of buttons. The distance between the two
magnets ranges from 50mm (Figure 11b-4[1]) to 90mm (Figure 11b-4[2]). An ON input will be triggered when
the movable magnet is slid more than halfway out of the 40 mm travel range. The sliding mechanism contains
3D-printed tension springs to lock the moving magnet to one of the two positions.
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Slider (Figure 11a-5, b-5) The slider tangible generates a numerical value from 0 mm (Figure 11b-5[1]) to 300
mm (Figure 11b-5[3]) based on the relative positions of two 5/8" magnets. The magnet at the base has its north
pole positioned parallel to the slider, which also indicates the orientation of the tangible device. The second
magnet slides on a laser-cut transparent acrylic sheet with markings engraved at every millimeter. The separation
of the two magnets varies from 50 mm to 350 mm and is mapped to the 300 mm output range.

Knob - absolute (Figure 11a-6, b-6) The first design of the knob (absolute) contains a single 5/8" magnet
positioned at the center of a rotatable upper part. The knob generates a numerical value from -180° to +180° based
on the magnet’s absolute horizontal orientation in MagDesk’s coordinate frame, which is visually indicated by a
3D-printed arrowhead attached to the turning upper part. There are also markings at every 15 deg on the knob’s
lower part for visual reference.

Knob - relative (Figure 11a-7, b-7) The second design of the knob (relative) is modified from the first with an
additional magnet affixed to the base of the knob, 56mm away from the turning magnet. The output value of the
knob is determined by the relative angle between the two magnets. With this design, when the entire knob is
rotated or moved on MagDesk, the output angle will remain the same, as the relative orientations of the magnets
do not change.

Hinge (Figure 11a-8, b-8) The hinge tangible is similar to the knob (relative) but with the two magnets placed
on the two branches of the hinge. Cutouts at the end of each arm allow the user to use the hinge as a protractor
for measuring angles. The relative distance between the two magnets ranges from 100 mm when the hinge is
fully closed (0°) to 164 mm when the hinge is fully opened (£180°).

5.2 Accuracy Evaluation

5.2.1 Evaluation Procedures. The accuracy and usability of the eight tangible primitives were evaluated individu-
ally. The evaluations of the (1) stylus and (6) knob (absolute) are omitted as they are functionally identical to
individual magnets, whose positional and orientational accuracy have been analyzed comprehensively in Section
4.3.2. For the remaining tangible primitives, those with binary outputs, i.e., (2) button (momentary), (3) button
(toggle), and (4) switch, were toggled 40 times on MagDesk’s surface at each of the five testing locations shown
in Figure 5a.

The tangibles that output numerical values, i.e., (5) slider, (7) knob (relative), and (8) hinge, were evaluated at the
center of the table. The slider was adjusted manually using the engraved markings on the tangible as references,
and measurements were taken for 5 seconds at every 10 mm. Similarly, the knob (relative) was adjusted using
only the 3D-printed markings around the circumference of its base, with measurements taken for 10 seconds
at every 15 deg. The hinge was evaluated in the same way as the knob, but its two arms were visually aligned
to grids on a printed polar graph paper. Note that for all evaluations, MagDesk maintained continuous 5-DoF
tracking for the magnets in the tangibles in addition to generating their output values.

5.2.2  Evaluation Results. The three tangible primitives with binary outputs, i.e., button (momentary), button
(toggle), and switch, achieve 100% accuracy out of 200 samples. The measurements collected for the slider, knob
(relative), and hinge are visualized in Figure 12 against the ground truth values. The average distance error for
the slider is 1.03 mm (SD: 0.63 mm, N = 4950). The average angle error is 4.10 deg (SD: 2.86 deg, N = 7341) for
the knob (relative) and 0.65 deg (SD: 0.39 deg, N = 7245) for the hinge. Since the relative differences in distance
and angle between two magnets are used to generate tangible outputs, the average errors for both the slider and
hinge are lower than the absolute positional and orientational errors of tracking a single 5/8"-diameter magnet at
50 mm height, which are 2.21 mm and 0.74 deg, respectively, as shown in Figure 8. The average angle error for
the knob is higher at 4.10 deg, with a wider distribution of predicted measurements toward the +180° limit (Figure
12b). Because of the close proximity of the two magnets in the knob tangible, it becomes more challenging for
the two-magnet solver to distinguish them when their polarity aligns. Note that for all evaluations conducted in
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Fig. 12. Measurement accuracy of the (a) slider, (b) knob (relative), and (c) hinge tangibles, all of which involve two-magnet
tracking.

this section, the tangibles were manipulated in an open loop with only physical markings on them as references
to distance and angle. In an application that incorporates the tangibles primitives as controllers, the user could
potentially achieve higher accuracy if they have access to real-time measurement readings as feedback, i.e., a
closed-loop control.

5.3 Tangible Dashboard

To demonstrate the versatility and reconfigurability afforded by the tangible primitives, an interactive dashboard
was implemented in Unity to visualize the poses and states of the tangibles.

5.3.1 Design and Implementation. Figure 13a shows the software schematic of initializing and tracking multiple
tangible primitives. Seven initialization zones are defined on the MagDesk surface (Figure 13b). The two buttons
(momentary / toggle) share the same location, as they are functionally identical for tracking purposes. When a
user brings a tangible close to its corresponding initialization point (e.g., within 15 cm) that is not occupied by
another object, the algorithm detects a new local maximum exceeding a threshold value in the magnitude of sensor
readings, registers one of the seven types of tangibles, and creates a new instance of the analytical solver using
that location as the seed point. Then, the software maintains continuous tracking of the newly added tangibles
using the range of magnetometers specified in Table 3. Note that for tangibles with two spherical magnets, the
two-magnet analytical solver will always be applied, and their positions and orientations are determined by
interpolating the coordinates of the two embedded magnets. In addition, the software automatically groups two
single-magnet tangibles with the same magnet size that are close to each other, e.g., two styluses or buttons, and
applies the two-magnet solver.

To visualize the poses and states of the tangibles, the software pipeline sends the coordinates of the tangibles
to a Unity program, as shown in Figure 13d. The Unity interface contains a complete 3D virtual representation of
the table and all the tangibles on it. A projector mounted above MagDesk displays each tangible’s output state
beside it, i.e., binary or numerical values, while a separate monitor visualizes the entire setup (Figure 13c). As the
user manipulates a tangible, the displayed value moves along it and updates in real-time.
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Fig. 13. A reconfigurable dashboard interface implemented using the tangible primitives. (a) The software schematic of
initializing and tracking the tangible objects; (b) Seven locations defined on the MagDesk surface as the initialization zones;
(c) Photo of several tangible primitives placed on MagDesk, with the output value projected beside the slider tangible; (d)
Unity interface showing the same set of tangibles being tracked and visualized simultaneously in real-time.

5.3.2  Discussions and Limitations of the Tangible Dashboard.

Minimum Spacing between Tangibles. While MagDesk is able to robustly localize five tangibles with eight spherical
magnets in real-time, as shown in Figure 13d, the minimum distance between adjacent tangibles presents a
limitation on the maximum number of objects that could be tracked simultaneously. The two-magnet analytical
solver introduced in Section 4.3.3 only accepts two magnets with the same dipole moment as input parameters.
Therefore, in the current dashboard interface, two single-magnet solvers will be applied to two tangibles with
different magnet sizes, e.g., a stylus and a button, even if they are in close proximity. In addition, MagDesk does
not have separate solvers for more than two magnets. As a result, if three or more magnets are closer than the
Horizontal Radius defined in Table 3, e.g., 300 mm for 5/8" magnets, their magnetic fields will have visible effects
on each other, and the tracking accuracy will decrease. For future works, analytical solvers for more than two
magnets (n-magnet solvers) that accept multiple different dipole moments as inputs could be implemented to
offer more flexible positioning for multi-magnet tracking.

Predefined Initialization Zones. Since the analytical solver cannot distinguish between different types of tangibles
or magnets of various strengths by itself, the dashboard interface specifies multiple initialization zones to which
the user has to bring the tangibles close. Future works could reduce the user’s burden by implementing a machine-
learning model that automatically classifies the types of tangibles or sizes of magnets based on their magnetic
signatures as they are added to the table.
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Fig. 14. 3D drawing interface controlled by magnetic tangibles. (a) The setup with a stylus for drawing 3D traces and a
button tangible for controlling the activation of digital ink; (b) Traces drawn by the magnetic stylus both on 3D surfaces and
in the air; (c) Top-down view showing a pair of wings attached to the bunny 3D model; (d) 2D sketches created by users on
MagDesk surface.

6 Applications of MagDesk

The previous sections discussed the technical capabilities of MagDesk, highlighting its ability to track both a
single magnet and multiple magnets simultaneously, along with specially designed tangible primitives. To assess
if these capabilities are conducive to interactive user interfaces, several demo applications were developed and
subjected to user testing. These applications include interactive 2D and 3D drawing tools, as well as various
interactive games on a projection surface that utilize the tangible primitives.

6.1 3D Painting

MagDesk’s accurate real-time tracking and large sensing volume present opportunities for 3D creativity by
replacing traditional VR trackers and controllers [22] with magnetic tangibles. MagDesk’s potential for 3D artistic
creation was demonstrated through a 3D painting application implemented in Unity and controlled by tangible
primitives introduced in Section 5.1. Figure 14a shows the physical setup, including a stylus for drawing 3D
traces and a button for activating the digital ink, while Figure 14b-c visualize traces drawn by the magnetic stylus
both on arbitrary 3D surfaces and in the air. In addition, Figure 14d shows example sketches created by users
with the drawing application, demonstrating MagDesk’s potential for artistic creation.

6.1.1 User Evaluation. Due to the challenges associated with quantitatively measuring MagDesk’s accuracy at
capturing user intentions, the first set of evaluations has been simplified to tracing the outlines of predetermined
shapes using the magnetic stylus (Figure 11a-1). Then, assuming that the participants faithfully attempted to follow
the predetermined shapes, we compared the output drawing of MagDesk to the predefined ground truth image.
Another challenge is that creating three-dimensional paths for participants to trace easily is non-trivial. Therefore,
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Fig. 15. User evaluation where the users traced the outline of a bunny in (a) horizontal and (b) vertical orientations. (a-1) and
(b-1) show the physical setup for the evaluation. (a-2) and (b-2) show the raw and smoothed MagDesk stylus traces drawn
by a user alongside the ground truth,

this evaluation was broken up into several sub-tasks, where participants were asked to draw in orthogonal planes
covering MagDesk’s tracking volume, i.e., one directly on MagDesk’s table surface and the other set up vertically.
While this method allows for easy quantitative measurement of the system’s drawing accuracy, later subsections
gave participants the opportunity to draw freehand in 3D without prompts or restrictions, after which qualitative
feedback was solicited to understand their perceptions of the drawing capabilities of MagDesk.

Evaluation Setup. For the quantitative evaluation, a vector image of a bunny was lightly engraved onto a 40 cm x
40 cm acrylic sheet as a visual reference for the user. The pattern measures 30 cm x 30 cm and is centered on the
sheet, as visualized by the light blue traces in Figure 15a-2 and b-2. The setup for the tangible dashboard was
adapted for the user evaluation, and the user traced the outlines in both horizontal (Figure 15a-1) and vertical
(Figure 15b-1) orientations. The stylus traces were projected directly onto MagDesk in real-time while the drawing
board was flat on the table surface, and were displayed on the monitor while the board was positioned vertically.
In the vertical orientation, the bunny pattern covers z-heights from 50 mm to 350 mm above the table surface.
Eight users participated in the study.
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Analysis and Results. To calculate the average error between the ground truth and stylus traces, the 3D coordinates
of the stylus tip were projected onto the x-y plane for the horizontal orientation and the x-z plane for the vertical
orientation. Then, the directed 2D Hausdorff distance between the stylus tip and ground truth, i.e., the shortest
distance from the MagDesk-predicted coordinate to any part of the bunny pattern, was computed at each frame
and averaged. On average, each stylus trace contains around 3200 data points, corresponding to 100 seconds of
drawing duration.

Across all eight users, the average error is 0.73 mm (SD: 0.61 mm) for horizontal and 1.38 mm (SD: 1.26 mm) for
vertical, as visualized in the red dotted traces in Figure 15a-2 and b-2. Note that both values are lower than the
absolute positional error of tracking a single 3/4 in.-diameter magnet at 50 mm height, which is 2.49 mm. This
increased accuracy could be attributed to the fact that the tracking error in the axis perpendicular to the drawing
plane is discarded to form a 2D projection. In addition, since coordinates in a drawing scenario form continuous
traces instead of discrete points, noise reduction techniques such as cubic spline smoothing could be applied to
improve the results, as visualized by the orange curves in Figure 15a-2 and b-2, which are common vectorization
approaches used by many existing drawing applications.

6.1.2 Discussion. The previous section covered the quantitative measurement of 3D drawing accuracy. This
section qualitatively assesses whether users found MagDesk effective as a drawing tool. After completing the
tracing tasks, participants spent 3-5 minutes drawing freehand (one up to 10 minutes) and then rated the interface’s
intuitiveness, expressiveness, and effectiveness on a 1-7 Likert scale. At the study’s conclusion, participants
provided general feedback, which was transcribed and verified. The feedback was thematically analyzed to
identify user perception trends.

Our study participants enjoyed sketching with the drawing interface and were able to express themselves
artistically, with an example of user creation shown in Figure 14d. On average, the users rated 6.88 out of 7 (SD:
0.35) for its intuitiveness, 6.13 (SD: 0.84) for expressiveness, and 6.13 (SD: 0.84) for effectiveness. Out of the 19
comments we collected, three directly relate to the positive user experience. The users compared the interface to
whiteboard drawing and commented that the stylus has a familiar form factor as a marker in terms of shape and
weight (U2).

Eleven comments (58%) are related to additional features the users desire in the drawing application, including
active sound feedback when the stylus touches the drawing surface to compensate for projector occlusion (U1,
U3, U4), customizable trace color and thickness (U6, U8), and stylus textures that are sensitive to and adjusted
based on the applied pressure or movement speed, i.e., thicker traces with higher pressure and thinner traces with
higher velocity (U2, U5, U7). These suggestions are out of scope in the context of magnetic tracking and reflect
areas for future enhancements to build a full-fledged drawing application. We interpreted them as evidence that
MagDesk supports effective 3D drawing, and users prefer more functionalities to suit their personal needs.

The open-ended questions revealed two main drawbacks in the tracking capabilities of MagDesk, as identified
from 19 comments. Firstly, users noted a latency issue in the drawing pipeline during fast stylus movements,
with a noticeable delay between the stylus movement and the projected visualization (U3, U8). This latency
is primarily caused by the data transfer and visualization of the magnet coordinates rather than the tracking
pipeline itself. As discussed in Section 3.3.1, the combined data acquisition and solver prediction time stays within
the 32.1 Hz update cycle. On average, collecting sensor readings from the 112 magnetometers requires 14.68
ms, and predicting the magnet coordinates using the analytical solver with its Python wrapper requires 7.61 ms.
Therefore, the observed delay does not reflect the inherent limitation of MagDesk and could be further minimized
through software engineering efforts.

Secondly, one user (U6) pointed out an issue with the refresh rate, stating that they could not sketch quickly due
to the refresh rate causing smooth curves to appear as individual line segments. MagDesk’s current implementation
uses a 32.1 Hz sampling rate to optimize for lower measurement noise and higher tracking accuracy. However,
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Fig. 16. A Tower Defense game implemented with MagDesk. (a) A tower game object with a 5/8" spherical magnet embedded
near the bottom. (b) The gameplay showing four towers placed on MagDesk and the projected game interface (inset:
screenshot of the game interface built in Unity).

the magnetometer (MLX90393) supports an update rate of up to 716.9 Hz with reduced noise performance. Future
work could explore an adaptive refresh rate, employing a higher frequency near the table surface to support
smoother user interactions and a lower frequency at height for more stable tracking.

6.1.3  Workshop Study for 3D Drawing. To further evaluate MagDesk’s ability to facilitate 3D creativity with
its large sensing volume, a workshop study was conducted with six participants to simulate a realistic tabletop
workspace environment. The participants were introduced to the functionality of the magnetic stylus (Figure
11b-1) and an additional button (Figure 11b-3) for activating the digital ink so that the stylus could generate
arbitrary 3D traces in midair. During the study, a large 3D-printed bunny with a 30 cm height was positioned at
the center of MagDesk, with its virtual representation being rendered on a monitor in front of the table (Figure
14a). In addition, an overhead projector would display any drawn trace onto the 3D-printed bunny as well as the
table surface. During the study, the participants sat in front of MagDesk with their normal seating positions and
were asked to (1) paint the back of the bunny with red ink and (2) cover both ears of the bunny with 3D traces in
the air, e.g., creating a pair of earmuffs, by toggling the tangible button. At the end of the study, they were given
opportunities to explore the interface freely and asked about their experience in terms of intuitiveness, usability,
and comfort on a 1-7 Likert scale.

All six participants were able to complete the tasks successfully. On average, the users rated 6.67 out of 7 (SD:
0.47) for the interface’s intuitiveness, 6 (SD: 0.58) for usability, and 6.5 (SD: 0.5) for comfort. The participants
commented that the combination of the stylus and button tangibles supports intuitive controls and that the
tracking range of MagDesk offers adequate space for 3D drawing.

6.2 Tangible Gaming

MagDesk offers opportunities for digital gaming by transforming game elements into trackable physical objects.
MagDesk’s potential for tangible gaming was demonstrated by a tower defense game implemented in Unity.
Tower defense is a popular strategy game in which players defend their headquarters against attacking enemy
waves by strategically placing defensive towers. Figure 16a shows the tower as a trackable game object with
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Fig. 17. A multi-player air hockey game (a) and a dashboard interface (b) implemented with MagDesk.

a 5/8 in. spherical magnet embedded in a custom-built structure. The magnet, with its north pole orientated
horizontally, is attached to the bottom of a central column that can rotate and lock into various heights, combining
a knob and slider from the tangible primitives (Figure 11b-5, b-6). The game interface was implemented in Unity
and displayed on the table surface by a projector mounted directly above MagDesk. The interface was scaled
such that its in-game unit corresponds to the physical dimension of MagDesk.

When the game initializes, four towers are placed at the four corners of MagDesk. Using these predefined
coordinates as the seed positions, MagDesk acquires the 5-DoF poses of the four magnets and tracks them
continuously using the approach described in Section 4.3.3. During the gameplay (Figure 16b), the enemies,
represented as white spheres with larger ones containing more hit points (HP), emerge from the edge of the
screen and move toward the player’s base, represented as the white cube in the center. To defend the base and
attack the enemy, the player has three options offered through manipulating the physical towers, i.e., changing
the magnets’ position and orientation:

e Moving a tower across the table surface changes its in-game coordinates.

o Rotating the central column changes the attack angle of the tower, represented by the orientation of the
projected orange circular sector.

e Varying the height of the tower by pulling on the central column changes its attack range, represented by
the size of the circular sector.

When an enemy enters the sector region of a tower, the tower automatically locks onto and shoots projectiles
toward the enemy until its HP reaches zero and is eliminated. In addition, a higher tower with a longer attach
range is programmed to have a lower rate of fire. This game mechanism encourages the player to strategically
place the towers and balance between their attach range and damage output. The player scores points when an
enemy is eliminated and loses points when it reaches the base. For every 100-point score increment, the game
advances to the next level with more challenging enemies and an increased spawn rate.

Additionally, two more interactive interfaces are explored. Figure 17a depicts a classic air hockey game, where
magnets are embedded in the physical paddles, and an overhead projector displays the air hockey puck, boundary
walls, and game elements such as the scoreboard. Here, the MagDesk system measures the magnetic field induced
by the magnet in the paddles using the array of magnetometers and calculates the locations of the two user
paddles. This data is sent over TCP/IP to the Unity game engine, which calculates gameplay and renders the
image of the puck. Figure 17b depicts an interactive dashboard memory game with the projector, and elements
are manipulated using the tangible stylus. All three of these interfaces were demonstrated at a university Class
Exposition where users were able to play the tangible games and compete against each other effectively.
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7 Conclusion

MagDesk’s ability to precisely and efficiently track passive magnets across expansive 3D spaces provides several
improvements over traditional tracking technologies, especially within interactive tabletop environments. Utiliz-
ing a dense array of low-cost magnetometers paired with an advanced signal processing framework, MagDesk
achieves exceptional accuracy in tracking and recognizing passive magnetic objects.

This system effectively overcomes common drawbacks associated with conventional tracking solutions, such
as line-of-sight occlusion and the need for ongoing battery maintenance of powered transmitters. Furthermore,
MagDesk significantly enhances the performance of magnetic tracking systems in terms of range and accuracy.
The evaluations conducted underscore MagDesk’s ability to reliably track multiple objects simultaneously in
real time, positioning it as a superior alternative to previous methodologies. The practical implementations of
MagDesk with several innovative tangible primitives and applications ranging from 3D drawing interfaces to
augmented reality games, demonstrate its adaptability and capacity to enhance user interaction with engaging
tangible interfaces. These attributes highlight MagDesk’s potential to enrich both everyday and professional
interactive environments.
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A Appendix
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Fig. 18. MagDesk’s software schematics, including the initialization phase and sensing loop.

@ Average Prediction @ Preparation
Error (mm or rad) [ (1) Measure the average prediction error at every 5 cm height ® ® @ 0]
2
[ (2) Perform cubic interpolation between error values o-o-o-o]
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L Iteration
A
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t-03 v
[ (4) Estimate the average interpolated position and angle errors Errg ]
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Fig. 19. Schematics of MagDesk’s adaptive filtering pipeline which combines a Kalman filter and windowed moving average
filter.
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(a) Ground Truth vs. Predicted Position of a Stationary Magnet  (b) Ground Truth vs. Predicted Orientation of a Stationary Magnet
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(c) Ground Truth vs. Predicted Position of a Moving Magnet (d) Ground Truth vs. Predicted Orientation of a Moving Magnet
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Fig. 20. Visualization of the ground truth and predicted position and orientation collected during the tracking experiments.
The results are plotted for heights from 10 cm to 60 cm every 10 cm. For (c), the path for 20 mm/s movement speed is plotted.
For (d), the dots in the scatter plot highlight the endpoints of vectors representing the ground truth and predicted orientation

as the magnet was rotated around fixed locations. For all plots, the overlapping and alignments between the ground truth
and prediction demonstrate high tracking accuracy.

Magnet Diameter Magnet Weight Dipole Moment

1/2" (12.7 mm) 8.05¢g 1.13 A-m?
5/8" (15.9 mm) 157 ¢g 2.20 A-m?
3/4" (19.0 mm) 27.2g 3.80 A-m?
1" (25.4 mm) 64.4¢g 9.01 A-m?

Table 6. List of magnet sizes evaluated for tracking performance.
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