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Abstract

Most research on augmented reality (AR) sandboxes has been done in geoscience
and related fields, specifically how sandboxes’ use in visualizing complex problems
can facilitate education and outreach. However, this research has been narrow in
scope and has yielded mixed results on the educational benefits of AR sandboxes.
Our work takes a different approach by exploring problems from physics, notably the
heat transfer equation and simple models from meteorology for predicting wind tra-
jectories. We constructed and demonstrated several interactive visualizations using
an augmented reality sandbox. This involved re-imagining how the sandbox could
be used as an input (e.g. having the sand represent conductivity instead of a topo-
graphical surface) and creating more complicated simulations than have been used in
previous work. By extending this technology to a new field, we aim to demonstrate its
potential for enhancing conceptual understanding in physics and to encourage further

exploration of augmented reality in science education.
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Chapter 1

Introduction

1.1 Augmented Reality

Augmented reality (AR) presents unique opportunities for human-computer inter-
action, scienti c research, and education. Because AR may be presented in many
di erent ways, people may experience it in multiple forms without recognizing the
commonalities between these experiences. Products like Apple's Vision Pro imag-
ine augmented reality as something which is worn, while other companies like Avalon
Holographics are creating technology that o ers users a way to view three-dimensional
scenes with real depth through holographics and light elds. Both of these technologies
are examples of emissive augmented reality | which, because they require expensive,
cutting-edge displays, are less accessible to laypeople and researchers. However, there

are other AR technologies that are much cheaper and easier to build with or develop



Figure 1.1: A diagram showing how the AR sandbox is constructed, (UC Davis, n.d.)

for. One example of this is an augmented reality \sandbox", which provides a cheap

and unique way to create interactive physical simulations.

1.2 Augmented Reality Sandboxes

Fundamentally, an augmented reality sandbox is made of up of three components:

~ A box with low sides lled about 2/3 of the way to the top with pale sand and
which comes to approximately waist height to facilitate manipulation of the

sand.
~ An image projector which is mounted above the box.

" A camera capable of creating a depth map of the sand below, also mounted

above the box.

The camera creates a depth map of the sand, which is then passed to software
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(see Figure 3.1). The software in the computer processes the data and outputs an
image (typically the result of some kind of shader or simulation) to the projector,

which is then projected back on to the sand. Since the sand is very pale, it takes on
the colours of the projection, creating the illusion that the sand has been coloured.
Users of the sandbox can move the sand with their hands or other tools, creating a

pleasing visual e ect as the projected image updates to re ect the new depth map.



Figure 1.2: The AR sandbox used for this research, housed in MUN's Al & Games

Lab



Chapter 2

Background & Related Work

2.1 Augmented Reality Sandboxes

The rst augmented reality \sandbox" did not use sand at all. Created by Hiroshi
Ishii of MIT's Media Lab and rst published about in 2004, the IllluminatingClay
and SandScape projects used clay and glass beads, respectively, along with a Minolta
Vivid-900 laser scanner to produce impressive visualizations (I. et al., 2004). However,
the scanner was very slow (approx. 0.8 frames per second) and cost tens of thousands
of dollars (Minolta, 2006).

A major breakthrough - in quality, public awareness of the technology, and scien-
ti c impact - came in 2014 with Oliver Kreylos' work at UC Davis (Kreylos, 2023).
Krelylos' sandbox used an Xbox Kinect sensor (released in 2010 (Whitworth, 2010),

after Ishii's research), which was a major leap forwards in both interactivity and af-



fordability. The development of an easy-to-use software library, SARndbox (Kreylos,
2022), made the technology even more accessible to both the public and researchers.
Kreylos' research was centred on the geophysical educational opportunities of the
sandbox, a thread that would be continued by future research. Since the release of
Kreylos' sandbox blueprints and software, many labs, organizations, and companies
have built their own versions of his design. The sandbox at MUN's Al & Games Lab

is not based on Kreylos' design, nevertheless, his work remains the most accessible

entry point for those looking to construct and use their own sandbox.

2.2 Using Numerical Methods for Physics Mod-

elling

There are many equations in physics for which no known closed-form solution exists -
that is, the equation cannot be expressed as a nite combination of symbols, functions,

operators, etc. Take for example the sum of inverse squares:
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is not a closed-form solution, because it requires an in nite number of terms. However,

with some basic analysis, we can easily nd that:
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32 is a closed-form solution, and is thus much easier to work with.

Unfortunately, many equations are not so simple. The approach taken with the
sum of inverse squares above is known as an \analytical" method, but as equations get
more complex, the problem of simplifying them in this way becomes mathematically
impossible. Instead, physicists and computer scientists turn to \numerical" methods.
Suppose we have a complicated integral, where there is no known closed-form solution,
or where nding one requires substantial e ort. In this case, it is often more useful
to proceed with numerical methods, by computing the integral at a range of points
and then using this to approximate its area. In this way, the error can be controlled,

and a satisfactory result can be obtained without excessive analytical work.

2.3 A Numerical Method for Predicting the Per-

turbations of the Middle Latitude Westerlies

As related by Joseph Smagorinsky in his account of the history of weather prediction
through numerical methods, the \formation of the Meteorology Group at the Insti-
tute for Advance Study (IAS) in Princeton and its rst numerical forecasts on the
Electronic Numerical Integrator and Computer (ENIAC) were key events in the early
history of nhumerical weather prediction” (Smagorinsky, 1983). Smagorinsky went on
to explain that it was Jules Charney who was responsible for many of the early work

in applying numerical methods to weather prediction.



In 1949, Charney (along with Arnt Eliassen) authored the paper \A Numerical
Method for Predicting the Perturbations of the Middle Latitude Westerlies", which
\gave the results of one-dimensional predictions (along a latitude band)" (Smagorin-
sky, 1983). This simple model relied on a few key constants and some simple functions
to produce a very e ective and e cient forecast of the 500 millibar (mbar) pressure
surface.

The 500 mbar pressure surface is the area in the atmosphere halfway between sea
level and the edge of space. The reasons this is a good measurement for meteorologi-
cal purposes are outside the scope of this thesis, but its main attraction is that it can
easily be approximated as a vector eld by sampling arbitrary points and consider-
ing the vector between them, which provides an excellent basis for visualizing wind

trajectories.

2.4 Applications for Education

Research into augmented reality sandboxes has heavily focused on topographical lab
activities. (M. et al., 2020) centered their research on administering di erent kinds
of lessons (unstructured, structured, and semi-structured) to one group of university
students, while another group received more traditional instruction. They did not nd
any signi cant di erence between the labs that used the sandbox and the labs that
did not, echoing the results of (G. et al., 2017), who found that while the sandbox

incited interest, a short session (approx. 20 minutes) with it did not lead to an



appreciable di erence in learning outcomes. A recent, much more extensive study,
(B. et al., 2023), also found no major bene ts to using an augmented reality sandbox
to teach geoscience labs. They performed a semester-long study of an entire class,
with many controls to account for some suspected de ciencies in the methods of the
previous two papers, but still failed to produce a positive result.

Other researchers have used less traditional approaches to measure the sandbox's
e ectiveness for education. (S. et al., 2020) placed electrodes on students' skin, inter-
preting the measurements as being representative of the students' engagement. They
concluded that the sensors were indeed useful as a measure of engagement, and were
able to show at least some value in the use of structured activities using the sandbox.
However, we felt that their data and results were unconvincing, as their \curve tting"
seemed to oversimplify their observations. A more thorough review or comparison of
studies using the same sensor method may be necessary. (G. et al., 2020) focused on
the bene ts that an augmented reality sandbox could bring to younger children (4-
and 5- year-olds). They found value in the sandbox, but we felt that a sample size of
n 4 was far too small to be signi cant.

(Y. et al., 2020) did a thorough investigation into not just how students learn,
but how researchers measure and draw conclusions from students' activities. They
were highly critical of past work in the eld, while still drawing lessons from it, and
presented a new framework (constellations) for measuring students. Their research

involved multiple sleek, well-made sandboxes, which let more students interact at the



same time and may have increased students' willingness to take the research seriously.
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Chapter 3

Methodology

3.1 The AR Sandbox

The sandbox used for this research is not bespoke. It was constructed for a series
of research projects being conducted at MUN's Al & Games Lab. There is nothing
remarkable about its construction: it was built with regular lumber and tools and
typical sand, all of which were acquired from local hardware stores. Nonetheless, it is
still as useful as any other sandbox design, because most of the bene ts comes from

the software and projection, not the sand or other aspects.

3.1.1 Software Implementation

The software used on the sandbox is also custom (C. et al., 2024), mostly written

by my supervisor David Churchill with additional contributions from the students

11



Figure 3.1: A diagram showing how the software powers the sandbox (Emojis courtesy

of OpenMoji, CC BY-SA 4.0)

working in his lab, including myself. The software is very e cient both in terms of
frames per second and in terms of development time. It is built around the concept
of \processors", which provide simulations for di erent tasks | some simply map the
height of the sand to di erent colours so that it looks like a landscape, some integrate
with other programs like Minecraft, while the ones we have worked on are used to

simulate solutions to physics problems.

12



3.1.2 Shaders

One of the keys to ensuring fast processing on the sandbox is the use of shaders.
Shaders can do heavy graphics processing in a massively parallel fashion, by taking
advantage of both the dedicated hardware of the GPU and by including only a limited
set of APIs compared to more "standard" programming languages. The shaders used
for this project are simple fragment shaders that use a single channel to represent
the \value" of a point. This \value" is typically representative of the height of the
sand | but may be modi ed (possibly along with additional channels) to represent
other values. These value(s) are then processed in the shader, which creates a fully

coloured image which is then fed to the projector.

3.1.3 Contour Lines

One of the most useful pre-existing features the sandbox had was its \contour lines".
These are roughly analogous to topographical lines on a map, and helped distinguish
di erent heights on the sandbox. Figure 3.2 demonstrates this e ectively | note

the black lines on the second image. While contour lines are most often found on
topographical maps, visually separating di erent colour ranges has proven useful in
other areas as well such as the heat equation, especially when similar colours make it

hard to distinguish how values are changing.

13
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