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COM frame. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.20 Result of the relativistic collision in the laboratory frame. . . . . .

152

153
153
154
161
162
163
164

5.1

Screenshot of the initial page of the web survey. . . . . . . . . . . 170

6.1

Graph of correct answer rates for the control group and gaming
group. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 201
Graph of test scores for participants new to relativity. . . . . . . . 211
Graph of test scores for participants who had previously studied
relativity in class. . . . . . . . . . . . . . . . . . . . . . . . . . . 211

6.2
6.3

7.1
7.2
7.3
7.4
7.5
7.6

The virtual world in RTR populated with geometric objects. . . .
Image computed by the Real Time Relativity software. . . . . . .
Stationary view down the row of columns in the RTR program. . .
View of travelling into the scene at 0.968c, displaying the aberration effect. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
The headlight effect causes the display to be mostly washed out
to white. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Applying a HDR process maps the large intensity values back to
the displayable range. . . . . . . . . . . . . . . . . . . . . . . . .
xii

245
245
246
247
248
248

7.7

Comparison of tone-mapping operators on the scene in RTR with
headlight effect enabled. . . . . . . . . . . . . . . . . . . . . . .
7.8 Comparison of the tone-mapping operators across different visual
effects. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
7.9 The spaceship mesh (from Microsoft DirectX SDK). . . . . . . .
7.10 Viewing the spaceship imposter in the virtual scene. . . . . . . . .
7.11 Viewing the relatively moving spaceship from a relatively moving
observer. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

xiii

253
254
258
258
259

xiv

List of Tables
2.1

Exact, and convenient approximate, values for c. . . . . . . . . . .

3.1

Summary of the six gamer groups identified in the survey Electronic Gaming in the Digital Home [14]. . . . . . . . . . . . . . . 104

5.1

The complete list of multiple-choice test questions used in the web
survey and laboratory studies. . . . . . . . . . . . . . . . . . .
The list of statements used for evaluating the game, with numbers
and topic codes. . . . . . . . . . . . . . . . . . . . . . . . . . .
Summary of respondents to the pilot web survey. . . . . . . . .
Summary of participants involved in the laboratory study. . . . .

5.2
5.3
5.4
6.1
6.2
6.3
6.4
6.5
6.6
6.7

Summary of respondents to the pilot web survey. . . . . . . . .
Summary of participants involved in the laboratory studies. . . .
Complete answer rates of respondents for the 10 test questions in
the pilot web survey. . . . . . . . . . . . . . . . . . . . . . . .
Significance values computed from the logit regression model for
the first 9 multiple-choice questions. . . . . . . . . . . . . . . .
Significance values computed from the logit regression model for
the 10th multiple-selection question. . . . . . . . . . . . . . . .
Complete answer rates of respondents for the 8 test questions in
the laboratory studies. . . . . . . . . . . . . . . . . . . . . . . .
Statistics for participants’ overall test score improvement, computed by Wilcoxon signed-ranks test. . . . . . . . . . . . . . . .

xv

18

. 173
. 178
. 188
. 191
. 194
. 197
. 199
. 204
. 204
. 208
. 210

LIST OF TABLES
6.8
6.9
6.10
6.11
6.12
6.13
6.14
6.15

8.1
8.2

The chance probabilities, Q, for the change in responses to each
test question. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 214
Additional statistics for the change in responses to test question Q1.217
Additional statistics for the change in responses to test question Q5.219
Additional statistics for the change in responses to test question Q6.220
The list of statements used for evaluating the game, with topic codes.223
The collected responses to each evaluation statement in the web
survey and laboratory studies. . . . . . . . . . . . . . . . . . . . 225
The evaluation results from the web survey respondents, summarised across the VEUL dimensions. . . . . . . . . . . . . . . . 227
The evaluation results from the laboratory study participants,
summarised across the VUL dimensions. . . . . . . . . . . . . . . 229
Summary of participants’ comparative scores across the test
questions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 274
Additional comparative scores for test questions Q1 and Q6. . . . 275

xvi

Certificate of Authorship
I hereby declare that this submission is my own work and that, to the best of
my knowledge and belief, it contains no material previously published or written
by another person nor material which to a substantial extent has been accepted
for the award of any other degree or diploma at Charles Sturt University or any
other educational institution, except where due acknowledgment is made in the
thesis. Any contribution made to the research by colleagues with whom I have
worked at Charles Sturt University or elsewhere during my candidature is fully
acknowledged.
I agree that this thesis be accessible for the purpose of study and research
in accordance with the normal conditions established by the Executive Director,
Library Services or nominee, for the care, loan and reproduction of theses.

Candidate signature

Date

xvii

xviii

Acknowledgements
I believe that the real value of this work has been not so much in the content, as
the people I’ve had the wonderful fortune and opportunities to meet and work with
along the way. All their names would make an enormous list but I’m going to try
anyway...
First up I’d like to thank my academic advisors, Professor Terry Bossomaier,
Dr. Michael Antolovich and Dr. Ken Lodge, who always made time to field my
questions and provide guidance.
To my colleagues met at CSU and abroad during my time as a Ph.D. candidate:
James, Vaenthan (thanks for the dancing lessons!), Rohan, Natasha (chill-chill!),
Arnela.
I offer acknowledgements and thanks for the contributions provided by the
following people in the form of valued input and assistance. Terry, who offered
the original kernel of an idea which I picked up and ran with, and who has
been a constant in providing help and feedback no matter how esoteric the
particular problem I found myself grappling with. Michael Antolovich provided
particular help in specifying the experimental design in chapter 5. Ken Lodge
was instrumental in working out the mathematics for collisions in section 4.3.2
(Dan Styer and Matt Leone also provided excellent answers to my questions for
section 4.3.3). Craig Savage, Antony Searle, Lachlan McCalman and Michael
Williamson at the ANU, who fielded my enquiries and provided access to
their wonderful relativistic visualisation software. Mike Harré, Philip Charlton,
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Abstract
A greater proportion of the population now than ever before engages in computer
gaming activities, and may be classified as “gamers”. Likewise, the development
of new technologies and distribution methods has seen gaming proliferate and
spread into new spaces and forms. One area that has seen spectacular growth
is the appropriation of technologies borne from gaming for alternative purposes,
including education, health, simulation and social change; the so-called ‘serious
games’ space.
One of the primary affordances of digital game technologies is the ability
to visualise and interact with different worlds; be they reflections of our real
environment with familiar rules and behaviours; or scenarios from the imagination
or other domains we cannot experience. An example presenting fascinating
potential for virtual worlds comes from science: in the story of Mr Tompkins
in Wonderland, which describes an otherwise familiar world, in which the physics
of Einstein’s Special Theory of Relativity take the place of Newtonian mechanics
as the defining rules for everyday life. In a world where we could travel at speeds
close to the speed of light, many strange and dramatic effects would become
apparent – strange and dramatic to us only because we do not encounter them in
our everyday activities. But with computers, we can explore such worlds; which
can help us to gain deeper understanding about the scientific theories that underpin
modern technologies, or our extended understanding of the universe.
This thesis examines and applies computer games technologies for portraying
special relativistic worlds. In alignment with the serious games movement, these
systems are designed and studied from the perspective of providing interesting
play dynamics and fruitful learning experiences about relativity. The research
presents techniques for creating immersive 3D relativistic environments, and
xxv

surveys the prior art in computer games that manipulate the rules of physics to
produce unique gameplay experiences and worlds both familiar and new. The
review identifies that while techniques for the visual representation of relativistic
scenarios are well-known, dynamic effects – such as mass increase and time
dilation, that could lead to equally interesting world dynamics and gameplay
opportunities – have not been represented. In addition, limitations in the current
implementations of 3D relativistic visualisation that would hinder their useability
in game applications are identified. The research will develop both areas toward
the goal of realising a virtual ‘Mr Tompkins’ game environment.
The relativistic visualisation methods are extended with techniques to address
current limitations. Concurrently, a prototype ‘serious game’ is developed
which takes the dynamic relativistic effects as the basis for its gameplay, and
represents learning content suitable for the Higher School Certificate (HSC)
physics curriculum in Australian schools. The game is evaluated in the context
of HSC learning outcomes, and shown to provide learning benefits for key HSC
concepts: including comprehension of length contraction, mass dilation, time
dilation, and spectral Doppler shift. In addition, implications for the design of
game-based learning environments and models for the appropriation of such tools
by teachers in classrooms are revealed.
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Chapter 1
Introduction
Digital video games have certainly arisen to become one of the prominent
icons of modern culture in the past three decades [77]. Gaming has grown
to become one of the foremost forms of entertainment and leisure activities of
current generations [2], with the games industry being variously reported as
challenging or surpassing the movie and music industries in terms of consumer
spending and worldwide revenue in recent times [162]. The ubiquity of computing
devices, from the traditional desktop personal computer (PC) through to mobile
applications such as smartphones and tablets, and connectivity and the evolution
of the Internet, has seen digital gaming expand into many new forms and niches
from ‘hardcore’ to ‘casual’ [14]. At the same time, the evolution of games has
also driven advances in computational techniques and consumer technology, from
the development of increasingly powerful and capable hardware, to the design of
operating systems such as Microsoft Windows, and the marketing and takeup of
unique new products such as the Apple iPhone [43, 23, 111].
This growth has also had flow-on effects for other areas of science and
technology. Two examples (which will be revisited further in this thesis) are: the
advent of programmable graphics processing units (GPUs) in low-cost consumer
graphics hardware being used for applications in computing other than drawing
3D graphics, known as general-purpose computing on GPUs or GPGPU; and the
design and use of games and game technologies for training, educational or other
purposes, which have come to be known as ‘serious games’.
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Taking these topics as a backdrop – namely games technologies, novel
designs and styles of gameplay, and newly emergent applications of games – this
discussion will now introduce the other major theme of this thesis, which is Albert
Einstein’s “Theory of Relativity” [39] in physics. This theory, discovered in the
early 20th century and which describes the behaviour of light, gravity, and motion
at very high speeds (close to the speed of light), represents one of the greatest
shakeups of physics since Isaac Newton originally proposed his laws of mechanics
over two hundred years before. The Theory of Relativity is the foundation of much
of our present understanding and theories about the universe, and contributed to
the development many modern technologies including nuclear power, computers,
and the Global Positioning System [1].
Einstein’s theory has two components, known as special relativity (for the
“special” case of motion outside of gravitational fields) and general relativity (the
generalised, extended version that incorporates gravitation, and can explain any
motion). General relativity is beyond the scope of this thesis, and so the rest of the
discussion will be primarily focused on the much simpler special relativity, which
is an essential foundation for beginning to learn Einstein’s theory as a whole.
Although most people have heard of the famous equation E = mc2 which
also arises out of relativity, for those who are not trained physicists that is usually
the extent of their familiarity. Relativity represents a radically different take on
the laws of nature as compared to the classical mechanics of Newton, as it is
based on the (experimentally-demonstrated [102]) result that the speed of light
is always constant, and space and time are variable – rather than the other way
around, which is what we may intuitively expect from our everyday experience.
This formulation means that for bodies in motion, space and time are not absolute
– instead, an object in motion experiences such unexpected phenomena as a
shrinking of space, and a slowing of the rate that time passes. These effects
only become significant once an object approaches a speed close to that of
light, and are unnoticeable and barely measurable for speeds that humans can
currently attain. Thus, relativity is effectively impossible to directly observe or
experience in a practical sense, leaving learners to rely on thought experiments
and comprehension of the mathematics.
One of the most inspiring and innovative attempts to explain and popularise
2
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relativity for wider audiences is the charming story of Mr Tompkins in Wonderland [45], originally written in the 1930s by the physicist George Gamow.
Gamow’s focus in this story was the effects set out by special relativity. The
story describes the exploration of a fantasy world where the speed of light is
scaled down to about 15 kilometres per hour (kph), an elegant didactic device
that allows Gamow to frame description of relativistic effects for lay-persons with
recognisable, everyday scenarios.
In the story the title character, mild-mannered bank clerk Mr Tompkins,
attends evening lectures to learn about modern science. He inevitably falls asleep,
and the narrative describes his exploration of an otherwise familiar city conjured
in his dreams with one important difference: the speed of light is reduced to 15
kph, so that relativistic effects enter into everyday activities. While the inhabitants
of the city find this nothing out of the ordinary, having grown up with this state
of affairs, Mr Tompkins is naturally astonished by the phenomena he witnesses
– but as he explores and he gradually comes to understand them, and through
this the narrative explains the physical basis to the reader. For example, after Mr
Tompkins observes length contraction in a passing bicyclist, he grabs a bicycle
himself and sets off in pursuit – at which point the other bicycle rider is no longer
contracted, but city blocks and pedestrians are. This both illustrates the length
contraction phenomenon described by the mathematics of relativity in a practical
setting, as well as leading Mr Tompkins to an understanding about the role of the
term “relative” in the theory of relativity.
Mr Tompkins was a story, that required the reader’s imagination; but nowadays
with computers, we can simulate and interact with virtual worlds. Just as
interesting as simulating our own physical environment (i.e. as defined by
Newtonian physics) to a high degree of fidelity, are virtual environments that
may behave according to different rules (for example, expressing the laws of
electromagnetism at a ‘macro’ level [154]). In these cases, simulation may
be used to teach people about the laws of physics that we don’t experience
directly, by making them concrete. Parallel to this has been the developments
in popular commercial computer games, of both presenting more realistic worlds,
and exposing also mechanical ideas that are impossible in real life. In this case,
the emphasis is on giving players a pleasingly familiar experience, and allowing
3
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them to perform actions they can’t in everyday situations.
An example of both these features can be seen in Valve Software’s 2004
title in the first-person shooter (FPS) genre Half-Life 2. This was a groundbreaking title at the time of its release, introducing a high fidelity of physics
simulation, graphics, and emotional modelling of virtual characters; opening up
the technology to realise the virtual world to a hitherto-unparalleled degree. It also
used these elements to introduce a novel gameplay device: famously, the ‘gravity
gun’ which enabled players to pick up objects and either hurl them at enemies,
or manipulate them to set traps or solve spatial puzzles – embedding the physics
as a gameplay element, and supporting player improvisation and creativity. To
an extent, it also heralded a phase in modern commercial games where physics
simulation was emphasised in gameplay and interactivity.
So now the discussion of this chapter has come full circle, from the growth
and influences of games and gaming applications; through the topic of relativity
in physics and the description of a special relativistic world; and back to
examples of new and interesting approaches to computer-generated worlds and
the implications for gameplay. These set out the core inspiration and motivation
for this project, offering the notion of constructing an interactive virtual world that
behaves according to the laws of special relativity inspired by the description of
Gamow: in short, Mr Tompkins as a computer game (or game-like simulation).
Such a simulation would allow users to explore the startling phenomena of
relativity that they cannot otherwise observe, and would be a novel application in
computer-generated environments. Techniques and technologies from computer
games would surely be of importance for realising such worlds in a manner that
can be run on cheap consumer hardware (as opposed to supercomputer facilities).
Likewise, software so constructed would have applications in popularising and
teaching physics in an accessible manner, just as the original story does, and might
offer surprising insights into physics. Couching the relativistic world within the
context of a computer game may also expose implications for novel gameplay
design and rules, and contribute to the aforementioned application field of serious
games for learning.
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1.1

Research Questions

This project explores the representation of relativistic physics in virtual worlds,
inspired by Gamow’s account of a relativistic world in Mr Tompkins, for
application in interactive computer games. The investigation discussed in this
thesis divides into two major themes: firstly, what methods will enable generation
of relativistic worlds on the computer for interactive applications like games; and
secondly, how people might learn about relativity from such game software.
These major themes of investigation are encapsulated in the following research
questions:
1. What computational methods will enable the display of interactive virtual
relativistic worlds for embedding in computer games?
2. Can a game embodying relativistic principles enhance learning of the topic
of relativity?
Along with these primary research questions, a number of associated or
subsidiary questions were presented in the course of this investigation, which are
also covered in this thesis. One point of interest touched on earlier is how a game
design might incorporate the unique mechanics of relativistic physics principles
to create interesting and unexpected gameplay. Along with this is what design
and implementation factors would make educational relativity games appeal to a
diverse audience; a subset of the larger question of what makes games motivating
and engaging in general.
Also associated with the education outcomes of research question 2 is the
distinction between lay-persons, or new learners, and students being instructed
in the classroom. As with Mr Tompkins, a potential application for a relativity
game would be to help introduce and popularise physics to the general public.
Students who are formally studying relativity, say in secondary and tertiary
education, represent another target audience with different learning aims. For
example, special relativity is a part of the current Higher School Certificate (HSC;
Years 11 and 12) physics syllabus1 for high schools in New South Wales in
1

See: http://www.boardofstudies.nsw.edu.au/syllabus_hsc/physics.
html
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Australia. The syllabus outlines specific objectives for student learning, e.g.
students learn to “discuss the implications of mass increase, time dilation and
length contraction for space travel” [10]. The question of how learning of the
topic of relativity in the classroom can be enhanced or supplemented by the use
of a game parallels the questions asked in general by the serious games research
field (for example: [48, 151]).

1.2

Outline of the Thesis

Above we have presented the motivation and an overview for this project. This
section outlines the structure of the rest of this thesis.
Chapters 2-3 review the literature relevant to the project. This is presented
in two parts. Chapter 2 provides the physics background for the project. An
overview of Einstein’s Special Theory of Relativity is given to establish the
physics context; following this, the current state of computer-based simulations
of relativity reported in the literature is presented. We will see that there has been
much work done on interactive visualisations of relativistic scenarios, but with
important omissions for use in computer games2 . The second part, Chapter 3,
will detail the literature on games for learning and examples of serious games
uses, particularly for physics. Additional background topics concerning computer
games are also covered.
The following discussion of the research investigation follows two paths. The
first part is presented starting with Chapter 4, which discusses designing gameplay
for relativistic mechanics in the simpler context of a 2D game, along with
description of a prototype game constructed. Chapter 5 details the experimental
design for studies conducted with the prototype game, to evaluate it with learner
cohorts, and Chapter 6 presents the results and discussion from the experiments.
The second part is covered in Chapter 7, which will look at 3D relativistic
visualisation in more detail, and propose solutions for developing 3D relativistic
games.
Finally, Chapter 8 gives an overall discussion of the outcomes of the research
2

One example of a relativity game arising after this research is presented in section 3.3.10
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and outlines areas for further work, and Chapter 9 presents the conclusions.
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Literature Review – Physics
This chapter and the following together present a review of the existing literature
relevant to the research project described by this thesis. Due to the multidisciplinary nature of this research – utilising computer games technologies to
portray a topic in advanced physics, and investigating how this construct can
assist learning – literature from a wide range of discrete areas has been drawn
upon. These may nonetheless be gathered into two primary strands – physics
(this chapter), and computer games (chapter 3) – however the presentation of this
review divides the material between multiple distinct sections for clarity. The
outline of these two strands is as follows:
1. Physics background
A brief overview of Einstein’s Special Theory of Relativity is presented
first in section 2.1, including how it came about, the effects and results it
describes, and its role and relevance today. Relativity is a complex topic
that can be difficult for newcomers to comprehend, describing as it does
workings of the universe which turn out to be strange, unintuitive and
contradictory compared to expectations we build from the experiences of
everyday life. Thus, literature reporting of the difficulties encountered by
learners will also be examined in this section.
In attempts to present relativity in a way that is both interesting and accessible for the lay-person, a foundational example is Gamow’s innovative story
of Mr Tompkins in Wonderland. As this work is also a major influence
9
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for this research project, its contributions are given special attention in
section 2.2.
In section 2.3 the modern equivalents to the Mr Tompkins storybook,
computer-realised relativistic simulators, are examined. These simulations
open up a whole new area concerned with the correct visual portrayal of
objects and scenes when travelling close to the speed of light. The physics
of the optical effects that determine what would be seen by an observer in
such relativistic scenarios are therefore detailed in this section, along with a
review of implementations of computer programs and simulators.
It will be shown in section 2.3 that the current state of the art in relativistic
simulations have certain technical and design limitations that must be
addressed to realise a complete virtual ‘Mr Tompkins’ game world. This
leads to the second strand, which introduces the ideas and technologies that
will be leveraged and developed to address these areas through the rest of
the thesis.
2. Computer games
Bridging between the arena of computer games and the physics background
previously outlined, the use of games for teaching and learning in the
domain of physics is examined in section 3.3. However, before these can
be introduced, it is necessary to examine computer games more generally.
Section 3.2 accomplishes this, presenting some general background, necessary definitions of gaming terms, and relevant psychological constructs
such as Csı́kszentmihályi’s “flow” [27]. Examples of innovative designs
and features taking advantage of the simulated virtual world will also be
discussed.
As further background for games and visual simulation, it is also necessary
to describe methods and technologies used for rendering images of 3D
scenes in computer graphics. Section 3.1 outlines the two most significant
and widely-used methods of generating such images: polygon-based rasterisation, and ray-tracing. The procedures for these rendering methods are
important to know as context for the relativistic simulations described in 2.3,
10
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as many of these employ important modifications to the original method to
produce relativistic images. In addition, the subject of high dynamic range
rendering is treated, as this will be an important topic for the work discussed
later in this thesis.
Subsequently, section 3.3 will examine games used for learning and
training purposes; the so-called ‘serious games’ field. This topic provides
the context for which the work described by the rest of this thesis is
conducted. The philosophy behind designing and using games to teach
concepts and skills will be presented, and the discussion will also examine
several instructive examples and studies, looking specifically at the domain
of education in physics. This will lead to the proposed application of
serious games constructs in combination with techniques from relativistic
visualisation which is developed through the rest of this thesis.

2.1

The Theory of Relativity

The Theory of Relativity [39] was one of the greatest achievements of Albert
Einstein, which revolutionised modern physics and paved the way for many
modern technologies and fields of science. In it, Einstein completely revised
notions of space, time, light, mass and energy from the accepted norms. Although
his ideas seem difficult and counterintuitive to the uninitiated, the theories
do in fact succeed in simplifying physics, and once one learns the complex
mathematical language required for their expression, are among the simplest and
most obvious in all of nature.
The theory has two parts, titled the Special Theory of Relativity and the
General Theory of Relativity, respectively (hereafter referred to as special relativity and general relativity). Special relativity is concerned with the description
of motion relative to inertial (non-accelerating) frames of reference (refer to
section 2.1.4), and states that all inertial frames of reference are equivalent with
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Figure 2.1: Albert Einstein. (Image from http://www.th.physik.
uni-frankfurt.de/˜jr/physpiceinstein.html, accessed 7th July
2005; reproduced for private use.)
regards to the laws of physics1 . It describes the behaviour of light, and the
nature of space and time, for observers in states of relative motion; and it is
also in special relativity where one of the most famous equations in physics,
E = mc2 , is found2 . General relativity is a theory of gravity, which extends
special relativity; and forms the basis of much of our understanding of the universe
today. Technically speaking, general relativity works with arbitrary “spacetime”
(refer to section 2.1.4) that is curved and dynamic as a product of gravity; while
special relativity is the special case where the spacetime is flat and free of
disturbances from gravity (the Minkowski spacetime) [106, 133]. For this thesis,
the discussion will focus on special relativity.
The history framing the development of the theory and its standing today is
presented next for context, across sections 2.1.1–2.1.2. A concise discussion of
the speed of light is given in section 2.1.3 for background. The mathematical
foundation of special relativity is explained through sections 2.1.4–2.1.5, with
descriptive results following from section 2.1.7 onwards. Finally, section 2.1.12
outlines how the accelerated observer can be treated within the mathematical
framework of special relativity, which is a foundation of the interactive relativistic
simulations that will be discussed in section 2.3.
1

Although special relativity is concerned with inertial frames of reference, it can deal with
accelerating objects and observers, as shown by the solution to the classic “twin paradox” (see
section 2.1.9) and the framework for interactive simulation (see section 2.1.12). Refer to, e.g. [106,
131] for more details.
2
Actually E0 = mc2 ; see section 2.1.10.
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2.1.1

Inception and historical remarks

By the end of the 19th century, a deep contradiction had arisen in the scientific
field of physics. The classical laws of physics, defined by Isaac Newton
in 1665-1666 [109], were accepted and regarded as the definitive theory for
describing phenomena of motion, gravity and optics. However, new phenomena
being discovered in experiments, such as that conducted by Michelson and
Morley [102], could not be explained by these laws, and they were in contradiction
with the newer fundamental theories of electromagnetism. With his theory of
relativity, Einstein presented an insightful reformulation of physics that elegantly
reconciled these problems, and led to important new discoveries.
The story hinges on the pursuit to understand the behaviour of light. Although
Newton had explained how light behaved [110], it was not understood what it
was until James Clerk Maxwell [94] showed in the 1860s that it consisted of
oscillating electric and magnetic fields and travelled as waves. Initially, most
physicists believed that light behaved like other waves, such as sound and ocean
waves. This posed the question of what it was that the light waves were travelling
through; at that time, no one could conceive of waves that were not vibrations of
some medium. Physicists postulated the existence of a “luminiferous aether” – a
substance through which the light waves travelled.
This aether required the seemingly contradictory properties of being present
everywhere, but infinitely permeable. It could not be directly detected to prove
its existence; but scientists were sure they could detect it indirectly, through
measuring the “aether wind”. According to the classical laws of physics, the
speed at which light waves propagate through the aether should be affected by
the speed at which the source of the light is moving relative to the aether. Given
that the Earth is in motion through space orbiting the Sun, then it must be moving
through the aether too. Measure the speed of light in the direction of the Earth’s
motion, and in a direction perpendicular to it, and the results should be different.
This was the experiment performed by Albert Michelson and Edward Morley
in 1887 [102]. They built a device known as an interferometer, that split a beam
of light in two and bounced the beams off mirrors, before recombining them.
Interference of the light beam would make it very clear whether the speed of light
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was different, even by a tiny amount, in one direction over another, and so prove
the existence of the aether. However, the Michelson-Morley experiment showed
that the two speeds were exactly the same – a result very perplexing for physicists
at the time, who were convinced that the aether theory had to be right.
An explanation for the null result was offered by Hendrik Lorentz [92], who
proposed in 1892 that the movement of the Earth produced a contraction of space
in the direction of motion (the same hypothesis had also been offered by George
FitzGerald in 1889). This contraction, along with a slowing of time, would
compensate for the difference in the two speeds and make them seem the same
(although he could not explain how this contraction occurred). Lorentz formulated
the mathematics to describe these effects for frames of reference in motion relative
to the aether, along with the equations to translate between reference frames.
Nonetheless, the bigger problem with aether-theory was that it implied the
existence of a unique or ‘preferred’ frame of reference: that which was stationary
relative to the aether itself. The explanations of Lorentz and others involved
special hypotheses and the modification of the laws of physics for any frame which
was not the preferred frame. However, Galileo had earlier codified the principle
of relativity in the 17th century [44], which states that the laws of physics should
be the same as long as the observer is in steady motion. Galileo proposed that for
any observer travelling at a constant velocity with no external point of reference
(Galileo used the example of the windowless hold of a ship), their state of being in
motion is invisible to them: there is no experiment that the observer could conduct
that would differentiate from the stationary case and allow them to identify their
current motion. A reference frame whose motion is such that the law of inertia
holds is called an ‘inertial reference frame’; Galileo’s principle of relativity states
that the laws of physics hold the same in all inertial reference frames. The aethertheory clearly violated this principle, as it required different physics for inertial
reference frames in motion relative to the aether. Physicists began to question
whether the principle of Galileo could be wrong.
Einstein’s breakthrough was to discard assertions about the existence of an
aether, and work instead from the assumption that Galileo was right. The startling
conclusion he arrived at was that there was no seem about the speed of light –
space really does contract, and time slows down; while the speed of light remains
14
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constant in all reference frames, whether moving relative to the light source or
not. He presented these findings in his special theory of relativity, first published
in 1905 [38] during his “annus mirabilus” (miracle year). Einstein’s theory used
the same mathematics as devised by Lorentz to describe the length contraction and
transformation between reference frames; however, in the theory of relativity, the
space contraction occurs naturally from fundamental principles, without the need
for special hypotheses and a ‘preferred’ frame of reference. This means there is
no occasion for an aether, and hence no aether wind nor the means with which to
test it [39] – simplifying and solving the deep conundrum that had dogged physics
to that point.
The general theory of relativity grew out of special relativity after Einstein’s
realisation that “all natural phenomena could be discussed in terms of special
relativity except for the law of gravitation”. Newton had explained gravity as a
force that acts instantaneously over distances, however one of the consequences of
the speed of light being invariant in special relativity was that nothing – including
a force of gravity – could travel faster than light. It took nine years, from 1907 to
1916, for Einstein with the help of mathematician Marcel Grossmann to find the
mathematical tools to complete the new theory. General relativity was confirmed
when astronomers documented the deflection of starlight by the Sun’s gravity
during the 1919 solar eclipse, which matched exactly the predictions made by
the theory.

2.1.2

Recent developments and the theory today

The theory of relativity is widely regarded as the most important scientific
outcome since Isaac Newton’s laws almost 250 years earlier. It represents the
basis of much of our current understanding about the universe, and is also a part
of many fields of modern science and everyday technologies [1]. Relativity is also
among the most stringently-tested of all scientific theories, and to date no firm
evidence has been found that refutes its predictions.
Initially, general relativity was confined to making minute corrections to
calculations performed using Newton’s laws. However, in the decades after
Einstein’s death in 1955, the subject of gravitation was transformed by advances
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in astrophysics and cosmology, and whole new fields of science incepted. General
relativity describes the gravitational interactions of massive bodies, which is
essential for understanding how stellar systems function, and for conducting
space-based science and exploratory space missions. It also predicts the existence
of gravitational waves which, if they can be measured by man-made detectors, will
open up a new way to study the universe. In addition, many modern technologies
that are now part of daily life, including computer chips and lasers, and the
functioning of satellites and the Global Positioning System, would not have been
possible without the understanding of Einstein’s theories.
Despite all this, physicists do not believe that general relativity is the final
word: at some level of detail it must surely break down. The principal reason
that physicists expect it to break down is because it conflicts with quantum
mechanics [1], another branch of modern physics for explaining nature, to
which discoveries from Einstein’s “miracle year” of 1905 contributed. Quantum
mechanics was borne out of the 1900 quantum hypothesis of Max Planck [120],
and developed by others including Einstein, Niels Bohr, Werner Heisenberg,
Louis de Broglie, Erwin Schrödinger, Max Born, John von Neumann, Paul Dirac,
Wolfgang Pauli, and David Hilbert (refer to, for example, [42]).
Quantum mechanics is concerned with microphysical properties (although it
applies at all scales) – the behaviours and interactions of atoms, particles and
energy. Quantum theory shows that things that are usually thought of as particles,
such as atoms, can behave like waves, and similarly things that are usually thought
of as waves, such as light, can also simultaneously be made of particles. At
the core of quantum physics is the principle of non-determinism or uncertainty
principle, and the prediction of events by probability. Unfortunately, relativity
and quantum mechanics contradict one another – although both are remarkably
accurate in their respective domains, of the very large for relativity and the very
small for quantum theory, the predictions of each cannot be reconciled. Einstein
was extremely uncomfortable with non-determinism, and sought to eliminate it
from quantum theory and reconcile the two paradigms under a “Grand Unified
Theory”. He was not to succeed in his lifetime, but many physicists today continue
the pursuit of a “theory of everything” in an attempt to better understand matter,
energy, space and time.
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As science continues to progress, there may yet be found a case that disproves
Einstein, although certainly relativity has held up to all scrutiny to date. One
recent and widely publicised development in this domain arose from research
associated with the CERN Large Hadron Collider (LHC), which appeared to show
neutrinos unexpectedly travelling faster than the speed of light [116, 101]. Such a
finding would obviously have had far-reaching consequences for many branches
of physics, so it was cautiously published to invite further scientific scrutiny.
Subsequent analysis and experiments [68, 112] have since confirmed that the
initial result was indeed subject to an experimental error. However, rather than
a failure, this example serves to illustrate how science works – an endeavour to
further human knowledge through the rigorous testing of hypothesis.

2.1.3

The speed of light and the value of c

In physics, the speed at which light waves propagate in vacuum is usually denoted
by the symbol c, for the Latin celeritas (meaning “swiftness”). As shown by
relativity, this speed is independent both of the motion of the light source and of
the inertial frame of reference of the observer (see next sections).
The most accurate measurement for the value of c was made in 1972 [40],
with a value of 299,792,456.2 ± 1.1 metres per second (m/s). The uncertainty
was mainly due to the then-current definition of the metre. In 1983, the 17th
Conférence Générale des Poids et Mesures (CGPM) redefined the metre according
to the recommended speed of light and the international standard for time [70].
The new, and current, definition reads:
The metre is the length of the path travelled by light in vacuum during
a time interval of 1/299 792 458 of a second.
As a result of this definition, the value for the speed of light in vacuum is
exactly 299,792,458 m/s, and is a defined constant in the SI system of units [71].
Values for c (including approximate measures commonly used for convenience)
are summarised in table 2.1.
The speed at which light propagates through transparent materials, such as
glass or air, is less than c, the speed at which light propagates through vacuum.
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Table 2.1: Exact, and convenient approximate, values for c.
Exact values of c
metres per second
299,792,458
Planck units
1
Approximate values of c
(km/s) kilometres per second
300,000
(kph) kilometres per hour
1,080 million
(mi/s) miles per second
186,000
(mph) miles per hour
671 million
(m/s)

The ratio between c and the speed v at which light travels in a material is called
the refractive index n of the material:
n = c/v

(2.1)

For example3 , for visible light the refractive index of glass is typically around
1.5, meaning that light in glass travels at c/1.5 ≈ 200,000 km/s. The refractive
index of air for visible light is about 1.0003, so the speed of light in air is about
90 km/s slower than c.

2.1.4

Special relativity and frames of reference

Einstein used two postulates, the first asserted from Galileo’s principle of
relativity [44] and the second from the Michelson-Morley experiment [102], to
develop what became his theory of special relativity [39]:
1. The laws of physics are the same to all inertial observers.
2. The speed of light is the same to all inertial observers.
In physics, the laws of mechanics describe how objects change their positions
in ‘space’ with ‘time’. A ‘system of coordinates’ allows the physicist to
describe the positions of objects mathematically, through providing measurement
of distance relative to some ‘point of origin’. One such useful system, which will
be employed here, is the Cartesian system of coordinates. For three-dimensional
3

See: http://refractiveindex.info
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space, the three ordinal axes X, Y and Z are arranged perpendicularly to coincide
at the origin (refer to figure 2.2). Distance from the origin is measured along
the three axes, yielding the set of coordinates (x, y, z). A description of motion
is a record of how position alters with time; time values are intervals (results
of measurement) which are discretely measurable by clocks. The complete
description of an ‘event’ in space and time is thus specified by the coordinate
set (x, y, z) and time value t.
The contemporary description of four-dimensional “spacetime” was first
introduced by Hermann Minkowski in his 1908 lecture on “Raum und Zeit”
(“space and time”) [104] (see [105]). In this lecture, Minkowski laid out that time
and space should be treated equally, and so arose his concept of events taking place
in a unified four-dimensional spacetime continuum with coordinates x, y, z, t. The
accompanying four-vector formalism may be attributed to Arnold Sommerfeld
and his publications from 1910 (see [171] and section 2.1.5).
Each observer necessarily views events with regards to their own ‘frame of
reference’. Usually they will observe events occurring spatially with respect to
a local rigid body of reference. For example, a passenger riding in a moving
train carriage will observe events with respect to the carriage, while a stationary
observer watching from the railway embankment will view events with respect to
the embankment.
The recording of event locations can be formally extended by assuming
a coordinate system (as described previously) that moves with or is rigidly
‘attached’ to the body of reference. Reference frames that are in motion relative
to one another will record events differently. For example, if the train passenger
were to drop a stone out of the window of the moving carriage and watch it fall to
the ground, then (negating air resistance) they would see it fall in a straight line,
while the observer on the embankment will see it describe a parabolic arc. Both
are correct in their interpretations, which differ because of their different frames
of reference. This is where the term ‘relativity’ comes in: each observer has an
equally valid description for an event – what matters is the frame of reference such
descriptions are defined relative to.
Special relativity deals only with reference frames that are at rest, or in states
of constant relative motion without acceleration. Such reference frames are called
19
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Figure 2.2: Two coordinate systems (frames of reference) K and K 0 . K 0 is axisaligned and moving with constant velocity v in the x-direction relative to K.
inertial frames of reference, as the law of inertia holds when described from any
viewpoint travelling with constant motion. Galileo’s principle of relativity implies
that it should be possible to convert the coordinate description of an event from
one inertial reference frame to another, as will be shown next.

2.1.5

The Lorentz transformation

We consider (as shown in figure 2.2) a first coordinate system denoted K, and a
second coordinate system K 0 which is axis-aligned with K and travelling with a
velocity v along the x-direction of K, and ask: given the coordinate set (t, x, y, z)
of an event with respect to K, what are the corresponding values (t0 , x0 , y 0 , z 0 ) of
the same event in K 0 ? In Classical mechanics, the relations that solve this are:
t0 = t
x0 = x − vt
y0 = y
z0 = z

(2.2)

This system of equations is sometimes known as the “Galilean transformation”. A consequence of this system is that velocities add linearly, as defined
by the theorem of addition of velocities [109] (see section 2.1.7). However, this
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would mean that a beam of light travelling with velocity c in K must have velocity
c + v in K 0 , violating Einstein’s second postulate.
Since velocity is defined by distance travelled over time taken, this conflict
prompted Einstein to re-examine the nature of space and time. In Classical
physics, space and time had always been thought of as constant and invariant
across all inertial frames of reference. In order to complete his theory, Einstein
had to throw out these notions, replacing them with the assertion that the speed of
light was invariant across all inertial frames of reference. Since the speed of light,
c, is the same in all reference frames, the numerical value of c can be considered
a conversion factor between different frames of reference ([54], p277). In special
relativity, the relations that solve the transformation problem are:
ct − βx
= γ(ct − βx)
ct0 = p
1 − β2
x − βct
x0 = p
= γ(x − βct)
1 − β2
y0 = y
z0 = z

(2.3)

where β and γ are defined as
β=

v
c

1
γ=p
1 − β2

(2.4)

(2.5)

The system of equations in 2.3 is known as the “Lorentz transformation”,
being the same equations formulated by Lorentz [92]. While Lorentz had been
working to try to understand the ‘aether’, Einstein considered these transformations as a direct expression of properties of space and time [115]. With them,
the description of an event in time and space with respect to a non-accelerating
frame of reference can be transformed into any other non-accelerating frame of
reference that is in motion relative to the first frame. The transformation results in
a change of velocity, which is termed a boost. As the relative velocity v reduces
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to zero, these transformations will reduce to identity transformations.
A consequence of the Lorentz transformation equations (when v 6= 0) is
that measurements of length of space, and intervals of time, map to different
lengths and time intervals in different frames of reference. From this arises the
phenomena of length contraction, described in section 2.1.8, and time dilation,
given in section 2.1.9. An additional consequence of relativity is what is referred
to as mass dilation, which is discussed under section 2.1.10.
As matrices, the equations in 2.3 appear as:







ct0
x0
y0
z0






γ
−γβ 0 0
ct
 

 −γβ

γ
0 0
=
 x
  0

0
1 0
 
 y
0
0
0 1
z








(2.6)

This Lorentz transformation matrix applies a boost only in the x-direction.
The matrix forms for a boost in the y or z directions are similar.
The generalisation of the Lorentz transform to arbitrary orientation of the
velocity relative to the axes is given by the matrix L as follows (see [54], p281):

γ
−γβx
−γβy
−γβz
2


−γβx 1 + (γ − 1) ββx2 (γ − 1) ββx β2 y
(γ − 1) ββx β2 z 

L=
βy2
βx βy
βy βz 
−γβ
(γ
−
1)
1
+
(γ
−
1)
(γ
−
1)
y

β2
β2
β2 
2
βy βz
βx βz
−γβz (γ − 1) β 2
(γ − 1) β 2
1 + (γ − 1) ββz2


(2.7)

Where βx , βy , and βz , are the x, y and z components of the vector β = vc . This
transformation is only the boost, that is, a transformation between two frames
whose x, y, and z axes are parallel and whose spacetime origins coincide. The
most general proper Lorentz transformation also contains a rotation of the three
axes, because the composition of two non-aligned boosts is not a pure boost but is
a boost followed by a rotation (see [54], p282). Thus, such a transformation will
result in both a boost, and a rotation of the coordinate system when the velocity is
not parallel to one of the axes. The matrix L reduces to the results of equation 2.6
when βx = β and βy = βz = 0.
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Figure 2.3: Geometry of a 1+1D Minkowski diagram. Distance is shown on the
horizontal axis, and time is shown on the vertical axis. The orange lines represent
the worldlines of a photon of light.

2.1.6

Minkowski space-time diagrams

The Minkowski diagram was introduced by Minkowski [104, 105] as a direct
visualisation of the mathematical concepts and geometry of spacetime, and is
in fact another form of relativistic visualisation (see section 2.3) [171]. Events
in spacetime are visualised as points, the worldlines of objects as lines, fourvectors as connecting lines, and reference frames are indicated by their respective
coordinate axes.
Because it is impossible to illustrate all four dimensions, Minkowski diagrams
can only show a subspace of spacetime. Typically, only the temporal dimension
and one spatial dimension are shown in a diagram (1+1D); sometimes a second
spatial dimension is included (2+1D). The general geometry of a Minkowski
diagram is shown in figure 2.3. Ordinarily, the spatial coordinate x is shown
on the horizontal axis, and time quantity ct is shown on the vertical axis. Due to
x = ct, the worldline of a photon is a straight line with a slope of 45◦ , shown
by the diagonal lines. Where photon worldlines intersect, they define (with the
addition of a second spatial dimension) a light cone. The light cone describes the
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Figure 2.4: Minkowski diagram showing superposition of stationary frame K
and moving frame K 0 . Light L originating from the emission event E of a static
object in K is absorbed by the moving camera at O in K 0 .
absolute boundary of the past and the future, and the limit of causality, from that
point in space.
Other wordlines represent the spatial motion of objects over time. Straight
lines which are steeper than photon worldlines correspond with objects moving
more slowly than the speed of light. If two events can be joined by such a straight
line, the relationship between them is called timelike, because they have a ratio of
time/space (slope) greater than 1. Timelike events may have a cause-and-effect
relationship, because one can be reached from the other with a speed less than
the speed of light. If the slope of the connecting line between two events is less
than 1, the relationship is spacelike. Such events cannot have a cause-and-effect
relationship. Two events that can be connected only with the speed of light (i.e.
that lie on the worldline of a photon) are called lightlike.
Minkowski diagrams are used to show the relationship of two frames of
reference through superposition of the coordinate systems. Figure 2.4 shows the
case for the frame K, and for K 0 which is travelling with velocity v along the
x-direction of K. The motion of K 0 causes a rotation of its vertical axis ct0 and
horizontal axis x0 relative to ct and x in K. The line {(ct, xe )|t}, denoted w, is the
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worldline of an object which is at rest in the frame K.
Let K 0 represent the rest frame of an observer. We wish to find the apparent
position of the object in K 0 for the observer at O. In the Minkowski diagram, this
can be done by purely geometric operations. Let (ctO , xO ) denote the coordinates
of the observer O in K. Tracing the backward light cone L to its intersection
with the world line w gives point E, the emission event of the light reaching the
observer at O. Once this is known, the coordinates (ct0 , x0 e ) of E with respect
to K 0 can be computed, as shown by the lines. This corresponds to a Lorentz
transformation from K to K 0 .

2.1.7

The theorem of addition of velocities

In classical mechanics, the velocities of different reference frames are linearly
additive, as defined by the theorem of addition of velocities [109]. Assuming v1
and v2 are parallel initial velocities and v 0 is the final velocity, we have
v 0 = v1 + v2

(2.8)

The Lorentz transformation also results in a velocity change (see section 2.1.5).
Taking β1 = vc1 , β2 = vc2 and β 0 as the final velocity, the formula for the relativistic
addition of parallel velocities is:
β0 =

β1 + β2
1 + β1 β2

(2.9)

In general, equation 2.9 gives a somewhat smaller result for the sum of two
velocities than equation 2.8. Additionally, where either or both of v1 and v2 are
equal to c (in which case β1 = 1 and/or β2 = 1), then the final velocity is also c,
implying that c is an ‘ultimate speed limit’ in physics.

2.1.8

‘Length contraction’ and measurements of space

The Lorentz equations (equations 2.3) describe the behaviour of space as follows.
Say we have an object with a known length at rest, and want to know its length as
measured when travelling at speed v. Defining the rest length as x0 and the length
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to be found as x(v), then the relation between them is given by
x(v) = x0

p
x0
1 − β2 =
γ

(2.10)

1 − β 2 approaches 0 as v approaches the speed of light c, so x(v) will be
smaller than x0 – hence a contraction of space with increasing speed.
Einstein utilised Gedanken or thought experiments to examine his theories and
provide a descriptive means for explaining the results, a method that also provides
the basis for Gamow’s Mr Tompkins story (see section 2.2). An example of a
thought experiment involves the observer in the railway embankment frame (as
referred to in section 2.1.4), taking a measurement of the length of the train that
is passing by at close to the speed of light. If the observer (whom we designate
OE ) simultaneously marks the front and end of the train on the embankment by
some means (see further discussion in section 2.1.11) and measures the distance
between the marks, they will find this distance will be shorter than the length of
the train when at rest relative to the embankment.
However, relativity entails symmetry between observers in different inertial
frames; thus, for an observer who is in the same reference frame as the speeding
train (riding along in a carriage), then the train is at rest and it is the embankment
that is in relative motion. Such an observer (call them OT ) would obtain a
measurement for the train that is the same as the train’s rest length, and will
conversely measure the embankment as being contracted.

2.1.9

‘Time dilation’ and the behaviour of clocks

If we have a measure of time t0 in the rest frame, and want to know what
corresponding amount of time t(v) passes in the moving frame, then this is given
by the relation
t0
= t0 γ
(2.11)
t(v) = p
1 − β2
With increasing speed v, t(v) will be a somewhat longer time than t0 .
Therefore, time slows down, or dilates, with increasing speed.
Clocks are devices for measuring the passage of time. Time dilation implies
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that a clock that is in motion will run slower than a clock which is stationary
(relative to some frame of reference). To eliminate concerns about the mechanical
functioning of clocks, the primary thought experiment for illustrating this situation
involves description of the behaviour of ‘light clocks’. A light clock is a
hypothetical construct that measures the passage of time through the period of
a light beam bouncing between two mirrors. If a light clock is in motion relative
to a frame of reference, then the distance covered by the light beam between
the mirrors will increase. Because the speed of light is constant, the relatively
moving clock will ‘tick’ slower than the stationary clock. As this is a clock that
functions on fundamental principles, this asserts that all time-based phenomena
will be affected.
An apparent conflict (which is the basis of what is dubbed the “twin paradox”)
arises concerning the transition between reference frames. If there is an inertial
reference frame A in which clock A is stationary and clock B is in constant motion,
then there must exist an inertial frame B in which clock B is stationary and clock
A is in motion; i.e. from the point of view of each clock, it is the other clock
that is in motion and whose time should run slow. If clock B is taken on a flight
away from A and then brought back, whose time will be behind? The solution
is found in the realisation that the two clocks’ journeys are not symmetrical: A
remained in one inertial frame (A) the whole time, while B jumped inertial frames
(i.e. underwent acceleration) halfway through, between its outbound and inbound
journeys (B and B 0 ). Different reference frames have different conceptions about
simultaneity (refer to section 2.1.11); therefore, the two clocks’ journeys are not
equivalent - the acceleration of clock B is the source of the discrepancy. (For
further details, see [106, 131].)

2.1.10

‘Mass dilation’ and relativistic F = ma

In classical mechanics, for an object of mass m, the kinetic energy (KE) is
expressed by the formula KE = 21 mv 2 . In special relativity, the kinetic energy is
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no longer given by this formula but by
KE = (energy of motion) − (rest energy)
mc2
=p
− mc2
1 − β2
= mc2 (γ − 1)

(2.12)

This results in a somewhat larger value for the kinetic energy as velocity
increases. If the total energy content (given by the famous equation E = mc2 ) is
taken to include kinetic energy, it is sometimes said (see [53]) that mass increases
with increasing speed. Defining the ‘rest mass’ of an object as m, then the
‘relativistic mass’ m(v) is described by the following relation:
m(v) =

m
E
=p
2
c
1 − β2

= mγ

(2.13)

This equation is often cited as one basis for the assertion that it is impossible
(or at least in the context of relativity, meaningless) for a non-massless object to
attain the speed of light [113]. As the speed of an object approaches c, its mass
approaches infinity, and it would require an infinite force to accelerate it to the
speed of light.
At this point it is important to establish that the concept of a ‘velocitydependent’ or ‘relativistic’ mass is actually somewhat contentious in the scientific physics community (see [53, 113, 114, 115]). At issue is the rise of
confusing terminology propagated in popular (non scientific/research) writings,
and the potential for misunderstandings that arise from improper formulation.
Relativistic mass arose as an artefact of physics history, along with the improper
representation of the ‘famous equation’ E = mc2 (in fact, Einstein’s equation is
E0 = mc2 , E0 being specifically for the rest energy of an object, and Einstein
himself was opposed to speaking about a ‘relativistic mass’) [114, 115]. In
truth, mass is an invariant of velocity and the same in all reference frames,
so ‘velocity-dependent’ mass is inconsistent with the geometrically-symmetrical
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formulation of relativity [113], and further cannot be reconciled with general
relativity. The alternative is the more mathematical formulation introduced by
Minkowski (see sections 2.1.4–2.1.6), which avoids relativistic mass, and is much
easier to generalise to general relativity. Therefore it is considered preferable to
speak of energy content, and use just one mass, the “invariant mass” or “mass” m,
from the outset [53].
With this being stated – given the constrained discussion of special relativity,
the concept of relativistic mass nonetheless has usefulness within the context and
scope of this thesis. The advantage of describing a relativistic mass quantity is
that it enables correspondence to be formed with Newtonian mechanics [53], since
some (although not all) Newtonian equations remain valid (such as the definition
for momentum, p = m(v)v). Therefore, keeping the above issues in mind,
relativistic mass (as defined by the expression relating rest mass in equation 2.13)
will nonetheless be used in this thesis going forward, to explain the basis of
interactive elements of the relativistic computer game (see chapter 4).
With relativistic mass we can write (see [53]) a relativistic version of Newton’s
second law, F = ma, which relates the vectors force (F) and acceleration (a) by
an object’s mass m. Unlike in the Newtonian situation, where m is a scalar and
F and a are parallel, this is not always the case in the relativistic situation! To
express this fact, we need to use matrix notation, where v is the velocity vector
and β = vc . The acceleration is given by
a=

F − (F · β)β
m(v)

(2.14)

From the above equation we see that in the general case the acceleration
produced is not parallel to the direction of the force, except in the cases where
the force is applied parallel or perpendicular to the direction of v. We consider
a “transverse mass” mt , and a “longitudinal mass” ml , which have the following
magnitudes:
mt = mγ = m(v)

(2.15)

ml = mγ 3 = m(v)γ 2

(2.16)
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It is not hard to see from the above equations that it’s easier to accelerate
a mass sideways to its motion, than it is to accelerate along the direction of
its motion. That is, the relativistic mass has a directional dependence! The
implications of this will be further explored in sections 4.2.5 and 4.3 detailing
the implementation of relativity into an interactive game.

2.1.11

The relativity of simultaneity

Section 2.1.8 made reference to the concept of “simultaneously” measuring the
front and rear of a train for explaining length contraction. But, how do we decide
whether two spatially-separated events are simultaneous (or occurring “at the
same time”)?
As an extension to the previous Gedanken experiment [39] in section 2.1.8, we
imagine the observer OE in the embankment reference frame possesses apparatus
that send a light signal when the front or the rear of the train passes by them.
The observer configures two of these devices along the railway track to coincide
with the front and rear of the train, stationary relative to the embankment, and
positions his or her self equidistant between them and also stationary relative to
the embankment. Light emitted from the first device positioned to coincide with
the front of the train (call this event A) must take the same amount of time to
travel the distance to OE , as will the light emitted from the device that coincides
with the rear of the train (event B). If the light from both devices reaches OE at
the same instant, then in the reference frame relative to the embankment, we have
a means of knowing the simultaneous location of the front and rear of the train,
and can have a definition to say that events A and B occur simultaneously. This
situation is shown in the Minkowski diagram in figure 2.5.
However, we now consider the observer OT riding on the train, positioned
equidistant from the front and the rear of the train. Can we say that A and B are
simultaneous to OT as they are for OE ? In the embankment reference frame of
OE , OT is in motion moving toward the point of origin of the light signal from
A, and away from the point of origin of the light signal from B. In the time that
elapses for the light to travel to OE , OT has moved closer to A and farther from
B, and will therefore intercept the light from A before B. This must also hold in
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Figure 2.5: Minkowski diagram for the simultaneity experiment in the
embankment frame of reference. The light signals from events A and B converge
simultaneously for the embankment observer OE , but not for the observer on the
moving train OT .

Figure 2.6: Minkowski diagram for the simultaneity experiment in the train frame
of reference. Due to the change in reference frame, the light signals from A and B
appear to the train observer OT to have been emitted at different points in time.
Note that the light signals still travel the same distance to reach OT , but appear
to travel different lengths to converge on the embankment observer OE .
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Figure 2.7: Minkowski diagram with an accelerated observer. The instantaneous
relative velocity is computed by the tangent to the worldline of the observer. Once
this velocity is known, the coordinates of emission events can be found as in the
case of a constant velocity.
OT ’s reference frame (see figure 2.6), and so it manifests that OT observes event
A occurring before event B, even while A and B are simultaneous to OE .
Thus, the decision of whether two events are simultaneous in special relativity
depends on the state of motion of the observer relative to the events. This is called
the relativity of simultaneity; in general, observers in different inertial reference
frames will disagree about the simultaneity of two events.

2.1.12

Treatment of the accelerated observer in special relativity

User interaction in virtual realities, such as the relativistic simulators discussed in
section 2.3, typically requires consideration of accelerated motion of the observer,
for the user changing their speed and direction. Rau, Weiskopf and Ruder [128] in
1998 described how acceleration may be treated within the framework of special
relativity, which enabled interactive simulation to be computed in real time.
The basis for this formulation is the geometric interpretation of the Minkowski
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diagram (refer to section 2.1.6). Figure 2.7 shows the worldline of the accelerated
observer is no longer a straight line. For a given observer position O in K, the
current relative velocity can be computed by the tangent to worldline. Once this
velocity is known, the scenario can be treated as in the case of constant velocity.
The coordinates of emission events can be found by calculating the intersection of
the backward light cone with the worldlines of objects, which can be transformed
into the observer’s frame K 0 to compute a relativistic image (see section 2.3). This
computation can be performed successively for real-time animation.
For a correct implementation of the accelerated observer, it is necessary to
parameterise the world line by the so-called4 proper time, τ , which is defined as
the time measured by a co-moving clock [128]. The proper time is a Lorentz
scalar, that is, it is independent of the reference frame (in other words, different
frames disagree about what time it is, but all frames agree on the time that has
elapsed on a particle). The time t in frame K and the proper time τ are related,
through time dilation (refer to section 2.1.9), by:
dτ
= γdτ
dt = p
1 − β2
Therefore:
dτ =

(2.17)

dt
γ

(2.18)

The quantities of velocity and acceleration are extended to the corresponding
four-vectors in spacetime. The position four-vector is
xµ = (ct, x, y, z) = (x0 , x1 , x2 , x3 ),

µ = 0, 1, 2, 3.

(2.19)

The four-velocity is defined by
dxµ
dτ
= (γc, γvx , γvy , γvz )

uµ =

4

(2.20)
(2.21)

The word “proper” is not meant to imply that one frame’s time is more correct or “proper”
than another. The origin of “proper” in “proper time” originates from the French “propre” meaning
“own”; the “proper time” of a particle is the particle’s “own” time. [159]
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The four-acceleration is given by
duµ
d 2 xµ
=
dτ
dτ 2
= (0, ax , ay , az )

aµ =

(2.22)
(2.23)

The path of the observer in the virtual world (i.e. the observer’s worldline)
is determined by the user interaction. In a first-person simulation, the user
interaction specifies the acceleration (ax , ay , az ) in the observer’s frame of
reference. Extended to a four-vector (see equation 2.23), the acceleration
is Lorentz-transformed from the observer frame K 0 into the world frame K.
This yields a coupled system of ordinary differential equations according to
equation 2.22, which is numerically solved for the following time step using
Euler’s method. In this way, Rau et al. [128] obtain the path of the observer in
spacetime parameterised by the proper time.

2.1.13

Teaching relativity and learner conceptions

There has been some debate of the division in physics curricula for secondary
and tertiary education between classical physics, based on Newtonian ideas, and
topics of modern physics that reflect the major intellectual breakthroughs of the
20th century, such as relativity (see [143, 34]). Accordingly, relativity has from
2001 been a component of the New South Wales Higher School Certificate (HSC)
physics curriculum for Year 11 and 12 (ages 16-18) in Australia [10]. The
HSC curriculum outlines a level of proficiency that students should attain for
understanding and describing the principle features of relativity. These include
understanding the principle of relativity and frames of reference, describing the
effects and implications of relativity, and applying the Lorentz equations and
E = mc2 to solve problems. Particular examples from Module 9.2: Space 4 [10]
are:
Students learn to:
• describe the significance of Einstein’s assumption of the constancy of the speed of light
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• identify that if c is constant then space and time become relative
• explain qualitatively and quantitatively the consequence of special relativity in relation to:
– the relativity of simultaneity
– the equivalence between mass and energy
– length contraction
– time dilation
– mass dilation
• discuss the implications of mass increase, time dilation and
length contraction for space travel
Relativity is undoubtedly a difficult topic for newcomers to comprehend, as
it cannot easily be directly observed in real life, and so learners usually have
to rely on abstractions and thought experiments to grasp the basic ideas of
relativity and its consequences. During and after standard instruction, learners
often struggle to understand and properly apply key concepts including frames
of reference, the speed of light, the relativity of simultaneity, time dilation and
length contraction. Investigations into student understanding of relativity are
described by for example Dimitriadi, Halkia & Skordoulis [33, 34] (sampling
Greek students in upper secondary education: 10th, 11th and 12th grades, ages
15-17) and Scherr, Shaffer and Vokos [143, 144] (who sampled students at the
University of Washington from various courses that include relativity, including
undergraduate and honours course). Both research groups used questionnaires
consisting of short stories, and discussion groups and interviews, to elicit students’
understanding and reasoning for particular concepts from special relativity. The
investigations revealed the following conceptions for the below key relativistic
effects:
• Finite speed of light (section 2.1.3). Students were required to identify
the maximum speed in nature. Although students agreed that the speed of
light is finite when asked directly, most couldn’t apply this to the problem.
They used influences from “common sense” and science fiction to argue that
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surpassing the speed of light is a technological matter [33]. Experimental
evidence later given to them helped to overcome this difficulty [34].
• Time dilation and length contraction (section 2.1.9/2.1.8). The students
were able to follow the syllogisms and come to conclusions, but tended
to classify these relativistic effects as distortions of perception. In elaborations, they relied on their everyday experience of length and time being
‘absolute’ quantities; notably, it was much more difficult for them to deal
with length contraction (as something that could be “seen”) than time
dilation [34].
• Relativity of motion (section 2.1.5). Correct description of motion
in relativity requires specification of the frame of reference. Although
students referred to reference frames, they had difficulty in applying this
to scenarios, and their answers were mainly determined by their everyday
experience and “common sense” of motion being absolute. They tended
to describe scenarios in terms of an “objective observer” or “privileged”
frame of reference, and make a distinction between “real” and “apparent”
motion [33, 34]. This likewise occurs with the relativity of simultaneity
(below), in which some students expressed the idea that only the stationary
observer is “right” [34].
• Relativity of simultaneity (section 2.1.11). Scherr et al. [143, 144] probed
student reasoning for the relativity of simultaneity in depth, and found that
many students construct an incomplete conceptual framework in which the
ideas of absolute simultaneity and the relativity of simultaneity harmoniously co-exist. They do so by attributing the relativity of simultaneity to
signal travel time, which allows them to retain the deeply-held underlying
belief that simultaneity is absolute, and when signal travel time is accounted
for, all observers (in all reference frames) agree on the time order of
two events. Dimitriadi et al. [34] likewise describes that some students
expressed the idea that only the stationary observer is “right”. Scherr
describes this mental modelling further in [142].
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In [144], Scherr et al. describe the development and assessment of instructional materials intended to address the deficiencies identified in [143]. A set
of tutorials aim to improve student understanding of the concept of time in
special relativity, the relativity of simultaneity, and the role of observers in
inertial reference frames. The emphasis is on using scenarios and paradoxes
to elicit students’ conceptions, taking them through the reasoning, and having
the students confront and resolve the incompatibilities associated with absolute
simultaneity. Students who had worked through the instructional materials
improved significantly in their ability to recognise and resolve some of the classic
paradoxes of special relativity.
Dimitriadi et al. [34] also reported on their designed teaching strategy to
introduce relativity to 10th grade students. Educational material was based on
informal sources of science learning including popularised physics books, press
science articles, and DVDs about science. The teaching sequence covered the 1st
& 2nd axioms (refer to section 2.1.4), relativity of simultaneity, time dilation, and
length contraction; which was illustrated with stories, visualisation and thought
experiments, and scientific evidence. The students were able to grasp the basic
ideas of SR and “construct” its axioms, and discuss and provide arguments. They
also dealt with its consequences (the relativity of simultaneity, time dilation and
length contraction) up to a point, but tended to classify them as distortions of
perception.
The development of computer-based simulations (see section 2.3) have added
a new tool for improving learners’ understanding of relativity, and other researchers have discussed how these approaches may be used in teaching practise
or science communication (e.g. [99, 100, 136, 138, 135, 148, 172, 171]). These
are discussed after the appropriate introduction of these tools, in section 2.3.9.

2.2

The world of Mr Tompkins

The story Mr Tompkins in Wonderland [45] is one of several popular writings
by physicist and physics populariser George Gamow, which were designed to
introduce to the non-specialist such difficult topics as relativity and cosmology.
This first book later led to a multi-volume series [47], in which Mr Tompkins
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(a)

(b)

Figure 2.8: Mr Tompkins observes length contraction: (a) of a bicycle rider
moving past him; (b) of the city streets from his own bicycle. (Images from [47];
reproduced for private use.)
and other characters explored other topics in physics including quantum theory,
atoms and black holes, utilising the same didactic technique of modifying the
fundamental constants of physics such that the physics effects enter into familiar
and everyday scenarios.

2.2.1

Synopsis

Mr Tompkins is a mild-mannered bank clerk with an interest in the developments
of modern science. He attends an evening lecture on relativity presented by a
professor at a local university. While trying to make sense of the professor’s
lecture, Mr Tompkins falls asleep and finds himself in a dream world where the
speed of light, c, is only 10 miles per hour (or 15kph). He then starts to learn
about the effects of relativity (as described throughout section 2.1) by observing
the inhabitants of the city around him as they go about their normal everyday
activities.
Mr Tompkins first encounters length contraction (see section 2.1.8) in a passing bicycle rider, “unbelievably flattened” in the direction of motion (figure 2.8a).
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As the rider attempts to pedal faster, he gains little in speed but becomes even
more flattened, and Mr Tompkins also observes that a passing taxi, even having
much more power than a bicyclist, is not able to travel much faster than the bicycle
rider can manage. He deduces that “nature’s speed limit”, the speed of light, is
much lower here, and that he is observing the contraction of moving bodies that
he had learned about.
Setting off on a bicycle of his own, Mr Tompkins expects himself to be
immediately flattened. Instead, he is surprised to find that the entire scene around
him changes. The streets become shorter, and the buildings and pedestrians look
thinner. He then realises the role of relativity – anything that moves relative to his
point of view gets shorter for him, “or whoever works the pedals!” (figure 2.8b).
As he attempts to catch up to the other rider, he finds that even with all his
effort it is difficult to increase speed, and remembers the professor’s lesson on
the impossibility of exceeding the speed of light (see sections 2.1.7 and 2.1.10).
Arriving at the post office, Mr Tompkins is surprised to see that half an hour
has passed on the post office clock, though it seemed like he was riding for very
little time, and only a few minutes have elapsed according to his wristwatch.
Though he sets it right, he finds that on each journey the town clock gets ahead
of his watch, even though it keeps time while he is standing stationary – time
dilation in action (see section 2.1.9). At the railway station he is further surprised
to observe an old lady greeting a younger man alighting from the train as “Dear
grandfather” (figure 2.9). To his enquiry, the train passenger explains that as he
spends a lot of his life travelling, he naturally ages much more slowly than his
relatives living in the city.
As he grapples with the relative ages of the traveller and his relatives, Mr
Tompkins arrives at the contradiction of the “twin paradox” (see section 2.1.9),
and determines to find out who is responsible for the age differences. He is floored
by the railway brakeman, who explains that it is his action of slowing the train
down when it gets to the station (and of the engine driver who accelerates the
train) which is responsible for the passengers gaining in age relative to friends
and family in the city.
The story concludes with Mr Tompkins waking up in his bank, coming faceto-face with the professor whom he questions about his experience.
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Figure 2.9: Mr Tompkins encounters the effects of time dilation on train
passengers. (Image from [45]; reproduced for private use.)

2.2.2

Concept of ‘slow light’

In Mr Tompkins, Gamow introduced the novel didactic device of reducing
the speed of light to everyday speeds. Although light transmission is not
instantaneous, at everyday scales it may as well be. The true speed of light,
approximately 300,000 km per second (see table 2.1), is such that it would
generally only become an observable factor at astronomical scales. Since the
speeds attainable in real-life situations with which people are most familiar are
minuscule in comparison, the effects and phenomena of relativity do not normally
enter into activities to any noticeable degree.
Changing the speed of light acts like a scaling; it does not change the
physics. As an alternative, scene objects can be thought of as very large [136].
Therefore, the concept of ‘slow light’ (or ‘reduced c’ scenes) entails assigning
a small value for c, so that relativistic effects can be illustrated in more
familiar real-life scenarios. ‘Slow light’ has thus become a recurring theme
in relativistic visualisations (see section 2.3) for portraying relativistic travel,
adding a wondrous twist to otherwise familiar scenes and making the effects more
accessible and easy to understand.
Computer simulations and games offer the exciting opportunity to realise
a ‘virtual-reality’ Mr Tompkins world. The concept of witnessing the physics
effects playing out as described by Gamow playing out in a familiar environment
that can be compared to our own has great appeal from learning and research
development standpoints. To date, a ‘complete’ Mr Tompkins virtual world has
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not been realised, but Gamow’s concept of ‘slow light’ nonetheless runs through
the simulations that will be reviewed in section 2.3 and will be built upon in the
work described in chapters 4 and 7.

2.2.3

Visibility of relativistic effects

While Gamow’s writing in Mr Tompkins does present relativity in an engaging
and entertaining way, many of the illustrations and details of the story are
unfortunately incorrect, particularly in the description of directly observing the
Lorentz contraction (refer to section 2.1.8). (Gamow later acknowledged these
differences in [46].)
The science of what would be seen in relativistic scenarios, and the development of computer-based visual simulations for relativity, are described in the
following section 2.3.

2.3

Relativistic visualisation

This section describes the science of relativistic visualisation, and outlines the
development and techniques for generating images of relativistic scenes on
the computer. Since the theory of relativity is widely considered a difficult
subject for learners and non-physicists (refer to section 2.1.13), the motivation
for most visualisations is to help explain relativity to these groups [99, 100,
136, 135, 148, 172, 171]. Therefore, this is explanatory visualisation aimed at
communicating ideas, theories and phenomena, as opposed to visualisation for
data and information exploration.
Two approaches to visualisation are possible, which are termed egocentric and
exocentric by Weiskopf and coworkers [167, 172]:
• Egocentric approaches produce the visualisation from the point of view
of the user: representing what the user (or a camera) would ‘see’ in a
relativistic scenario (see example in figure 2.10). They may also be referred
to as first-person or virtual camera model visualisations [171]. For example,
special relativistic effects can be demonstrated by virtual flights at nearlight-speed velocities, and general relativity can be illustrated by viewing a
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virtual galaxy behind a black hole that acts as source for gravitational light
bending.
• Conversely, exocentric visualisations are those which present an outside
view, or rely on metaphors and analogies (see figures 2.11 and 2.13 for
examples). This approach is most useful for concepts that are difficult or
impossible to visualise ‘conventionally’, such as the four-dimensional curvatures of spacetime; the geometric description of the Minkowski diagram
(see section 2.1.6) is another example of exocentric visualisation [171].
In special relativistic visualisation, the emphasis of recent research has been on
simulating what we would see in a relativistic setting, as outlined in section 2.3.1;
and a number of computer visualisations of special relativity have been developed,
ranging from non-interactive still images and animations, to interactive programs
which run on a desktop computer, immersive virtual environments and museum
installations. Most simulations take the form of an egocentric viewpoint adopted
in a visually-enhanced thought experiment; the most common metaphor is of
virtual flights through a static scene at relativistic speeds, where snapshots taken
by a virtual camera form the basis of what is displayed on the screen. Note that due
to the equivalence of frames of reference in relative motion (refer to section 2.1.4),
the system is the same whether the local frame (the observer/camera) is in motion
through the scene objects, or scene objects are in motion relative to the local
frame.
In relativistic scenarios, certain effects occur that determine the appearance
of objects. These may be divided into two categories: apparent geometry (the
apparent size, shape, and relative position and orientation of an object to the
viewer), and apparent radiance or relativistic illumination (the apparent brightness
and colour of the object). Computer-rendered illustrations of these effects
are shown in figures 2.10 and 2.11, and the effects are described in detail in
sections 2.3.2, 2.3.3 and 2.3.4. The mathematical summary will use four-vectors,
since that is how it is implemented in programs such as Real Time Relativity [138].
Methods developed to render relativistic images have generally been modifications or extensions of the conventional image-generation methods on computers, including the well-known polygon and ray-tracing methods (refer to,
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(a)

(b)

(c)

(d)

Figure 2.10: View of travelling down a desert road scene at 0.76c, showing
relativistic effects (egocentric visualisation). The observer is in the same location
in every frame. The first image, (a), shows the view of a stationary (or Newtonian)
observer. In (b), the relativistic aberration of light is shown, which results in
changes to objects’ apparent shapes and positions. Image (c) adds the Doppler
effect, which shifts the frequency of light toward the blue end of the spectrum for
approaching objects, and red for receding. Finally, (d) adds the headlight effect
which causes approaching objects to appear brighter, and receding ones to appear
darker. (Images from Seeing Relativity website [136].)
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(a)

(b)

(c)

Figure 2.11: Illustration of the three optical effects, from left to right: relativistic
aberration, Doppler shift, and the headlight effect (exocentric visualisation).
Each ring represents incoming light through 360◦ around the observer, marked
by the dot in the centre. The motion of the observer is from left to right relative to
the world frame (equivalently, the world frame is moving right to left). Image (a)
is stationary (or very low speed); (b) and (c) show the situation for increasing
relativistic speeds. (Images from Through Einstein’s Eyes website [148].)
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for example, [7]). These methods may be generalised to relativistic raytracing (section 2.3.5), polygon-based rendering (section 2.3.6), and image-based
rendering (section 2.3.7) methods. Examples of developed simulations, both
from the academic literature and found on the Internet, will be discussed through
these sections. In many cases, these simulations (or images and animated movies
rendered by them) may be accessed on web sites online.

2.3.1

Historic remarks and recent developments

Surprisingly, for long after Einstein’s presentation of the theory of relativity, the
question of how things would look in special relativistic scenarios was ignored, or
incorrect descriptions were given.
Einstein’s theory says that a moving object will be measured as contracted
according to the formula given in equation 2.10. There was a general assumption
that the Lorentz contraction would be directly visible (e.g. to a camera or the
naked eye) at sufficiently high speeds; for example, Lorentz stated in 1922 that
the contraction could be photographed [161], and Gamow’s story Mr Tompkins
(see section 2.2) represented the contraction literally [46]. Compounding the
problem was the issue of confusing and unclear wording leading to incorrect
interpretations: over time, the statement about contraction being measured tended
to be re-interpreted to say that the contraction would be observed, and this then
was re-written as the contraction would be seen.
In fact, when travelling at speeds that are a fair proportion of the speed of
light, other factors dominate which determine the geometrical appearance, colour
and illumination of fast-moving objects. As early as 1924, Lampa [87] presented
a discussion on the appearance of fast-moving objects which pointed out that in
the general case, the Lorentz contraction will be invisible to observers; however,
this article went largely unnoticed. The problem was rediscovered in 1959 by
Terrell [161] and Penrose [119], who gave correct descriptions. Among these
results were revelations that a spherical object always presents a circular outline;
that straight lines will in general appear to be curved; and that a metre stick will
appear approximately to have undergone rotation.
Subsequently, a series of investigations clarified what fast-moving objects
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Figure 2.12: Appearance of a sphere passing an observer at various speeds β.
The sphere is tilted by 70◦ to display the north pole. The direction from the point
circled on the sphere to the observer makes an angle θ equal to 90◦ to the line
of motion. The sphere retains a circular outline, but the appearance of surface
details changes. (Image from [146].)

Figure 2.13: Cross sections at various speeds β of the images of passing spheres
(moving from left to right) when the observer is ten sphere diameters from the line
of motion of the centre. (Image from [146].)
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Figure 2.14: Views of a train of boxcars (each 1 × 1 × 3 units), travelling left to
right, viewed by an observer 10 units away at an angle 30◦ above the plane of the
tracks. The axis of the observer’s camera is directed at the centre of the middle
car shown by a cross (+). The dot (·) marks the centre of the near edge of the
middle car in each case. (Image from [146].)
should look like, e.g. by Weisskopf [176], Boas [11], Scott and Viner [147], and
Scott and van Driel [146].
These works were concerned mainly with the geometric appearances of
objects with illustrations such as those shown in figures 2.12-2.14 by Scott and
van Driel [146]. The egocentric visualisation in figure 2.12 shows that a sphere
moving past the observer retains a circular outline, although details on the surface
of the sphere appear to move. Figure 2.13 is an exocentric representation of
the previous scenario, showing the cross sections of the sphere image formed at
different locations relative to the observer. Figure 2.14 shows the egocentric view
of a row of rectangular prisms, which can be thought of as a train of boxcars on a
straight track, and demonstrates Terrell’s “apparent rotation”.
In the 1980’s, computers began to be used to create visualisations of relativity.
Hsiung and Dunn [63] were the first to publish a relativistic rendering system
in 1989. Their technique was based on an extension of standard 3D ray-tracing
(see section 2.3.5), and took hours to render a single frame on the hardware of
the time. In 1990, Hsiung and coworkers extended their approach to include
visualisation of the Doppler effect and simulation of complex kinematic systems
(in which objects of different velocities coexist) [64]; and visualisation of time
dilation, using objects that change appearance (e.g. blinking colours) and other
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cues [65]. Hsiung, Thibadeau and Wu [66] also presented an alternative to raytracing they called “Time-Buffer” or “T-Buffer”, which is the foundation for the
relativistic polygon-based rendering method described in section 2.3.6. In 1991,
Gekelman, Maggs and Xu [52] presented an interactive system using the polygonbased method that calculated the shape of a relativistically moving cube and
displayed the result in real time.
In 1996 Chang, Lai and Chen [19] presented the complete transformation of
radiance for relativistic illumination and Doppler shift, however with errors in
their derivation, which were corrected later by Weiskopf, Kraus and Ruder [175].
Based on this, in 1999 Kraus [83] revisited the question of the appearance of
rapidly moving spheres and large objects, and reported that the headlight and
Doppler effects dominate, and in a photorealistic visualisation would rapidly
obscure the geometric appearance of objects that had been described by authors
previously. Savage and Searle also demonstrated the first purpose-made relativistic ray-tracing system [136, 148], which produces images such as those shown in
figures 2.10 and 2.15.
Rau, Weiskopf and Ruder [128] addressed the issue of acceleration in the
context of the virtual camera (refer to section 2.1.12), which provided the basis
for all subsequent relativistic ‘flight simulator’-type programs; and demonstrated
real-time interactive systems using the polygon-based method [170]. At this time,
Weiskopf [168, 169] also introduced the image-based rendering method for realtime interactive visualisation (see section 2.3.7). For this method, the relativistic
transformation is performed as an additional step after ordinary generation of the
scene, and has a fixed computational cost, so that simple and complex scenes
alike can be realised. With the advent of programmable graphics hardware (refer
to section 3.1.1), the complete relativistic transformation is possible to perform
on the graphics hardware. From 2005, Weiskopf et al. [172] and Savage, Searle
and McCalman [137, 138] describe complete relativistic ‘flight simulators’ that
employ this method.
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2.3.2

Relativistic aberration and the apparent geometry

Relativistic aberration results in a rotation of incoming light rays into the forward
arc of the moving observer (see for example discussions in [136, 138, 171]). It
is analogous to classical aberration in Newtonian mechanics, a familiar example
of which is the change in the incident angle of rain while driving in a car. While
we are stationary (relative to the world frame of reference), we view the raindrops
falling straight down. When we are in motion relative to the world frame, the
raindrops appear to fall at an angle toward us. With increasing speed, the angle of
the rain approaching the windshield becomes closer to horizontal.
The relativistic aberration of light describes the change of light direction
caused by the Lorentz transformation from one frame to another (see section 2.1.5). Using four-vectors, a plane light wave is described by its fourfrequency F as
F = ω[1, n]
(2.24)
where ω is the frequency and n is the unit vector in the direction of
propagation. By applying the Lorentz transformation to this four-frequency, the
aberration of light and the Doppler effect (see following section 2.3.3) can be
immediately computed.
A convenient form of the aberration effect is given by the following relation.
Consider a light ray in frame K, whose direction is described by spherical polar
coordinates (θ, φ) relative to the velocity vector of another frame K 0 moving with
velocity v. In frame K 0 , the direction of the light ray is described by (θ0 , φ0 ). The
relation between these angles is given by
cos θ0 =

cos θ − β
1 − β cos θ

,

φ0 = φ

(2.25)

The result of relativistic aberration is a compression of incoming light into the
forward arc of the moving observer, and a magnification in the rear, as illustrated
by the ring of arrows in figure 2.11. Aberration causes changes in the apparent
size, shape, and position of observed objects, and a widening of the field of view.
In particular, objects in front appear to be further away, and objects which are to
the side or behind the observer appear to move into the front arc. For example,
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in figure 2.10b, aberration causes the building to appear smaller and further away,
while a street sign that is out of the field of view in figure 2.10a appears to be in
front of the observer. When the observer is undergoing acceleration in interactive
simulations (see section 2.1.12), these perspective cues can conspire to create the
impression that we are moving backwards [138, 100]!
Terrell rotation describes the phenomenon that relativistically moving objects
that subtend a small solid angle to the observer (i.e. that are small or far away)
will appear approximately as if they were rotated [161]. This is illustrated in
figures 2.14 and 2.15. Terrell argued that the Lorentz contraction would be
invisible, but it is generally accepted that this is an overstatement and the Lorentz
contraction is visible for small objects viewed perpendicular to the direction of
travel [147, 146, 138].
Terrell rotation may be understood in terms of relativistic aberration, or in
terms of light delay (see [136]). Because light takes time to travel the distance d
from the object to the observer, light from the parts of the object that are further
away are emitted earlier in time, and light coming from nearer parts is emitted
later when the object has continued its motion. This means we see objects, and
even parts of the same object, at locations they occupied at earlier points in time.
Furthermore, the trailing side of objects may be visible, where this would be
impossible at lower speeds. This occurs when the velocity of the object exceeds
that of the light ray’s projection in the direction of the object’s motion; the object
“gets out of the way” of the light and hence does not block it. This is shown in
figure 2.16.
Due to aberration, straight lines in the propagation frame will in general appear
curved in the observer frame [11]. This can be seen in the appearance of the
signpost in figure 2.10.
A unique property of aberration is that relativistically moving spherical objects
always appear to present a circular outline to the observer [119, 146], despite the
fact that Lorentz contraction compresses them to ellipsoids. Although they retain a
circular shape, surface details will appear distorted, as shown earlier in figure 2.12.
In figure 2.13, Scott and van Driel show exocentrically the apparent shape of the
sphere due to light delay.
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(a)

(b)

Figure 2.15: Egocentric images of a relativistically moving tram, illustrating
Terrell rotation. In (a), the observer and tram are stationary (or moving at very
low speed). In (b), the tram is moving at relativistic speed from right to left.
The tram’s image is distorted by Lorentz contraction and Terrell rotation, with its
trailing side visible to the observer. (Images from Seeing Relativity [136, 148].)

(a)

(b)

(c)

(d)

Figure 2.16: Exocentric image sequence showing how the image of the
relativistically moving tram occurs. (a) shows a wireframe image of the stationary
tram. (b) shows the Lorentz-contracted tram passing by the observer at its
apparent location. Due to the different distances involved, light rays arriving
at the observer from the farther parts of the tram are emitted earlier than from the
nearer parts, while the tram continues in motion as shown in (c). The light emitted
from the four corners of the tram forms a skewed box as shown in (d). (Images
from Seeing Relativity and Through Einstein’s Eyes [136, 148].)
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2.3.3

Doppler shift and the apparent colour

The Doppler effect is a non-relativistic effect that may also be familiar from
classical scenarios. It accounts for the transformation in the wavelength of light
due to motion from one frame to another.
Equation 2.24 defined the four-frequency of the light wave, where wavelength
and frequency are related by λ = ω −1 . Applying the Lorentz transformation to the
four-frequency F yields the corresponding F 0 with transformed frequency ω 0 . A
convenient form of the Doppler effect is as follows (see for example [138, 171]):
ω0 =

1
ω = Dω
γ(1 − β cos θ)

(2.26)

This equation defines the Doppler factor D. Expressed in terms of wavelength,
the Doppler effect is λ0 = λD−1 .
The Doppler effect results in the frequency of light being shifted towards the
blue end of the visible spectrum for objects approaching the observer, and towards
the red end of the visible spectrum for receding ones (refer to figures 2.10b and
2.11b). At high velocities the wavelength of visible light may be shifted far out of
the visible spectrum (see figure 2.11c), and hence the visible colour and intensity
of a relativistic object may depend on its spectral properties, and those of the
illumination sources, outside of the visible spectrum [136].
A recurrent limitation, from a scientific standpoint, is that current computer
graphics systems do not represent the entire intensity spectrum, but specify only
three frequencies: red, green, and blue. Therefore other spectra, including infrared
and ultraviolet, are typically not available for virtual scenes. Thus, there are
limitations in current simulations for presenting a true representation of Dopplershifted colours [169, 138, 171].

2.3.4

Relativistic headlight effect and the apparent brightness

Three factors combine to produce intensity changes in the light coming from
approaching and receding objects. The effect is alternately named the “headlight”
or “searchlight” effect by various authors (see [138, 171]), because light coming
from approaching objects increases in intensity. The intensity decreases for
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objects which are moving away. It is shown in figures 2.10c and 2.11.
The intensity changes are proportional to the Doppler effect and can be
expressed in terms of the Doppler factor D from equation 2.26 as follows:
1. Aberration compresses or expands the angular size of the emitting region,
or the proper solid angle viewed by a detector, which changes the intensity
by a factor of D2 .
2. The Doppler shift changes the light intensity by the factor D, due to the
proportionality between photon energy and frequency.
3. The photon flux (number of photons arriving in a time interval) is changed
by a factor of D due to the combined effects of time dilation and the
observer’s motion.
These produce a combined intensity change factor of D4 . For common
detectors, such as the eye or a CCD camera, it is the photon number flux P which
is detected and the energy change per photon is irrelevant [138]. Therefore, the
flux changes by a factor of D3 , which is the total observed intensity change:
P 0 = D3 P

(2.27)

The resulting change in the apparent brightness becomes large well before
other factors, and would dominate the view of a relativistic observer [175].
There are challenges in displaying the resulting intensities without obscuring the
other interesting effects [169, 138]. For this reason, contemporary relativistic
simulations such as Real Time Relativity (see sections 2.3.7 and 2.3.10) enable
these effects to be toggled and are typically used with it turned off [138].

2.3.5

Relativistic ray-tracing

Ray-tracing algorithms generate an image by modelling the light rays arriving
at the camera from the surrounding scene [7]. As such, ray-tracing is the most
natural ‘fit’ for modelling the physical behaviour of light in relativistic scenes [63,
128, 136, 171].
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Ray-tracing in computer graphics is normally performed in three-dimensional
space, and makes certain assumptions (such as infinite speed of light and
absolute space/time coordinates). One may think of relativistic ray-tracing as
ray-tracing in four-dimensional spacetime, with finite light speed. However
for many relativistic scenarios, such as a single static scene with a moving
observer, the task can be completed with “ordinary” ray-tracing with only a slight
modification [63, 128, 171]. The primary ray directions being traced from the
camera pixels are Lorentz-transformed from the moving camera frame to the
frame of the static scene; thereafter, non-relativistic ray-tracing is performed.
The ray direction and wavelength are transformed by applying the Lorentz
transformation to the corresponding four-frequency vector (see equation 2.24);
the radiance is transformed according to equation 2.27 [128, 171].
Full 4D special relativistic ray-tracing is needed to include more advanced
effects such as complex kinematic scenes, shadowing, and reflections [136, 171].
The usual model for a light ray is extended to include intensity, colour and time
information. To compute an image, the physical situation in the simulation is
time-reversed with the light rays being traced backwards in time from each camera
pixel. The light rays are tested for intersections with the scene objects to find the
appropriate events of origin of the actual light rays from objects in the scene. For
the case of direct illumination by a point light source, a ray is constructed from
the event to the light source(s) and tested for intersections with other scene objects
to account for regions of shadow. The colour and intensity of the source are
transformed into the object frame and combined with the reflectance properties of
the surface, and then finally the intensity and colour coming from this illumination
event are transformed into the camera frame [136].
Ray-tracing methods are capable of producing very realistic images, with
‘natural’ support for shadows, reflection and transmission of light [7, 43]. In
relativistic scenarios, ray-tracing methods have the additional benefits that scenes
with accelerated objects, objects that move relative to one another, the mapping
of straight lines to curved, and the interesting behaviours of shadows, are
‘naturally’ supported and physically accurate (see figures 2.10 and 2.17 and
section 2.3.6) [136, 138, 171]. The main disadvantage is very high computational
cost, which typically makes interactivity impossible; although individual images
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Figure 2.17: Shadow cast by a tram moving at 0.9c rendered by the relativistic
ray-tracing program Backlight. (Image from [136].)
can be strung together to create animations and movies.
High-quality images of relativistic scenes produced by relativistic ray-tracers
can be seen, for example, in the galleries and learning materials of the Space
Time Travel [85] and Through Einstein’s Eyes [134, 148] websites (refer also to
section 2.3.9). Other examples, though less current, are Walker’s C-ship 5 and
VanDevender’s Relativistic Starflight6 sites.
Hsiung and Dunn [63] were the first to demonstrate a relativistic rendering
system for static scenes in 1989, with their implementation of the relativistic raytracing process they called Relativistic Effects in SpaceTime or REST. Subsequent
work extended REST to add visualisation of complex kinematic scenes, Doppler
shift, and time dilation [64, 65]. On contemporary hardware (an Apollo DN-10000
system with 2 CPU boards and 32MB of physical memory), the computation time
ranged from under 5 minutes to over 2 hours for some complex scenes [64].
Other examples have been built on top of existing ‘normal’ ray-tracing
systems, such as the free ray-tracing program POV-Ray (for Persistence of Vision
Raytracer7 ). Extensions to depict certain relativistic effects were implemented by
Andrew Howard [62] in 1995 and John Walker 5 in 1997, although the latter does
so with less accuracy.
Possibly the most capable relativistic ray-tracer in existence is the Backlight
5

See: http://www.fourmilab.ch/cship/cship.html
See: http://hexadecimal.uoregon.edu/relativity/index.html
7
See: http://www.povray.org/
6
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program, which was created in 1997/1998 by Antony Searle [136, 148]. Of note is
that Backlight was written from the outset to handle relativistic effects, rather than
modifying an existing raytracer to introduce relativistic corrections. Figures 2.10,
2.15, and 2.17 show examples of its output. Backlight was written in ANSI
C++ for a variety of platforms and is distributed under an open-source license.
On contemporary 400MHz Pentium II and Silicon Graphics R10000 processors,
Backlight takes about 13 minutes to render a single image, or several days for a
minute of video.

2.3.6

Relativistic polygon rendering

Polygon rendering projects the vertices of the geometry onto the image plane and
generates the image of the polygon surface by straight-line interpolation between
the projected vertices [7, 136]. The basic idea behind the extension to special
relativistic polygon rendering is to transform the 3D geometry to the apparent
shape seen by a relativistic observer [171]. This approach works in object space,
transforming the 3D geometry to another 3D geometry, and so is sometimes also
called the object-space approach. The scene objects emit light (either directly,
or indirectly through light reflection), and so the vertices defining the geometry
can be related to point light emission events. Conversely, the camera represents a
light absorption event. Relativistic polygon rendering operates on the relationship
between light emission and absorption events, and the Lorentz transformation
between relatively moving frames.
The Minkowski diagram in figure 2.4 illustrates these transformations for a
point-like object (light source). The line {(ct, xe )|t} denotes the worldline of
the object in its rest frame K (which is the scene frame for a static scene). The
intersection of the worldline of the object with the backward light cone originating
from the camera event at O determines the emission event E. In four dimensions
(referring to equation 2.19) the coordinates of E can be computed by:
(x0o − x0e ) =

p

(x1o − x1e )2 + (x2o − x2e )2 + (x3o − x3e )2

(2.28)

Where xµe denotes the coordinates of E and xµo the coordinates of O. Once
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(a)

(b)

Figure 2.18: Screenshots of an interactive virtual environment produced by
relativistic polygon rendering in the Virtual Relativity desktop application [128].
(a) shows the view for a relativistically moving camera travelling into the
scene with texture mapping applied. (b) shows the wireframe geometry of the
transformed scene. Note how the approximation of curved lines with straight
polygon edges breaks down for polygons that are close to the camera.
57

Chapter 2
the position of E in the scene frame K is known, we have only to compute the
coordinates with respect to the camera frame K 0 . In figure 2.4 this is shown by the
green lines, which corresponds to the Lorentz transformation from K to K 0 . After
applying the Lorentz transformation, the spatial coordinates of the transformed
xµe 0 describe the position of the event as seen by a relativistically moving camera.
To render a complex object or scene, the transformation of events is applied
to all vertices of the scene [128, 171]. The transformed 3D object is called a
photosurface by Gekelman et al. [52] and Rau et al. [128].
The transformation of vertex positions only accounts for the apparent geometry due to aberration (see section 2.3.2). The relativistic effects on illumination can
be incorporated by modifying the colour and intensity according to the Doppler
and headlight effects (sections 2.3.3 and 2.3.4). This can be done at the vertices,
or performed more accurately as a post-process on the rendered image.
The first advantage of relativistic polygon rendering (as compared to raytracing) is one of speed, as the projection and rendering of polygons is directly
supported by the rendering pipeline of 3D graphics hardware. The transformation
of vertex coordinates occurs at the start of the rendering pipeline, and can be
done by either CPU processing, or in a vertex shader program on the GPU (see
section 3.1.1). Therefore, visualisation can easily be performed at interactive
rates. A second advantage is that the method also allows for scene objects that
move at different speeds.
An additional benefit is that the three-dimensional photosurface object can be
viewed from arbitrary viewpoints [128], as shown in figure 2.19 (compare also
to the representation in figure 2.13). This visualisation method can be helpful to
understand how the relativistic image was produced, although the usefulness of
this has not been further investigated in the literature.
The main disadvantage of relativistic polygon rendering is that, due to fact
that straight lines image to curved lines in relativistic scenes (see [11]) and the
non-linear nature of the vertex transformation in equation 2.28, the connecting
straight edges between vertices may lead to artifacts [136, 169, 171]. This is
most prominent for large, nearby triangles (see figure 2.18). This problem can be
reduced by finely meshing all scene objects in a preprocessing step; or overcome
by performing a view-dependent re-tessellation to adaptively refine large triangles
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 2.19: Photosurfaces of a sphere and a cube at different time steps. The
observer is marked as a small sphere. The view is perpendicular to the direction
of motion (β = 0.95 for the sphere in (a), (b) and (c) and β = 0.9 for the cube in
(d), (e) and (f)). (Images from [128].)

(a)

(b)

Figure 2.20: Screenshots from the Light Speed! application illustrating
relativistic effects on 3D geometric objects. (a) shows a cube lattice moving by the
observer from right to left. (b) shows a spaceship mesh moving perpendicularly
from right to left.
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during runtime. An additional disadvantage of relativistic polygon rendering
is that the method adds extra computational costs per vertex, so the rendering
performance varies with the complexity of the scene.
Hsiung et al. [66] were first to present a polygon-based method for relativistic
rendering in 1990 that was however not real-time. The following year Gekelman
et al. [52] described a polygon renderer that was interactive and real-time, albeit
very limited. However, as processors became more powerful and hardwareaccelerated 3D polygon rendering was introduced, it became possible to visualise
more complex scenes in real time. With their formulation for treating the
accelerated observer (see section 2.1.12), in 1998 Rau et al. [128] presented a
package called Virtual Relativity that enabled the user to fly through scenes while
interactively changing speed and direction. Weiskopf subsequently reported on
the extension of this system for immersive virtual environment [170]. Screenshots
from the desktop version of this application are shown in figure 2.18.
Two more recent applications which are available on the Internet are Warp by
Adam Auton8 and Light Speed! by Daniel Richard G.9 Both applications allow
the user to load in a 3D model or scene, and visualise relativistic effects on the
geometry and illumination, with Light Speed! being the more capable and accurate
program. These are not complete ‘relativistic flight simulators’ like that of Rau et
al. [128], but rather portray a static ‘snapshot’, with the user being able to orient
the mesh and change parameters such as speed and viewpoint. Screenshots of
Light Speed! are shown in figure 2.20.

2.3.7

Image-based relativistic rendering

In 1999 Weiskopf introduced the image-based method for relativistic visualisation [168, 169]. In this method, an image acquired in a non-relativistic
frame of reference is transformed into the relativistically-moving frame. The
method enables high-quality visualisation of real-time interactive relativistic
scenes without the problem of artifacts that occurs with the polygon method.
The physical basis of the image-based method is the Lorentz transformation
8
9

See: http://www.adamauton.com/warp/index.html
See: http://lightspeed.sourceforge.net/
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of the plenoptic function [4], which describes the photon field at a specific point
in space:
P (θ, φ, x, y, z, t, λ)
(2.29)
The plenoptic function describes the direction and wavelength-dependent
radiance (θ, φ, λ) of the light arriving from all directions at a single point in
spacetime (x, y, z, t) [169, 171]. The direction (θ, φ) and wavelength λ may
equivalently be expressed in terms of the vector n and frequency ω as in the fourfrequency from equation 2.24 [138].
The photon field incident from a particular direction may be sampled and
stored as an image, which is the act performed when a snapshot is taken by
a camera. By taking snapshots in a complete panorama around the point of
observation, the full plenoptic function may be sampled. We consider a camera
at rest in the world frame of a static scene. Each pixel in the camera image is
formed by light incident from a particular direction (θ, φ), or with propagation
direction nw in the world frame. These directions can be related to the propagation
directions in the relativistic camera frame, (θ0 , φ0 ) and nc , by the relativistic
aberration formula in equation 2.25 and the Lorentz transformation, respectively
(see section 2.3.2). With equations 2.26 and 2.27 for the Doppler headlight and
Doppler effects, it is possible to compute the complete relativistic view.
This method transforms a panorama acquired in the non-relativistic way into
the relativistic view. Both real-world scenes acquired through photography (see
figure 2.21) [174, 173] and synthetically generated images of virtual scenes
(see figures 2.22 and 2.23) [168, 169, 138] may be transformed. In the case
of computer-generated images, the image-based method provides the basis for
real-time interactive relativistic simulation. Images of the 3D virtual scene
may be generated using the conventional rendering pipeline, with the relativistic
transformation stage appended to the end. The relativistic transformation operates
on each pixel that is rendered to the screen and therefore has a fixed overhead,
which is not dependent on the complexity of the scene.
The original implementation in 1999 by Daniel Weiskopf, and coworkers,
made use of texture-mapping of the non-relativistic panorama onto the inner
surface of a unit sphere centred on the camera, with transformation of the
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(a)

(b)

(c)

Figure 2.21: Images of real-world scenes transformed by the image-based
relativistic rendering method of Weiskopf et al. (a) shows the non-relativistic view.
(b) shows the apparent geometry for β = 0.9. (c) shows the complete relativistic
rendering with β = 0.2. The overall intensity in (c) is reduced to 10 percent of that
in (a) and (b) to keep the intensities in the displayable range. (Images from [174].)

(a)

(b)

Figure 2.22: Views down a row of columns in a virtual world, rendered by the
Real Time Relativity simulator [138]. (a) shows the view at rest in the world
frame. (b) shows the apparent geometry with β = 0.968.
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Figure 2.23: Screenshot of a recent version of the RTR simulator. This version
implements a third-person perspective around a spaceship model. Aberration,
headlight and Doppler shift effects from the ship’s motion relative to the virtual
world are depicted. (Image from http://realtimerelativity.org/)
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viewing angle (θ, φ) projected onto the sphere [168, 169]. Texture-mapping is
supported by graphics hardware and therefore the simulation runs at interactive
rates. The more recent development of programmable GPUs enables the entire
relativistic transformation to be implemented using pixel shader programs on
the GPU, which provides further performance gains [138, 171]. This is the
implementation used in Real Time Relativity, an interactive relativistic flight
simulator developed during 2005-6 by Lachlan McCalman with Craig Savage
and Antony Searle at the Australian National University (ANU) [137, 138], and
subsequently also with Michael Williamson [100, 135]. The Real Time Relativity
(RTR) program represents the current state-of-the-art in interactive relativistic
simulations currently available for consumer computers, and the program10 and
its source code11 are freely available over the internet.
In the RTR program, the relativistic image is created by first rendering the
stationary world view into a cube map, which may be visualised as the 4π
steradian view-field mapped onto the interior surface of a cube centred on the
camera. The cube map is a two-dimensional data structure in which the image
pixels are addressed by line of sight direction. To compute the relativistic image,
the direction vector nc for each camera image pixel in the relativistic view is
inverse Lorentz transformed to find the corresponding direction vector in the
world frame nw , which addresses the pixel on the cube map to be mapped to
the camera pixel. This transformation is implemented as a four-dimensional
matrix multiplication of the four-frequency which is carried out in a pixel shader
program on the GPU. The headlight and Doppler effects are likewise computed by
interpolation and multiplication of the resulting pixel colour in subsequent pixel
shading steps [138].
Like relativistic polygon rendering, image-based relativistic rendering is well
supported by the GPU graphics pipeline. The main advantage over polygon
rendering is that the transformation of geometry and illumination is pixelaccurate, and doesn’t introduce geometric artifacts when straight lines are imaged
to curves. In addition, there are no extra computational costs per vertex [169, 171].
The relativistic transformation is performed as a post-process to conventional
10
11

See: http://realtimerelativity.org/
See: http://rtrelativity.svn.sourceforge.net/
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Figure 2.24: Screenshot from the RTR simulator, showing the effect of light
propagation delay and the relativity of simultaneity in clocks. (Image from [138].)
rendering, with a fixed time cost; when implemented using GPU shader programs,
the conventional graphics processing needed to generate the cubemap limits
performance, rather than the relativistic calculations [138].
One of the main problems inherent to the image-based method has to do with
the source panorama/cubemap image that is transformed. Because the aberration
effect results in a nonlinear transformation of light directions, the image is scaled
down in the direction of travel, and magnified in the opposite direction. Therefore,
pixel artifacts will occur if the source image is not acquired at sufficiently high
resolution. Additionally, the method lacks support for scenes in which objects
move at differing speeds [169, 171].

2.3.8

Portrayal of other effects

To date, relativistic simulation efforts have focused primarily on the visual
representation, but the non-visual effects described by special relativity (see
section 2.1) have been largely ignored. The effects of mass dilation, for example,
have not been portrayed. Time dilation, on the other hand, has been shown, but
only in limited visual ways.
Hsiung et al. [65] describe visualisation of time dilation in their simulation.
The visualisation involved such effects as motion blur, and portraying colourchanging dots that cycle from one colour to another with a regular period which
modifies with time dilation from motion.
Savage et al. [138] describe a more comprehensive feature in their Real
Time Relativity simulation, which portrays large clock objects at intervals in the
environment (see figure 2.24). The clocks display the elapsed time in seconds,
and may diverge from one another and from the time elapsed in the observer’s
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frame due to both light propagation delay, and the relativity of simultaneity
when the observer is in motion through the scene. Savage, McGrath and
coworkers [138, 100] outline how the instructional clocks feature provides a
basis for virtual experiments that can be conducted by students to ‘discover’ time
dilation, propagation delay, and the relativity of simultaneity.
However, time dilation could be further incorporated into the larger mechanics
of the simulation, for example through other objects (possibly mobile) exhibiting
time-dependent behaviours. Mass dilation and time dilation could also provide
the basis for further puzzles (or virtual experiments) for learners to solve. (In fact,
a relativity game with some of these features which arose after this research will
be detailed in section 3.3.10.) The integration of dynamical effects of relativity
into simulations and games will be further examined throughout this thesis.

2.3.9

Applications of visualisations and learning experiences

Visual relativistic simulations offer benefits to building understanding of relativity through explanatory illustration and enriched thought experiments [172].
Although relativistic optics are not a component of most educational coursework,
which focus more on identifying and describing effects and the application of
mathematical formulae [10, 99, 138], egocentric relativistic visualisations such as
those presented here are instructional in understanding factors such as light-delay
and useful for concept-building and engaging new ways of thinking [100, 135,
171].
Savage, McGrath and coworkers [99, 100, 138, 135] have outlined their use
of interactive relativistic simulation to support physics teaching in undergraduate
university courses12 . Weiskopf, Borchers, Kraus and coworkers13 [170, 172, 171]
have also reported on uses of relativistic visualisations predominantly focused on
communication of science concepts to general audiences and physicists. Both
groups have also authored online video galleries and learning materials intended
in part for physics popularisation in their Through Einstein’s Eyes14 [134, 148]
12

See: www.anu.edu.au/Physics/vrproject/rtr.html
See: http://www.vis.uni-stuttgart.de/relativity
14
See: http://www.anu.edu.au/Physics/Savage/TEE/
13
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and Space Time Travel15 [85] websites.
Weiskopf [171] surveys a range of visualisation approaches and applications,
including geometric visualisation with Minkowski diagrams (see section 2.1.6)
and egocentric virtual camera models, and classifies the different types of audiences among the general public, students, and experts in physics and relativity.
In general, geometric visualisations are used with mathematical formulations
and primarily address physicists and researchers, while visual approaches are
used often in popular-science presentations and to motivate learners. However,
of interest is the evidence presented that visual presentations can also help to
engage physics experts to think of relativity in more visual and process-oriented
terms. Weiskopf et al. [172] describes a range of special and general relativistic
visualisation implementations, including interactive museum installations for
special relativistic flights and gravitational lensing, and scientific illustrations such
as geometric representations and planetary terrain visualisation. They do not
report on user studies, but describe anecdotes and informal feedback that supports
the effectiveness of visual representations in popular-science presentations.
Savage, McGrath and their colleagues have focused in on incorporating
virtual reality simulators into their teaching undergraduate programs in physics
courses [100, 135]. At the Australian National University (ANU) and University
of Queensland (UQ), RTR has been used as a component of first year physics
courses where special relativity and quantum mechanics serve as an introduction
into abstract physics, and jointly evaluated with over 300 students. In the initial
study [138], students worked in groups of two or three during a laboratory class
with a manual that provided activities to foster exploration and qualitative and
quantitative questions. The evaluation showed that students found the “concrete”
or “visual” nature of the simulation was helpful, and that it stimulated their
interest; although they reported the manual was too prescriptive and that the user
interface was frustrating. Accordingly, the software was redeveloped for followup studies [99, 100], which also revised the laboratory content to allow more
exploration and de-emphasise quantitative verification of formulas. This process
converged on a balance between open-ended exploration, and directed activities
where students connect selected theories and phenomena of relativity with their
15

See: http://www.spacetimetravel.org/
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observations, and develop and carry out an experiment to verify the mathematical
formulation of time dilation [100, 135]. Evaluation found that students who
used the software were less likely to identify relativity as more abstract than
other physics topics compared to students who didn’t; and that performance in
concept questions generally improved after using the simulator, in particular with
questions concerning time dilation and the relativity of simultaneity. In addition,
among students who had completed the same lecture course, those who had
completed the RTR lab performed better on exam questions than those who had
not [100, 135].
The laboratory sessions with simulations fostered active learning, wherein students are challenged to formulate conceptions and negotiate deeper understanding
to design and carry tasks as an active participant [138, 100]. This type of learning
follows many of the same patterns as experiences that will be discussed with
‘serious games’ in section 3.3. In particular, the presence of a tutor and laboratory
manual were required to direct students’ investigation; roles which could be
subsumed into an appropriately-constructed game environment to direct players’
goals and actions for more immersive and independently-motivated experiences.

2.3.10

Summary

Relativistic ray-tracing methods (see section 2.3.5) are known for producing the
highest-quality and most physically-accurate images of relativistic scenes [136].
However, ray-tracing techniques in general, and relativistic ray-tracing in particular, are generally not suitable for real-time interactive applications such as games.
Relativistic polygon-rendering (see section 2.3.6) is the immediate alternative that
is real-time capable, but introduces the problem of geometric artifacts [128, 169].
The relativistic image-based rendering method (see section 2.3.7) provides
an alternative method for accurate, high-quality visualisations that is real-time
capable [169, 171]. Current implementations of the technique in software such
as Real Time Relativity are even described as ‘game-like’ [138, 100]. Thus, it is
appropriate to consider extension of the simulation framework provided by RTR
for game applications. However, current implementations including RTR do have
some limitations to be overcome.
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Figure 2.25: Clamping of RGB values due to the large intensity range generated
by the headlight effect. The large intensities cause the display to be mostly washed
out to white.
The first of these, the constraint on portrayal of the Doppler shift effect due to
the incomplete intensity spectrum [169, 138, 171], was mentioned in section 2.3.3
and is primarily a concern of physical accuracy for scientific inquiry. From the
perspective of games, two usability issues are apparent, which will be the subject
of investigation in chapter 7.
Firstly, the display of large intensity values due to the headlight effect tends
to quickly exceed the displayable range of the computer display, resulting in a
clamping of RGB values to white and obscuring other features of the scene (see
figure 2.25). As a result of this, simulations are often used with the headlight effect
turned off [138], but it would be preferable to have this feature be usable. We will
see that this shortcoming may be addressed by the application of known computer
graphics techniques from high dynamic range rendering (refer to section 3.1.2).
A second challenge has to do with the lack of support for objects that move at
differing speeds [169, 171]. An approach for extending the method for complex
kinematic scenes is developed in chapter 7.
In addition, these simulations have all been solely visual (refer to section 2.3.8)
and have largely ignored the effects of mass dilation and time dilation in the
mechanics of the virtual world. The opportunities to portray interesting and
exciting simulation mechanics ties into the topic of ‘serious games’ discussed in
section 3.3, and will be explored in the development and evaluation of a relativistic
computer game in chapters 4–6. This game will take a simpler visual form than
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the simulations presented, as is appropriate to keep the emphasis on the dynamic
qualities of the physics, although with a view to providing a foundation for future
development of a fully immersive 3D relativistic environment.
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Literature Review – Games
This chapter continues the review of literature for the ‘computer games’ strand,
as outlined at the start of chapter 2, along with a short background section on
specialist topics in computer graphics. The discussion approaches games in broad
terms – what makes a game, why games are compelling, and who is playing them.
It presents a range of games that provide fascinating examples of the affordances
of computer-generated worlds: real physics versus distorted realities, and tricks
with time. The discussion will finish by presenting the philosophy and examining
a range of ‘serious games’ that provide models for the remainder of this thesis.

3.1

Computer graphics technologies

This section details certain computer graphics technologies that are also relevant
to the thesis. While most information can be obtained from a graphics text (e.g.
Angel [7]), comments are given for the following topics for background detail.

3.1.1

The programmable GPU

In computer hardware, the graphics processing unit or GPU is a specialised
processor optimised for performing 4-vector arithmetic in parallel. For standard
polygon rendering, these operations transform the coordinate geometry describing
a three-dimensional scene from 3D object space into the two-dimensional view
space where it is projected onto the 2D screen [7]. Unlike the general purpose
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central processing unit (CPU), the GPU sacrifices flexibility for efficiency with
4-vector operations. The nature of the rendering process – the content of one
pixel does not in general depend on another – means this work is highly suited to
being processed in parallel. Thus, GPUs have evolved toward massively parallel
architectures to push more polygons and higher-detailed images to the user [111].
Initially, in order to gain efficiency, the rendering pipeline was ‘fixed’ in
hardware; meaning that the transformation operations could not be modified (this
was termed the fixed function pipeline). As gamers demanded more and more
detailed graphics, however, parts of the pipeline began to be ‘opened up’ to allow
the programmer to supply their own logic for how the graphics should be rendered.
With the launch of DirectX 9 in 2002, the fixed pipeline was supplemented (and
later superceded) by the programmable pipeline. With the programmable pipeline,
the programmer writes fragment programs, called shaders, in a special shader
language which is executed on the GPU. With shaders, the programmer has full
flexibility to decide how pixels, vertices and geometry should be processed by the
GPU [7, 103, 137].
Aside from image generation, programmable GPUs provide an alternative
paradigm for other forms of data processing. Where the data can be manipulated
in 4-vector forms, it may benefit from the massive parallelism and economies of
scale afforded by relatively cheap consumer GPU products [111]. The name for
this field is general-purpose processing on GPUs, or GPGPU. The specialised
rendering process implemented in RTR is one example of the application of
GPGPU [138]. In another form of GPGPU, optimised algorithms have also been
developed for real-time and interactive ray tracing implementations [125, 61, 43].

3.1.2

High dynamic range rendering

Dynamic range refers to the relation between the largest and smallest possible
values of a changeable quantity, such as illumination. The human eye has an
astonishing dynamic range, able to perceive over a factor of some 12 log units
(to base 10) from moonlight to the brightest sunlight. It manages this through
adaptation to the average light level, but it still manages at least 4 log units at
a given adaptation level [165, 164]. Computer displays and print media have a
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dynamic range of around 3 log units, so compromises have to be made when
trying to display a scene with a higher dynamic range. The transformation of
illumination in relativistic visualisation (see section 2.3.4) is one example from
synthetic image generation where large intensity values are generated, which
exceed the display capabilities of the monitor.
Ansel Adams, one of the pioneers of landscape photography, formulated a
procedure for combining images captured at multiple exposure levels to produce
an optomised photographic print [3]. Essentially what this does is to decrease
exposure of the print in highlights, and increase the exposure in shadows, to fit
the total range of the image into the limited range of the media. For computer
graphics, this system forms the framework of tone mapping, the mapping of scene
light levels to pixel values on the display device.
A variety of tone mapping algorithms have been formulated over the last
decade. They may be classified into:
1. pixel-based or region based transforms, where the transform may be applied
to a pixel or where some operation may be carried out using a collection of
pixels; and
2. local or global transforms, where the treatment of each pixel may vary
locally or may be spatially invariant.
Algorithms from Pattanaik et al. [118] and Drago et al. [36] use spatially
invariant pixel transforms. Ward-Larson et al. [166] used a spatially invariant
histogram approach where the pixel brightness levels were allocated according
to their probability of occurrence. Reinhard et al. [129] develop a pixel-based
algorithm. Yoshida et al. [178] compare these and other approaches over two
images of 5.5 and 4.4 log units dynamic range using five criteria: brightness,
contrast, detail in dark and bright regions and overall naturalness of the result. No
one method stands out as superior, although the Drago method is one of the most
robust
The requirements of tone mapping for games are different to either static
images or special effects in film – images have to be mapped in real time. With the
introduction of shader fragment programs and floating-point textures (which use
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real numbers to represent RGB colour values, and therefore have a much greater
range than integer textures where RGB values range from 0 to 255), high dynamic
range rendering has been available for real-time graphics applications [103, 79].
Images must still be fit to the integer display range of a standard monitor, but a
pixel shader program can implement a tone-mapping operation that is executed on
the GPU. This process will be explained and demonstrated in chapter 7, to address
the display issue of the relativistic illumination effect.

3.2

Computer games and virtual worlds

This section presents some background on computer games in general, and
discusses the role and influence they play for this research.
To start, it is important to introduce with some definitions, as words such as
play, fun and game can carry different meanings in different contexts and for
different people. Therefore, the next two parts are concerned with examining these
key terms and positioning them within the scope of the research described in this
thesis. This will lead to the presentation of a definition for ‘game’ in section 3.2.1
with the goal of enabling clear differentiation between computer games, and other
applications on the computer such as the simulations that will be introduced in
section 2.3. Section 3.2.3 subsequently extends upon these themes by introducing
Csı́kszentmihályi’s theory of flow as a descriptor for the sense of engagement that
games engender in their players.
Following this, the unique properties of computer game worlds for portraying
and allowing us to participate in activities outside or beyond our everyday lives
is examined in section 3.2.4. In particular, computer simulation can realise
environments that behave according to different physical rules, like the dream
worlds of Mr Tompkins (see section 2.2). To illustrate this, the discussion will
present examples of innovative features implemented in certain games that are
relevant for this research in depicting relativistic physics: modifying the rules
of physics (section 3.2.5), and manipulating the passage of time (section 3.2.6).
These discussions are used as a precedent for the possibilities afforded to
relativistic games, which will be developed upon in chapter 4.
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3.2.1

Play and fun

When someone is engaged in a game, they are generally said to be at play. “Play”
is regarded as one of those constructs that appears obvious, but is difficult to define
in concrete terms [130]. It is often dismissed as children’s activity, but it is a
complex and important part of human life [26, 88].
In most mammalian species, play is a foundational part of learning and
development in the young. Running, jumping, darting and dancing in young
herbivores are easily recognised as play, but serve the deadly serious purpose of
learning to evade predators. Likewise, the stalking, pouncing, wrestling games
played by hunting mammals serve the purpose of honing hunting skills [26].
However, humans took play the furthest, and while play has an integral role during
childhood in learning the skills and behaviours to survive, humans are also one of
the few species that continue to engage in play behaviour well into adulthood, as
both cultural rituals [26] and leisure and games [60]. A recent exploration of this
topic, with particular reference to modern electronic and alternate-reality games,
is given for example by Jane McGonigal [98].
One of the earliest and most complete discussions of the topic is found in the
foundational work of Johan Huizinga [67] from 1938. Huizinga precisely defines
play as follows:
A voluntary activity or occupation executed within certain fixed limits
of time and place, according to rules freely accepted but absolutely
binding, having its aim in itself and accompanied by a feeling of
tension, joy, and the consciousness that it is ‘different’ from ‘ordinary
life’.
This definition remains relevant today. For example, Rieber [130] considers
play to have the following four attributes:
1. It is usually voluntary;
2. It is intrinsically motivating, that is, it is pleasurable for its own sake and is
not dependent on external rewards;
3. It involves some level of active, often physical, engagement; and
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4. It is distinct from other behavior by having a make-believe quality.
These are largely a restatement of Huizinga’s definition, in terms broad
enough to encompass any activity that could conceivably be regarded as play. In
considering games, Maroney [93] describes play in slightly narrower terms that
nonetheless map more or less equally with Rieber’s definition above:
1. “Play” as in “perform”, tells us that the players are active participants;
2. “Play” as in “pretend”, implies that the actions of a game are a stand-in for
reality;
3. “Play” as in “the opposite of work”, indicates that games are entertainment.
Veteran computer game designer Chris Crawford [26] emphasises the safe and
metaphorical facets of play (which map to Rieber’s attribute 4 and Maroney’s
attribute 2). Safe, because play gives the player an experience without the danger
that might normally accompany that experience. Metaphorical, because all play
in some sense represents something from the non-play universe. Another term
that might be applied to this attribute is simulation, but Crawford uses the word
metaphor to highlight that play is not necessarily a simulation of anything in
particular, although it does generate mental associations with real-world issues.
Play is also often synonymous with the word “fun” as the emotion derived
from the behaviour. However, fun is an ambiguous and difficult term to quantify.
Crawford [26] claims that the English word “fun” has no equivalent in any
other language; other languages have words that express happiness, enjoyment,
pleasure, and so forth, but not the special kind of playful happiness encompassed
by fun. The generally accepted meaning of fun is usually too narrow to encompass
the experience of participants in all types of play: consider the exhilaration felt by
players of a hard-fought sports game, or the feelings of achievement and reward
from creative hobbies.
Nicole Lazzaro [88, 89] breaks down the concept of fun in games into four
discrete components, or ‘keys’, to explain emotional motivation and involvement
for why people play games. People play games not so much for the game itself,
as for the experience and moment-to-moment emotions that the game creates.
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Lazzaro details the following ‘four keys to fun’ which are the means that good
games leverage to create emotion in players; and outlines how to design deep
experiences for each key to offer different avenues to enhance player immersion
(see [89]). The four keys are:
1. Easy Fun: Embodies emotions such as curiosity, surprise and wonder. It
arises from the novelty of something new, exploring the world, or playing
with the interaction without pressure (as when one disregards the objectives
of a game). Wonder is a powerful attractor that can increase attention to
such an extent that the player will engage and research for hours without
growing tired.
2. Hard Fun: This is about overcoming obstacles and reaching for goals
just beyond one’s grasp. Lazzaro uses Fiero, an italian word for personal
triumph over adversity, to characterise this quality. Games using this key
offer compelling and meaningful challenges with a choice of strategies.
Players can fail 80% of the time and still win, if the experience keeps them
coming back for the sense of accomplishment and “epic win” where the
arms punch the sky in triumph.
3. People Fun: This is the social factor, which arises from competition and
cooperation among players, and performance and spectacle in front of
others. Lazzaro uses the word Amerio for the feeling of social bonding
during play. Social emotions can also be brought out by care-taking
mechanics in games, and exchanging with friends social tokens such as
status updates and collected rewards.
4. Serious Fun: Is reflected in how the game delivers meaning and value
in the real world. Players enjoy changes in their internal state during and
after play; this includes the sense of accomplishment at becoming better at
something, relaxation and clearing ones mind, and therapy to change how
players think, feel, or behave. It also reflects the desire and excitement of
acquisition, say, of achievement badges.
Lazzaro finds that people play games to structure their internal experiences,
and value the emotional responses [88]. These concepts relate to the constructs
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engagement and flow, which are examined in section 3.2.3 as another view to
explain the intrinsically rewarding sense of play.

3.2.2

Definition of a game

The Oxford Dictionary Online1 provides several definitions for the word “game”,
of which the following two (abridged) are most applicable:
1. a form of competitive activity or sport played according to rules.
2. an activity that one engages in for amusement: a computer game
• the equipment for a game, especially a board game or a computer
game.
Whilst these are accurate descriptions, they are not particularly useful for this
discussion. How, for example, is one to differentiate between the story-driven
first-person-shooter Half-Life 22 , the open-ended household simulator The Sims3 ,
and creative typing on a word processor?
Board game designer Kevin Maroney [93] provides the following ‘practical’
definition for the word game:
A game is a form of play with goals and structure.
Key to this definition are the three terms structure, goal, and play. “Structure”
defines the actions that a player can take and the consequences of each action, and
may also be interpreted as “rules”. “Goal” is the end state that the player’s actions
are directed toward achieving. In many games, this may be to attain a higher score
that other players, but games need not necessarily produce winners and losers; but
whatever the case, reaching the goal is not trivial (or more correctly, if it is, the
game is trivial). Finally, Maroney uses the three senses of the word “play” listed
in section 3.2.1 to inform the definition of games.
1

See: http://oxforddictionaries.com/definition/game
See section 3.2.5.
3
See: http://en.wikipedia.org/wiki/The_Sims
2
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Crawford [26] provides an alternative definition that places games within a
hierarchy of creative expression and activities. Foremost, he specifies that games
belong to a category of entertainment that the user interacts with as an active
participant (as opposed to non-interactive forms, such as movies and books). If
the interactive entertainment has no defined goal associated with its use, then
Crawford terms it a toy; otherwise the activity is a challenge. Challenges are
further broken down on the basis of whether the player competes against some
other active agent (such as a computer program, or another human). If there is no
other agent, then it is termed a puzzle, but if the activity is one in which players
(or agents) interact, and in such a way as to foil each other’s goals (conflict), then
this is given the term game.
Maroney also provides definitions for associated concepts such as puzzle, but
he sees puzzles as a subset of games, whereas Crawford’s definition places both
games and puzzles as opposed specialisations of challenges (having opponents or
no opponents). However, there is enough agreement that these two viewpoints
may be used as a compatible basis that avoids ambiguity for this work.
With the background given, this thesis will use the following shorthand
specification for classifying interactive activities:
• Games have both rules, and a goal.
• Something that has rules but no goal is a toy.
The first part takes after Maroney’s definition, although we pull away from
specifying the involvement of play (section 3.2.3 will revisit this topic). The
second part takes the statement of toys from Crawford which will be an important
distinction in this thesis, though we likewise discard the other layers of definition
he provides, which are of lesser importance in this work.
Although the focus of this thesis is precisely on computer software, the above
two descriptions are general enough that they may be applied to other areas. For
example, a ball that bounces according to the laws of physics would be classified
as a “toy”; the laws of physics are its rules, but it has no goal in and of itself.
However, one can impose further rules and goal (win/loss states) to turn the
bouncing ball activity into a “game”.
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To demonstrate the application of this definition, consider the two aforementioned titles, Half-Life 2 by Valve Software, and The Sims by Maxis/EA Games.
Half-Life 2 is a title belonging to the “first-person shooter” genre, in which
the player wields firearms and other tools to battle or outwit other characters
and agents in the game. The game has a detailed story that frames the player’s
actions and goals; the player’s primary motivation is to reach the end of the
story, for which they must survive against competing agents using violence and
misdirection, and solve environmental puzzles to progress in the game world.
These features fit with the term game given above.
By comparison, The Sims (designed by master game designer Will Wright) is
a ‘people simulator game’ in which the player controls the lives of virtual people
(called ‘Sims’) living in a household. The player can make decisions such as when
their Sims eat or go to work, forming and maintaining friendships, and how to
spend the household income on furnishings. In this game, there are no winning or
losing conditions, other than those imposed by the player. For example, a player
can set their own miniature goals, such as aiming to accrue lots of money by
setting their Sims to work, or getting two Sims to fall in love and marry. Likewise,
although it is possible for Sims to die (through starvation, accident, or deliberately
by the player’s actions), this is not necessarily a loss condition, but just another
state of the simulation.
According to the above definitions, The Sims technically fits the bill of a
software toy; Crawford also draws the same conclusion [26]. In general language,
however, it is convenient still to refer to the title using the term “game”, as an
interactive software that is played for entertainment. However, the distinction
is made here to illustrate the difference for future sections of this thesis. The
relativistic simulations presented in section 2.3, for example, cannot be regarded
as games, as these present only rules and lack a goal. The role of a goal in
motivating and engaging players in software games will be touched on in the
following section.
It is worthwhile to note that more recent iterations of The Sims, The Sims
2 and 3, have included more quests and goals for players to pursue at their
option during the course of their freeform play. Thus, these titles fall somewhere
along a spectrum between the above definitions for toy and game: reflecting the
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emergence among most modern games of blending both freeform and objectivedriven gameplay [73]. Such games, which grant the player freedom in choosing
which challenges to complete and when (if at all), are typically referred to as
“open-ended” or “sandbox” games [75].
Sandbox gameplay may be considered to have been popularised by Rockstar
Games’ 2001 title Grand Theft Auto III 4 (GTA3), which also popularised the idea
of “open-world” gameplay, although of course both concepts existed long before.
In GTA3, the player assumes the role of a criminal working their way up the crime
ladder in New York-styled Liberty City. The game presents an open-world 3D
city environment with very few restrictions on what the player can do; although
the player must complete missions to progress through the game’s story, they are
given complete freedom to choose when to accept missions, and in what order to
attempt them. The player can also choose to spend their entire game experience
pursuing idiosyncratic goals, such as stealing fire trucks and extinguishing fires,
if they want to (and in fact the game keeps a tally of and rewards the player for
performing these ‘side missions’); additionally, the game keeps a record of a range
of esoteric statistics and achievements, such as the longest jump achieved in a
vehicle. These features, which are a hallmark of the GTA series, have been built
upon in subsequent games (including GTA: Vice City, GTA: San Andreas, and
GTA IV).
Despite the different contexts, game researcher Jesper Juul’s discussion [73]
draws many parallels between The Sims 2 and GTA: San Andreas; highlighting
how games without goals, or with optional goals, can allow players to play
according to personal, aesthetic, and social considerations.
Other toy-like features, such as cosmetic additions – buying clothes or hats
for your avatar with no direct gameplay effect, for example – reflect the intrusion
of “toy” features into games. Many other games, including online games such
as Team Fortress 25 and the hugely successful World of Warcraft6 , feature similar
4

See: http://www.rockstargames.com/grandtheftauto3/; http://en.
wikipedia.org/wiki/Grand_Theft_Auto_III
5
See:
http://teamfortress.com/; http://en.wikipedia.org/wiki/
Team_Fortress_2
6
See: http://us.battle.net/wow/en/; http://en.wikipedia.org/wiki/
World_of_Warcraft
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toy-like features and diversionary minigames.
Traditionally, “computer game” has referred to a game played on a personal
computer system, while “videogame” refers to games played on a console system
connected to a television. However, as Crawford notes, these distinctions have
become blurred in recent times [26]. Additional general terms that may be used
are “electronic game” and “digital game”. These phrases are used interchangeably
in this thesis, with no particular implication intended regarding the computer
system the games are realised upon.

3.2.3

Engagement and flow

Video game playing is certainly an activity that can create a state of focused
emotion or altered consciousness in game players [60, 26]. Humans are wired
to find learning rewarding, and play is a learning activity. Video games typically
engage a great deal of concentration and mental focus, but without the exhausting
muscle activity that may accompany more physical forms of play such as sport.
As a result, games are able to facilitate deep immersion to the extent that
players (kids particularly) enter a trance-like state and lose awareness of their
surroundings [26].
When reflecting on this experience, players may recall a sense of “being in the
zone” or “going with the flow”, where they are immersed in the game experience
and are not conscious of their bodies or the passing of time [20, 21]. These
experiences are not unique to games but arise across a range of activities of human
endeavour, including art and performance, sport, meditation, and work.
The theory of flow was introduced by Mihály Csı́kszentmihályi [27] in the
1970s to explain intrinsically motivated, or autotelic, behaviour: activity that is
rewarding in and of itself [108]. Flow is best described as a sense of effortless
action while engaged in an activity, where self-concern (the sense of “me”)
and pressures such as worry and discomfort disappear from the consciousness.
Csı́kszentmihályi identifies the following conditions for flow:
• A perceived challenge, that stretches (neither overmatching or underutilising) existing skills;
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• Clear proximal goals, that are within one’s capacities to achieve;
• Immediate feedback on the progress that is being made.
The following characteristics usually accompany an experience of flow:
• Intense and focused concentration on what one is doing in the present
moment;
• The merging of action and awareness (a sense of clarity, knowing what
needs to be done);
• A sense of control over one’s actions (knowing how to respond to whatever
happens next);
• Loss of reflective self-consciousness (‘no-self’ experience);
• Distortion of the perception of time (typically, a sense that time has passed
quicker than normal);
• Experience of the activity as intrinsically rewarding, such that whatever
produces flow becomes its own reward.
The flow state is one of dynamic equilibrium [108]. Entering and remaining
‘in the flow’ requires a balance between perceived opportunities for action
(challenges) and perceived capabilities and skills. If challenges begin to exceed
skills, one first becomes vigilant and then anxious; if opportunities for action
relative to skills drop off, then one becomes bored.
This is represented in Csı́kszentmihályi’s original model of the flow experience, shown in figure 3.1. This mapping identifies regions of anxiety and
boredom, with a flow channel in between along which challenges and skills are
matched. However, flow is not passive; simply balancing challenge and ability
does not lead to an optimised quality of experience. Inherent in the flow concept
is the notion of skill stretching; flow is expected to occur when the balance of
challenges and skills are above average levels for the individual. This reveals
a fourth state, apathy, situated in the lower left corner of the diagram: a state
of experiential stagnation associated with low challenges and correspondingly
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Figure 3.1: The classic model of the flow state. Flow is experienced when
perceived challenges are in balance with the individual’s perceived skills.
(Adapted from [108].)

Figure 3.2: The expanded model of the flow state. The challenge/skill space
is differentiated into eight experiential channels around the individual’s average
levels, situated in the centre of the diagram. Flow is experienced when perceived
challenges and skills are above average levels; the intensity of the experience
increases with distance from the centre. (Adapted from [108].)
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low skills. Subsequent work resulted in the mapping represented in figure 3.2,
differentiating the challenge/skill space into eight channels of experience. Flow,
located in the upper right, is experienced when perceived challenges and skills are
above the individual’s average levels; when they are below, apathy is experienced.
The quality of experience intensifies within a channel as challenges and skills
move away from a person’s average levels. Experiencing flow encourages a
person to persist at and return to an activity because of the experiential rewards it
promises, thereby fostering the growth of skills over time [108].
Descriptions of flow are identical to what video game players experience when
immersed in a good game [21]. Video games are certainly able to facilitate
flow [60, 89]; as a system, flow explains primarily why people prefer certain
games over others [20, 88]. Games are an inherently intrinsic activity (with few
exceptions, there are no extrinsic rewards for game playing; see also discussion
on ‘gamified’ experience in section 3.3.1); the player is motivated to self-teach
the game system. Games achieve this by presenting clearly-defined challenges
that the player knows are achievable, and the tools required to complete them.
The game delivers instant sensory feedback to the player on the progress made
toward attaining mastery or completing goals. Each game can be considered a
controlled environment where, if the rules are adhered to, mastery and success is
assured [20, 21, 60].
Holt [60] demonstrates that in a well-designed game (using the commerciallysuccessful platform game Crash Bandicoot 27 ), following a period of accustomisation, players enter a flow level of interaction. Most video games follow a
progression, starting with the simplest case scenarios, and building increasingly
challenging or complex situations based on those rules; this is referred to as the
game’s “difficulty curve”. For example, Crash Bandicoot 2 begins with a simple
level with few hazards, that allows the beginning player to familiarise with the
game controls. Completion of this level serves as confirmation that the player has
mastered the basics and should be ready for more difficult challenges. Interest and
challenge is maintained through progressively harder levels, and by introducing
new abilities for the player to master. The intent of the game’s difficulty curve is
7

See:
http://en.wikipedia.org/wiki/Crash_Bandicoot_2:_Cortex_
Strikes_Back
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Figure 3.3: Screenshot of the game flOw.
thatgamecompany.com/games/flow/pc/.)

(Image from http://

to maintain the challenge at the level of the player’s skill throughout the game;
as long as challenge balances the player’s ability, flow can be extended near
indefinitely [60].
Chen [20, 21] examined how flow in games can be maintained and extended
through design. Chen uses the ideal of the ‘flow zone’ to represent the reality
that no two people experience something the same way: the ratio of challenge to
skills that produces flow, as mapped in figure 3.1, may be different for different
people. For a game to accommodate the broadest possible audience, it must
be able to offer a wide spectrum of activities and customisable difficulties, to
keep players ‘swimming’ within their personal flow zones. Supposedly, a game
could passively monitor the player and make appropriate adjustments to difficulty,
but implementing such systems is problematic [20]. A more reliable means for
adjusting the game experience is to provide the player with adaptive choices
that allow them control over the difficulty; however, such choices need to be
presented without interrupting the gameplay and breaking the player’s state of
flow. Therefore, choices should be embedded into the core activities of the game
itself.
The game flOw8 , shown in figure 3.3, is a notable example of these design
features in application. Developed as a prototype to test these design theories [20],
the game created a popular buzz when it was released online, and later led to a
commercial game product on the PlayStation 3. flOw is an abstract game in which
the player controls an organism swimming in an endless sea, in which the goal is
8

See: http://interactive.usc.edu/projects/cloud/flowing/;
http://thatgamecompany.com/games/flow/
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to eat other organisms and evolve. The game is simple to control and accessible for
casual gamers and non-gamers, but offers a wide range of gameplay for hardcore
players to master; from simply swimming and eating to strategic evolving and
intensive fighting. By eating certain foods, the player can control when and how
to advance through to harder levels, or return to an easier level at any time. The
other aspects of the game, including its visuals and sounds, have been carefully
designed to enhance immersion. The game is notably and singularly effective at
its stated intent of inducing and maintaining a deep state of flow in the player; in
reviews and discussion, “meditative” and “addictive” are words commonly used
to describe it, and players report losing track of hours spent in the game [20].

3.2.4

Unique potentials of computer game worlds

Computers provide the means to realise alternative or ‘virtual’ realities that were
previously only accessible to the imagination. A simulated environment can be
constructed that the user can observe and interact with through the medium of
screen and input devices, and that autonomously responds to the user’s actions like
a real thing. In most games and interactive simulations, the power of the computer
is harnessed in generating a believable and lifelike virtual world, in which fantasy
can be indulged and actions are relatively consequence-free.
Virtual worlds typically represent a microcosm of the real world; a miniature
representation encapsulating characteristics that reflect the workings of the natural
world within certain bounds. The virtual world also affords the opportunity to
blend fantastical elements or variation of theme to realise a unique environment.
Finally, in computer-generated worlds the user is able to act and explore without
personal risk. Thus, the world of Mr Tompkins (section 2.2) need no longer be
confined to the imagination, but could be realised and experienced in a more
tangible way using interactive computer technologies. While a ‘complete’ Mr
Tompkins world has not been demonstrated in a game or simulation to date (see
also section 2.3), this discussion will examine some features of games that are
instructive of the possibilities.
Computer games offer situations where all possible paths can be examined,
and mistakes can be repeated until perfected. Consider a rally racing game, where
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one has just hurtled over a mountainside turn as a result of one’s own (seemingly
careless) error. The difference between failure and success at this task can be as
simple as restarting the round and attempting to make the turn again. Games offer
a tolerance of error that professional rally drivers can only dream about; the player
can safely engage in challenging activity without risking destruction [60].
Likewise, beyond merely simulating an activity, in a game the amount of
challenge can be amplified to be greater than real life, and the emotional reality
heightened. Consider a flight combat game, which seeks to simulate the thrill of
aerial dogfights during World War II. Such games sidestep the fact that during the
war, combat scenarios were relatively infrequent – one would take off, fly around
looking for enemy aircraft, and more often than not return empty-handed. Even
if two sides did encounter one another, rarely would the stakes be even enough to
entice both to accept battle. That’s what a true simulation would show; but in a
game, all the countless missed opportunities are a non-event [26].
As computing power has increased, the scope and accuracy of simulation has
expanded, which has resulted in ever greater visual and behavioural fidelity in
the virtual worlds of modern games. While there has been an inexorable drive
to replicate the real world, however, games have also begun to leverage the
abilities of the computer to extend beyond reflecting the real world in new and
innovative ways. Two prominent opportunities that will be examined here are
the manipulation of physical behaviours in section 3.2.5, and manipulation of the
passage of time in section 3.2.6: important features to consider for a virtual ‘Mr
Tompkins world’.

3.2.5

Manipulation of physics

A majority of computer games explore themes which are rooted in our everyday
world, and which therefore must behave according to the natural laws of physics.
Typically, these revolve around Newtonian mechanics as the model for the
interactions of objects within the game world; whether restricted to the character
in a platform game who falls back to earth after a jump, or extending to all objects
that may be moved, stacked, thrown and broken in a 3D virtual environment. In
computer games, real-world physics can be simulated interactively to great detail,
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although game physics are often distorted in order to make the activity more fun
(as in the case of the character in almost any platforming game who can jump
several times their own height and change direction in mid-air, for example).
Game can also go beyond real physics to present experiences not accessible in
the real world (instructive examples of which can be seen in the discussion on
so-called ‘serious games’, for example sections 3.3.6 and 3.3.8).
Spacewar!9 , developed by students at the Massachusetts Institute of Technology in 1961-2, is widely credited as one of the first “true” computer games. Two
players each control a spaceship on a 2D plane, attempting to outmaneuver and
destroy the other with missiles. The game is surprisingly sophisticated, with many
features and strategic elements for the players to consider. At the centre of the
playing field is a star, whose gravity well influences the motion of the ships and
which will destroy any ship that collides with it. Thus, even in this earliest of
computer games, physics plays a pivotal role.
Lunar Lander10 , a stablemate of Asteroids from Atari’s 1979 line-up, is one
of the first games where realistic physics are incorporated as the main challenge
(as opposed to Spacewar! where the challenge is provided by a human opponent).
As the name suggests, the objective of this single-player game is to pilot a lunar
landing module to a safe touchdown on the moon’s surface, maneuvering by
vectoring the rocket thrust to counteract inertia and gravity, and managing a finite
amount of fuel.
One of the most impressive advances in physics representations in games was
Half Life 211 , developed by Valve Software and released in 2004. Half-Life 2 is
a single-player, story-driven, first-person shooter (FPS) game set in a dystopian
alternate Earth setting, in which the player battles mysterious alien forces. The
game introduced Valve’s modular “Source” game engine, which among other
genre-leading innovations, features a highly detailed physics simulation more
advanced than anything seen before in a commercial game. This simulation
endows almost every object in the game’s environments with realistic physical
9

See: http://en.wikipedia.org/wiki/Spacewar!
See: http://www.atari.com/lunarlander; http://en.wikipedia.org/
wiki/Lunar_Lander_(arcade_game)
11
See: http://www.valvesoftware.com/games/hl2.html;
http://en.wikipedia.org/wiki/Half-Life_2
10
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Figure 3.4: Screenshot from Half Life 2, showing the “gravity gun” levitating a
barrel. The gravity gun can be used to ‘pick up’ and move objects from a distance,
and also fling them away as projectiles.
properties to a remarkable degree, so that materials like wood break and splinter
realistically when struck or thrown, burn when set on fire, float appropriately
on water, and interact as expected with other items. This detailed simulation is
leveraged to make the game world highly interactive in an intuitive way, which
serves to increase the sense of realism and immersion. It is also used to introduce
new environmental puzzles based on makeshift mechanical systems; such as
moving and stacking objects to allow the player to reach inaccessible areas, or
releasing a weighted object to crush enemies [28].
The player’s character is able to pick up, move, place, and throw objects in the
game; although, this ability is quite limited. Where the unique physics simulation
really comes into its own, however, is by issuing the player with a gun-like device
that directly controls the physics, shown in figure 3.4. In-game, this weapon is
given the technical-sounding title “zero-point energy field manipulator” (or just
“manipulator”), but it is more commonly referred to as the “gravity gun”. As the
name suggests, the gravity gun allows the player to manipulate objects with an
invisible, gravity-like force; the gun can push large objects, ‘grab’ objects from
a distance and levitate and move them, and fling objects away with great force.
These abilities are key to certain environmental puzzles in the game; they also
allow physical objects to be improvised into weapons, in addition to the player’s
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Figure 3.5: Screenshot from Portal, showing portal openings placed on walls.
Portals are linked gateways between otherwise unconnected points in space. The
game revolves around solving puzzles using the “portal gun” to place portals that
the player and game objects may pass through.
arsenal of available guns [28]. For example, a player may rip a radiator from a
wall to serve as an impromptu shield against incoming gunfire from enemies, then
rocket the item at those same enemies to eliminate them.
These features serve to make the gameplay more open and rewarding; the
player is empowered to find intuitive solutions to environmental obstructions and
puzzles, and alternative strategies to outwit and overcome enemies. Furthermore,
the game creates a virtual world whose physics seem believable and familiar; but
it also extends upon and twists the physics into the fantastical with the gravity
gun, a device allowing players to manipulate the force of gravity upon specific
objects. Upon its release, Half-Life 2 was very positively received; while a range
of design and implementation factors contribute to its commercial success, the
game is certainly memorable for its innovative physics-based gameplay.
The physics-bending gameplay seen in Half-Life 2 is taken further in another
Valve game, Portal12 , released in 2007 (a sequel, Portal 213 , released in 2011).
The Portal games are a unique blend of a first-person shooter crossed with the
puzzle genre; that is, the game is played from a first-person perspective as in
12

See: http://www.valvesoftware.com/games/portal.html;
http://en.wikipedia.org/wiki/Portal_(video_game)
13
See: http://www.thinkwithportals.com
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Figure 3.6: Redirection of laser beams in Portal 2. The laser, entering the orange
portal set on the wall, is directed in a new direction when it emerges from the blue
portal on the floor.
an FPS, but rather than gunplay, the main challenge is solving puzzles using
the titular ‘portals’. Portals are linked pairs of gateways that connect physically
isolated locations in space; consistent with the concept of the extra-dimensional
‘wormhole’ from popular science and science fiction. Portals appear as ‘holes’ in
solid surfaces that open directly to another spatial location, as shown in figure 3.5.
The player can pass through a portal and emerge at an otherwise unconnected
location as easily as stepping through a doorway.
The game casts the player as a test subject in the mysteriously abandoned
Aperture Science Enrichment Centre, where a computerised voice guides them
through test chambers solving puzzles using portals (discussed further in section 3.3.2). Although the game plays using typical FPS conventions, the player
never uses firearms. The player’s only ‘weapon’ is the “Aperture Science handheld portal device” (ASHPD) or “portal gun”, which enables the player to ‘shoot’,
or place, the two portal openings on surfaces. Portals may be placed on most
flat solid surfaces in the game, including walls, ceilings and floors. Deliberate
positioning of portals, as shown in figure 3.5, allows the player to move between
locations that would be otherwise unreachable according to the ordinary laws of
physics.
Portals create direct connections to physically separated points in space, but
the laws of physics are otherwise preserved in the game world. The unique
interactions of ‘normal’ physics with the portal mechanism is the basis for many
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(a)

(b)

Figure 3.7: Extra-dimensionality as an element of gameplay in computer games.
(a) 2D and 3D perspectives of a level in Super Paper Mario. (b) An early
development screenshot of Miegakure, portraying 3-dimensional geometry with
ghosted geometry belonging to the 4th spatial dimension interposed.
thought-provoking puzzles in the game. For example, a key component of
the portal mechanism is that momentum is conserved between portals (as it is
narrated in the game, “speedy thing goes in, speedy thing comes out”), but the
momentum will be redirected by the relative orientations of the portals. As an
example, an object that falls from a height into a portal placed below it will
have its falling velocity redirected upon emerging the other portal opening. This
enables the player to execute feats such as changing the paths of objects, or
flinging themselves across chasms or on to elevated platforms (see figure 3.6).
Again, Portal was a critical and commercial success, praised for its innovative
and brilliant spatial and physics-based puzzles and darkly humourous story.
Related to concepts of physics manipulation just discussed, is the exploration
of dimensionality in games. Much as the native of flatland14 making the jump
from 2-dimensional to 3-dimensional descriptions of space (and by extension, any
n-dimensions), certain games have been designed which utilise the portrayal of
14

Flatland: A Romance of Many Dimensions by Edwin Abbott Abbott, 1884; see, for example:
http://en.wikisource.org/wiki/Flatland_(second_edition)
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different perspectives of their game worlds as a gameplay element.
Two games, in which switching between 2D and 3D is a core component
of the gameplay, are Super Paper Mario15 (see figure 3.7a) and Crush16 , both
released in 2007. The player is given the ability to transpose the layout of a level
between 2D and 3D representations; switching to 3D allows the player to navigate
around obstacles that would be impossible in 2D space, while collapsing all 3D
elements into 2D can connect and merge platforms on the same visual plane to
create pathways that may be traversed as in a traditional 2D platform game.
Two other games which each employ these elements in slightly different
ways are echochrome17 (2008), and Fez18 (2012). The puzzle game echochrome
presents rotatable 3D environments, where physics and reality depend on perspective. The environments are comprised of impossible structures of the kind
depicted in the artworks of Oscar Reutersvärd and M. C. Escher19 . The goal
is to enable an autonomous mannequin to traverse the surfaces of 3D objects,
altering the path by rotating shapes and viewing them from a different perspective.
Fez resembles a traditional 2D platforming game, except that the world is 3D.
Although restricted to moving on a 2D plane, the player is able to rotate the
world in 90◦ increments between different 2D viewpoints (similar to a multiview
orthographic projection).
A more ambitious variation on dimensionality is represented by the puzzleplatform game Miegakure20 (see figure 3.7b), currently in development by
independent game developer Marc Ten Bosch. Inspired in large part by Flatland,
this game sets out to introduce players to 4-dimensional geometry. The game
presents an environment where there are four spatial dimensions, although only
three can be viewed and interacted with at any given time. At the press of a
button, the player is able to exchange one of the three visible dimensions with
15

See:
http://www.nintendo.com/sites/spm/; http://en.wikipedia.
org/wiki/Super_Paper_Mario
16
See: http://en.wikipedia.org/wiki/Crush_(video_game)
17
See: http://echochromegame.com/; http://en.wikipedia.org/wiki/
Echochrome
18
See:
http://fezgame.com/;
http://en.wikipedia.org/wiki/Fez_
(video_game)
19
See, for example: http://www.mcescher.com/
20
See:
http://marctenbosch.com/miegakure/; http://en.wikipedia.
org/wiki/Miegakure
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Figure 3.8: Slow-motion “bullet time” in Max Payne. When triggered, the game
slows down while the player is able to aim and react at normal speed, and execute
evasive and stylish fighting moves.
the fourth, allowing four-dimensional movement. This allows a player to see and
move ‘through’ walls, and perform other feats to solve puzzles not possible in
three dimensions alone.

3.2.6

Manipulation of time

Computer games have recently begun to incorporate novel forms of time manipulation as a feature of gameplay. In a sense, games have long enabled (as discussed
in section 3.2.4) players to ‘rewind’ their actions and mistakes by enabling them
to restart and replay levels. Additionally, many games have long featured ‘powerups’ that add to the advantages of the player, such as ‘speed-ups’ that enable
faster movement within the game. However, the repetition of replaying a game
level from the last save point, or the difficulty of keeping up with speeded-up
gameplay, mean these features can be of variable benefit for different people. A
computer-simulated world offers the potential to uniquely manipulate the rate of
the passage of time of the whole environment, or parts thereof, which can have far
more interesting implications for gameplay.
The 1999 film The Matrix21 featured a special kind of slow-motion visual
21

See: http://en.wikipedia.org/wiki/The_Matrix
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effect for action sequences termed “bullet time”, which was a culmination of slowmotion photography and digitally-enhanced cinematography techniques. Bullet
time is characterised by extreme transformation of time (slow enough to show
normally imperceptible events, such as a bullet in flight) and space (by way of the
camera – the audience’s point of view – to move around the scene at a normal
pace). This is practically impossible with a conventional, physical camera, but
is quite possible with a ‘virtual camera’ in a computer-generated environment.
Bullet time is a defining feature of the Max Payne series22 of third-person shooter
games, beginning with the 2001 title developed by Remedy Entertainment, which
was the first game to feature the effect (figure 3.8). During gunfights, the player
can trigger the special slow-motion mode to gain an edge over enemies. Although
the actions of the player’s avatar character are also slowed, the player can position
the aiming reticle and react in real time, and execute special moves such as evasive
rolls and dives.
Similar mechanisms have appeared in several other games and genres since
(typically shooters). For example, “reflex time” is a bullet time-equivalent in the
F.E.A.R. series23 of first-person shooter games beginning in 2005, developed by
Monolith Entertainment. The feature slows down the game world while the player
can aim and react normally; in the game setting, it simulates the player character’s
superhuman reflexes. Also in 2005, Electronic Arts brought the mechanic to
their long-running Need for Speed series of arcade racing games with Need for
Speed: Most Wanted24 and some subsequent titles, with a gameplay feature called
the “Speedbreaker”. Activating the Speedbreaker slows down time for a short
duration and temporarily adds weight to the player’s car, making it more difficult
for other vehicles to push around. This allows the player to quickly manoeuver
their car out of difficult situations, or assess an escape route through a road block
during police chases. In these games, the ‘bullet time’ feature is designed to make
gameplay fast and intense, and allow the player to pull off stylish moves in the
face of impossible odds.
Time manipulation effects are also used in creative and playful ways in
22

See: http://www.rockstargames.com/maxpayne/;
http://en.wikipedia.org/wiki/Max_Payne_(series)
23
See: http://en.wikipedia.org/wiki/F.E.A.R.
24
See: http://en.wikipedia.org/wiki/Need_for_Speed:_Most_Wanted
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Figure 3.9: Viewtiful Joe features time manipulation effects that emulate camera
tricks in films, including slowing time, speeding up the main character (shown),
and replaying attacks.
Viewtiful Joe25 , a side-scrolling ‘beat ’em up’ game released by Capcom in 2003.
The player assumes the role of Viewtiful Joe, a superhero whose powers are
derived from film special effects. Joe’s “Viewtiful Effects” or VFX powers enable
him to slow time, making it easier to evade enemies and making his attacks
stronger; speed himself up, which leaves multiple afterimages as he unleashes
a flurry of attacks on all enemies on screen (shown in figure 3.9); and zoom
the camera in for a stylish ‘close up’, which paralyses lesser enemies and grants
special attacks. A ‘replay’ power was also added in the sequel, where an attack
can be recorded and repeated three times in succession. Any two VFX powers can
be combined, and the game also presents puzzles that make creative use of Joe’s
abilities.
More diverse time-based mechanics were introduced in the 3D platformer
game Prince of Persia: The Sands of Time26 , developed by Ubisoft and released
in 2003. This is a third-person action game, with an emphasis on acrobatics
and agility such as running across walls, jumping chasms, and defeating foes in
combat. The player possesses the ability to control time, which includes slowing
25

See:
http://www.capcom.com/vj/; http://en.wikipedia.org/wiki/
Viewtiful_Joe
26
See: http://www.ubi.com/US/Games/Info.aspx?pId=657;
http://en.wikipedia.org/wiki/Prince_of_Persia:_The_Sands_of_Time
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Figure 3.10: Race Driver: GRID integrates the “Flashback” system with an
‘instant replay’-style feature. Race-ending mistakes may be undone, by rewinding
the ‘replay’ and resuming play from an earlier point in the game.
time, freezing enemies, and rewinding time. While rewinding, all the previous
action of the game plays backwards, up to ten seconds into the past; besides
being a dramatic feature, this allows the player to ‘undo’ and immediately replay
mistakes. For example, if the player falls into a chasm as a result of missing a
jump (an instant-death situation), the player can rewind the game and attempt to
make the leap again. This adds utility over simply restarting a level, as the ‘retry’ is immediate, and doesn’t require the player to re-play earlier sections; it also
reduces the severity of difficult sections, where one mistake can cost the player
the game.
The rewind mechanic was introduced to racing games in Codemasters’ 2008
release, Race Driver: GRID27 ; it was subsequently also featured in the rally racing
games Colin McRae: DiRT 228 (2009) and DiRT 329 (2011). These games aim to
blend quick, intense action with realistic handling and detailed damage modelling,
but this combination means that the stakes for the player can be high: minor
mistakes can easily cause an unrecoverable loss of time and track position or result
in a serious smash. In such cases, the player would ordinarily have to restart the
race and try again from the beginning. These Codemasters games introduced a
27

See: http://www.codemasters.com/uk/grid-uk/pc/;
http://en.wikipedia.org/wiki/Race_Driver:_Grid
28
See: http://www.codemasters.com/uk/dirt2uk/pc/
29
See: http://www.codemasters.com/uk/dirt-3/pc/
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Figure 3.11: Braid integrates various powers of time manipulation throughout its
stages. In this recurring level, the player must retrieve a key from the bottom of
a pit, for which the only way back out is to rewind the game. Subtle variations
of the puzzle introduce and exercise the different mechanics of time manipulation
that are made available to the player.
system called “Flashback” which integrates with an ‘instant replay’ game feature
(see figure 3.10). After a race-ending wreck, or at any time during play, the player
can enter the replay mode, which overlays VCR-style controls that allow them to
rewind and watch back the last ten seconds of gameplay, viewing the action from
a variety of camera angles. When the player is finished viewing, they can set the
replay to any point they feel comfortable with and use the Flashback feature to
resume playing from that point. Thus, if the player crashes out on a turn halfway
through a race, they can undo the mistake and re-try making the turn without
entirely abandoning their progress in the race. This ‘quick-undo’ mechanic helps
keep the gameplay quick and challenging while forgiving mistakes.
Time manipulation is developed furthest in the independent game Braid30 , a
fascinating 2D platforming and puzzle game designed by game critic Jonathon
Blow, and released across 2008 and 2009. Blow conceived Braid as a personal
critique of trends in commercial game design. The game resembles classic
platform games such as Nintendo’s Mario games, but features innovative timebending puzzle mechanics, a uniquely painterly art style and mood, and a
thoughtful and philosophical story woven throughout. The game was highly
praised upon its release and has been considered a masterpiece.
30

See: http://braid-game.com/;
http://en.wikipedia.org/wiki/Braid_(video_game)
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The defining feature of the game is the unlimited ability of the player to reverse
time and rewind their game actions, even after dying [15]. However, Blow wanted
to represent significant consequences for time manipulation which are not seen in
other games such as Prince of Persia: The Sands of Time. In Braid, variations
of the time manipulation mechanic explore different facets of space, time and
casuality (figure 3.11). Each of the game’s six ‘worlds’ introduces its own timebased mechanic, which are the basis for its puzzles:
1. Time and Forgiveness plays as an ordinary platform game, except that the
player may rewind time to undo their actions. This world includes many
sections that would be unfair or impossible to complete without the time
manipulation ability.
2. Time and Mystery introduces special objects (denoted by a green glow) that
are unaffected by rewinding; for example, switches will remain flipped even
if time is rewound to before the action occurred.
3. Time and Place links the passage of time in the game world to the player
character’s location: as the player moves toward the right, time flows
forward, while moving toward the left causes time to reverse; standing still
pauses time. The player’s location must be carefully managed in relation to
enemies and objects.
4. Time and Decision produces a “shadow” of the player character after
the player rewinds time; the shadow then performs the player’s rewound
actions. Puzzles in this section revolve around using this mechanic to carry
out multiple actions at once.
5. Hesitance provides the player with a magic ring which, when dropped,
slows the flow of time around itself; the closer moving objects (including
the player’s character) are to the ring, the slower time passes for them.
6. The final world is labeled simply as “1.” (representing the beginning of
the game’s story). In this world, time flows in reverse as the player plays;
rewinding time returns the flow of time to its normal state.
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The games listed in this section provide examples of interesting and unique
time-based gameplay mechanics. These are illustrative for considering the
potential roles that time dilation and finite light speed could take in a game
embodying special relativity. In particular, the puzzles of Braid that result in
changing synchronisation between time-affected objects reflect the consequences
from time dilation of moving objects. As it happens, related features have also
been proposed by Crawford in [26]. In a chapter examining proposed game
ideas yet to be realised as games, Crawford describes the mechanics suggested
by Galilean Relativity:
[Galileo] reasoned that, until you know about something happening, it
might as well not be real for you. In other words, events happening in
the New World right now would not be known in Europe until several
months later, so it was better to think in terms of the lag being a kind
of reality.
Crawford [26] outlines how this could provide the basis for an information
mechanic in strategic wargames based on historic conflicts, such as the final
struggles of the rebel Inca leaders against the Spanish conquest of Peru, or
Napoleon’s campaign through Europe. Crawford describes a game he started
building based on this mechanic called Last of the Incas:
What made these struggles interesting was the slow speed of news
travel in the rugged terrain of the Andes. Often, a military force
would set out for a destination without realizing it had already been
captured by the enemy. My game factored this into the display:
The dispositions you saw on the map were based on your latest
information about them; they could be wildly out of date. Traveling
closer to one area gave you more up-to-date information about it, but
also made your information about distant areas even less reliable. The
game played rather like a modern information war – by controlling
road junctions, you could blind your enemy and concentrate your
forces on his weak points, capturing them before he even knew they
were in trouble.
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Crawford [26] expands upon this mechanism with two successive design ideas.
In the first, he describes Napoleon’s military strategy of employing bands of fast
cavalry to gather information, and turn back opposing cavalry so as to blind the
enemy to the movements of his army. Behind the screen of cavalry, the main
army would be sent along a variety of routes to converge on the true objective
at the last moment. If all went well, the enemy would find himself surrounded
before he realised Napoleon’s plan; victory through manoeuver. In Crawford’s
second design concept, he extends the Napoleonic war idea with a science-fiction
theme for space-based empire building. In this design, ships and news travel at the
speed of light, rather than infinitely fast; therefore, positioning within the empire
determines how quickly information arrives from conflicts in other sectors. This
gives an advantage to smaller, weaker empires, which can mount raids on distant
corners of the big empire.
These concepts, and the previous games discussed, lay out some interesting
strategic or action-oriented mechanics that could be developed from the rules of
special relativity. However, as will be shown in section 2.3, the topic of time
dilation has so far been largely ignored in interactive applications.

3.2.7

Types of game players

It is worthwhile to briefly examine some characteristics of people that play
electronic games, as this topic will be of importance to design and evaluation
of the game discussed through chapters 4 and 5.
As shown in reports such as Video Game Sales [162], the PC Gaming
Industry [23] and Digital Australia 2012 [13], the popularity of computer and
electronic games is continuing to grow, and increasingly more and more people fit
the description of “gamer”. For example in Australia, 92% of households in 2012
have a device for playing digital games and 47% of the total gaming population
are female, with the average age of game players being 32 years. Additionally,
increasingly more parents with children aged 18 and under play games with their
children, and use them for education and family time [13].
There has generally been a vague notion that the consumer gamer market can
be classified into two populations [163]: the so-called “hardcore” and “casual”
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gamers. Traditionally, the big-budget ‘Triple-A’ titles produced by console and
computer game developers have served a ‘core’ market of avid gamers. The
games demanded by this market are increasingly complex and typically require
many hours of investment from the player to master them [60]. Additionally, the
hardware required for the optimal experience is usually expensive [23]. As noted
in section 3.2.3, the player willingly makes extraordinary commitments of time
and effort to self-teach the game system and complete its challenges, when the
game is of appropriate quality and provides a rewarding experience.
Not all games will appeal to all users, and the games themselves can be
so big and complex as to be bewildering to users who are not regular gamers.
In the last decade, there has been a range of developments and market trends
leading to a diversification in the games market [74]. This has primarily been
driven by increasing broadband penetration and online distribution methods for
downloadable and browser-based games [23]; and the development and takeup of
alternative computing devices, such as smartphones and tablet computers. These
factors have led to the emergence of so-called ‘casual’ games; smaller, cheaper
and more accessible games that can typically be played in short bursts. These
games have proliferated across hand-held devices, where users can play them on
the go; and through websites, particularly on social networks such as Facebook31 ,
where users want to play and interact socially with their friends.
While the hardcore market is very well understood and catered for by the
commercial game industry, the term “casual gamer” has not generally been clearly
defined, and may refer to anything from “everyone other than the hardcore
gamers”; gamers who spend little time and/or money on gaming; to gamers
who prefer casual games such as card or puzzle games [163]. Jesper Juul [74]
provides a recent examination of this topic, identifying how disruptive trends
and technologies are reinventing video games and redefining what it means to
be a gamer; for example, the enormous popularity of accessible pick-up gaming
embodied by the Nintendo Wii32 and small games like Bejeweled33 . He observes
31
32

See: http://www.facebook.com
See: http://www.nintendo.com/wii; http://en.wikipedia.org/wiki/

Wii
33

See:
http://www.popcap.com/games/bejeweled/home;
wikipedia.org/wiki/Bejeweled
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Table 3.1: Summary of the six gamer groups identified in the 2006 consumer
survey Electronic Gaming in the Digital Home [14].
Tier 1: more than 20 hours per month
Group name
% of sample Characteristics
Power gamers
11%
The traditional core gamer market, are highly
motivated to play game titles to complete them or
compete with others. Account for 30% of retail
and online game revenue.
Social gamers
13%
Motivated to engage in gaming predominantly as
a social activity and way to interact with friends.
Leisure gamers
14%
Motivated by engagement in online communities,
but don’t want to invest the time and money
required for most MMOs (massively multiplayer
online games), preferring mainly casual games.
Incidental gamers
12%
Have no overriding motivation, but play mostly
online games mainly out of boredom.
Tier 2: less than 20 hours per month
Group name
% of sample Characteristics
Dormant gamers
26%
Love gaming but spend little time because of
family, work, or school. They like to play
with friends and family and prefer complex and
challenging games.
Occasional gamers
24%
Play puzzle, word, and board games almost
exclusively.

that players of such casual games are not required to devote large amounts of
time to playing; at the same time, many players show a dedication and skill
that is anything but casual. He describes this as a fundamental change in
gaming, re-connecting with a general audience alienated by the time and lifestyle
commitments required as games became more complex; now, it is the games that
are being designed to fit into the lives of players.
For this research, the distinctions in gaming preferences arising from the 2006
market research survey Electronic Gaming in the Digital Home [14] are used.
This survey sampled 2,002 U.S. gamers with Internet access aged 13 and older,
representative of the U.S. online gamer population. Rather than examine gaming
expenditures, the methodology of the survey focused on measuring motivation
and attitudes of game players, as it is these that determine how a gamer spends
time and money on game activities and services.
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The survey comprised 17 attitudinal questions and used cluster analysis to
identify unique gamer groups. The investigators found that the responses could
be divided into six characteristic gamer groups, separated into two tiers around
the median total gaming time of 20 hours per month. The groups identified were
(tier 1) power gamers, social gamers, leisure gamers and incidental gamers, and
(tier 2) dormant gamers and occasional gamers. A summary of these groups
is presented in table 3.1. The groups are named after their defining attitudinal
characteristics (for example, “power gamers” do also value social aspects of
games, but those characterised as “social gamers” do not enjoy gaming alone).
For the game research study, these six groups were incorporated into the
demographics survey described in section 5.3.4. These six groups were selected,
as they provide a reasonable model for classification that is more detailed than
‘hardcore versus casual’, and allow the motivations of the participants to be
considered.

3.3

Serious Games and the learning qualities of play

‘Serious Games’ is an emergent field in the computer games industry and
education research that began gathering momentum at the turn of the 21st
century [139]. Its focus is the study and development of games and game
technologies whose purposes are not solely entertainment; primarily teaching
and training, but also for other agendas including health and social change34 (see
figure 3.12). Although educational computer games have of course been around
for a very long time (under the older brand ‘Edutainment’ [37]), with serious
games the approach is more broad and mature, looking at the pedagogic benefits
of games and how these work to communicate content.
Why should we want to use games in this manner? Besides crude affordances
of possibly making educational or social content more palatable, good games
have actually been identified as incorporating a whole range of fundamentally
sound learning and motivational principles [8, 9, 48, 51, 121, 145]. Due to
market pressures in commercial game development, games have actually evolved
34

See: http://www.seriousgames.org; http://www.seriousgamessummit.

com
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(a)

(b)

(c)

(d)

Figure 3.12: Examples of ‘serious games’.
(a): Immune Attack is an educational and therapeutic game for biology education
and young medical patients (see: http://www.fas.org/immuneattack).
(b): The UN World Food Programme’s Food Force teaches children about
challenges in delivering humanitarian aid (see: http://www.food-force.
com).
(c): Virtual Battle Space 2 (VBS2), a military training simulation by Bohemia
Interactive (see: http://armory.bisimulations.com/).
(d): Microsoft Flight Simulator 2004 accurately simulates many different kinds of
aircraft.
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as learning machines: if a game can’t teach the player how to play, and make
the experience enjoyable, it won’t get played and it won’t sell. Well-designed
computer games are actually exceptionally good at teaching players how to
play them, and incorporate many effective principles which are in fact strongly
supported by contemporary research in cognitive science.
The central question of serious games is how and in what ways computer
games may be harnessed for other purposes, such as epistemic roles in training
learners in knowledge that is applicable to domain problems outside of the game,
which is the focal area for this thesis. This educational focus may be characterised
by the phrase: “learning should be hard fun!” [126]
Section 3.3.1 outlines the state of science education and establishes the
rationale and arguments for and against using games in these areas. Section 3.3.2
describes the effective learning qualities of games and the evolution of pedagogic
design. Section 3.3.4 focuses in on using games for physics education, and
subsequent parts examine examples of physics games and studies of learning
providing motivation for the rest of this thesis.

3.3.1

Rationale and perspectives

The last decade has seen a steady decline in enrolments in computer science
in many parts of the developed world [6, 127]. Similarly the other so-called
STEM disciplines (Science, Technology, Engineering and Mathematics) have also
declined in attractiveness as career choices, and are still male dominated [123, 95].
Many factors and possible solutions have been discussed, but a strong common
element is the need for a more engaging experience in high school. Given the
enormous popularity of computers amongst today’s youth, from social networks to
computer games [13, 77], better, more computer aware teaching tools would seem
to be a positive step [86] – a movement which has been evidenced previously in
this thesis with the discussion of relativistic simulators in section 2.3.9 [172, 135].
The serious games movement advocates computer games as effectively solving jointly the problems of motivation [121] and advanced skill development [48,
8], as well as informing effective pedagogical design and approaches [9, 145],
which will be discussed in depth in section 3.3.2. Gorriz and Medina [55]
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also argue that games can help to interest more girls in computer science,
while Mayo [96] collates evidence from several studies in STEM games giving
improvements in learning outcomes between 7 and 40% (investigated further from
section 3.3.4).
But there are counter arguments. Gros [56] cautions that games are not the
solution to educational problems – engagement and motivation are interesting
benefits, but are not enough by themselves. Klahr and Nigam [81] find that
direct instruction methods were more effective than discovery learning in teaching
experimental procedures to primary school children. In a study correlating leisure
gaming activity with academic performance, Ip, Jacobs and Watkins [72] found
that frequent gamers generally achieved lower marks than less frequent gamers,
suggesting at least that the benefits of exposure to leisure games did not outweigh
reduced time on task. Kaminski, Sloutsky and Heckler [78] discovered the
somewhat surprising result that undergraduate students generalise better in maths
if they are taught the generic principles first, rather than see the abstractions
motivated by concrete examples. This suggests that it is worth asking if games
should be the first contact with a domain (concrete representation type games
as described here) or whether they should follow exposure to formal generic
descriptions of the domain. Shayer, Ginsburg and Coe [149, 150] find that there
has been a decline in the last decade of students’ abilities to make physical
judgements, say relating to weight or volumes of liquids and equilibrium. They
attribute this to television and computer games – an increasing interaction with
worlds only through the media of vision and sound, perhaps. This opens up the
issue as to whether experience in a virtual world will transfer across to the visceral
properties of the real world.
On the other hand, Hake [57], Scherr [144, 141] and Mazur [97] find that
interactive and inquiry-based modes of learning, which place students as active
participants, produce the best engagement and deepest learning in students –
models that clearly match the experience of computer games.
Although the study in this thesis is grounded in a traditional game design
paradigm with the development of a wholistic relativity game in chapter 4, it is
worth acknowledging the recent additions to the literature surrounding current
trends in the research and use of games. Along with the growing attention
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to ‘serious games’, a number of additional niche applications and buzzwords
have emerged, including ‘persuasive games’35 , ‘gameful design’36 and ‘games
for change’37 . A somewhat more controversial [12, 41] spin-off comes under
the title of ‘gamification’, which is also concerned with the application of
gaming conventions to enhance non-gaming contexts. A detailed definition of
gamification is provided by Deterding, Dixon, Khaled and Nacke [32] as:
• the use (rather than the extension) of
• design (rather than game-based technology or other gamerelated practices)
• elements (rather than full-fledged games)
• characteristic for games (rather than play or playfulness)
• in non-game contexts (regardless of specific usage intentions,
contexts, or media of implementation).
Gamification differentiates from other concepts, such as serious games, in
that it is concerned with parts rather the whole. Specifically, gamification gives
attention to the association of elements from games such as score leaderboards
and collectible badge-like rewards in non-gaming contexts [32]. It is derided
by many authors (e.g. [12, 41, 89]) because it focuses on superficial gestures,
like points and levels, divorced from and ignoring the key mechanics that make
games compelling, enjoyable and intrinsically rewarding (refer to sections 3.2.1
and 3.2.3); in addition, the -ification insinuates (misleadingly) that game design
is a simple “process” or “toolkit” that can be applied to “enhance” any mundane
task [12]. As alternatives, Jane McGonigal [98] proposes ‘gameful’ and ‘gameful
design’ as aligned with ‘playful’ and keeping the focus on the whole of the
game experience; while Ian Bogost prefers to label gamification approaches as
‘exploitionware’ [12].
35

See: http://www.persuasivegames.com/
See: http://www.gameful.org; [98, 41]
37
See: http://www.gamesforchange.org/
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3.3.2

Principles of learning in games

The current phase of research and development into the learning potentials
of games began in the late 1990’s, and has been popularised through the
2000’s by education researchers such as Marc Prensky [121] and James Paul
Gee [48, 50, 51] who looked at the learning principles embodied in computer and
video games and advocated how these should be applied to other settings. These
have been continued by others including Lazzaro [88, 89], who has examined
what makes game experiences ‘fun’ and compelling, and McGonigal [98] and
Ferrara [41], who provide discussion of how we benefit from engaging in games
and how experiences can be designed to be more ‘gameful’. Extensive reviews
of the literature and case studies on learning with games can be found in
publications by de Freitas [31] and Dondlinger[35], and is also discussed by
Egenfeldt-Nielsen [37] and Gros [56] in the context of evolving pedagogic design.
Amory [5], Kiili [80] and Schiller [145] present frameworks for quantifying the
pedagogical content of games, both for informing the design of educational games
and reflecting on good teaching practices.
In [48], Gee outlines that entertainment games incorporate a range of fundamentally sound learning principles, which also have been expounded upon by
other authors (e.g. [8, 9, 145]). One of the foremost features is that games provide
immediate and continuous feedback and reinforcement for players’ actions [9].
Players are able to judge moment by moment how they are performing in relation
to their goals, see what strategies are working or assess their errors and see
where their expectations have failed [51]. In conjunction with this, the goals and
objectives of games are clearly defined and the player can see how their situation
and actions relate to the goals.
The initial levels of a game typically confront the player with problems that
allow him or her to form good generalisations about what will work in later parts
of the game [48]. Problems are ordered in a way that allow players to recall
and apply their prior learning and experiences to new similar situations, so they
can improve their interpretations and generalise beyond specific scenarios [9, 51].
These factors (goals, feedback, recall and reinforcement) produce the right
environment for deep experiential learning to take place [51, 145]. Moreover,
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experiment and trial-and-error is the preferred means by today’s learners to learn,
as asserted by Beck and Wade [8] (quoted in [145]), rather than reading manuals.
Therefore, the vast majority of entertainment games introduce the control schemes
for advanced abilities and skills through the game itself, either as training missions
or levels, or throughout the game itself.
Another feature is that games typically give information “on demand” and
“just in time”, and in the context that it is to be used [48]. When players are
given a new ability, they are able to put it into practise immediately; if they are
given a new piece of information, they are able to make use of it or see how it
applies to the game world soon after. Gee also identifies that facts “come free”;
for example players will learn and apply military terminology when integrated into
the game [49]. Games also create a “cycle of expertise” in the way that they deliver
and train the player in new skills [48, 153]. Typically, the player is equipped with a
limited range of abilities and repeatedly confronted with a similar type of problem
that allows them to hone and achieve a routinized mastery of certain skills. Then,
a new problem or ability is presented that requires the player to re-think their
actions and integrate new skills with old ones. This cycle is repeated throughout
the game, and is a model for the production for expertise [8, 48, 51].
Section 3.2.3 outlined how the model of flow [27, 21], where challenge is at
the outer edge of the player’s competence, provides one description for how and
why good games provide a compelling and motivating experience. This is the
opposite to school, which traditionally operates at the level of the lowest common
denominator, and accordingly struggles to fully engage and retain students’
attention to the same degree [48, 121]. Another way that games differ is that
they allow players to be producers and not just consumers [48, 77]. Where in
traditional instruction, the learner’s role is only to receive, in games the player
may be actively involved in the choices and development of the game’s story
and world. Additionally, the player may be involved outside of the game in the
creation of content and rules [48, 77].
Finally, games can provide opportunities for players to collaborate, discuss
and interpret experiences [48, 51]. This can be facilitated in multiplayer games,
where players may assume different roles, and share knowledge and skills
with others [48, 179]; or it may occur outside of the game, for example in
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online communities, where players learn from the interpreted experiences and
explanations of others [51].
As an example of a game embodying many of these effective features, consider
Portal, which was previously described in section 3.2.5, and is examined by
Schiller in [145], and by Gee [50].
With Portal, the designers faced the problem of communicating the novel
portal mechanics to the player. Discovering creative ways to use the unique
properties of portals is required to solve the puzzles, but learning is difficult
because the laws of physics are applied (and violated) in unfamiliar ways. The
way the game helps players to make a cognitive leap and “think with portals”
is through scaffolded instruction and layering of lessons. Throughout the first
half of the game, the puzzles are actually carefully-designed and structured
lessons intended to introduce to players the elements of the puzzles and the
mechanics of portals, and equip them with the skills to navigate the game’s more
challenging second half. In fact, for much of the duration of Portal, learning
is the game [145, 50]. Instruction is intentionally presented in discrete learning
activities. Early in the game, new concepts are introduced one at a time and
players are given a great deal of support in learning specific skills. Each lesson
is self-contained, but successful completion of each consecutive lesson requires
using or modifying skills learned in previous lessons. As players progress, support
is gradually taken away giving players freedom to make more choices and practise
their skills [145].
In addition to this, the game designers developed a concept referred to as
gating as a means to stop players advancing beyond their skill level and becoming
frustrated by situations they are not yet equipped to navigate. Gates are used
to control the pace of the game and prevent the player from advancing until
certain conditions are met. Puzzles are designed so that stumbling around will
almost always lead to failure, while correct application of key gameplay concepts
will lead to success. Completion of a particular puzzle serves as confirmation
that the player has learnt and applied the concept being taught and is ready
to move on. This approach helps standardise the learning curve of the game
tremendously [145].
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Figure 3.13: Model of the three generations of educational games, showing
their different characteristics and how they emphasise different learning theories.
(Image from [56].)

3.3.3

History and evolution of educational gaming

Gros [56] and Egenfeldt-Nielsen [37] summarise the recent history of studies of
educational game applications (refer also to [31, 35] for more comprehensive and
detailed reviews, and the specific discussion through sections 3.3.4–3.3.9). These
studies overwhelmingly support that you do learn from computer games, and that
most students appreciate games in education. However, the question that has been
less addressed to date is what computer games offer that set them apart from
existing educational practise [37].
Egenfeldt-Nielsen characterises educational games into three generations in
connection with the progression in learning theories, as shown in figure 3.13.
These are:
• 1st Generation (‘Edutainment’): Behaviourism. The first-generation
perspective corresponds with a focus on behaviour and directly observable
actions. Behaviourism assumes that learning occurs through reinforcement
and conditioning, when you have opportunities to practice skills and content
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enough times [37, 56]. The activities of this perspective are centred on rotelearning and drill-and-practise tasks.
The so-called edutainment games that characterise this generation focus on
simple tasks and the delivery of straight-forward information to the player.
In edutainment, the game serves only as a motivation to perform the task,
and there is little to no integration of the learning experience (content)
with the playing experience (game dynamics). Although rote learning may
see some improvement in areas such as maths and spelling, edutainment
games are generally criticised for being too simplistic, repetitive, and not
supporting progressive understanding [37, 56, 153, 22, 24]. Math Blaster,
discussed below, is a principle example of this view.
• 2nd Generation: Cognitive constructivism. In the cognitivist approach,
the learner becomes the centre of attention. Instead of viewing the learner as
an ‘empty receptacle’ [153], cognitivism acknowledges that people possess
different underlying schemata that represent what they know and what they
have learned [37, 56]. The constructivist model represents learning as
building ‘knowledge structures’ that organise ideas and concepts [117] and
corresponds with learning by experiment [130]. The view also affirms that
learning is most effective when learners discover and construct the knowledge themselves [81, 144, 141]. Learning methodology is rooted in a cyclic
process of eliciting students’ current conceptions; creating cognitive conflict
through demonstrating contradictions with students’ incorrect conceptions;
and reifying through the formation of new conceptions [156].
This generation focuses on building and using educational computer games
to present information in ways that are appropriate to specific learners, and
support different ways of approaching the same topic [37, 56]. There is also
better integration between the learning activity and game dynamics, and
designs support experimentation and discovery. There is also interest in the
‘meta-skills’ that can be acquired from playing games, including problemsolving, analysing, and spatial ability [8, 37, 48, 121].
• 3rd Generation: Socio-cultural/situated constructionism. Construction114
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Figure 3.14:
Screenshot of the 1993 ‘edutainment’ game Math
Blaster.
(Image from http://www.mobygames.com/game/
math-blaster-episode-1-in-search-of-spot.)
ism shares constructivism’s view of building knowledge structures, but also
involves the setting [37, 117]. For constructionists, the artifacts in the
environment can be used to mirror the learning processes from the outside,
and to provide a platform for exploring new material. This is further stressed
in the situated learning and social-cultural approach, where the learning
process is seen as mediated in a social context that facilitates asking the
right questions and going to the right places [37].
The third generation doesn’t focus on the specific computer game or the
content in games, but looks at the broader process of using computer games
in education, with the teacher as a facilitator in adapting experiences [37].
It focuses on the engagement of students with the game [48], and the
construction of artifacts (including making, rather than playing, games)
which facilitates the construction of new relationships with knowledge in
the process [77].
A principle example of poor educational design frequently referred to and
criticised in literature [22, 37, 153] is the edutainment title Math Blaster (shown
in figure 3.14), which nevertheless is a continuing property with new titles
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being published38 . The game aims to teach core mathematics skills: addition,
subtraction, multiplication and division. However, these are presented only as
drill-and-practise activities which bear no relation to the context or play dynamics
of the game [22], which includes shooting objects in space and navigating
2D environments. Although the game provides some benefits in memorising
arithmetic tables, it is criticised for the poor integration of the educational content
with the gameplay and repetitive ‘surface learning’ nature [22, 24, 37, 153].
In this type of game, the context is no more than a motivational wrapper,
intended to make learning more palatable [153]. These games, where content
and context are clearly disconnected, are termed exogenous by Rieber [130] and
Squire [153]; whereas games where the content and context are inextricably
linked are termed endogenous [130, 153]. Endogenous designs, which integrate
the learning into the gameplay, benefit from making the activity intrinsically
rewarding rather than the game serving as an external motivator, and are the focus
in second and third generation approaches to educational games [37].

3.3.4

Learning physics with games

In this section, the discussion will focus down onto using games for physics
education, with specific examples of games and game studies. As alluded
previously, few games have been reported which integrate relativistic physics,
so the investigation is broadened to other topics in physics. In addition to
relativity (section 3.3.10), the games reported here address concepts in Newtonian
mechanics (sections 3.3.5, 3.3.7 and 3.3.6) and electromagnetism (sections 3.3.8
and 3.3.9). Research methodologies are described, for future relation to the
methodology chapter 5.
Sections 2.1.13 and 2.3.9 outlined the kinds of misconceptions and difficulties
that learners typically have when they begin to study relativity. These often
arise because the mechanics of relativity seem abstract and cannot be directly
observed in real life [100, 144]. Electromagnetism concepts present similar
difficulties, as students traditionally cannot engage qualitatively with the effects
and phenomena [179] and the representational formalisms for electric fields are
38

See: http://www.mathblaster.com
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abstract and have few analogies to everyday experience [154, 153]. Learners
often have trouble visualising how charges interact in electric fields, and rely
on memorisation of instructed facts to describe phenomena [154]. Games, as
presented by Zuiker [179] and Squire et al. [154, 153], provide one means for
learners to experience and manipulate these concepts.
Studies find that even for the familiar physics of our everyday environment, which are described by Newtonian mechanics, the “common sense”
models that untrained people form from their personal experiences are generally
incorrect and inconsistent. They are also resistant to change from direct
instruction [144, 141, 142], and reports in the literature have detailed teaching
strategies designed to overcome them. For example, Clements [25] and Halloun
and Hestenes [58] describe how university students’ uninformed models confuse
the relation between force with acceleration, with beliefs that constant motion
requires a constant force acting to sustain it. Hestenes, Well and Swackhamer [59]
further describe misconceptions arising in both students and teachers including
inability to distinguish terms, like force and power, and incorrect modelling of
phenomena, like so-called “centrifugal force”. They present an inventory of
force concepts to elicit misconceptions and direct students to choose between
Newtonian concepts and “common sense” alternatives. Scherr [141] reports
experiences with college students inexperienced in science and maths, who at
the outset of teaching have difficulty distinguishing concepts of mass, weight
and volume. She outlines a successful inquiry-based teaching strategy to lead
students to confront and reformulate their understandings and application of
physical concepts. Hake [57] describes similar participatory approaches for
physics teaching, which Mayo [95, 96] refers to among other studies that support
interactive teaching using games. Price [122, 123, 124] also collates news reports
and enrolment numbers that indicate student interest in physics has been in decline
and physics education has been in “crisis” up to the mid-2000’s, which frame his
development of educational materials using games.
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(a)

(b)

Figure 3.15: Screenshots of the educational game Waste of Space. (a) shows the
tutorial level in which an animated character outlines how to play and explains
the physics. Here the character is showing the theorem of addition of velocities.
(b) shows a gameplay level from the game.
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3.3.5

An arcade portrayal of mechanics: Waste of Space

Waste of Space is a basic example of an educational game that incorporates
physics content with its gameplay. The game is a product of the Hidden Agenda
Games contest39 [30], which challenges college students to build entertaining
games that “secretly” teach middle-school subjects for students aged 9 to 13
(a notion playfully termed “stealth education”). Winning game designs receive
professional art and programming assistance and a chance at winning a $25,000
prize, and are hosted online at the Hidden Agenda Games website. The contest
emphasises quality of experience, with the judging of games being weighted at
70% entertainment and 30% educational value.
The game Waste of Space was a finalist in the 2005 Hidden Agenda contest.
The game is based on the template of Asteroids (refer to section 4.1.1), and casts
the player as a space garbageman contracted to collect scrap. It is a 2D action
game in which the player controls a spaceship, combating enemies and collecting
powerups. The game was created with input from NASA experts, and its pitch
is to teach physics ideas of motion and inertia. The player’s spaceship (named
the ‘Buzzard’) behaves as an inertial body, with the player maneuvering around
the screen by rotating the craft and applying forward or reverse thrust. Gravitation
and orbits are also exhibited with a gravity well object that appears in certain game
levels.
Waste of Space presents its physics content up-front, with a tutorial stage in
which an animated character outlines the game controls and explains the physics
(see figure 3.15), and also guides the player through the rest of the game’s levels.
The tutorial is divided into a series of stages, which players pass by performing
specific maneuvers and destroying targets. However, because the game has not
been subject to any formal studies of learning, the extent to which it succeeds in its
educational objectives is unknown. Certainly, a player who masters the game will
have learnt the behaviour of the ship, but the technical physics concepts introduced
in the tutorial (refer to figure 3.15a) quickly become superfluous throughout the
rest of the game. However, the game is an interesting example of an attempt to
39

See: http://www.hiddenagenda.com;
http://twitter.com/#!/haproject
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(a)

(b)

Figure 3.16: Screenshots of physics “immersive environments” in Unreal
Tournament 2004. (a) shows an arrangement of colliding pendula known as
Newton’s Cradle. (b) shows a diffracted wave moving through a liquid surface
towards the user, created by firing a rocket at the far side of the slit. (Images
from [123].)
integrate physics into the gameplay.

3.3.6

Representing physics environments in Unreal Tournament

In publications from 2006 to 2008, Price [122, 123, 124] has reported on the
use of the computer game Unreal Tournament 2004 (a.k.a. UT2K4)40 to portray
interactive “immersive environments” (or IEs) for physics learning. The Unreal
Tournament series of games are fast-paced competitive multiplayer first-person
shooter games, though UT2K4 nonetheless incorporates a detailed and highfidelity physics simulation for computing the behaviour of objects in its virtual
world (with some caveats, outlined in [124]). The game also includes extensive
support for modifications (or “mods”), which allows users to create and include
maps, models, and other additions in the game. Price reports on using this facility
to create small, concept-focused IEs to engage learners in enquiry-based “active
learning” of physics concepts (see figure 3.16) [123].
Price describes a range of IEs for demonstrating a range of physics constructs,
40

See: http://en.wikipedia.org/wiki/Unreal_Tournament_2004;
http://en.wikipedia.org/wiki/Unreal_Tournament_2004
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including trajectories, collisions, pendulae, potential hills, and waves. Students
can experiment by changing parameters and observing the results, and also
interactively perturb the systems (using the UT2K4 weapons!). The program
used to create the mods is also simple enough that students can create their own
IEs. Price outlines several constructivist-based strategies where both teachers
and students design experiments and construct IEs [122, 123]. The learning
experience with these IEs is considered to be qualitative (based on visual
observation), although the physics simulation is quantitatively (numerically)
true. Subsequently, Price describes how “actors” (objects in the game) can be
programmed to log experimental data (such as position), which can be analysed
and compared with the predictions of theory [124].
In [122], Price outlines the results of a feasibility study for using UT2K4based IEs to instruct in physics. The study involved 20 students at the University
of Worcester, and 15 sixth-form (ages 16-18) high school students. Tutors were
asked to rate the “fidelity” of individual IEs in producing believable physical
behaviour, and students were asked to rate how much they felt they learnt from
each IE. The results showed a clear correlation between the tutor’s assessment
of fidelity and the student’s assessment of their learning experience. The
overall result, however, was positive, reflecting students’ and tutors’ enthusiasm
for engaging with the game technology. Subsequently, Price reports on an
investigation into the fidelity of the game’s simulation of physics, and describes
additional affordances for visualisation [124].

3.3.7

Social learning in physics modules with Physics Geeks

Stewart [156] in 2009 reports on the game Physics Geeks, which resembles in
some ways the IEs used by Price [122, 123, 124]. The game was developed
at Columbia University to constructivist learning principles, and programmed
in Adobe Flash using the Havok physics engine41 , a games-industry standard.
Physics Geeks presents a collection of eight 3D virtual world modules, each a
concept-targeted space where students interact with the environment and then
answer physics questions. Players receive a score along with a report of which
41

See: http:\\www.havok.com
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questions they answered correctly or incorrectly, and an overall grade of their
level of physics “geekiness” (as in, “Level One Physics Geek”).
Two interesting features of the software are the way it presents additional
information, and its integration with online social networking.
Each module has a scaffolding feature where certain actions trigger “light
bulbs” to appear, which point out interesting actions or prompt students to notice
or try something specific. These light bulbs are like hidden features or “Easter
eggs”, which are not revealed upfront but emerge through dedicated play. Since
gamers prefer to learn through trial and error [48, 8, 145], these light bulbs replace
the role of a game manual and serve as a motivator for players to keep playing and
find them all [156].
For the social aspect, the game is hosted on the Facebook social networking
website42 , and allows players to compare their grades earned with their Facebook
friends who also have the game. This taps into the social engagement aspect of
gaming examined for example by Lazzaro [88, 89].
Stewart [156] reports on a study using the game in a 9th grade (about 15 years
old) physics class in New York City, although the numbers are small – 13 students
divided between experimental (n = 7) and control (n = 6) groups. Students
were enrolled in a conceptual physics course covering the topics of variables,
inertia, and sound; [156] examines only the inertia component. Students in both
groups received identical constructivist-based instruction (see section 3.3.3). The
experimental group then played the game, while the control group received further
instruction. Learning was evaluated using a pre-/post-test model, using 21 shortanswer conceptual physics questions. The study showed that the experimental
group had significantly greater score gains than the control [156].

3.3.8

Electromagnetism visualised: Supercharged!

In 2004 Squire, Barnett, Grant, and Higginbotham [154] presented Supercharged!,
a 3D simulation game developed at MIT to help students (both middle-school and
university) to learn basic concepts of electrostatics and electromagnetism [153].
Players explore electromagnetic mazes, leading a group of virtual classmates
42
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(a)

(b)

Figure 3.17: Screenshots of the game environment in Supercharged!. (a)
shows an exit point in the world with the remaining distance shown. Point
charges are represented by cross-shaped objects. (b) shows the result of placing
additional charges in the environment. The lines visualise the interactions of the
electromagnetic fields.
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through levels that are matched to classic physics thought experiments (see
figure 3.17). Gameplay consists of two phases: exploration (or planning), and
playing. In the exploration phase, the player has a limited number of charges that
can be placed throughout the environment. In the playable portion of the game,
the player must steer a ship by switching its charge (either positive, negative,
neutral, or dipole) and managing a limited amount of fuel that can directly propel
the ship. The ship moves either toward or away from charges in the environment;
therefore the charges placed earlier allow the player to shape the trajectory of the
ship. Each level contains a set of obstacles common to electromagnetism texts,
including points of charge, planes of charge, magnetic planes, solid magnets, and
electric currents; which each affect the player’s movement according to the laws
of electromagnetism.
Supercharged! is a fascinating game which immerses the user in a virtual
world that behaves according to the Maxwellian rules of electromagnetism,
without the Newtonian laws of mechanics that govern our everyday environment.
The objective of the game is to help learners develop more robust intuitions of
electrostatic physics, through direct interaction with the concepts themselves in
the virtual world [154, 153].
The researchers conducted a study to examine the effect of the game in
an American middle-school setting [154]. The study examined three facets of
educational game use (representative of Egenfeldt-Nielsen’s third-generational
description of games [37]):
1. What is the impact on learning electrostatic concepts?
2. What social practices emerge as students engage in collaborative games?
3. What strategies do teachers use to incorporate games into their curricula?
The study involved 96 students in the 7th and 8th grades (about age 13-14),
who were divided into experimental (n = 61) and control (n = 35) groups in coordination with the teacher. The control group was taught the electrostatics content
through guided inquiry methods (such as interactive lectures and demonstrations),
while the experimental group primarily played Supercharged! during class time,
with supplemental materials and interactive lectures provided by the teacher. The
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learning that took place in each group was evaluated using a conceptual exam
administered before and after the course, interviews, and observation.
The results of both groups improved in the conceptual exam, with the
experimental group improving to a greater degree. Boys in both groups also
improved more than girls. The most striking difference in understanding appeared
in students’ descriptions of electric fields and the effects on charges. Students who
had played Supercharged! gave much more detailed and intuitive descriptions,
recalling their experiences from the game, and appropriating devices such as
drawing field lines [154, 153]. By contrast, students in the control group relied
more on their ability to memorise information given in class, and could not deeply
explain concepts. However, few students appropriated physics terminology, as
Gee [49] describes should happen. This was most likely because terminology was
presented only in cut-scenes, and not instrumental to the play [154].
The researchers identified that the classroom culture presented challenges for
appropriating the game into learning. Initially, students were reluctant to engage
in discussions that weren’t led by the teacher, and confused about the purpose of
the activity. The teacher adapted to provide more structure for the activity in the
form of individual log sheets, and also by leading the class in collaborative play
and discussion. These measures enhanced the level of deep reflection and rich
discussion that took place.
Both boys and girls were enthusiastic about playing the game, and the
game effectively engaged students who were otherwise disinterested in science.
However, some students (mainly boys) tended to lose interest after having
perceived to have “beat” the game. Others (mainly girls) wanted to be able to
fully explore the simulation and share results with peers [154]. This reflects the
value of collaborative tools, such as the score-sharing described by Stewart [156].

3.3.9

Multi-user discovery of electromagnetism: Escape from
Centauri 7

Zuiker, Anderson, Lee and Chee [179] also describe teaching the topic of
electromagnetism in 2008, using a 3D, multi-player game titled Escape from
Centauri 7. The game was developed by the Game-Based Learning Initiative
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Figure 3.18: Screenshot of the game environment in Escape from Centauri 7.
at the National Institute of Education in Singapore43 . Centauri 7 casts the
players as stranded astronauts on an alien planet, attempting to use the dilapidated
technologies of the previous inhabitants to activate a Gauss gun to send distress
signals back to Earth. Around this storyline, players encounter a succession
of machines that enable them to position electric and magnetic fields in order
to manipulate the speed and direction of charged particles (see figure 3.18).
Particles are portrayed with exaggerated features to emphasise changes in speed
and direction. A logbook containing the esoteric records of a previous explorer
serves to provide clues players must piece together, and open questions for class
discussion [179].
Zuiker et al. [179] present and evaluate a classroom activity structure designed
to engage students in collaborative playing, discussion, and reflection. Students
play together in the multi-player game environment in small groups (3 students per
group), working towards the goals of the game and negotiating meaning. Groups
are tasked with presenting their findings on certain topics (such as the meaning of
visual devices in the game) in class debriefing sessions, which is used for class
discussion. The curriculum also includes a final project where each group must
43
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construct a gaming manual that consolidates their experiences [179]. The research
study examined the following questions:
1. Can game play foster intuitive understandings of particle-field interactions?
2. How are intuitive phenomena used to formalise understanding?
3. How does the game transform learning practices and modes of participation
in the classroom?
The teaching methodology was implemented in one teacher’s classroom at a
Singapore boys’ high school. A sample of 36 students aged 14-15 participated in
the study. The study employed quantitative measurement of performance using
pre-/post-test assessments, and qualitative analysis of student participation. The
learning was measured against the Force Concept Inventory presented by Hestenes
et al. [59].
The outcome of the pre-/post-test assessment showed that students developed
a deeper understanding of the behaviour of charged particles relative to incorrect
“common sense” conceptions. The researchers examine in detail the dialogic
cycles of groups engaged in playing the game, and found examples both of
groups working together to negotiate understanding as anticipated, and groups
that struggled to productively engage one another’s comments, challenging the
designer’s expectations. Whole-class engagement in discussion following two
groups’ conflicting interpretations exemplifies the intended process, but hinged
largely on the teacher’s skillful facilitation. This leads the authors to conclude
that the Centauri 7 game “can only ever frustrate or facilitate various trajectories
of participation” [179].

3.3.10

Relativistic puzzles in Velocity Raptor

Velocity Raptor is a game that incorporates relativistic physics in an action-puzzle
environment. It was developed by Andy Hall as one of a growing line-up of
interactive toys and games about physics on his website, Test Tube Games44 . The
44
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(a)

(b)

Figure 3.19: Screenshots of the relativity game Velocity Raptor. Motion is
toward the lower right-hand corner of the screen in each case. (a) shows the
game with “measured” relativity, exhibiting length contraction of the surrounding
environment. (b) shows the game with “seen” relativity, with features distorted
due to light travel time.
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game was developed in Flash (using Actionscript) and released on December 15th,
2011. Thus, Velocity Raptor only appeared at the end of the project documented
in this thesis, but it is discussed here for completeness and as currently the most
comprehensive relativity game.
Although it has a somewhat simple, whimsical style, the game is highly
accomplished in the breadth of relativistic concepts included and the way it
illustrates and communicates key relativity features. The player controls the caped
Velocity Raptor, exploring a series of cave chambers and overcoming the obstacles
of her nemesis Professor Rex, who has invented a machine that is responsible for
slowing the speed of light to 3 miles per hour. The player interacts and guides
Velocity Raptor in real time, but each cave chamber (level) is a discrete, selfcontained environment with puzzles to solve or obstacles to navigate.
Velocity Raptor skates on a floor of ice, which means that the character builds
up speed gradually as a result of the player’s inputs, and will continue in motion
as an inertial object. Hazards consist of pools of water (raptors cannot swim),
cannons firing projectiles at regular intervals, and trapdoors that open and close
according to a timer. Other puzzle elements are colour blocks that must be
matched to open doors, “snow” blocks that can be melted after touching a “fire”
block, and linked pairs of doors where one ‘simultaneously’ opens when the other
closes.
The game is presented in a 2D third-person (exocentric) perspective, although
relativistic effects are portrayed relative to the player’s character. Thus, when
Velocity Raptor is moving through the room, the surrounding room is displayed
distorted (see figure 3.19). The game portrays both ‘measured’ relativity, with
literal length contraction (see figure 3.19a), and later ‘seen’ relativity, where the
display of the room is distorted according to the travel time of light (relativistic
aberration) to reach the raptor (see figure 3.19b).
The game consists of 43 ‘story’ levels, and an additional 5 bonus levels that
illustrate certain concepts. Concepts and new features are introduced gradually
throughout the levels, with a brief explanation and ‘easy’ level to illustrate,
building to harder and more complicated challenges (a design which has been
refined through playtesting). Time dilation is portrayed in a number of ways,
through the periods of trapdoors and bullet flight times from cannons, and relative
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clocks associated with the ‘fire block’. The relativity of simultaneity is illustrated
with ‘simultaneously’ opening/closing door pairs.
Aside from aberration, the optical effects of relativity on brightness and
colour (refer to section 2.3) is not shown on the whole level. However, special
colour blocks (see figure 3.19b) are included, which portray an approximation
of Doppler-shifted colour (approximate, because the colour spectrum has been
modified to avoid exceeding displayable range). These are used in puzzles where
the player, in order to open doors, must manipulate the apparent colours of all
the blocks on-screen so that their colours match; the player achieves this through
adjusting the Velocity Raptor’s speed and direction of travel.
There have been no formal studies into the effectiveness of Velocity Raptor for
learning, or any push for placement into classrooms, although Hall has received
positive feedback from his play-testing process and informally through emails and
comments (see website). Hall’s goal has only been to make the games engaging
enough that people will play around with them in their free time, and maybe learn
something in the process. Nonetheless, Velocity Raptor does illustrate many of
the good practises that will be exposed in later parts of this thesis, and it appears
it should be very effective at teaching relativistic concepts.
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This chapter introduces an exploration of the implications of incorporating
relativistic physics into the play experience of games. This was conducted in
the simpler context of a two-dimensional action arcade game, whose design
emphasises concepts of motion. Begun as an exploration into the dynamic
behaviour of relativistic mechanics, the prototype game was deemed novel and
interesting enough to be a focus for an investigation into game-facilitated learning
using human participants.
This chapter introduces the first branch of the research, by detailing the
game that was developed and utilised in user experiments. The discussion
will focus upon the mechanics of play, the unique and novel implications of
the relativistic model of physics, and the approaches to portray relativistic
concepts and communicate to the player. Following this, chapter 5 outlines
the experimental methodology and survey instrument used; and the results are
presented in chapter 6.

4.1

Game concept – Relativistic Asteroids

The game’s general design is based on a re-imagining of the classic arcade game
Asteroids first released in 1979 by Atari Inc. (see [177]). This design came
about primarily as a prototype platform for exploring the non-visual dynamics
of relativistic physics which were so far omitted from visual simulations (see
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Figure 4.1: A recreation of the classic Atari arcade game Asteroids for modern
computers. (Image from [177].)
section 2.3 and chapter 7). Additionally, classic-era games are popular material
for small-scale and hobby projects, as the rules and graphics are generally simple
and familiar, and can be modified and re-invented with new features. A simple
game also offers the advantage of potentially making the concepts we wish to
emphasise more explicit, and be less disorienting or distracting than a 3D game.
The following sections describe the design and features of the original game
(and some derivatives) for context; while section 4.2 onwards outlines how these
features were appropriated into a relativistic game.

4.1.1

Asteroids classic gameplay

Figure 4.1 shows a depiction of the original Asteroids game, re-created for modern
personal computers (the original version was played on a stand-up arcade cabinet).
Asteroids is a single-player 2D game in which the player controls a spaceship
(drawn as a triangle-shaped wedge), moving around the game screen along with
the titular asteroids, which are represented by jagged shapes. The game world has
periodic boundary conditions; that is, it ’wraps around’, so that objects (asteroids,
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the player’s ship, and projectiles) which move off one edge of the screen will
re-enter the playing area from the opposite side.
In Asteroids, the primary player controls consist of left (counter-clockwise)
and right (clockwise) rotation; thrust, which accelerates the ship along the
direction it is currently pointed; and a fire button to shoot projectiles. Momentum
is not conserved, so the ship will gradually slow down to a stop without thrust
being applied. The player also has a hyperspace button, which teleports the ship
to a new random location on the screen.
The objective of the game is for the player to shoot and destroy the asteroids to
score points, while avoiding collisions. Asteroids break into smaller parts when
shot; each large asteroid splits into two medium-sized ones, and each medium
asteroid breaks into two small ones. The asteroids drift through the playing area
with constant (randomly-generated) speed and direction; large asteroids travel
slowly and are worth the least points, while the smaller asteroids tend to appear
with higher speeds and are worth proportionally more points.
Asteroids pass through one another if they would collide, but an asteroid
colliding with the player’s ship will destroy the ship and cost the player a life.
The game does not progress in distinct levels, but is continuous; when the player
has cleared all the asteroids on the screen, a larger number of asteroids is generated
in a new batch. The game continues until the player has expended all their lives.
There are also two ‘UFO’ entities which appear at random intervals in the
game; a large one, which shoots projectiles randomly, and a small one that actually
targets the player. Both are worth points to the player but present an additional
hazard in the game.
Asteroids was a very popular game in its time, and has become an iconic and
easily-recognisable example of retro gaming. The gameplay is easily understood
and accessible while also being challenging. It is a great example of an activity
which engenders flow [27, 60] (see section 3.2.3), furthered by the original
soundtrack which featured a hypnotic electronic ‘heartbeat’. Although the core
gameplay is repetitive, elements such as the UFOs and hyperspace feature add
some variety and risk. Although the rules are simple, they allow room for the
player to strategise and are a great example of effective game design with minimal
elements.
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Figure 4.2: Comet Busters! is a re-imagining of Asteroids with extra features,
created in the 1990’s by Steven Hugg.

Figure 4.3: Waste of Space is another variation on the Asteroids theme, targeted
toward learning.
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4.1.2

Notable derivatives

Such an influential game has been revisited in independent projects as well as
official licensed sequels. The shareware title Comet Busters! (figure 4.2) by
Steven Hugg is an example of the former, which improved on the original with
colourful sprite-based graphics and additional features. These included the ability
for the player to customise their ship and special ability (supplementing the
original hyperspace with ‘shield’, ‘repulsor field’ or ‘cloaking’ abilities), and
support for up to four simultaneous players.
The Waste of Space serious game, discussed earlier in section 3.3.5, also shares
a lot of features with Asteroids (figure 4.3). The gameplay consists of similar
principles of manoeuvring a spaceship around the screen and shooting targets;
although in this case, presented in distinct levels with enemies of varied behaviour,
and framed in the context of teaching physics to players.
The Relativistic Asteroids game was developed along these lines – extending
the classic arcade gameplay of Asteroids with relativistic physics. Asteroids was
chosen as a suitable game template, due to the gameplay being based around
objects moving under inertial motion. In particular, the spaceship was thought
to be an ideal way of communicating the concept of ‘relativistic mass’, as its
inertia and handling will change with velocity as compared to the classical case
(see section 4.2.5 below).

4.2

Game design

At its core, Relativistic Asteroids is Asteroids with a model of relativistic physics,
although there are many personalisations as well. The primary departure is that
the game embodies both the classical (Newtonian) model of physics (figure 4.4)
alongside a relativistic model of physics (figure 4.5). This section outlines
the implementation details and philosophies of the game, and the features for
incorporating the physics effects.
The game design is a novel approach to the portrayal of relativity on
computers. Unlike the simulations discussed earlier in section 2.3 that focus on
realistic portrayals, the use of 2D graphics implied more conceptual and stylised
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representations of principal relativistic effects. The graphics are rendered as
simple line drawings to keep the focus on the physics, although it also pays
homage to the original game. The emphasis of the development project was
instead turned to the use of game design elements to provide structure and
motivation for the experience, which the simulations have so far lacked.
After Squire et al.’s [154] approach, the concepts that we wish to communicate
to learners are embedded in the game’s mechanics, necessitating learning the
concept to win. The game was intended to provide an open environment for
players to interact with the physics, eliciting their conceptions as they explore and
experiment, and promoting reflection. This is learning by constructivist principles,
and in terms of Egenfeldt-Nielsen’s [37] evolutionary outline, represents educational game design according to ‘second-generation’ concerns (see section 3.3.3).
The game was programmed in C++, using the Microsoft Win32 API. The
DirectX 9.0c API is used to provide hardware-accelerated graphics operations for
game applications. As a result, it is limited to computers running the Microsoft
Windows operating system, although the software could be ported to other
platforms. A window size/screen resolution of 800x600 or 1024x768 pixels was
used (the game can be played in either), which are readily supported on even older
computer hardware. During the course of this study (see chapter 4), the game was
served for public download at http://csusap.csu.edu.au/˜dcarr/.

4.2.1

Core elements

As in the original Asteroids (see section 4.1.1), the player controls a spaceship
with the aim to shoot and destroy drifting asteroids. This game objective is mainly
used to facilitate the player’s experience of one or the other model of physics
(classical or relativistic). In computer games, a ‘physics engine’ mathematically
models the laws of physics that form part of the game’s rules. Relativistic
Asteroids incorporates dual physics engines, which implement a model of classical
mechanics and a model of relativistic mechanics. The player can switch between
them, and qualitatively observe and compare the behaviour of the game world and
game objects under each model of physics. The precise physics effects will be
outlined in the subsections to follow.
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Figure 4.4: Relativistic Asteroids game being played under the Classical
mechanics model. The game behaves like a typical derivative of Asteroids.
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Figure 4.5: Under the relativistic mechanics model, game objects exhibit
relativistic effects visually (contraction and colour change) and in their behaviour
(inertial mass and time-based functions).
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The main components of the gameplay remain the same, with some differences. Decisions on precise game features and metrics were largely guided by
trial and error and user feedback throughout the game development, with the
aims to balance the game challenge and provide an enjoyable experience. For
example, the relative sizes of game objects, the number of asteroids on-screen
in a round, and the speed, turning rate and shooting mechanics of the player’s
ship were all informed this way. Certain game mechanics, such as an energyregenerating/scavenging mechanic, were trialled, modified and simplified from
initial ideas into their final form described below. This process of reflection and
iterative modification was key to improving the gameplay.
The main player controls consist of rotate left and right, forward thrust, and
shooting. Unlike the original game, momentum of the player’s spaceship is
conserved; this means that in order to slow down or stop, the player must point
the ship in the direction opposite to travel and apply thrust. In addition, asteroids
can collide with one another, and these are resolved as elastic collisions between
spherical bodies.
Instead of the hyperspace game device, an energy-gathering mechanic is
employed. As well as scoring points, each asteroid the player shoots awards
2 units of energy to a 100-unit store. The player can expend this energy with
two special actions: a ‘shield’ and ‘afterburner’. The afterburner triples the
thrust of the spaceship to enable more rapid acceleration, and consumes energy
slowly while it is used. The shield makes the ship invulnerable to collisions with
asteroids, but consumes energy very quickly. These mechanics give the player
more strategic options while playing.
There is no UFO enemy, however a ‘time bomb’ asteroid was devised for
purposes of variety and to utilise the time dilation mechanic (see section 4.2.6).
When asteroids are generated (at the start of a round or when the player shoots
a large or medium asteroid), there is a random chance that the new asteroid will
be a time bomb type. These asteroids have a different appearance (red outline
instead of yellow) and display a numeric timer counting down in seconds. When
the timer reaches 0, the asteroid spontaneously explodes and throws projectiles
in all directions, which can destroy the player’s ship and other asteroids that are
nearby.
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Figure 4.6: The menu screen of Relativistic Asteroids offers four different game
modes.
On-screen text shows information such as the player’s lives, score, energy
reserve, and the ship’s current speed. Speed is reported in metres/sec when playing
using the classical physics model (using a scale of 1 pixel = 1 metre), and as a
percentage of light speed using the relativistic model. The relativistic mass is also
shown as a percentage of rest mass (see section 4.2.6).

4.2.2

Game modes and physics models

Relativistic Asteroids can be played in a number of different modes (see figure 4.6), which frame the two opposing models of physics: classical (Newtonian)
mechanics, and relativistic mechanics. A ‘help’ or information screen is also
accessible from this menu (see section 4.2.3).
Under the familiar classical mechanics, which behaves in the expected way,
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the game plays like a typical derivative of Asteroids (figure 4.4). Notable is
that speeds are not capped, so the ship with thrust applied in one direction will
continue to accelerate without bound; and that velocities are linearly additive,
such as adding the velocities of the moving ship to the bullets fired from it.
The relativistic model utilises Gamow’s [45] pedagogic device of varying
the speed of light (see section 2.2), so that relativistic effects readily enter into
the gameplay. The in-game light speed can be scaled from infinity (at which
relativistic equations reduce to classical physics), down to a value of 120 pixels
per second (styled in-game as 120 metres/sec). This value is easily approachable
by objects in the game (figure 4.5), and was arrived at through trial and error
testing to find the best experience. Objects travelling at speeds close to the ingame speed of light show increased relativistic effects, which are outlined in the
following subsections:
• length contraction (section 4.2.4);
• mass dilation (section 4.2.5), which also affects the outcomes of collisions
(section 4.3);
• time dilation (section 4.2.6); and
• Doppler-shifting of colour (section 4.2.7).
The two models of physics are framed in the following four game modes (see
figure 4.6):
• ‘Pure’ classical physics mode;
• ‘Pure’ relativistic mode with a fixed ‘slow light’ speed (120m/s).
• A ‘challenge’ mode, which combines the two: beginning in the first round
with classical physics, transitioning to relativistic physics with a high light
speed (300,000,000m/s) in the second round, and then decreasing the light
speed over successive rounds down to 120m/s.
• Initial feedback also led to the addition of a non-scoring ‘practise’ relativistic mode [16], with additional scaffolding features to support players
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Figure 4.7: In the ‘practise’ mode, the length-contracted ship is portrayed with
an arrow that makes its heading explicit.
to experiment more freely with the relativistic physics. The player’s ship
is made invincible, and simply bounces off asteroids rather than being
destroyed by them, which addresses the inconvenience of crashing and
dying all the time. In addition, the length contraction can make it difficult
to tell the direction of the spaceship, so an arrow device was also added for
this mode to make the ship’s heading explicit (figure 4.7).
The 2D viewpoint means that the player is viewing the action from a thirdperson perspective, with the ship and other objects moving around the on-screen
playing area. This was a design decision to allow the spaceship to embody the
mass dilation effect, which had so far not been treated in simulations previously
mentioned; although it leaves the player somewhat disconnected from their avatar
in the game. The ship could be thought of as a remote-control drone, perhaps
(ignoring the lack of signal delay from the operator). In terms of relativistic frames
of reference, the player’s point of view can be thought to reside in an external
reference frame at rest with respect to the playing area, to which the game objects
– asteroids, projectiles and the player’s ship – are in states of relative motion.

4.2.3

Information screen

To help frame the game activity for new players, a ’help’ information screen
displays a text passage to describe the game and some of the relativistic effects
it portrays. Due to constraints in the amount of text displayable on one screen,
the information provided is necessarily brief. The information screen display is
shown in figure 4.8.
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Figure 4.8: The information screen provides brief a description and context of the
game.
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Figure 4.9: A fast-moving asteroid (left) exhibits Lorentz length-contraction
along its direction of travel (along the diagonal from upper-left to lower-right),
appearing as an elliptical outline. The asteroid is shown with another of its kind
(right) that is travelling more slowly, and exhibiting negligible contraction.

4.2.4

Length contraction

Objects travelling in the game environment at close to the in-game speed of light
exhibit Lorentz length-contraction (see section 2.1.8). This is depicted literally,
so that the objects appear compressed along their direction of travel (figure 4.9).
This is not totally realistic, but can be thought of as an approximation of the special
case where pure Lorentz contraction is visible to an observer, where the motion is
perpendicular to the direction of sight [147, 146].
An important feature for the portrayal of length contraction is the fact that the
asteroids (figure 4.9) have an irregular shape and spin at a constant rate as they
move. This means the observer can see features of the outline distorting as it
rotates through the plane of travel, making it clear that the shape of the object is
being contracted and is not a fixed ellipsoid. Also, as the player’s ship can change
heading from the direction of travel, the player can observe length contraction of
the triangular outline for varying incident angles, as in for example figure 4.7.

4.2.5

Mass dilation

Asteroids and the player’s ship have speed-dependent mass, which increases as
they approach the speed of light.
Although as discussed earlier in section 2.1.10, the concept of relativistic mass
is controversial and largely discouraged [114, 115, 113], it has been utilised here
as it is convenient to be able to form correspondence with the Newtonian F =
ma [53]. To review: As we now have to consider the “longitudinal” mass mγ 3
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(a)

(b)

(c)

(d)

Figure 4.10: Visual effects for implying the mass dilation of game objects. The
initial “trail” effect involved drawing a series of after-images, shown on an
asteroid (a) and on the ship (b). The later “outlining” effect was to draw objects
with a proportionally thicker, blended outline, here again shown on an asteroid (c)
and shielded ship (c).
and “transverse” mass mγ, we end up with force equations (longitudinal Fl and
transverse Ft ) as follows:
mal
Fl = mγ 3 al = p
3
1 − v 2 /c2
mat
Ft = mγat = p
1 − v 2 /c2

(4.1)
(4.2)

The effects of mass dilation are qualitatively communicated through the
player’s spaceship, which behaves as an inertial body. In order to move in a
direction, the player must orient the ship and apply thrust, which applies a force
to accelerate the ship. (This force is calculated and applied in the game frame of
reference.) At high speeds, the player must take into effect the increased mass
of the ship when attempting to effect direction changes, as the greater inertial
mass reduces the acceleration produced by the force. Mass dilation also has
implications for resolving collisions between bodies as outlined in section 4.3.
To assist in communicating this effect to the player, the on-screen text also
reads out the current mass dilation as a factor of the ship’s rest mass (see the
gameplay screenshot in figure 4.5). (This factor is for the relativistic mass as
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defined in equation 2.13, i.e. m(v) = mγ). In addition, experimental graphical
effects have been trialled through the game’s development [18, 16], and are
shown in figure 4.10. These were devised to add a visual component to the
ephemeral concept of the speed-dependent mass, in an attempt to subtly convey an
impression of the greater inertial energy content of fast-moving objects over their
slower-moving counterparts. Their effectiveness in specifically emphasising mass
dilation to the viewer was not well understood from the results of the experiments,
but will be reflected upon in the discussion of chapters 6 and 8.
The initial visual device employed a ‘trail’ effect, which drew a series of
fading, red-tinted after-images behind the objects (figures 4.10a and 4.10b).
The length of the trail was proportional to the relativistic mass of the object.
These gave a good impression of the velocity of an object, if not its increased
momentum.
Later, the trail device was revised to an effect of drawing mass-dilated objects
with a proportionally thicker outline. This was done, as a heavier line seemed
like a more intuitive way of portraying an object with greater mass. Also, with
the addition of a representation of the Doppler-shifting of colour (section 4.2.7),
it was decided inappropriate to portray a red-tinted trail behind objects.
The exact means of drawing the thickened outline was somewhat difficult
to conceive, as objects that are mass-dilated are also compounded by length
contraction, and simply using a wider line tended to result in a shapeless
appearance. Ultimately, the outlining effect was achieved by drawing a series of
expanded translucent outlines to create a graduated, blended ‘halo’ (figures 4.10c
and 4.10d). This enables objects to retain their distinct shapes, but it may be less
clear to viewers how the effect is meant to be interpreted: results (chapters 6 and
8) will show how this can be confused.

4.2.6

Time dilation

Time flows more slowly in a moving frame of reference, as covered in section 2.1.9. All time-dependent functions of moving objects in the game are subject
to time dilation. For the player’s ship, its rate of turning (clockwise/counterclockwise rotation) slows down with greater speed, as does the rate that projectiles
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are fired.
The projectiles themselves have a finite lifetime. Projectiles were programmed
with a base speed of 117.6 pixels per second (equal to 98% of the ‘slow’ light
speed of 120) when fired from the spaceship, and to last 2 seconds in the game
world when travelling at this speed (tv ), after which they are removed. Using the
time dilation formula in equation 4.3, we find that the lifetime in the rest frame of
the projectile (t0 ) corresponds to about 0.4 seconds.
t0
tv = t0 γ = p
1 − v 2 /c2

(4.3)

Due to the relativistic addition of velocities (section 2.1.7), projectiles may
have faster or slower velocity in the game world, due to the relative motion of
the spaceship at the time they are fired. These different speeds mean that the
lifetimes of projectiles will be different. As a result of time dilation, a slower
projectile (such as fired ‘backwards’ from a moving ship) will expire after a
somewhat shorter time period than 2 seconds; while a faster projectile (given a
boost by being fired ‘forward’ from a moving ship) may persist in the game world
for considerably longer. Thus, projectiles are analogous to the common textbook
example of time dilation that involves the lifetime and decay rate of muon particles
[155].
Figure 4.11 shows examples of the “time bomb” variant asteroid type which
are also used to portray time dilation. Each time bomb displays a numeric value,
which is a second-timer to two decimal places. A starting value between 5 and
10 is randomly assigned when the time bomb asteroid enters play, and the timer
counts down in seconds to zero, at which point the asteroid explodes. These are
subject to time dilation, so the timer on a faster-moving asteroid counts down at
a slower rate than the timer on a slower asteroid; as a visual cue, the colour of
the timer text is also modified from red (for no dilation) through purple to blue
(for extreme dilation). In figure 4.11a, the asteroids are moving slowly, and their
timers tick down at a rate close to 1 second per second; while in 4.11b and 4.11c,
the asteroids are travelling much faster (as evidenced by the length contraction:
section 4.2.4, and Doppler shift: section 4.2.7) and their timers count down at a
slower rate.
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(a)

(b)

(c)

Figure 4.11: Each “time bomb” asteroid portrays a countdown timer, which is
subject to time dilation. The timer text changes colour in proportion to the time
dilation; starting from red (a), and changing through purple to blue (b)(c) with
increasing dilation. The latter two images also exhibit the Doppler-shift effect on
the colour of the asteroid outline; (b) is receding, and remains red, while (c) is
approaching and changes colour to blue.
The projectiles ejected by exploding time bomb asteroids are also subject to
the same principles outlined above for the projectiles fired from the ship by the
player.
The time bomb asteroids effectively portray time dilation through their timers
that count down at different rates. However, this does requires the attention of the
player to observe this occurring, while there is often a lot of other activity taking
place on the screen.

4.2.7

Redshift and blueshift

A graphical effect was developed in later versions of the game to loosely imitate
the Doppler shifting colour for relativistically moving objects. The physical
equations for this phenomenon are given in section 2.3.3; the graphical procedure
outlined here does not seek to correctly emulate the physics, but only to represent
the end result in a way that players will be able to observe.
The Doppler shift effect causes a change in the wavelength of visible light,
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(a)

(b)

(c)

Figure 4.12: Examples of the colour changing effect on game objects,
approximating redshift/blueshift. (a) shows two asteroids in motion from the
edge toward the centre of the screen; the colour of the asteroids is blueshifted
as approaching objects. (b) shows an asteroid moving outwards to the edge of the
screen, and redshifted for a receding object. (c) shows the ship being blueshifted
as it is also in motion toward the centre of the screen.
toward the blue end of the spectrum for approaching light sources (blueshift)
and toward the red end for receding ones (redshift). As stated earlier, the visual
portrayal of the game is treated as the game objects (including asteroids and the
spaceship) being in states of relative motion with respect to the observer frame of
reference. As this is 2D, all the motion in the game is along a plane perpendicular
to the observer’s line of sight. As a result, the game objects do not really approach
toward or recede from the viewer; although they may be thought to be receding
slightly as they move away from the centre of the point of view, as depicted in
linear illustrations by Scott et al. [147, 146].
Therefore, the colour shift effect employed here is calculated based on objects’
position and velocity relative to the centre of the screen: objects that are moving
from the edge toward the centre are treated as approaching, and have their colour
shifted to blue (figure 4.12a, 4.12c); while objects travelling away from the centre
are treated as receding, and are shifted red (figure 4.12b).
The colour change is calculated as follows. Let the vector p be an object’s
2-dimensional coordinate location relative to the centre of the screen, and v be its
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velocity. The normalised vector p̂ is a unit direction vector from the centre of the
screen to the object. The magnitude v is the proportion of the velocity parallel to
p̂, given by:
v = v · p̂
(4.4)
The distance from the centre of the screen, d, is obtained by taking the length
of p. A colour factor mcolour is computed by multiplying v scaled over the in-game
speed of light c, with d scaled over half the screen width x, as follows:
mcolour =

v
d
×
c x/2

0 ≤ mcolour ≤ 1

(4.5)

mcolour is a multiplicative factor used to introduce red or blue into the colour
of the object being drawn, dependant on whether the object is approaching or
retreating from the centre of the screen:

approaching

if v · p̂ < 0

receding

if v · p̂ > 0

Where CRGB is the RGB pixel colour, the operation for adjusting this colour
is:


)

CRGB × mcolour ,


if approaching
f (CRGB ) = CB + mcolour × 255



if receding
CGB × mcolour

(4.6)

This relation creates a graceful blending, adding blue (and slightly increasing
the brightness) for an approaching object, and reducing a receding one to its
red component. The greater the distance from the centre of the screen, and the
higher the velocity directly toward or away, the greater the colour change effect.
Although in no way a physically accurate interpretation of optical effects, this
gives an interesting and visually pleasing result, and it appeared to be effective in
the results discussed in chapters 6 and 8.
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4.3

Body-to-body collisions

The original Asteroids game did not resolve collisions between asteroids; two
asteroids that came together would simply pass through each another. For
Relativistic Asteroids, it was decided to program the game objects so that asteroids
could collide and bounce off one another as a gameplay feature. It was thought
that portraying collisions could be an interesting application of mass dilation
(section 4.2.5) in the game: as compared to the classical scenario, players might
be able to observe fast-moving small objects impart a disproportionate impulse to
larger, more massive objects.
Collisions are resolved as instantaneous two-body elastic collisions. This is
the simplest two-body collision system in classical mechanics, and an equivalent
treatment is presented below for relativistic scenarios. Collision-testing was
implemented in the game through bounds-checking each game object (e.g.
asteroid) with all the other objects. Each object is treated as a circular outline,
so that collision detection involves a simple calculation of the distance between
centres (although in the relativistic scenario, this distance can be influenced by
length-contraction, as detailed in section 4.2.4).

4.3.1

Classical elastic collision of two particles

We consider first the scenario under classical mechanics. m1 and m2 are the
masses of the two bodies, u1 and u2 are the initial velocity vectors, and v1 and v2
are the resulting velocities after collision. (u1 , u2 , v1 and v2 represent the scalar
magnitudes of the velocities.) All velocities are in one dimension through the line
of centres and thus parallel to the axis of collision. In a totally elastic collision,
kinetic energy and momentum are each conserved, yielding equations 4.7 and 4.8
below:
m1 v12 m2 v22
m1 u21 m2 u22
+
=
+
2
2
2
2
m1 u1 + m2 u2 = m1 v1 + m2 v2

(4.7)
(4.8)

Given initial conditions, solving these equations to find the resulting final
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Figure 4.13: Example collision between two bodies in the classical mechanics
system. A represents a medium asteroid of mass mA = 50, and is travelling at
uA = 0.65c along a bearing angle of 90◦ (taking 0◦ as up). B represents a small
asteroid of mass mB = 10, and is travelling at uB = 0.90c along 240◦ bearing.
These velocities equate to vectors uA = (0.65, 0, 0) and uB = (−0.78, −0.45, 0),
respectively. The bodies collide such that the line of centres from A to B lies along
a bearing of 70◦ . (Diagram is approximate.)
velocities of the two bodies yields:
u1 (m1 − m2 ) + 2m2 u2
m1 + m2
u2 (m2 − m1 ) + 2m1 u1
v2 =
m1 + m2

v1 =

(4.9)

For Relativistic Asteroids, our scenario involves objects moving in two
dimensions, and in the general case, velocities will not be aligned with the line
of collision through the bodies. One solution approach in this case is to split
the overall velocities into two perpendicular parts: one tangent with the common
normal surfaces at the point of contact, and the other along the line of collision.
The second component is then used for the one-dimensional treatment given
above; since the collision imparts force only along the line of collision, the tangent
velocities do not change.
Figures 4.13–4.16 illustrate a worked example using representative values that
occur in the game. Particle A, with mass mA = 50 (equivalent to a medium
asteroid), collides with Particle B, which has mass mB = 10 (representative of
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Figure 4.14: By rotating the coordinate system parallel to the line of collision,
the initial velocities may be split into components parallel and perpendicular to
the line of collision, reducing the change of velocity problem to one dimension.
This yields new velocity vectors u0A = (0.61, −0.22, 0) for A, and u0B =
(−0.89, −0.16, 0) for B. (Diagram is approximate.)

Figure 4.15: Using the equation pair given in equation 4.9 to calculate the
0
velocity change along the line of collision yields the resulting vectors vA
=
0
(0.18, −0.22, 0) and vB = (1.60, −0.16, 0). (Diagram is approximate.)
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Figure 4.16: After rotating the coordinate system back, the final velocity vectors
for A and B are vA = (0.11, −0.17, 0) and vB = (1.75, 0.41, 0). These equate to
final velocities, vA = 0.25 along 133.3◦ and vB = 1.62 along 75.5◦ . (Diagram is
approximate.)
a small asteroid). Velocities are given as a multiple (proportion) of the speed of
light c, which is a scalar constant, and can be assigned the value of 1 so that it
drops out. Taking 0◦ as up, A has initial velocity uA = 0.65 at a bearing of 90◦ ,
and B’s initial velocity is uB = 0.90 along 240◦ . The line of collision between
the two bodies is through a bearing of 70◦ /250◦ . These velocities are split into
components parallel and perpendicular to the line of collision (figure 4.14), and
new parallel velocities calculated using the equation pair in 4.9 (figure 4.15). The
final outcome is given in figure 4.16, with A travelling at vA = 0.25 along a
bearing of 133.3◦ , and B travelling at vB = 1.62 along 75.5◦ . Note that the linear
addition of velocities in classical mechanics has resulted in B rebounding with a
velocity greater than 1c.

4.3.2

Relativistic elastic collision of two particles

In the case of the relativistic scenario, the bodies’ relativistic masses are no
longer constants but are defined by their instantaneous velocities as outlined in
section 4.2.5. If the final velocities are unknown, the masses are also unknown and
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so it is not possible to solve the collision using the classical equations 4.9 above.
An alternative formulation which elegantly avoids this problem is described
below. This formulation involves Lorentz-transforming the collision system
into a centre-of-momentum frame wherein the particles have momenta of equal
magnitude and opposite direction, allowing the change of velocities to be easily
determined. The following formulation is derived from Goldstein, Poole and
Safko [54], Chapter 7.
The problem is specified as follows. We consider the collision being observed
in a frame of reference termed the laboratory frame. Particles A and B, of rest
masses mA and mB , have velocity vectors uA and uB before collision, and vA
and vB after collision. The collision geometry is specified by the unit vector n̂
along the line of centres. The elastic collision has the invariance property that the
total 4-momentum before and after the collision is unchanged.

4.3.3

Geometry of the collision

As mentioned earlier, an algorithm of bounding circles is implemented in the
game for detecting collisions. As moving objects in the game are portrayed
Lorentz length-contracted (section 4.2.4), transforming circular asteroid outlines
to ellipsoids, this collision algorithm is modified so that the bounding edges of
two asteroids will match the visual representation. An interesting situation, which
becomes apparent in the example (figure 4.17), is that two ellipses will generally
collide in such a way that the point of contact does not lie on the line of centres
between the two bodies.
Most treatments of the relativistic collision problem, including Goldstein et
al. [54] and others (see also [90, 159]) use the convention of point particles with
negligible size. This ensures that the line of action between colliding particles
will always act through the centre of mass. However, in the game, the asteroids
(bodies considered in the collision) have a size (radius) > 0. These may be termed
“hard core” particles.
A hard core interaction is just one type of potential energy interaction. Two
hard core particles of radius R, separated by a distance r, interact through a
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potential energy that is
U (r) = 0

if r > 2R

U (r) = ∞

if r < 2R

(4.10)

A hard core potential is just one example of a rigid body. But a true rigid body
cannot exist in relativity (see Styer [160], p107).
The idea behind any potential energy U (r) is “if we move particle A so
as to change the separation r, then the potential energy of the system changes
instantaneously”. However, this would be sending information faster than light.
This is why all relativistically correct interactions are field theories: if we move
particle A, particle B a distance r away doesn’t know about that motion until time
r/c has elapsed.
Another way to state this concept is that the atoms making up the object can
only push or pull one another at a speed that is less than the speed of light. A
truly rigid object cannot exist, because the different parts of the object cannot
communicate (through their atomic bonds) faster than c: this means that in
relativity, all objects should be considered compressible and flexible! [160]
This is the reason that most treatments assume point particles, and this
convention will also be used here to approximate the outcome, which is acceptable
and appropriate for the purposes of animation in a game.

4.3.4

4-momentum and the COM system

The 4-momentum of a particle in the laboratory frame consists of (cM, M v)
where c is the speed of light, M is the relativistic mass (equal to mγ), and v
is the three-vector for the particle’s velocity. The 4-momentum of a system of k
particles of mass mk and velocities vk is
!
pµ =

c

X

mk γk ,

k

X
k
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which we write for convenience as
pµ = (cM, p)

(4.12)

The centre-of-momentum system, or COM system, is a relativistic frame of
reference in which the three-momentum, p, of the system equals zero ([54], p301).
The COM system is chosen to make the space part of the 4-momentum vanish, i.e.
the total momentum is
!
X
c
mk γk0 , 0, 0, 0
(4.13)
k

The Lorentz transformation to achieve this is:
 "
 P
#"
#
0
c mk γk
γ
−γβ T
cM
=
 k
T
p
−γβ I + (γ − 1)β̂ β̂
0

(4.14)

Which expands to (see section 2.1.5):
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−
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β
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βy βz
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−γβz (γ − 1) β 2
(γ − 1) β 2
1 + (γ − 1) β 2
0
(4.15)
This equality requires

c

0 = −γcM β + p + (γ − 1)β̂ β̂ · p
Which is satisfied by

(4.16)

p
(4.17)
Mc
Therefore, the velocity vector vCOM of the COM system relative to the
laboratory frame is given by:
p
vCOM =
(4.18)
M
β is the velocity change, or boost, needed to go from the laboratory frame
to the COM frame. Substituting this value into the matrix in equation 4.14/4.15
β=
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gives us the Lorentz transformation, L, which we apply to the 4-momentums of
our two particles to obtain the corresponding 4-momentums in the COM system,
(cmA γA0 , mA γA0 u0A ) and (cmB γB0 , mB γB0 u0B ).

4.3.5

Transforming the collision geometry

The direction of the line of centres of the two particles in the laboratory frame
approaching tc , the time of collision, is given by
n = lim

t→tc

rB − rA
|rB − rA |

(4.19)

Where rA and rB are the space parts of the 4-vectors:
xµA = (ct, rA )
xµB = (ct, rB )
Each of these are transformed by a Lorentz transformation as:
"

"

ct0
r0A

#

ct0
r0B

#

"
=

−γβ I + (γ − 1)β̂ β̂
"

=

−γβ T

γ

γ

ct
rA

#

#"

ct
rB

#

T

−γβ T

−γβ I + (γ − 1)β̂ β̂

#"

T

(4.20)

In general, the Lorentz transformation will involve both a boost (velocity
change), and a rotation of the coordinate system ([54], p282; see section 2.1.5).
Thus, as a result of transformation to the COM frame, n will be rotated to lie
along the direction n + (γ + 1)β̂ β̂ · n; that is,
n + (γ + 1)β̂ β̂ · n
n0 = q
1 + (γ 2 − 1)(β̂ · n)2
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4.3.6

Solution in the COM system

Let pµA and pµB be the 4-momenta of the two particles in the COM system:
pµA = (cmA γA0 , mA γA0 u0A ) =(p◦A , p0A )
pµB =(cmB γB0 , mB γB0 u0B ) =(p◦B , p0B )

(4.22)

The spacetime invariance condition is
pµA pAµ = p◦A pA◦ − (p0A )2 = mA c2

(4.23)

Collision invariance (total momentum of the two particles unchanged) in the
COM system is
pA◦ + pB◦ = p0A◦ + p0B◦

(4.24)

p0A + p0B = 0 = p00A + p00B

(4.25)

And, where ŝ defines the line of centres at collision,
p0A × ŝ = p00A × ŝ
p0B × ŝ = p00B × ŝ

(4.26)

Solutions to this set of equations for the final velocity along ŝ are:
p00A · ŝ = ±p0A · ŝ
p00B · ŝ = ±p0B · ŝ

(4.27)

The signs correspond to the two possible outcomes: trivial pass through (+),
and momentum exchange (−, for which p00A ·ŝ = p0B ·ŝ). We select the momentum
exchange as the correct outcome; thus, after collision, the momenta are
◦
00
p0µ
A = (pA , pA )
◦
00
p0µ
B = (pB , pB )

(4.28)

Here, p00A and p00B have their components along ŝ reversed with respect to p0A
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and p0B .
Now we apply the reverse Lorentz transformation to return to the laboratory
system.

4.3.7

Relativistic elastic collsion: example

Figures 4.17 to 4.20 depict a worked example of a relativistic elastic collision. The
scenario sets up the same initial conditions as the classical mechanics collision
illustrated in figures 4.13–4.16. That is, A (a medium asteroid) collides with B (a
small asteroid) such that the line of centres lies along a bearing angle of 70◦ .
Collisions in the laboratory frame (which represents the reference frame
that the game action is taking place in) will be influenced by Lorentz length
contraction. This is in order that the treatment will remain consistent with the
method of solving the collision (as this involves Lorentz transformation of the
geometry, section 4.3.3), and the visual portrayal of the objects in the game
(section 4.2.4). As they are portrayed, length contraction causes the particles in the
collision to have their bounding circular outlines compressed to ellipses, as shown
in figure 4.13. A’s initial velocity uA is 0.65c, which results in a compression to
0.76 of its rest diameter along its line of travel (bearing of 90◦ ). B’s initial velocity
of 0.90c results in its length being contracted by 0.44 along its direction of travel of
240◦ . Locating the two ellipses where they contact one another results in different
relative positions of the particles as compared to the classical case (figure 4.13).
Figure 4.13 also shows that the point of contact between the two ellipses does not
lie on the line of centres. However, as mentioned earlier under section 4.3.2, the
treatment given by [54] assumed particles of negligible size, so we approximate
the solution by assuming the line of action passes through the centres of both
bodies.
In the laboratory frame, A has relativistic mass MA = γA mA = 65.80, and
momentum vector pA = (42.77, 0, 0). B has relativistic mass MB = γB mB =
22.94 and momentum pB = (−17.88, −10.32, 0). Summing these components
(equation 4.11) yields the 4-momentum pµ = (88.74, (24.89, −10.32, 0)) for the
centre of momentum (COM). The velocity vCOM of the centre-of-momentum
(COM) frame for this system, obtained from pµ , is 0.30 along a bearing of
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Figure 4.17: The example collision scenario from figure 4.13, represented in the
relativistic system (laboratory frame). Due to length contraction, the arrangement
of the bodies appears different, but the same initial values are otherwise used; so
uA = (0.65, 0, 0), uB = (−0.78, −0.45, 0), and the line of centres from A to B is
along a bearing of 70◦ . The 4-momentum of the system, given by equation 4.11, is
pµ = (88.74, (24.89, −10.32, 0)). The velocity vector for the centre-of-momentum
(COM) frame for this system (equation 4.16) is vCOM = (0.28, −0.12, 0), or 0.30
along a bearing of 112.53◦ . (Diagram is approximate.)
112.53◦ .
Lorentz-transforming the particle system into the COM frame (figure 4.18)
yields the new momentum vectors p0A = (25.21, 7.29, 0) and p0B = (−25.21, −7.29, 0),
which are equal and opposite. The line of action between the centres of A
and B is also rotated from a bearing of 70◦ to 71.38◦ as a result of Lorentz
transformation. In figure 4.19, the momentum vectors are split parallel and
perpendicular to the line of centres, and the parallel components reversed as per
momentum exchange (equation 4.27). The final momenta of A and B in the COM
system are p00A = (−24.48, −9.46, 0) and p00A = (24.48, 9.46, 0).
The final solution to the relativistic elastic collision is obtained by Lorentz-

161

Chapter 4

Figure 4.18: The initial conditions of the collision after Lorentz-transforming to
the COM frame. The transformed velocity vectors are u0A = (0.45, 0.13, 0) and
u0B = (−0.90, −0.26, 0), and the line of collision from A to B has been rotated
through 1.38◦ to the bearing 71.38◦ . In the COM system, the momenta of the
particles are equal and opposite: p0A = (25.21, 7.29, 0) = −p0B . (Diagram is
approximate.)
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(a)

(b)

Figure 4.19: Splitting the momenta along the line of collision vector ŝ in the
COM frame. (a) is the initial conditions. (b) is the result of momentum exchange
(equation 4.27). (Diagram is approximate.)
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Figure 4.20: Result of the relativistic collision in the laboratory frame. Final
velocities for A and B are vA = (−0.16, −0.30, 0) and vB = (0.95, 0.16, 0).
The resulting 4-momentum of the system pµfinal is unchanged from the initial 4momentum pµ . (Diagram is approximate.)
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transforming back to the laboratory frame, shown in figure 4.20. The result of the
collision can be seen to be significantly different compared to the classical case
in figure 4.16. We see that mass dilation has caused B to impart a larger impulse,
deflecting A backwards with a final velocity vA of 0.34 along a bearing of 208.66◦ .
Likewise, B rebounds at 80.44◦ with final velocity vB of 0.96 (which is less than
the speed of light, 1). Calculating the final masses (MAfinal = 53.21, MBfinal =
35.52) and momenta (pAfinal = (−8.73, −15.99, 0), pBfinal = (33.61, 5.67, 0)), we
see that the 4-momentum of the system remains unchanged after the collision.
Although direct comparison shows a distinct difference between the collision
outcomes of the classical and relativistic scenarios, this is not usually distinguishable in the game where such scenarios are not shown side-by-side, and the
player’s attention is usually focused on other things. Thus, the collisions are
the most subtle relativistic effect portrayed in Relativistic Asteroids. Collisions
could be brought more to the foreground of players’ attentions by some gameplay
mechanic, such as bonus points for shooting an asteroid immediately after a
collision.

4.4

Experimental implementation

This chapter has described the final design of the game utilised in the majority of
the study. As development of the software was ongoing, some features, such as the
practise mode (section 4.2.2) and redshift and blueshift effects (section 4.2.7) were
not present during initial experiment trials, but were added later in response to user
feedback or new ideas. These are noted in the experimental design and results
discussion of chapters 5 and 6. Additionally, multiple features were proposed
by users or observers as means of further implicating relativistic physics in the
gameplay, which did not see implementation in the game. These will be described
in the later discussion in chapters 6 and 8.
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This chapter details the experimental method and studies carried out to evaluate
the Relativistic Asteroids game. The research questions framing these studies are
outlined in section 5.1. Section 5.2 begins outlining the methodology used, with
more details on the precise procedure being given in the subsequent sections. The
experimental instruments (questionnaires), participant’s information sheets and
ethics approval forms are provided in full in appendix A.

5.1

Study research questions

The experiments were framed around the second research question and its
subsidiaries that were presented in section 1.1 of the Introduction chapter. This
aligns with the considerations of the third generation in Egenfeldt-Nielsen’s [37]
evolutionary outline (see section 3.3.3). Specifically, these asked whether a game
can enhance learning of the topic of relativity, if this can be effective for both
students and lay-persons, and what design factors make for a compelling game.
These questions are re-cast here for convenience:
I. Can learning of the Theory of Relativity be enhanced by playing computer
game software embodying relativistic principles?
II. How does learning with the game compare to or supplement the knowledge
gained from formal classroom tuition?
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III. What design and implementation factors can be identified that would make
such educational relativity games appeal to, motivate and engage a diverse
audience without compromising learning?
A mixed methods approach is taken to answer these questions. In research
question I, the scope of the phrase ‘enhancing learning’ is defined as providing
support or scaffolding for the construction of new knowledge in learners. The
investigation into this question is based primarily on quantitative measurement of
knowledge through examinations. Question II asks what kinds of knowledge the
game contains and is able to convey, for which an approach of roughly equal parts
quantitative and qualitative measures is used. Finally, question III is addressed
mainly through qualitative feedback and observation of the participants in the
studies.

5.2

Overview of methodology

To answer these research questions, an experimental procedure was designed,
and ethics in human research approval granted, for studies to evaluate the game
with human participants. The target audience for the game are students in
secondary and tertiary level physics courses, including particularly the Higher
School Certificate (HSC) [10] in Australia for senior high school; computer gameplayers; and the general computer-using public, for purposes of popularisation of
physics [45] (see section 1.1). Volunteers would play the game at a computer
and provide their feedback and responses. Data collection was facilitated through
questionnaires, as detailed in section 5.3. The questionnaires utilised a multiplechoice quiz to address research question I, and evaluation statements to address
research question III. Question II was investigated by involving different user
groups (e.g. students with prior learning, and lay-persons) in the studies.
The investigation was conducted in two stages. An online pilot study
(section 5.4.1) was first conducted, which used a website and electronic survey
to collect responses from users over the Internet. The data collected in this
pilot was of the form of two independent sample groups. Following this, some
modifications were made to the survey instrument and procedure, and the main
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round of studies (section 5.4.3) took place. These took the form of an experimental
intervention administered to user groups with pre- and post-testing, conducted in
a controlled ‘laboratory’ setting. The data collected in these main studies were of
the form of pre-post matched pairs. Participation in all the studies was voluntary
and the responses of participants were anonymous.

5.3

Instruments

The questionnaires used comprised three distinct sections:
• A multiple-choice knowledge test on relativity (detailed in section 5.3.2);
• An evaluation section for rating the game (section 5.3.3); and
• General non-identifying demographics questions (section 5.3.4).
Questionnaires were delivered through two media: in electronic form as an
online Internet survey (‘web survey’) accessed through the web browser of a
computer; and in paper form. In the course of the research, the questionnaire
template was modified based on preliminary results and changing methodology
between the pilot and main study phases. Four versions (two paper, two online)
of the questionnaire were ultimately used, although this thesis will mainly refer to
two principal versions: the pilot web survey (see section 5.3.5), and the laboratory
paper survey (see section 5.3.6). All versions of the questionnaire utilised the
same three sections outlined above, although these were organised differently
and had slightly different content, as detailed in the following sections. Mainly,
the number of questions was reduced in the main study, so that the main study
questionnaire contains a subset of the questions used in the pilot study: this
ensures that both versions remain comparable. The full question list for the pilot
web survey is given in appendix A.3, and the paper questionnaire used for the
main laboratory studies is given in appendix A.4.
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Figure 5.1: Screenshot of the initial page of the web survey.

5.3.1

Survey design and delivery

In the pilot study design, the questionnaire was devised and delivered as an online
web survey, following articles on web survey methodology [76, 132]. Established
survey models were referenced as examples in formulating and ordering the list
of questions, including Spector’s [152] Job Satisfaction Survey (JSS), Davis’ [29]
Perceived Usefulness and Ease of Use survey, and a survey for the evaluation of
instructional aids [157]. The web surveys employed in this study utilised the free
software package LimeSurvey1 (see figure 5.1), which was installed and hosted
on the Charles Sturt University (CSU) network.
A public online survey was chosen, as it allows a wide audience to be accessed
easily, and is appropriate considering the target audience focus on young persons
(students and gamers) and the technology-savvy general public (see section 5.2).
1

See: http://www.limesurvey.org
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An advantage of this approach for respondents is it allows them to participate
in the research and complete the survey at a time and place convenient to
themselves (wherever they have access to an Internet-connected computer). For
the investigator, a further unique advantage offered by the digital survey format is
the ability to include automation [132]:
• The responses entered by users can be type-checked and feedback (such as
highlighting mistakes) returned in real-time. The software package used in
this study provided this functionality.
• The software can also be programmed to dynamically show or hide
questions based on the input to previous questions. This capability was
utilised in this research, allowing non-applicable questions or pages to be
skipped entirely.
• Digital surveys can require a respondent to complete all questions on a
page before proceeding. This ensures completeness, but this can frustrate
respondents who may not wish supply certain information or respond to
every item [76]. Therefore, almost all questions in this survey were made
non-mandatory.
The main limitations of using a web survey in this research were the lack of
supervision [76, 132]; and the self-selecting nature of the respondents who would
choose to complete the survey and participate in the other aspects of the research
(such as playing the game) [82].
To partially address this last limitation, the online survey was designed so
that respondents could answer the questions both with and without having played
the game (see section 5.3.5 for further details). These were treated as a sample
model of two independent populations (although the two populations shared some
members): a control group, who had not played the game, and an experimental
group who had. Comparison of the control group with the experimental group
provides a measure of whether the game has a positive or a negative effect on a
respondent’s ability to answer questions about relativity. However, this model of
independent populations can be adversely affected for small samples by individual
differences (e.g. age) in the groups.
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Following the online pilot study, a new model of pre-post experiments in
supervised laboratories was devised (see procedure in section 5.4). This measure
is more powerful for small samples, as it eliminates individual factors, leaving
the experimental intervention as the only variable. For this stage, a revised
questionnaire was produced in two parts (pre-test and post-test). This utilised
the same question list as the web survey with some modifications; mainly, the
number of questions was reduced, for purposes of reducing the time and cognitive
load required of participants to complete the questionnaire [76, 132]. These
were implemented both as a web survey, and as paper questionnaires. The
paper questionnaire has the advantage that it obviously does not require Internet
connectivity, and was thus more suited to experiments conducted at remote
locations. Paper may also be more convenient to distribute and for participants to
read and fill out. Among the drawbacks are that paper questionnaires do require
data entry to be performed in order to get the results into the computer for analysis;
a process which is sidestepped in the pure electronic questionnaire. As a result, a
web survey version was also implemented and used where the laboratory sessions
were conducted at a venue (such as on the CSU campus) where access to the CSU
network was assured.
The following sections provide a detailed breakdown of the content of each
section of the questionnaire; sections 5.3.5 and 5.3.6 outline how these were
combined in the different survey models just described.

5.3.2

Exam section

The test section comprises a set of multiple-choice questions on relativity,
intended to obtain a quantitative measurement of each participant’s knowledge.
10 questions were used in the pilot study, which was enough to cover the concepts
under investigation with some overlap. This number was reduced to 8 for the
main study by dropping two questions that provided the least valuable insight.
The complete list of questions, and their order of appearance in each survey, is
given in table 5.1.
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Table 5.1: The complete list of multiple-choice test questions used in the web
survey and laboratory studies. The number of the question in each survey (where
used) is given. The correct answers are highlighted in bold.
Web Lab Question text
Q1

Q1 Which of the following pairs of statements correctly describe the Special
Theory of Relativity?
a. The speed of light c is constant in all inertial frames of reference; The
laws of physics are the same in all inertial frames of reference.
b. The speed of light c is constant in all inertial frames of reference; The
laws of physics are different in different inertial frames of reference.
c. The speed of light c is different in different inertial frames of reference;
The laws of physics are the same in all inertial frames of reference.
d. The speed of light c is different in different inertial frames of reference;
The laws of physics are different in different inertial frames of reference.

Q2

Q2 A stationary observer is watching a relatively moving rocket travelling at
high speed. The observer makes a measurement of the rocket’s length. As the
rocket approaches the speed of light, what happens to the length measured
by the observer?
a. The length of the rocket increases.
b. The length of the rocket decreases.
c. The length of the rocket stays the same.
d. More information is needed about the rest length and speed of the rocket.

Q3

Q3 A Particle Accelerator is a device used to accelerate electrically-charged
particles to high speeds. A particle has a mass of m0 at rest. A scientist takes
measurements of the mass of the particle as it is accelerated to relativistic
speed. As the particle approaches the speed of light, what will the observer
measure for its mass?
a. The mass of the particle will increase.
b. The mass of the particle will decrease.
c. The mass of the particle will stay the same.
d. More information is needed about the method used to measure the mass.
Continued on next page
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Table 5.1 – continued from previous page
Web Lab Question text
Q4

Q4 A stationary observer is watching a relatively moving rocket travelling at
high speed. The rocket carries a clock which ticks at the rate of 1 second
per second in the rocket’s frame of reference. As the rocket approaches the
speed of light, at what rate will the clock appear to tick to the observer?
a. The clock will tick slower.
b. The clock will tick faster.
c. The clock will tick at the same rate.
d. More information is needed about the clock.

Q5

Q5 A rocket is travelling at 50% of the speed of light relative to a stationary
observer. The rocket switches on a headlight which sends out a light signal
travelling away from the rocket at 100% of speed of light. What speed will
the observer measure the light signal travelling at?
a. 50%
b. 100%
c. 150%
d. 200%

Q6

Q6 If an airline pilot flies 80 hours per month (in her rest frame) at 200 m/s for
25 years, what will be the difference in ages between her age and that of her
twin brother (who works in the airport control tower) when she retires?
a. The pilot will be 19 minutes younger.
b. The pilot will be 19 microseconds younger.
c. The pilot will be 19 microseconds older.
d. The pilot will be 19 minutes older.

Q7

-

James travels at high constant speed from the Earth to the star Alpha
Centauri, four light years away. In James’s frame
a. the trip takes more time than it does in the Earths frame.
b. James travels to Alpha Centauri over a length that is shorter than four
light years.
c. clocks on Earth and on Alpha Centauri are synchronised.
d. Alpha Centauri travels to James over a length that is shorter than
four light years.
Continued on next page
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Table 5.1 – continued from previous page
Web Lab Question text
Q8

-

A train is 200 feet long in its own frame, and a railroad platform is 160 feet
long in its own frame. The train rushes past the platform so fast that, in the
platforms frame, the train and platform are the same length. How fast was
the train moving?
a. 4/5 c
b. 5/4 c
c. 3/5 c
d. 4/3 c
e. 5/3 c

Q9

Q7 A train passes through a station at relativistic speed. Pat, the station master
at the railway station, observes that the front of the train passes one end
of the platform (call this event A) at the same moment as the rear of the
train passes the other end of the platform (event B). Alice, a passenger on
the train, also observes these events. What sequence of events would Alice
describe?
a. Event A happens before B.
b. Event B happens before A.
c. Both happen at the same moment.
d. More information is required about the lengths of the train and platform.

Q10 Q8 As part of a science experiment, two spacecraft (Alpha and Beta) are
travelling towards one another at 60% the speed of light. Spacecraft Alpha
turns on a headlight pointed at Spacecraft Beta. Spacecraft Beta carries
scientific instruments to perform measurements on the light coming from
Alpha. What effects on the light will be seen by Beta? (Select as many
answers as apply):
a. The speed of the approaching light beam will be faster than c.
b. The speed of the approaching light beam will be slower than c.
c. The light coming from Alpha will be brighter.
d. The light coming from Alpha will be darker.
e. The light coming from Alpha will be redshifted.
f. The light coming from Alpha will be blueshifted.
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Questions were derived in part from example HSC papers2 , and tertiary exam
papers found online (see [158, 69, 107]). Referencing these established tests
helped to assure the reliability and validity of the questions used to measure the
learning effect. The questions were devised to address the following aims for
measurement:
• The first five questions (Q1–Q5) centre on descriptive facts, and are roughly
equivalent to HSC-level exam questions (see [10, 107]).
Questions Q2, Q3 and Q4 relate directly to the three principal effects
portrayed in the game: length contraction, mass dilation, and time dilation. In the study results (section 6.2), these questions provided the core
measurement for the learning effect of the game.
Q5 encapsulates the concept of the constancy of the speed of light, and Q1
asks the respondent to identify a pair of statements that correctly describes
relativity, which are actually the two postulates used by Einstein to frame
his theory. These are core concepts for understanding the implications of
relativity, although they are not portrayed or modelled in the game as overtly
as the other three questions. As such, these questions were included to see
if users were able to assemble these concepts from the information provided
by the game. They also, particularly in the case of Q1, provide a measure of
respondents’ existing knowledge of relativity in areas that are not strongly
linked to the game experience, to provide a point of theoretical calibration
between survey groups.
• The next four questions (Q6–Q9) are modelled after more difficult and
technical (problem-solving) tertiary level exam examples, derived from
[158, 69, 107]. These were included to examine whether respondents could
manipulate concepts to derive or extrapolate more complex ideas.
Q6 is an extension of the time dilation question, requiring the respondent
to additionally identify the correct magnitude of the change, or derive it
mathematically. Q8 likewise extends the length contraction topic, and
2

See [10]; past HSC exam papers are available from http://www.boardofstudies.
nsw.edu.au/hsc_exams/.
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can also be answered by mathematical derivation, or recognition of the
corresponding speed to length ratios (a speed of 3/5 c corresponds neatly to
a length contraction of 4/5). Q7 and Q9 are conceptual questions, relating
to the topics of descriptions from different frames of reference, and the
relativity of simultaneity.
Generally, the study results (see section 6.2) found that these questions were
getting beyond the ability of most learners to correctly answer. In addition,
being from exam sources, questions Q7 and Q8 have distinct ‘trick’ answers
built into them, which most uninitiated respondents would fall into. Thus,
these latter two questions were culled from the test used in the laboratory
studies.
• The final question (Q10 in the web survey; Q8 in the laboratory survey) was
factual, but based on more advanced topics from relativistic visualisation
(see section 2.3). It comprises a set of 6 paired statements about the
behaviour of light in a relativistic scenario; of which 2 correctly describe
the ‘headlight’ effect, and the Doppler-shifting of light. This topic is
not a component of the HSC and is not generally encountered in tertiary
undergraduate studies, but was grounded in the relativistic visualisation
simulations examined previously (see sections 2.3.3 and 7.1).
This question was initially included for speculative reasons, as it originally
did not relate to the game. Subsequent to the pilot studies (sections 5.4.1–
5.4.2), an approximation of Doppler-shift was later implemented in the
Relativistic Asteroids game (section 4.2.7); this question then took on a
greater significance (see sections 6.2.2, 6.5.2).
Although 8 questions used in the main laboratory study are not very many,
the number of questions was limited in all parts of the questionnaire out of
consideration for constraints on the time available to conduct the experiments
and respondent fatigue [76, 132]. The main study used a pre-post paired design
where subjects answered the 8 questions before playing the game, and then re-took
the same 8 questions after, with each subject’s pre-post answers being directly
compared. Although this carries the potential for bias, since subjects know the
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questions the second time around, this limitation was regarded as acceptable for
the benefit of making direct comparisons.

5.3.3

Evaluation section

The evaluation section comprises statements about the game in terms of the quality
of the design, and effectiveness for learning. Participants recorded their responses
to the statements using a 5-point Likert scale [91], scored from “Strongly Agree”
(+2) to “Strongly Disagree” (-2). 20 statements were used in the pilot study; this
was reduced to 10 in the main study. Table 5.2 provides the complete list of
evaluation statements. Statements were presented in a pseudo-random order; the
fixed order of appearance in each questionnaire is given in the ‘No.’ column.
Table 5.2: The list of statements used for evaluating the game. The number and
topic code for each statement in the web survey and the laboratory questionnaires
(where used) are given. Reverse statements (those having negative sense) are
marked with an asterisk.
Web
Code No.

Lab
Code No.

Statement

V1

1

V1

1

The game was fun to play.

V2

8

V2

3

Putting relativity into a computer game makes it more
entertaining and motivating to learn.

V3*

5

The game was not enjoyable.

V4*

6

The game needs more features.

E1*

9

E2

11

E3*

3

V5*

4

It was too difficult to learn the rules of the game.
The rules of the game were clear and easy to learn.
It was difficult to tell what was happening on the screen.

Continued on next page
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Table 5.2 – continued from previous page
Web
Code No.
E4*

Lab
Code No.

15

Statement
The game was too abstract for me to gain any
meaningful understanding.

U1

2

U1

2

The physics presentation in the game helped me to think
about relativity principles.

U2*

10

U2*

5

I didn’t really learn anything about the topic of relativity
from playing this game.

U3

20

U3

10

Playing a game such as this would be an effective way
to learn about relativity.

U4

4

As a result of playing the game, I have increased my
understanding about relativity.

U5

7

The game provides context for theoretical knowledge
about relativity.

U6*

13

L1

12

It is not clear how someone would learn by playing this.

L1

6

The game clearly demonstrates some of the differences
between classical and relativistic models of physics.

L2

17

L2

7

The game clearly portrays the concept of relativistic
length contraction.

L3

18

L3

8

The game clearly portrays the concept of relativistic
mass dilation.

L4

19

L4

9

The game clearly portrays the concept of relativistic
time dilation.

L5

14

Feedback from the game helped me to recognise where
my conceptions were correct or incorrect.

L6*

16

The portrayal of physics principles in the game was not
clear.

The wordings of the statements were in part informed by the survey templates
laid out by Davis [29] and Strachota et al. [157]. Referencing these established
templates helped assure the validity of the questions used in the evaluation. After
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the Job Satisfaction Survey (JSS)3 by Spector [152], statements were written in
both directions; that is, as both positive and negative reflections of the game. Thus,
a “disagree” response to a negative statement represents a favourable evaluation
of the game. From the original 20, twelve of the statements describe positive
reflections of the game, and the remaining eight are negative. The negative (or
reverse) statements are marked with an asterisk in table 5.2. Four of these negative
statements were essentially duplicates of other questions, written with opposite
sense, and were included to validate the consistency of participants responses.
For the main laboratory study, the evaluation section was cut down to a subset
of 10 statements, in the interests of reducing the time commitment for participants
to fill out the questionnaire [132]. The pilot study had shown respondents were
generally consistent with their responses, so as a result, most of the questions
removed were redundant reverse duplicates.
For analysis, the statements were allocated among four topic areas as indicated
in the ‘Code’ column of table 5.2. The topic areas are as follows:
• V representing perceived quality and entertainment value of the game.
Statements ask whether the game was fun or motivating. 4 statements were
used in the web survey; the laboratory studies questionnaire retained 2 of
these.
• E representing ease of use, ask whether the game was difficult or confusing
to use. 4 statements were used in the web survey. For the laboratory study,
only one statement (E1) was retained, which was rolled into the quality and
value group above (redesignated V5), and this group was removed entirely.
• U representing perceived usefulness, relates to the general effectiveness for
learning, such as whether it motivated thinking and provided context. 6
statements in the web survey, reduced to 3 in the laboratory study.
• L representing perceived quality and effectiveness for learning, also relates
to learning in more specific ways. Statements ask whether the game
demonstrates the physics or clearly portrays certain principles. 6 statements
in the web survey, reduced to 4 in the laboratory study.
3

See: http://shell.cas.usf.edu/˜spector/scales/jsspag.html
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This section also provided for respondents to submit comments on the best
features of the game, and suggest how it could be improved. The aim of this part
was to collect any interesting insights from users about the design and quality of
the game experience.

5.3.4

Demographics section

A demographics section asks the respondent to supply general non-identifying
information about themselves. The design aim with the demographics questions
was to collect information about key features of the participants that would allow
a picture of their attitudes and tendencies to be built, whilst retaining anonymity.
To this end, the list of questions sought specific information on respondents’
perceptions of matters such as their own knowledge of physics or attitudes to
games, alongside staples such as age and gender. Most of these questions were
configured to be optional in the web survey, to ensure that survey submission was
not blocked in cases where users did not want to respond to every item [76].
A core set of questions asked respondents to supply the following information:
• Age in years (numeric value).
• Gender (selecting from male or female).
• Their previous learning of relativity (quantitative measure) – selecting from
a list of options comprising:
– None
– High School course
– College course
– University course
– Professional training course
– Self-taught
– Other (for which the respondent was asked to specify)
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• How well they believe they understand relativity (qualitative measure) –
choosing among five options ranging from “Not at all” to “Expert”.
• Any other comments about the game or survey.
Additionally, because it was designed for a general global audience, the pilot
web survey asked participants to provide information on:
• Their geographic locale – choosing among:
– Africa
– Asia
– Europe
– North America
– South America
– Oceania
• Whether they are currently enrolled as a student at an educational institution
(selecting from a yes or no response). If yes, the respondent selects the bestfitting description from a range of options similar to the “previous learning”
question described above (e.g. “High School”, etc.). If no, the respondent is
asked to specify with a typed description.
• Their particular interest in the Relativistic Asteroids game – selecting from:
– I’m currently learning relativity and thought this would help.
– I’m an educator looking for a tool for teaching.
– I played it just for recreation.
– No particular interest.
– Other (for which the respondent was asked to specify).
This set of items was removed for the main study, since the audience for
the laboratory sessions was known. Instead, a single item asked respondents to
indicate how much they play games, which would provide more useful insight
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in place of the other questions. This question was formulated around the six
gamer groups from [14] discussed in section 3.2.7. That study used 17 attitudinal
questions to measure the motivations of players, and identified the six groups
through analysis of the characteristic responses. In this case, this methodology
was applied in reverse (since the 17 attitudinal questions could not be fitted into
this questionnaire); respondents were presented with a list of (unlabelled) one-line
descriptions, and asked to select the one they felt best reflected their attitudes to
gaming. Six descriptions were given, corresponding to each of the six gamer types
denoted in parentheses; a seventh ‘non-gamer’ option was also included.
• How much do you play computer and/or console games? Select the category
that best matches your attitude to gaming:
– I’m highly motivated and play through most releases with the aim to
“beat” them. (Power gamer)
– I play as a social activity to interact with friends. (Social gamer)
– I play frequently in spare time and mainly on casual or mini-games.
(Leisure gamer)
– I love gaming but spend little time playing due to work, family or
school. (Incidental gamer)
– Not really motivated by games but play online or casual games
incidentally. (Dormant gamer)
– I play occasionally and mainly puzzle games. (Occasional gamer)
– I seldom play electronic games.

5.3.5

Pilot study survey outline

The complete question list for the pilot version of the web survey is given in
appendix A.3, and a screenshot showing the appearance of the web survey in the
browser is given in figure 5.1. The web survey consisted of four pages, as follows:
Page 1. Introduction: The first page presented a filter question, asking respondents whether they had played the game or not (Yes/No). If selecting
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‘No’, an optional question was displayed asking the respondent to briefly
indicate why. This page also asked respondents to indicate how well they
believe they understand relativity.
Page 2. Evaluation of the Game: The 20 evaluation questions for rating the
game as described in section 5.3.3. If the answer to the previous filter
question was ‘No’, this whole page was automatically skipped.
Page 3. Mini-exam on relativity: The 10 test questions for measuring participant
knowledge/learning as described in section 5.3.2.
Page 4. Demographics: The remaining demographics questions as described
in section 5.3.4. This was placed last, as according to Ritter and
Sue [132], doing so helps encourage more honest and complete responses
to personal questions, because respondents have already invested effort in
completing the prior parts of the survey.
As previously mentioned (section 5.3.1), this web survey was designed so that
respondents could choose to answer the survey questions with or without having
played the game as a precondition. These were treated as a sample model of two
independent populations: a control group, who had not played the game, and an
experimental group who had. This model was chosen to enable the widest possible
audience to be included in the survey scope; visitors to the website who didn’t play
the game (for example, having no interest, or non-compatible computer platforms)
could still contribute data as part of the control group.
Automation features were used to enable the web survey to perform this dual
sampling task. The first-page filter question was used to determine which group
the respondent belonged to, and to hide non-applicable questions (i.e. skipping the
entire game evaluation section for people who had not actually played it). Certain
demographics questions were also hidden or shown automatically as appropriate
based on the participant’s responses (namely, specifying occupation or student
enrolment).
Respondents could appear in both population samples as a result of choosing
to do both: taking the survey, playing the game, and then taking the survey again.
This suggests directly comparing those individuals’ before-and-after data, which
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represents the more powerful measure of pre/post testing. However, as the survey
design did not allow an easy way of matching such responses, this more powerful
analysis could not be used on this data. Instead, a new model of experiments in
supervised laboratories utilising this pre/post-testing model was developed (see
procedure in section 5.4). For this, the web survey was adapted to a two-part
paper questionnaire, as outlined in section 5.3.6 following.

5.3.6

Main study survey outline

The questionnaire used in the main study was comprised of two parts, which were
administered to each participant before and after playing the game respectively.
Appendix A.4 shows the appearance of the paper questionnaire as well as the
final question list. The outline of the questionnaire was as follows:
Part A (administered before playing the game):
1. Demographics: The demographics questions as described in section 5.3.4. This section was moved relative to web survey (from the
end of the survey to the front), in order to balance the lengths of the
Part A and B questionnaires.
2. Quiz (1): The 8 test questions as described in section 5.3.2, presented
as the pre-test.
Part B (administered after playing the game):
3. Quiz (2): The 8 test questions presented again for the post-test.
4. Game Evaluation: The 10 evaluation questions for rating the game as
described in section 5.3.3.
Initially, all of the original 10 test questions and 20 evaluation statements were
reprised in the new questionnaire, which was utilised in the first laboratory studies
(see section 5.4.2). The overall number of questions was subsequently reduced
for the main study, but the questions were not otherwise changed, so that direct
comparison between the pilot and main studies could be retained.
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The new questionnaire was implemented first in paper form, primarily as this
would eliminate the need for an Internet connection where the laboratory sessions
were being conducted at remote sites, which could have been a constraint. A web
survey version was later also implemented and used where the laboratories were
being held within a CSU computer room, where network access was assured.

5.4

Procedure

As outlined in section 5.2, the game was evaluated through user studies, conducted online in the pilot (section 5.4.1) and then with in-person laboratories
(section 5.4.3). The results to these studies are presented in chapter 6.

5.4.1

Pilot study (web survey)

The initial pilot study was conducted via the Internet, which allowed easy access
to the widest possible potential audience for the game [132]. A website was set up
on the CSU academic server4 , which provided information about the project and a
download link and instructions for the Relativistic Asteroids game. Visitors to the
site were invited to play the game, and participate in the study by completing the
linked online survey, as outlined in section 5.3.5. The data collected represented
a control group, and a gaming (treatment) group. Comparison of the test section
results (section 5.3.2) was used to measure the effectiveness of the game: the
gaming group is expected to return a higher number of correct answers than the
control group.
To gather voluntary participants, the website address was shown or sent
to potentially interested groups, such as game players, teachers and students.
Potential participants could investigate the site and respond at their leisure.
Advertising was conducted through the following avenues, targeting students and
game players:
• Within the university, a noticeboard advertisement was placed in CSU’s
Games Technology computer lab addressing internal Computer Science
4

Relativistic Asteroids project home page: http://csusap.csu.edu.au/˜dcarr/
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students. Teaching staff within CSU and ANU were also contacted directly
(e.g., by email) to forward the invitation to other student groups: including
a cosmology course for gifted high school students, and the relativity course
taught by the ANU’s Physics Department.
• The project was also advertised on online message boards for gaming
groups known to the author; these included the forums for the CSU LAN
computer gaming club5 , Whirlpool Australian IT news forums6 , the ‘FunMotion’ physics games review and community7 , and forums of select
gaming groups8910 .
• Finally, the project was advertised through CSU’s university-wide ‘What’s
News’ online service and released as a news brief by CSU Media, which
also secured a local daytime radio interview with 2BS Radio.
The web survey collected responses for roughly five months from the end of
February, 2008. The aim was to collect at least 50 responses, and it was expected
the survey could potentially collect hundreds. The survey gathered a total 61
unique responses, of which 17 were non-completes (i.e. the user aborted before
completing all the questions) and were not used in the evaluation. The remaining
44 complete responses were divided evenly into 22 control and 22 gaming group
responses. 31 (70.5%) of the respondents were male and 13 (29.5%) were female;
reported ages ranged from 15 to 64. Table 5.3 summaries the respondent numbers
captured by the web survey.

5.4.2

Pilot study (laboratory)

During the course of the web survey, the first laboratory experiment was
conducted to include classes of HSC physics students in the evaluation. As
relativity is represented in the HSC physics curriculum [10], the game would be
5

‘TheLAN’: http://www.thelan.net.au/
‘Whirlpool’: http://www.whirlpool.net.au
7
‘Fun-Motion’: http://www.fun-motion.com
8
‘B.R.A.W.L.’: http://www.brawclub.tk/
9
‘C.W.A.’: http://centralwargames.11.forumer.com/
10
‘MTM2.com’: http://forum.mtm2.com
6
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Table 5.3: Summary of respondents to the pilot web survey.

Count
Males
Females
Avg. age
Oldest
Youngest
Count of students

Control group
(Did not play game)
22
14
8
32.5
64
18
12

Gaming group
(Played game)
22
17
5
23.5
43
15
13

particularly relevant to this audience. Based on the web survey pilot, a modified
experimental procedure was devised, and ethics approval granted, to conduct inperson experimental studies.
For these studies, the web survey questionnaire was adapted into a two-part
paper form as outlined in section 5.3.6, and the format was changed to a structured
before-and after (or pre-test/post-test) activity. Participants first complete ‘Part
A’ of the questionnaire, comprising demographics questions and the pre-test
to quantify prior knowledge. They were then directed to play the game for a
period of time (usually 20-30 minutes), starting with the classical physics mode
to familiarise, and transitioning to the relativistic physics model (or practise
mode if they so choose; see section 4.2.2). Finally, participants completed the
‘Part B’ post-test and game evaluation sections of the questionnaire. The total
time required for the experiment was usually less than an hour. The pre-test
and post-test questionnaires of each participant were collated (without recording
identifying information), so that each participant’s before and after results could
be compared; thus, the data collected was of the form of pre-post matched pairs.
Through existing liaison with CSU members, science teachers at local high
schools were contacted to arrange for the experiment sessions to be conducted
with their classes of HSC students. The nature of the research was explained
and the experimental materials (game and questionnaire) were provided to the
teachers. The teachers approached regarded the game as an interesting way to
present the subject matter and were agreeable to using the game with their classes
(see teacher comments in section 6.4.5). They were encouraged to incorporate it
188

Game Experiment Design
into a lesson as they saw fit, such as a topic introduction or revision activity; at one
school, the teacher used the game as a tutoring tool and coached the students as
they played. The experiments were conducted in the teachers’ computer-equipped
classrooms, with the teachers on hand to guide and supervise the activity.
Three classes of Year 11 and 12 students, from two local high schools,
were involved in the pilot laboratory experiments conducted in July 2008. The
sample comprised 9 female students and 2 male students. Although less than
anticipated, the results nonetheless complemented the web survey and validated
the experimental procedure, and it was decided to conduct further studies (outlined
in section 5.4.3 following) using the pre-post experimental model. The main
studies thus followed the same procedure, and the data obtained from these pilot
laboratories were rolled into the main study when results were analysed.

5.4.3

Main studies (laboratories)

The main laboratory studies were conducted as the pilot above, with some
revisions to the game and experimental instrument. In particular, some suggested
features were added to the game, and the questionnaire was shortened (see
section 5.3.1). The study model was retained as much as possible to enable
compatibility between the pilot and main study datasets.
Ethics approval was granted for the modified procedure, and the main study
was conducted toward the end of 2009 (November-December). Experiments were
conducted with participants from two different sources:
• As in the laboratory pilot (section 5.4.2), the experiment was run with
classes of HSC physics students, with the cooperation and oversight of
teachers at three local high schools. As before, the teachers were able to
direct the activity as a lesson, and often used it to foster discussion with
their class. As students were involved in different stages of their curriculum,
for some classes this was a first introduction to relativity, and for others it
formed a revision activity. At total of 30 students were sampled, adding to
the 11 from the previous pilot.
• Experiment sessions were also conducted by the investigator on-campus at
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CSU, to supplement the HSC students sample. These experiments were
geared toward sampling more volunteers who had not had prior learning of
relativity. Advertisements were posted around the campus on noticeboards
and online, specifically seeking volunteers with no prior background in
physics. Each volunteer attended one of several experiment sessions
that were conducted at predetermined times in CSU’s Computer Gaming
Laboratory. The investigator guided the participants through the experiment
and gave a verbal overview of relativity to provide context. In general,
participants were not directed but allowed to discover the game’s physics
rules and explore its behaviour by themselves; discussion was also allowed.
To encourage participation, financial incentive was offered as a ‘thankyou’ for the participants’ time. At the conclusion of the experiment,
participants were paid $20 (petty cash) drawn from research funding.
Participants accepting the money had to sign their names on a receipt form
for accounting purposes, but these were not used for identification or tied to
their questionnaire results in any way.
The on-campus experiment sessions hoped to gather 30-40 respondents. In
the event, 26 volunteers were sampled, made up of 22 students enrolled in
various courses and 4 members of staff.
Table 5.4 summarises the participant audience that was sampled. These are
characterised into cohorts of new learners (who had not formally studied physics)
and prior knowledge (who had previously studied relativity in a classroom
setting).
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Table 5.4: Summary of participants involved in the laboratory study.
Source
Count
Males
Females
Avg. age
Oldest
Youngest

New learners
Prior knowledge
Uni volunteers HSC students
HSC students
26
13
28
17
5
20
9
8
8
25
16.8
45
18
17
16
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The data collected from the web survey and laboratory experiments outlined in
the previous chapter are presented here, and the results are discussed according to
the research questions presented in section 5.1. First, the results of the test section
of the questionnaire are shown in section 6.2, followed by the users’ evaluations
of the game in 6.3. Following this, chapter 8 will present a discussion of these
outcomes in the broader context of the research questions outlined in section 1.1.

6.1

Sample demographics

The demographics of respondents sampled by the two phases of the study were
summarised in tables 5.3 and 5.4 of the previous chapter 5. These demographics
are re-presented below with additional detail.

6.1.1

Web survey sample

The web survey collected a total of 44 complete responses, which conveniently
divided evenly into 22 in the control group and 22 in the gaming group. As this
is a relatively small sample, the individual differences in the two groups became
a significant factor for trying to analyse and isolate the effectiveness of the game
(section 6.2). While there were some individuals who were in both the control
and gaming groups (i.e, they completed the survey, played the game, and took
the survey again), at least half of the overall respondents were distinct to one or
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Table 6.1: Summary of respondents to the pilot web survey.

Count
Males
Females
Youngest
Oldest
Mean age
Std Dev (age)
Previous study of relativity:
None
High School physics course
College or University course
Self-taught or Other
Self-rated knowledge of relativity:
“Not at all”
“A little”
“Moderately well”
“Very well”
“Expert”
Currently enrolled as students:
High School
College or University
Interest in the game:
Currently learning relativity
Played it for recreation
No particular interest
Other
Geographic locale:
Africa
Asia
Europe
North America
South America
Oceania
Not specified

Control group
(Did not play game)
22
14
8
18
64
32.6
13.1

Gaming group
(Played game)
22
17
5
15
43
23.5
9.0

5
7
2
8

3
12
1
6

5
11
5
1
0

2
9
4
6
1

1
11

8
5

0
8
5
9

1
10
2
9

0
0
4
3
0
15
0

0
0
3
2
1
15
1
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the other. A self-selecting bias was exposed in the demographics data that was
collected by the survey, shown in table 6.1 (see also section 6.3.1).
The geographic locale of respondents in both groups was almost identical,
with an even majority (68%) indicating they were from the Oceania region
(Australia and proximate islands). The gender split is somewhat similar, with
the great majority being male (64-77%). When asked about their interest in
the game, respondents in both groups indicated they played it recreationally, or
were motivated to render assistance in response to advertisement or solicitation
(comments received next to the ‘Other’ item). The proportion of respondents
that were current students was also almost identical in both groups (12 and 13
from 22). However, the relative enrolment differed greatly: while those members
of the gaming group were split 60-40 for high school students versus college or
university, students in the control group were predominantly in tertiary education.
More of the gaming group had studied relativity in high school than the control
group (55% to 32%), but the control group had a wider spread of other learning
types (including self-reading).
The principal difference is shown in the ages of the two groups: the ages
reported by the control group occupy a greater range than those of the gaming
group, and are also shifted toward the older end of the scale. The distributions in
each group are somewhat similar, with a cluster of about half the respondents
at the young end and the remainder spread across the age range, but there is
otherwise a marked difference in the ages of the two groups. It is interesting
to note that in anonymous unsupervised surveys, age seems to be one of the most
frequently lied-about measures of personal information [132]. In this survey, some
respondents even confessed in with their written comments; and it seems older
members are most likely to ‘cheat’ and report a lower age. Notwithstanding the
potential uncertainty of the data, a clear age bias is indicated between the control
and gaming group.
In general, members of the control group are older, and generally rate their
understanding of relativity lower, than the gaming group. These factors proved to
be of significance in the comparison analysis below (section 6.2.1).
A further 17 incomplete responses were also captured by the survey. The
responses were incomplete because the participants failed to click the ‘submit’
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button at the end of the survey (e.g. because they abandoned the survey part-way
through), although the web survey software nonetheless stored the respondent’s
answers up until the point where they left.
These incomplete surveys would have comprised an additional 5 control group
and 12 gaming group responses. Six of these gaming group responses recorded
game evaluations before being halted, but all the rest were blank after the first
page (see section 5.3.5 for the survey outline); all the incomplete surveys were
abandoned on or before the test section. The most likely reason for respondents
abandoning the surveys was being put off by the large number of questions on the
evaluation page, or the number or difficulty of questions in the test section [132].
These incomplete surveys were not included in the analyses, although, the
information contained in the six gaming group responses is considered in the game
evaluation (see section 6.3.2).

6.1.2

Laboratories sample

The laboratory studies sampled a total of 67 volunteers from high schools and
within CSU. As a pre-post methodology is used, the individual differences of
respondents are isolated from the experimental measure, and so the demographics
information collected serves a contextual purpose. However, the sample was
divided into “new learners” and “prior knowledge” groups to provide insight into
research question II for comparing the effectiveness of the game with traditional
classroom tuition. Volunteers were sampled from CSU on the basis of having
little or no prior schooling in physics. For the HSC student volunteers, whole
class samples were placed in one or the other group as appropriate.
The group demographics are outlined in table 6.2. The prior knowledge group
consists of a sample of 28 subjects (all HSC students), while the new learner
group consists of a sample of 39 subjects (13 HSC students, and 26 university
volunteers). The new learners group contains a much higher proportion of females
than the prior knowledge group (44% to 29% overall). All of the HSC students
sampled were between the ages of 16 and 18, while the volunteers sampled at CSU
were mostly in early twenties (although as with the web survey above, reported
ages may not be wholly accurate).
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Table 6.2: Summary of participants involved in the laboratory studies.
New learners

Prior knowledge

Uni volunteers

HSC students

HSC students

26
17
9
17
45
25.0
8.5

13
5
8

28
20
8

Previous study of relativity:
None
High School physics course
College or University course
Self-taught or Other

17
6
1
2

9
4
N/A
0

0
28
N/A
0

Self-rated knowledge:
“None at all”
“A little”
“Moderately well”
“Very well”
“Expert”

11
10
5
0
0

7
2
4
0
0

0
9
15
4
0

Gamer type:
Power gamer
Social gamer
Leisure gamer
Dormant gamer
Incidental gamer
Occasional gamer
Non-gamer

8
9
5
6
4
1
4

Count
Males
Females
Youngest
Oldest
Mean age
Std Dev (age)

16
18
16.8
0.5

4
7
3
10
11
6
1
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In place of some of the other demographics questions, the questionnaire used
in the laboratory studies asked participants to select a descriptive statement they
thought best described their attitude to computer games. The statements corresponded to six gamer types reflecting gaming frequency and motivation [163],
which may help to understand the motivation of the audience with respect
to games and learning. The results, as shown in table 6.2, indicate that the
university volunteer group were generally more ‘active’ players of electronic
games, although some participants also classified themselves as non-gamers. The
HSC students sampled regard themselves more as playing incidentally. This may
indicate a self-selection bias among the volunteers who applied to participate in
the experiments, as compared to the classes of HSC students that were involved.
However, it is also possible that the HSC students’ choices reflected diminished
available time to play games, due to study.

6.2

Test section responses

For answering research question I, we are interested in comparing the results of the
exam section of the survey for subjects without and with having played the game.
For the web survey of the pilot study, this is comprised of control and gaming
groups, and is described in section 6.2.1. For the laboratories of the main study,
the before-and-after performance of individuals are being compared, as described
in section 6.2.2. The question list is provided in section 5.3.2.

6.2.1

Web survey results

Table 6.3 presents the raw data collected from the test section of the online
questionnaire. The answer rates for each multiple-choice option are presented,
divided into respondents who had not played the game (control group) and those
who had (gaming group). The rates of selecting correct answers are displayed
visually in the graph of figure 6.1.
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Table 6.3: Complete answer rates of respondents for the 10 test questions in
the pilot web survey. The correct answers to each multiple-choice question are
highlighted in bold.
Control

Gaming

No.

Synopsis

Count Ratio Count

Q1

Identify statement pairs (postulates) that correctly describe relativity.

a

Physics same, c same

b

Ratio

11

0.50

9

0.41

Physics different, c same

3

0.14

8

0.36

c

Physics same, c different

2

0.09

0

0.00

d

Physics different, c different

6

0.27

3

0.14

e

No answer

0

0.00

2

0.09

Q2

Describe the length of a relativistically moving object.

a

Length increases

8

0.36

1

0.05

b

Length decreases

12

0.55

18

0.82

c

Length unchanged

1

0.05

2

0.09

d

More info required

0

0.00

0

0.00

e

No answer

1

0.05

1

0.05

Q3

Describe the mass of a relativistically moving object.

a

Mass is increased

13

0.59

14

0.64

b

Mass is decreased

5

0.23

4

0.18

c

Mass is unchanged

2

0.09

3

0.14

d

More info required

1

0.05

0

0.00

e

No answer

1

0.05

1

0.05

Q4

Describe the rate of ticking of a relativistically moving clock.

a

Time ticks slower

b

16

0.73

17

0.77

Time ticks faster

2

0.09

3

0.14

c

Time is unchanged

2

0.09

1

0.05

d

More info required

1

0.05

0

0.00

e

No answer

1

0.05

1

0.05

Continued on next page
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Table 6.3 – continued from previous page
Control
No.

Synopsis

Q5

Speed of light as seen by a relativistically moving observer.

a

Light speed = 50% c

b

Gaming

Count Ratio Count

Ratio

3

0.14

3

0.14

Light speed = 100% c

15

0.68

14

0.64

c

Light speed = 150% c

3

0.14

4

0.18

d

Light speed = 200% c

0

0.00

0

0.00

e

No answer

1

0.05

1

0.05

Q6

Change in age of an airline pilot due to relativity.

a

19 minutes younger

8

0.36

7

0.32

b

19 microseconds younger

9

0.41

8

0.36

c

19 microseconds older

1

0.05

2

0.09

d

19 minutes older

0

0.00

0

0.00

e

No answer

4

0.18

5

0.23

Q7

Description of travel from different frames of reference.

a

James’s time takes longer

3

0.14

7

0.32

b

James travels to Alpha Centauri in < 4yrs

7

0.32

6

0.27

c

Clocks are synchronised

5

0.23

3

0.14

d

Alpha Centauri travels to James in < 4yrs

4

0.18

1

0.05

e

No answer

3

0.14

5

0.23

Q8

Derive speed of a train from its length (4/5 of rest length).

a

4/5c

9

0.41

12

0.55

b

5/4c

2

0.09

0

0.00

c

3/5c

3

0.14

3

0.14

d

4/3c

2

0.09

0

0.00

e

5/3c

0

0.00

1

0.05

f

No answer

3

0.14

6

0.23

Continued on next page
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Table 6.3 – continued from previous page
Control

Gaming

No.

Synopsis

Count Ratio Count

Ratio

Q9

Description of simultaneous events A and B from different reference frames.

a

Event A before B

8

0.36

7

0.32

b

Event B before A

1

0.05

2

0.09

c

Both at same time

8

0.36

3

0.14

d

More info required

2

0.05

3

0.14

e

No answer

3

0.14

7

0.32

Q10 Effects on light emitted from relativistically moving source (relativistic optics).
a

The light has speed > c

5

0.23

5

0.23

b

The light has speed < c

0

0.00

3

0.14

11

0.50

7

0.32

c (1) The light is brighter
d

The light is darker

2

0.09

1

0.05

e

The light is redshifted

0

0.00

7

0.32

8

0.36

9

0.41

f (2) The light is blueshifted

Figure 6.1: Graph of correct answer rates for the control group and gaming group
of web survey respondents (n = 22 control and 22 gaming group participants).
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On first impression, two interesting outcomes are apparent. First, the respondents who had experienced the tuition of relativity in the game performed better in
answering the three test questions (Q2, Q3, and Q4) related to descriptive effects
of relativity – length contraction, mass dilation, and time dilation respectively.
In particular, the gaming group performed markedly better on Q2 (82% correctly
answered versus 55%); the other areas were more marginal. This suggests the
portrayal of mass dilation and time dilation in the game might be effective, and
the portrayal of length contraction is very effective.
However, the second outcome is that the gaming group scored worse on almost
all other questions, and their overall total score across this set of 10 questions
was slightly lower than the control group (44% to 46%). This suggests that
whatever the gaming group respondents might have learned from playing the
game, they were not able to apply to the later problem-solving questions. In
particular, the control group scored higher on Q1 (50% to 41%) – a factual ‘first
principles’ question, about the postulates of relativity – which is independent of
the game content. As a barometer of respondent’s prior knowledge of relativity,
this suggests a disparity between the groups.
As discussed in section 6.1.1, there was also a clear difference in the
distribution of ages in the control group and gaming group. These factors together
imply that the control group’s baseline knowledge was greater than the gaming
group. It was thus hypothesised that the different demographics factors of the two
respondent groups may be influencing the test scores, besides the test variable of
playing or not playing the game. This hypothesis was probed by constructing a
model of the variables in the SPSS statistics package, that attempts to predict the
probability of respondents getting a particular question right. Logit regression
analysis was used to calculate the model and determine the significance of each
independent variable as a predictor for each question. Certain variables, such as
previous study of special relativity, were re-coded as binary variables, rather than
being ranked as a continuum of values. The full model used was as follows:
P = f (Game, Gender, Age, Knowledge, StudySec, StudyT er, StudyOth)
(6.1)
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Where:
P = Probability of getting a question right or wrong (1 or 0)
Game = Whether respondent played the game (gaming or control) (1 or 0)
Gender = Respondent’s gender, male or female (1 or 0)
Age = Respondent’s reported age (value)
Knowledge = Prior knowledge of relativity (scale from 1 = none to 5 = expert)
StudySec = Previously studied relativity in secondary school (1 or 0)
StudyT er = Previously studied relativity in college or university (1 or 0)
StudyOth = Selected ‘other’ or ‘self-taught’ as previous study (1 or 0)
Results of the logit analysis are presented in tables 6.4 and 6.5. For each
question Q1 through Q9 (table 6.4), the modelling attempts to predict whether the
respondent gets the question right or wrong. For the multiple-answers question
Q10 (table 6.5), the modelling attempts to predict whether the respondent selects
each of the six alternatives, including the two correct items (denoted as Q10/1 and
Q10/2) and the remaining four incorrect items.
The tables show the probability or p-values returned by the logit analysis
for each of the seven independent variables in the models, plus the intercept
(constant). These give the significance of each of the variables in the model toward
making correct predictions. Statistically significant p-values (at the 5% level, i.e.
α = 0.05) are marked in bold.
The Pearson chi-square test scores for the goodness-of-fit of each model are
also given. A small, non-significant chi-square value indicates that the observed
outcome and the expected outcome predicted by the model are not statistically
significantly different from one another (the model fits the data well).
The statistical analysis presented in tables 6.4 and 6.5 reveals the following
results:
• The Game variable was a significant parameter in only two cases; for
question Q2, and for selecting one of the two correct answers out of the
six possibilities given in Q10.
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Table 6.4: Significance values computed from the logit regression model for the
first 9 multiple-choice questions. Statistically significant scores (at the 5% level)
are marked in bold.
Predictor
Game
Age
Gender
Knowledge
StudySec
StudyTer
StudyOth
Intercept

Q1
0.198
0.105
0.410
0.024
0.202
1.000
0.831
0.031

Q2
0.045
0.252
0.097
0.043
0.017
1.000
0.036
0.762

p-values per question
Q3
Q4
Q5
Q6
Q7
0.212 0.739 0.199 0.245 0.244
0.378 0.935 0.056 0.868 0.575
0.158 0.283 0.079 0.801 0.498
0.107 0.302 0.008 0.036 0.526
0.023 0.035 0.313 0.989 0.896
0.402 0.198 1.000 0.810 0.283
0.021 0.042 0.214 0.862 0.796
0.092 0.468 0.009 0.237 0.774
Pearson goodness-of-fit test

Q8
0.913
0.276
0.116
0.206
0.177
1.000
0.075
0.276

Q9
0.850
0.546
0.431
0.982
0.858
1.000
0.943
0.477

Chi-Square 39.370 33.029 42.099 42.099 36.291 45.820 41.146 35.174 41.178
df
36
36
36
36
36
36
36
36
36
p-value
0.322 0.611 0.224 0.224 0.455 0.126 0.255 0.508 0.254

Table 6.5: Significance values computed from the logit regression model for the
10th multiple-selection question (across all six correct and incorrect selections).
Statistically significant scores (at the 5% level) are marked in bold.
Q10.a
Predictor
(incorrect)
Game
0.688
Age
0.110
Gender
0.113
Knowledge
0.019
StudySec
0.051
StudyTer
1.000
StudyOth
0.381
Intercept
0.156
Chi-Square
df
p-value

55.381
36
0.020

p-values per question
Q10.b
Q10.c
Q10.d
Q10.e
Q10.f
(incorrect) (correct: 1) (incorrect) (incorrect) (correct: 2)
0.017
0.207
0.367
0.014
0.190
0.986
0.486
0.864
0.410
0.539
0.409
0.532
0.175
0.389
0.340
0.180
1.000
1.000
0.936
0.806
0.121
0.019
0.972
0.435
Pearson goodness-of-fit test
45.118
38.528
38.143
36
36
36
0.142
0.356
0.372
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In the former case, this appears to affirm the informal hypothesis discussed
earlier, that playing the game was an effective means for players to learn
the length contraction effect (although this was not backed up in the harder
Q8 problem). This outcome is also coupled with three other parameters
representing the respondent’s self-rated knowledge of relativity, and prior
study. This indicates that the game might complement other forms of
learning about relativity. This model also had the smallest chi-square value
in the goodness-of-fit test of all the models, indicating a very high level of
certainty in these observations.
The Q10/1 result is an interesting outcome, as this question relates to the
brightness of effect of approaching light, which was not a feature of the
game. Other significant parameters were age and the intercept value. Since
the performance of the gaming group on this question was lower than
the control group, it should appear that membership in the gaming group
coupled with age were predictors of getting the question wrong.
• The Knowledge parameter, representing the respondent’s own assessment
of their knowledge, was the most frequent predictor of correct answer
selection. It was a statistically significant parameter in four cases: Q1, Q2,
Q5 and Q6. These questions reflect basic knowledge of relativity, including
factual information about postulates (Q1) and the constancy of the speed of
light (Q5), and applying core concepts (Q6). These results are in line with
expectations: as the game does not highlight the postulates, for example,
these rely more on the respondent’s prior knowledge.
Notable from the raw scores for Q6 in table 6.3 is that a majority of
respondents correctly recognised that the relative age of the airline pilot
must be less due to relativity, than that of her twin who remains on the
ground (options a and b among the multiple-choice answer list). However,
only about half correctly identified the magnitude of the change over a
lifetime (microseconds, b, as opposed to minutes, a). Thus, it appears
the majority of respondents had the correct sense for the answer, if not the
detail.
This parameter was also a significant predictor in one instance of incorrect
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answer selection in Q10 (implying light might travel faster than c). However, this model scored a significant chi-square value, indicating a weak fit
to the data.
• There were three cases where prior study of relativity was a significant
factor in the model. Whether the respondent had previously studied
relativity in high school (StudySec) or ‘other’ (StudyOth) were together
significant predictors for Q2, Q3 and Q4. These questions, which relate
to the ‘describable’ effects of length contraction, mass dilation, and time
dilation, were based on examples from HSC exam papers. Possibly, users
with these prior learning modes were experienced in answering these types
of questions.
Interestingly, whether the respondent had prior tertiary education of relativity (StudyT er) was never a statistically significant predictor, and frequently
scored superfluous (value of 1.0). The models were rerun with this predictor
removed, but in the majority of cases this resulted in a decrease in the pvalue scores of the Pearson goodness-of-fit Tests (indicating reduced fit)
and didn’t change which other predictors were significant, so the results are
presented with the predictor included.
• The analysis was unable to identify any significant predictors for the
observed differences in Q7, Q8 and Q9. These were advanced topics or
problem-solving questions which were beyond most respondents’ understanding, and for which the modelling was unable to discern any clear
difference beyond random chance. These were part of the reason that
questions Q7 and Q8 were culled for the later main study (discussed next in
section 6.2.2).
Q8 provided the length of a relativistically moving train as 4/5 its rest
length, and asked about its speed, with options on both sides of 1c. Notable
from the raw scores in table 6.3 is that a majority of respondents selected the
most “sensible” answers not exceeding the speed of light (item a, 4/5, and
item c, 3/5). However, only a minority of respondents correctly identified
that a 4/5 factor of length contraction results from a relativistic velocity of
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3/5c; most selected 4/5c. It appears most respondents assumed a linear
relationship between velocity and length contraction. As with Q6, it might
be considered that most respondents had the correct sense for the answer,
but a factor of detail obfuscates the result (indeed, the linear relationship
appears to be a ‘trap’ designed into the original source question).
• For question Q10 (table 6.5), the analysis looked at the likelihood of
respondents selecting each of the six alternative answers (two correct and
four incorrect), denoted a through f. The six items were reflections around
three concepts: light speed (a–b), brightness (c–d), and Doppler shift (e–f ).
Suitable models could not be computed for some of these items (the blank
columns, b and d) due to low response rate, although models were produced
for their opposite numbers a and c.
Another interesting outcome is that the gaming group scored slightly
higher for the item Q10/2, referencing the Doppler shifting of light toward
the blue end of the spectrum (f ), than did the control group. Such
apparent improvement was unexpected, as the version of the game utilised
in the online study did not yet include the redshift/blueshift effect (see
section 4.2.7). Indeed, it was thought that the early visual effect for
mass dilation (see section 4.2.5) or the red time-bomb asteroids (see
section 4.2.6) could influence respondents toward the incorrect redshift
answer (e). However, the modelling was unable to identify any significant
predictors for both items e and f, indicating that the difference is within the
margin of random chance.
In summary, the analysis shows that the game had a statistically significant
influence (at α = 0.05) at enhancing the respondents’ understanding of length
contraction, with markedly higher correct answer rates to Q2. The improved
answer rates across Q2, Q3 and Q4 also appear encouraging given that the
gaming group tended to score worse on the other questions overall. However,
the demographics differences between the control and gaming groups are a major
factor across most of the measures, and the sample size is too small to draw
any other conclusions about the effect of the game with a statistically significant
certainty.
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6.2.2

Laboratory studies results

The answer rates to the 8 questions of the test section of the survey are summarised
in Table 6.6. Figures 6.2 and 6.3 graph the correct pre- and post-gaming response
rates of the participants to each question, and the averaged total score.
Table 6.6: Complete answer rates of respondents for the 8 test questions in the
laboratory studies. The correct answers to each multiple-choice question are
highlighted in bold.
New learners
Pre-test

Prior knowledge

Post-test

Pre-test

Post-test

No.

Synopsis

Cnt Ratio Cnt Ratio Cnt Ratio Cnt Ratio

Q1

Identify statement pairs (postulates) that correctly describe relativity.

a

Physics same, c same

13

0.33

10

0.26

19

0.68

19

0.68

b

Physics different, c same

19

0.49

21

0.54

9

0.32

7

0.25

c

Physics same, c different

0

0.00

1

0.03

0

0.00

2

0.07

d

Physics different, c different

2

0.05

6

0.15

0

0.00

0

0.00

No answer

5

0.13

1

0.03

0

0.00

0

0.00

Q2

Describe the length of a relativistically moving object.

a

Length increases

17

0.44

8

0.21

3

0.11

3

0.11

b

Length decreases

12

0.31

30

0.77

25

0.89

25

0.89

c

Length unchanged

5

0.13

1

0.03

0

0.00

0

0.00

d

More info required

1

0.03

0

0.00

0

0.00

0

0.00

No answer

4

0.10

0

0.00

0

0.00

0

0.00

Q3

Describe the mass of a relativistically moving object.

a

Mass is increased

10

0.26

31

0.79

27

0.96

27

0.96

b

Mass is decreased

8

0.21

6

0.15

1

0.04

1

0.04

c

Mass is unchanged

9

0.23

1

0.03

0

0.00

0

0.00

d

More info required

5

0.13

0

0.00

0

0.00

0

0.00

No answer

7

0.18

1

0.03

0

0.00

0

0.00

Continued on next page
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Table 6.6 – continued from previous page
New learners
Pre-test

Prior knowledge

Post-test

Pre-test

No.

Synopsis

Q4

Describe the rate of ticking of a relativistically moving clock.

a

Time ticks slower

b

Post-test

Cnt Ratio Cnt Ratio Cnt Ratio Cnt Ratio
25

0.64

28

0.72

19

0.68

20

0.71

Time ticks faster

6

0.15

4

0.10

5

0.18

7

0.25

c

Time is unchanged

3

0.08

2

0.05

4

0.14

1

0.04

d

More info required

1

0.03

2

0.05

0

0.00

0

0.00

No answer

4

0.10

3

0.08

0

0.00

0

0.00

Q5

Speed of light as seen by a relativistically moving observer.

a

Light speed = 50% c

b

Light speed = 100% c

c
d

2

0.05

13

0.33

2

0.07

4

0.14

21

0.54

20

0.51

21

0.75

19

0.68

Light speed = 150% c

7 0. 18

6

0.15

4

0.14

4

0.14

Light speed = 200% c

3

0.08

0

0.00

0

0.00

0

0.00

No answer

6

0.15

0

0.00

1

0.04

1

0.04

Q6

Change in age of an airline pilot due to relativity.

a

19 minutes younger

b

19 microseconds younger

c
d

9

0.23

12

0.31

10

0.36

10

0.36

10

0.26

12

0.31

13

0.46

15

0.54

19 microseconds older

6 0. 15

6

0.15

1

0.04

0

0.00

19 minutes older

3

0.08

1

0.03

0

0.00

0

0.00

11

0.28

8

0.21

4

0.14

3

0.11

No answer
Q7

Description of simultaneous events A and B from different reference frames.

a

Event A before B

12

0.31

17

0.44

12

0.43

13

0.46

b

Event B before A

9

0.23

8

0.21

5

0.18

8

0.29

c

Both at same time

6

0.15

8

0.21

9

0.32

5

0.18

d

More info required

6

0.15

4

0.10

1

0.04

1

0.04

No answer

6

0.15

2

0.05

1

0.04

1

0.04

Continued on next page
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Table 6.7: Statistics for participants’ overall test score improvement, computed
by Wilcoxon matched-pairs signed-ranks test. Statistically significant results (at
α = 0.05) are marked in bold.
New learners
Pre-test total
0.359
Pre-test Std. Dev.
0.208
Post-test total
0.510
Post-test Std. Dev.
0.185
Change (post−pre)
+0.151
Wilcoxon signed-rank test statistics
Count of differences d
31
Count of +ds
24
Count of −ds
7
Ranks
16
Sum of positive ranks W +
384.0
−
Sum of negative ranks W
112.0
Critical value T (D, 0.05)
165
Decision W ≤ T
Y
p-value (two-tailed)
0.0048

Prior knowledge
0.611
0.185
0.639
0.178
+0.028
11
7
4
6
42.0
24.0
13
N
0.3628

Table 6.6 – continued from previous page
New learners
Pre-test

Prior knowledge

Post-test

Pre-test

Post-test

No.

Synopsis

Q8

Effects on light emitted from relativistically moving source (relativistic optics).

a

The light has speed > c

4

0.10

8

0.20

4

0.14

2

0.07

b

The light has speed < c

5

0.13

10

0.26

4

0.14

6

0.21

14

0.36

14

0.36

12

0.43

9

0.32

4

0.10

6

0.15

3

0.10

4

0.14

11

0.28

13

0.33

6

0.21

7

0.25

9

0.23

17

0.44

6

0.21

14

0.50

c (1) The light is brighter
d

The light is darker

e

The light is redshifted

f (2) The light is blueshifted

Cnt Ratio Cnt Ratio Cnt Ratio Cnt Ratio

To investigate the test variable, the pre- and post-test scores of each respondent are compared. This methodology eliminates the influence of individual
differences between samples, which were a concern in the web survey analysis
in section 6.2.1; the outcomes of the laboratory studies shown later are much
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Figure 6.2: Graph of test scores for participants new to relativity (n=39 university
participants and HSC students).

Figure 6.3: Graph of test scores for participants who had previously studied
relativity in class (n=28 HSC students).
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clearer than the web survey because of this. The total scores were analysed using
a Wilcoxon matched-pairs signed-ranks test. This is a non-parametric test for
paired data, and makes use of both the magnitude and the direction (positive or
negative) of the change. This is a preferable test to the commonly-used Student
t-test, when the the data set is small (N < 50), and/or the values may not be (or
are not) normally distributed.
For paired data, the Wilcoxon signed-ranks test is used to test the null
hypothesis that the difference (di = xi − yi ) between the members of each pair
(xi , yi ) has median value zero:
H0 : M = 0 (no change in overall score)
The algorithm is as follows. Take the difference di of each pair, and rank them
ignoring the signs (i.e. assign rank 1 to the smallest |di |, rank 2 to the next and so
on). Label each rank with its sign, and calculate W + , the sum of the ranks with
positive di s, and W − , the sum of the ranks of the negative di s.
The test statistic for examining whether the respondents’ scores changed is
W = min(W + , W − ). Under the null hypothesis, the distribution of differences
around zero is expected to be approximately symmetric. The critical value T is
the maximum value that W can take for a given certainty level α before the null
hypothesis cannot be rejected.
The results obtained from these analyses are presented in table 6.7 for a
certainty level of 5% (α = 0.05, two-tailed test). The statistically significant results
are marked in boldface. The probability or p-values have also been calculated;
these give the probability that the observed outcome is due to chance. The results
show a strongly significant result for the new learners, although both cohorts
showed improved overall scores in the post-test.
In addition, each question was examined individually to identify where the
greatest shifts occurred. The pair-wise change in correct responses was analysed
using a two-sample sign test. This test is most appropriate, because the change
between correct/incorrect is bimodal. In this test, the data are converted to plus
(+) and minus (−) signs. (+) is assigned where the respondent’s answer changed
from incorrect to correct, and (−) is assigned where the responses changed from
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correct to incorrect. The remaining data (where there is no change between correct
and incorrect) become zeroes and are discarded. The sign test will test the null
hypothesis against the alternative hypothesis:
H0 : M = 0 (no change in answers)
Ha : M > 0 (improvement in correct answers)
The test statistic is the number of minus signs, n(−). The sign test evaluates
whether there are significantly more plus signs than minus signs; in which case,
the null hypothesis can be rejected in favour of the alternative hypothesis. The
critical value, k, is the maximum number of minus signs allowable for a data set
of size n before the null hypothesis cannot be rejected.
The standard normal variable z is calculated according to equation 6.2. The
chance probability, Q, for each result is calculated from the z-value; Q gives the
probability that the observed outcome is due to coincidence.
z=

x0 − n/2
√
( 21 ) n

(6.2)

Table 6.8 presents the results for each question for a 5% certainty level (α
= 0.05, one-tailed test). The significant results (< 0.05) are marked in bold.
Tables 6.9, 6.10 and 6.11 present additional analyses for questions Q1, Q5 and
Q6 respectively.
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Table 6.8: The chance probabilities, Q, for the change in responses to each test question, computed by two-sample sign test.
Statistically significant results (at the 5% level) are marked in bold.
Q1

Q2

Q3

Q4

New learners
Q5
Q6

Q7
a
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Change (post−pre) −0.077 +0.462 +0.539 +0.077 −0.025 +0.052 +0.128
Two-sample sign test statistics
Count of diff. n
5
20
23
11
11
8
13
Critical value k
0
5
7
2
2
1
3
n(+)
1
19
22
7
5
5
9
n(−)
4
1
1
4
6
3
4
Decision x = n(−)
N
Y
Y
N
N
N
N
x0
3.5
1.5
1.5
4.5
5.5
3.5
4.5
z-value
0.894 −3.801 −4.170 −0.603
0.000 −0.353 −1.109
Probability Q
0.186 0.000072 0.000015 0.273
0.386
0.362
0.134
Prior knowledge
Q1
Q2
Q3
Q4
Q5
Q6
Q7

10
1
3
7
N
6.5
0.949
0.171

a
Change (post−pre) ±0.000 ±0.000 ±0.000 +0.035 −0.071 +0.072 +0.035
Two-sample sign test statistics
Count of diff. n
0
2
0
3
2
2
3
4
Critical value k
n(+)
0
1
0
2
0
2
2
3
n(−)
0
1
0
1
2
0
1
1
Decision x = n(−)
x0
0.5
1.5
1.5
0.5
1.5
1.5
z-value
- −0.707
0.000
0.707 −0.707
0.000 −0.500
Probability Q
0.240
0.500
0.240
0.240
0.500
0.309

b

Q8
c
±0.000

13
12
3
2
4
6
9
6
N
N
8.5
5.5
1.109 −0.289
0.134
0.386
Q8
b
c
−0.108
4
1
3
2.5
0.500
0.309

7
0
2
5
N
4.5
0.756
0.229

d

6
0
2
4
N
3.5
0.408
0.342

d

1
0
1
0.5
0.000
0.500

e

f
+0.205

10
12
1
2
4
10
6
2
N
Y
5.5
2.5
0.316 −2.021
0.376
0.022

e

f
+0.285

9
10
1
1
4
9
5
1
N
Y
4.5
1.5
0.000 −2.214
0.500
0.013
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The analysis of the correct answer rates in table 6.8 shows the following
outcomes:
• Respondents in the prior knowledge cohort tended to change their answers
less than those in the new learner’s cohort. In fact, across questions Q1
to Q7, the changes to the correct answer rates of the prior knowledge
cohort are so small (<5) that a critical value k does not exist at the 5%
certainty level (α = 0.05), and Q1 and Q3 exhibit absolutely no change at
all. (Examination of the pre-/post-test couples reveals that the majority of
changed answers across questions Q1–7 were accounted for by a subset of
6–8 students.)
• The new learners cohort shows a dramatically increased understanding for
questions Q2 and Q3, concerning length contraction and mass dilation. Pretest scores are close to 25% (consistent with random chance), while the
post-test scores increase to nearly 80%. These differences score highly
significant values in the statistical analysis: the probability of the observed
outcome being due to chance is below 0.0001 (0.01%). The post-test scores
achieved by the new learners group (refer table 6.6) are also close to the
levels of the prior knowledge group, who had received classroom instruction
on the topic of relativity prior to the study.
By contrast, the prior knowledge cohort showed very high initial correct
response rates (close or above 90%) and no effective change across
questions Q2 and Q3, demonstrating these concepts were already well
understood in the pre-test.
• Both cohorts showed a small improvement on Q4, concerning time dilation,
but this was not great enough to be significant in either case. It is interesting
to note that the pre-test score of the new learners cohort was markedly
higher than on questions Q2 and Q3 (>60%), indicating that the participants
who were new to relativity nonetheless had a surprisingly good prior
understanding of this concept. It is also interesting that the post-test scores
of both cohorts ended up virtually identical (approximately 71%).

215

Chapter 6
• Both cohorts showed a significant improvement on Q8/2, concerning
Doppler shifting of light; the probability values are 0.022 for the new
learners group and 0.013 for the prior knowledge group. This indicates
that respondents in both cohorts improved their comprehension of colour
shift for approaching and receding objects.
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a

Q1: Identify statement pairs (postulates) that correctly describe relativity.
b
c
d
a&b
a&c
b&d
“c constant”

217

Count of diff. n
Critical value k
n(+)
n(−)
Decision x = n(−)
x0
z-value
Probability Q

5
0
1
4
N
3.5
0.894
0.186

Count of diff. n
Critical value k
n(+)
n(−)
Decision x = n(−)

0
0
0
-

Count of diff. n
Critical value k
n(+)
n(−)
Decision x = n(−)
x0
z-value
Probability Q

5
0
1
4
N
3.5
0.894
0.186

New learners
10
1
8
9
1
1
1
6
1
6
4
4
0
2
4
N
N
N
4.5
0.5
2.5
4.5
−0.316
0.000
−1.061
0.000
0.376
0.500
0.144
0.500
Prior knowledge
2
2
0
2
0
2
0
0
2
0
0
2
New learners and prior knowledge cohorts combined
12
3
8
11
2
1
2
6
3
6
4
6
0
2
7
N
N
N
5.5
0.5
2.5
6.5
−0.289
−1.155
−1.061
0.603
0.386
0.124
0.144
0.273

c&d

“physics
constant”

“physics
variable”

“c variable”

6
0
2
4
N
3.5
0.408
0.342

8
1
7
1
Y
1.5
−1.768
0.039

9
1
7
2
N
2.5
−1.333
0.091

2
2
0
-

2
0
2
-

2
2
0
-

8
1
4
4
N
3.5
−0.354
0.362

10
1
7
3
N
3.5
−0.949
0.171

11
2
9
2
Y
2.5
−1.809
0.035
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Table 6.9: Additional statistics for the change in responses to test question Q1, computed by two-sample sign test.
Statistically significant results (at the 5% level) are marked in bold.
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The following additional analysis refers to the data presented in tables 6.9,
6.10 and 6.11:
• Question Q1 showed there was a decrease in selecting the correct answer for
the new learners cohort. This reduction in the correct answer rate was not
in itself statistically significant. Referencing table 6.6, more respondents
can be seen to be selecting among the other items (b, c or d) in the posttest. A similar difference occurred in the gaming group of the web survey
(table 6.3).
This suggests a possibility that respondents may actually have been influenced to the incorrect answer by the test variable of playing the game. Items
b, c and d include clauses to the effect that the speed of light, and/or the laws
of physics, will be different in different frames of reference. Possibly the
design of the game, embodying two different physics models and exhibiting
a varying speed of light, may have primed users to believe in the alternative
statements and change their responses to those answers. To probe this
hypothesis, a further analysis was performed on the responses to Q1, which
is shown in table 6.9. In addition to examining the response rates to each
of a, b, c and d, the responses were also paired by the common statements:
c remaining constant (a & b), c being variable (c & d), physics remaining
constant (a & c) and physics being variable (b & d).
The results of the two-sample sign test indicates a statistically significant
correlation in the new learners selecting the “physics variable” pair (b & d),
with probability Q = 0.039 (n(+) = 7, n(−) = 1, k = 1, z = −1.768). This
appears to parallel the web survey data set, where a great proportion of the
gaming group also selected the answer items b and d. Selection of the “c
variable” pair (c & d) also increased at a near significant level (z = −1.333,
Q = 0.091).
The changes in the prior knowledge cohort – 2 respondents changing
answers from b to c – was too small to exist for the test on its own, but
it is interesting that this was an opposite trend to the new learners. If the
two cohorts are combined, the overall tendency for respondents to select
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Table 6.10: Additional statistics for the change in responses to test question Q5,
computed by two-sample sign test. Statistically significant results (at the 5% level)
are marked in bold.
Q5: Speed of light as seen by a
relativistically moving observer.
a
b
c
“50% c”

“100% c”

“150% c”

“200% c”

New learners
Count of diff. n
13
11
5
Critical value k
3
2
0
n(+)
12
5
2
n(−)
1
6
3
Decision x = n(−)
Y
N
N
x0
1.5
5.5
2.5
z-value
−2.774
0.000
0.000
Probability Q
0.002773
0.500
0.500
Prior knowledge
Count of diff. n
2
2
0
Critical value k
n(+)
2
0
0
n(−)
0
2
0
Decision x = n(−)
New learners and prior knowledge cohorts combined
Count of diff. n
15
13
5
Critical value k
3
3
0
n(+)
14
5
2
n(−)
1
8
3
Decision x = n(−)
Y
N
N
x0
1.5
7.5
2.5
z-value
−3.098
0.555
0.000
Probability Q
0.000973
0.290
0.500
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Table 6.11: Additional statistics for the change in responses to test question Q6,
computed by two-sample sign test. Statistically significant results (at the 5% level)
are marked in bold.
Q6: Change in age of an airline pilot due to relativity.
a
b
c
d
a&b
c&d
“−19min” “−19µs”

“+19µs” “+19min” “younger”

New learners
Count of diff. n
5
8
6
2
11
Critical value k
0
1
0
2
n(+)
4
5
3
0
8
n(−)
1
3
3
2
3
Decision x = n(−)
N
N
N
N
x0
1.5
3.5
2.5
1.5
3.5
z-value
−0.894 −0.354 −0.408
0.707 −1.206
Probability Q
0.186
0.362
0.342
0.240
0.114
Prior knowledge
Count of diff. n
0
2
1
0
2
Critical value k
n(+)
0
2
0
0
2
n(−)
0
0
1
0
0
Decision x = n(−)
New learners and prior knowledge cohorts combined
Count of diff. n
5
10
7
2
13
Critical value k
0
1
0
3
n(+)
4
7
3
0
10
n(−)
1
3
4
2
3
Decision x = n(−)
N
N
N
Y
x0
1.5
3.5
3.5
1.5
3.5
z-value
−0.894 −0.949
0.000
0.707 −1.664
Probability Q
0.186
0.171
0.500
0.240
0.048
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8
1
3
5
N
4.5
0.354
0.362
1
0
1
9
1
3
6
N
5.5
0.667
0.252
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the “c variable” pair becomes statistically significant at the 5% level (z =
−1.809, Q = 0.035), but the “physics variable” pair is no longer significant.
Thus, in this instance there appears to be some correlation between playing
the game and learning one or more incorrect statements; the majority
evidence between the web survey and laboratory data sets indicates most
learners believing that the laws of physics must change between different
frames of reference.
• Also similar to the web survey dataset, a majority of respondents recognised
the correct direction for the change in ages for question Q6 (option a or b
among the multiple-choice items), but only about half tended to choose the
right answer (option b). Analysing only correct answers did not yield a
significant outcome for the new learners cohort (Q = 0.362), and the prior
knowledge cohort’s change (n = 2) was too small for a significant value to
exist.
Further analysis of this question is shown in table 6.11. As discussed before
(section 6.2.2), the scope of correct answers could be broadened to include
both options a and b. Performing a two-sample sign test on this broader
scope returns a lower probability value of Q = 0.114 (z = −1.206). This
still does not yield a statistically significant result, unless the data set is
expanded by combining the prior knowledge data set with the new learners
as well (in which case z = −1.664, Q = 0.048).
This is hardly a conclusive outcome; but corroborated with the improvement
on Q4, provides consistent evidence that a correlation exists between users
playing the game and correctly learning that a time dilation effect occurs, if
not the relative magnitudes of such changes.
• Q5 also showed a slight decrease in selecting the correct answer across both
cohorts. Referencing table 6.6, more respondents can be seen to be selecting
in particular item a in the post-test. Further analysis was performed on
the response rate for each item of Q5, which is shown in table 6.10. The
notable outcome is that, while the change in selecting the correct item b was
generally each-way, there was a highly significant increase (probability Q of
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<1%) among the new learners cohort in selecting item a. In addition, while
the change in the answers of the prior knowledge cohort was again small,
this change was entirely in the direction from b to a. Thus, the evidence
indicates that on this occasion, participants were influenced to the incorrect
answer after playing the game. The reason for this might be a result of
confusion with the game’s usage of Mr Tompkins-style ‘slow light’.
• The remaining questions did not result in obviously useful outcomes. Q7
shows improvements across both cohorts, but these were not large enough to
be statistically significant. Likewise, the other parts of Q8 showed changes
that were not statistically significant.

6.3

Evaluation section responses

Section 5.3.3 presented the set of statements used for the evaluation section of the
questionnaire. These are recapped in table 6.12 for convenience. For analysis, the
statements were allocated among the following four topic areas:
• V representing perceived quality and entertainment value of the game.
Statements ask whether the game was fun or motivating.
• E representing ease of use (web survey only). Ask whether the game was
difficult or confusing to use.
• U representing perceived usefulness. Relate to the effectiveness for learning
in general terms, such as whether it motivated thinking and provided
context.
• L representing perceived quality and effectiveness for learning. Relate to
learning in more specific ways, such as whether the game demonstrates the
physics or clearly portrays certain principles.
Table 6.13 presents the responses to each evaluation section from each
participant cohort. This includes the web survey respondents (n = 22), and the new
learners (n = 39) and prior knowledge (n = 28) cohorts from the laboratory studies.
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In addition, the responses that were captured from incomplete websurveys (where
the user did not complete the survey) have also been included for discussion (n =
6). Responses to each statement were recorded in the range +2 (Strongly Agree) to
-2 (Strongly Disagree). For the reverse statements (those marked with an asterisk),
a ‘disagree’ response is a positive reflection of the game; accordingly, these entries
have had their response values negated.
Table 6.12: The list of statements used for evaluating the game. The topic code
for each statement in the web survey and the laboratory questionnaires (where
used) are given. Reverse statements (those having negative sense) are marked
with an asterisk.
Topic code
Web Lab

Statement

V1

V1

The game was fun to play.

V2

V2

Putting relativity into a computer game makes it more entertaining and
motivating to learn.

V3*

The game was not enjoyable.

V4*

The game needs more features.

E1*

V5*

It was too difficult to learn the rules of the game.

E2

The rules of the game were clear and easy to learn.

E3*

It was difficult to tell what was happening on the screen.

E4*

The game was too abstract for me to gain any meaningful
understanding.

U1

U1

The physics presentation in the game helped me to think about relativity
principles.

U2*

U2*

I didn’t really learn anything about the topic of relativity from playing
this game.

Continued on next page
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Table 6.12 – continued from previous page
Topic code
Web Lab

Statement

U3

Playing a game such as this would be an effective way to learn about

U3

relativity.

U4

As a result of playing the game, I have increased my understanding
about relativity.

U5

The game provides context for theoretical knowledge about relativity.

U6*

It is not clear how someone would learn by playing this.

L1

L1

The game clearly demonstrates some of the differences between
classical and relativistic models of physics.

L2

L2

The game clearly portrays the concept of relativistic length contraction.

L3

L3

The game clearly portrays the concept of relativistic mass dilation.

L4

L4

The game clearly portrays the concept of relativistic time dilation.

L5

Feedback from the game helped me to recognise where my conceptions
were correct or incorrect.

L6*

The portrayal of physics principles in the game was not clear.
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Std Dev
% Agree
Disagree
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Mean
Std Dev
% Agree
Disagree

Mean
Std Dev
% Agree
Disagree

Mean
Std Dev
% Agree
Disagree

Web survey sample: n = 22
V1 V2 V3* V4* E1* E2 E3* E4* U1 U2* U3 U4 U5 U6*
1.27 1.36 1.18 -0.73 1.14 1.18 0.45 0.64 0.82 0.32 0.59 0.05 0.64 0.27
0.55 0.66 0.50 0.94 0.71 0.66 1.06 0.95 1.01 1.17 0.96 1.09 0.79 1.12
95% 91% 95% 14% 82% 86% 50% 59% 77% 55% 64% 41% 55% 45%
0% 0% 0% 68% 0% 0% 23% 14% 18% 32% 18% 32% 5% 27%
Web survey sample (incomplete responses): n = 6
V1 V2 V3* V4* E1* E2 E3* E4* U1 U2* U3 U4 U5 U6*
0.33 1.00 0.50 -0.83 1.17 0.83 0.67 0.50 -0.17 -0.17 0.17 -0.67 0.33 -0.33
1.21 0.89 1.38 0.75 0.41 0.75 1.21 0.84 1.47 1.17 0.75 1.03 0.82 1.21
50% 67% 50% 0% 100% 67% 50% 67% 33% 33% 33% 0% 50% 33%
33% 0% 33% 67% 0% 0% 17% 17% 50% 33% 17% 33% 17% 50%
Laboratory sample (new learners): n = 39
V1 V2
V5*
U1 U2* U3
1.18 1.21
1.15
1.15 1.08 1.13
0.60 0.70
0.90
0.63 0.70 0.80
90% 85%
82%
87% 85% 79%
0% 0%
8%
0% 3% 3%
Laboratory sample (prior knowledge): n = 24 (from 28)
V1 V2
V5*
U1 U2* U3
1.25 1.29
1.21
1.04 0.71 1.08
0.53 0.62
0.66
0.46 0.81 0.50
96% 92%
88%
92% 75% 92%
0% 0%
0%
0% 13% 0%

L1 L2 L3 L4 L5
0.77 0.82 0.68 0.00 0.09
1.11 0.96 0.99 0.98 0.81
68% 64% 59% 32% 36%
14% 9% 14% 32% 27%
L1 L2 L3 L4
0.33 0.50 0.17 -0.50
1.63 0.84 0.98 0.84
50% 33% 17% 0%
33% 0% 17% 33%
L1 L2 L3 L4
0.87 1.13 0.87 0.37
0.80 0.80 0.83 0.90
72% 79% 74% 46%
5% 3% 8% 18%
L1 L2 L3 L4
1.21 1.25 1.04 0.67
0.51 0.61 0.75 0.82
96% 92% 83% 63%
0% 0% 4% 8%

L6*
0.45
1.30
68%
32%

L5 L6*
-0.17 -0.17

0.75 1.33
17% 33%
33% 67%
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Table 6.13: The collected responses to each evaluation statement from participants in the web survey and laboratory
studies. Responses range from +2 (Strongly Agree) to -2 (Strongly Disagree); the values for reverse statements (marked by
an asterisk) have been negated. The mean response and standard deviation for each question are shown, along with the
proportion of respondents who ‘agreed’ (+1 or +2) or ‘disagreed’ (-1 or -2) with each statement.
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6.3.1

Web survey evaluations

Table 6.14 presents a summary of the evaluations recorded from the web survey
respondents. In general, the game was rated very highly by the respondents who
completed the web survey.
• The game received generally high ratings across the set of statements
relating to the entertainment quality and value (V). Looking at table 6.13
reveals that three of the four statements, which related to enjoyment,
received over 90% ‘Agree’ or ‘Strongly Agree’ responses. However, the
overall score is brought down by statement V4. This item suggested
that the game needed more features, and was included in anticipation of
respondents requesting more varied gameplay and challenges. Two-thirds
of the respondents agreed with this statement, and the negated scores oppose
the positive outcomes of the previous scores.
These scores were reflected in the respondent comments (see section 6.4),
with remarks praising the game’s entertaining and demonstrative qualities,
along with many suggestions of how the game should be improved in
appearance, interface and gameplay. The practise mode in the game (see
section 4.2.2) was implemented as a result of early feedback collected
during the pilot web survey study.
Considering the incomplete surveys, the evaluations were lower across
items V1–V3, but the V4 outcome was similar.
• In ease of use (E), the game was rated generally positively. The responses
from the complete and incomplete websurveys were quite similar. In
particular, the game scored well on items E1 and E2, indicating most
respondents did not find the game rules were overly difficult to learn.
However, the scores were lower on the items relating to the clearness of
the game’s portrayal (E3 and E4).
A recurring comment among the respondents was that the facing of the
spaceship was difficult to tell when travelling at high speeds, and would
benefit from being made more obvious. This led to the enhancement
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Table 6.14: The evaluation results from the web survey respondents, summarised
across the VEUL dimensions. Values for reverse statements were negated. The
mean and standard deviation of the collected responses are shown, along with the
proportion of respondents who ‘agreed’ (+1 or +2) or ‘disagreed’ (-1 or -2) with
the statements.
Code
Description

V
Quality and
value

E
Ease of use

No. of statements

U
Perceived
Usefulness

4
4
6
Web survey sample: n = 22
Mean
0.77
0.85
0.45
Std Dev
1.10
0.90
1.04
% Agree
74%
69%
56%
% Disagree
17%
9%
22%
Web survey sample (incomplete responses): n = 6
Mean
0.25
0.79
−0.14
Std Dev
1.22
1.02
1.07
% Agree
42%
71%
31%
% Disagree
33%
8%
33%

L
Effectiveness
for learning

6
0.47
1.07
55%
21%
0.03
1.08
25%
31%

described in section 4.2.2, where an arrow device was implemented for the
practise mode.
• In perceived usefulness (U), the response from the completed websurveys
was overall slightly positive. A majority agreed that the game could have
some role in providing context for and supporting physics learning (items
U1, U3 and U5). However, the evaluations were middling on the statements
that asked respondents if they felt they themselves learnt from the game (U2
and U4).
By contrast, the overall result of the incomplete responses was very slightly
negative. In particular, a greater proportion of the 6 respondents disagreed
than agreed with the statements that the game was helpful for learning (U1,
U2, U4 and U6).
Positive comments associated with this topic were that the game was
informative while being fun, and made it motivating to master relativistic
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concepts. Other comments suggested that portrayal of certain relativistic
effects (such as time dilation, or redshift and blueshift) could be improved
or added.
• In quality of learning (L), the response from the completed websurveys was
again overall slightly positive, while the incomplete responses were almost
exactly distributed around neutral.
The three targeted statements, L2, L3 and L4, which related to the clearness
of the game’s portrayal of length contraction, mass dilation, and time
dilation respectively, showed a clear stepping-down in responses in both
data sets. L2 scored the highest positive result, L3 was less positive,
while L4 was overall neutral in the complete surveys and negative in the
incomplete ones. This would appear to be an accurate reflection of the
learning result (section 6.2.1), where the gaming group showed higher
scores on the length contraction test question.
Two-thirds of the responses from the complete surveys agreed that the
physics portrayal was clear (items L1 and L6), but in contrast two-thirds
of the incomplete survey responses disagreed with L6. Also, both data sets
were middling (very slightly agree, and slightly disagree) on item L5, which
asked whether feedback from the game helped them to see where their
physics conceptions were correct or incorrect. In isolation, this suggests
the game contained insufficient framing context to help learners understand
what they should see.
• Although a very small sample (n = 6), the evaluations harvested from incomplete websurveys show a clear trend of being lower than the websurveys
that were completed. This might reflect dissatisfaction with the game or
survey task that caused those respondents to abandon the survey, and might
be evidence of the self-selecting bias among web survey participants.

6.3.2

Laboratory studies evaluations

Table 6.15 presents the summary of the evaluations recorded from the laboratory
studies. Both the new learners and the prior knowledge cohorts rated the game
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Table 6.15: The evaluation results from the laboratory study participants,
summarised across the VUL dimensions. Values for reverse statements were
negated. The mean and standard deviation of the collected responses are shown,
along with the proportion of respondents who ‘agreed’ (+1 or +2) or ‘disagreed’
(-1 or -2) with the statements.
Code
Description

V
Quality and
value

No. of statements

U
Perceived
Usefulness

3
3
New learners: n = 39
Mean
1.18
1.12
Std Dev
0.74
0.71
% Agree
85%
84%
% Disagree
3%
2%
Prior knowledge: n = 24 (from 28)
Mean
1.25
0.94
Std Dev
0.60
0.63
% Agree
92%
86%
% Disagree
0%
4%

L
Effectiveness
for learning

4
0.81
0.87
68%
8%
1.04
0.71
83%
3%

similarly positively across the three categories VUL.
Some paper questionnaires were returned without the evaluation section
completely filled in. In the new learners cohort, three participants each left
one of the statements unrated; these gaps were filled in as 0 (‘Neutral’) values
for compilation in tables 6.13 and 6.15. In the prior knowledge cohort, four
participants left the entire evaluation section of the questionnaire uncompleted.
As these were likely due to oversight or lack of time, these empty surveys were
excluded from the data pool, and tables 6.13 and 6.15 present the remaining 24
responses to each question.
• In quality and value (V), an overwhelming majority (>80%) of both
cohorts returned positive responses across the three statements. The prior
knowledge cohort returned very slightly more positive responses to each.
There were no negative responses, apart from item V5 (formerly of the ‘ease
of use’ category), which related to the degree of difficulty in learning the
rules of the game. Inspection of the data revealed that all of these cases came
229

Chapter 6
from the university volunteer group of the new learners cohort. As outlined
in table 6.2 of section 6.1.2, this group contained a small number who
classified themselves as ‘non-gamers’; however there was no correlation
between these two variables. Usability is discussed further in section 6.4.
• In perceived usefulness (U), the evaluations were again strongly positive,
with the new learners cohort rating slightly higher than the prior knowledge
cohort. A large proportion (>85%) of both cohorts felt the game helped
them think about the physics principles (item U1), but the prior knowledge group felt less strongly that they had learnt from the activity (75%
agreement/13% disagreement) than the new learners (85%/3%). However,
a greater proportion of the prior knowledge group felt the game would be
an effective way to learn about relativity (92% versus 79%).
• In effectiveness for learning (L), the overall evaluation was much more
positive among the prior knowledge group than the new learners. In
particular, respondents experienced in the topic felt more strongly that the
game clearly demonstrated the differences between classical and relativistic
physics (L1, 96% versus 72% agreement).
As with the web survey study (section 6.14), there was strong correlation
between the evaluations, user comments and learning result (section 6.2.2),
regarding the specific effectiveness of the portrayal of the principal relativistic effects (items L2, L3 and L4). Again, there was a clear stepping-down
in the ratings among these three statements. The length contraction and
mass dilation effects (L2 and L3) each received a majority positive result,
but time dilation (L4) was particularly singled out as needing to be more
pronounced.

6.4

User comments

Open-ended questions solicited user comments about the game. Users were
asked to identify what they thought were the best features of the game; areas
that could be improved; and to provide general thoughts about the activity.
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The comments received have been loosely categorised into topic areas for the
following discussion: general comments and ‘fun factor’ (section 6.4.1), graphics
and features (6.4.2), issues with usability (6.4.3) and responses and ideas for
the physics portrayed (6.4.4). Thoughts and responses of the teachers are also
presented (section 6.4.5). Selected quotes are provided, and presented verbatim.

6.4.1

Fun factor

The foremost outcome is that many participants remarked positively both formally
(written feedback in the survey) and informally (conversations) on the fun factor
of the game, which supported the ratings given in the evaluation section of the
survey (section 6.3). A number of brief survey comments expressed appreciation
and enthusiasm for the game, or the premise of the game, in general terms. For
example:
“Great idea. Great game.” (HSC participant, M 17)
“Shooting things, it’s fun.” (HSC participant, F 17)
“was good, made hard to think about stuff easy. Well done!!!” (HSC
participant, M 17)
“theory of relativity is cool. einstein rules!!!!” (Web survey respondent, F 21)
More specific comments referred to challenging elements or scenarios of the
play mechanics that were tied to the physics. These responses indicate that the
participants found the physics portrayal in the game to be novel and entertaining;
moreover, it appears they had started to assimilate certain physics terms from the
game and used them to describe the action. Further discussion delving into the
participants’ responses to the physics portrayal will be presented in section 6.4.4.
“Lots of fun flattening asteroids!” (HSC participant, F 16)
“The stretching was pretty fun, and how, at high speeds, the bullets
lasted longer.” (Uni participant, M 22)
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“The best features of the game where the portrayal of length contraction and mass dilation. It easily is able to teach children/students
about relativity.” (HSC participant, M 17)
“Visual appeal (e.g. colours). Portrayal of shift.” (Uni participant, F
18)
“The contracting of the space craft as you approach the full speed
of light & trying to apply the thrust correctly to slow down.” (HSC
participant, F 18)
“Going at light speed and bouncing off Asteroids to confer them
momentum, and vice versa” (Uni participant, M 21)
Written criticisms describing problems or shortcomings of the game were also
received. In contrast to the praise, which was often of a general nature, these were
mostly quite specific. Criticisms will be presented in the appropriate following
sections.

6.4.2

Graphics, sound and features

In the pilot study, difficulty in distinguishing visually the facing of the spaceship
was a common complaint of the graphics. This was addressed prior to the main
study as outlined in section 6.4.3.
The simplistic game graphics were cited frequently as an area that could be
made more attractive, with suggestions for more colourful or detailed objects and
background; along with sound effects to facilitate greater immersion:
“Perhaps a little more detail could be applied to the ship rocks &
maby change the background to make it more interesting” (HSC
participant, M 17)
“Maybe sound effects to help you feel more involved in the game.”
(HSC participant, F 16)
“3-d effects” (HSC participant, M 17)
“4D effects” (HSC participant, M 17)
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When collated like this, the last of these examples, requesting “4-dimensional
effects”, appears like it could have been a joke, reacting to the request for “3D effects” for graphics and playing on the 4-dimensional nature of spacetime in
relativity. However, this could also reflect a legitimate idea or request – especially
since the commenter belonged to one of the ‘prior knowledge’ cohorts in the study
– although quite what kind of effects they would have liked to see has not been
elaborated on.
More features and variety in gameplay were also requested. These included
more physics content, discussed in section 6.4.4, and more general game variety,
shown by the quotes below. Requests for more variety tended to come from male
respondents in particular – some of which were quite creative:
“Graphics wise. And Aliens & bloodshed (minimal)” (HSC participant, M 17)
“more variety of things to blow up. more interesting images (of your
own spaceship)” (Uni participant, M 22)
“Make it interactive 3d with scientists in it that u can ask questions of
and do experiments. U then get to put discoveries to practical use.
I would suggest making a reward system and a goal of designing
and building a warp drive, and making a light engine, enable users
to design in 3d cad based environ ment with can develop from scetch
form into solid working models. Like running around in 3d space
with a paintbrush in your hand making bits and pieces and putting
them together to make functioning practical things. Good fun could
be had by all hehe.” (Web survey respondent, M 35)
Criticism of the simplistic game graphics was expected, however some
comments also contended that the simplicity of the game was an advantage. These
were also echoed in feedback received from some teachers (see section 6.4.5):
“better eye candy but its got a very cool retro look to it at present”
(Web survey respondent, M 17)
“simplicity of game, allows for a funner experience” (Uni participant,
M 17)
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6.4.3

Usability issues

Several users in the initial pilot study complained that, due to length contraction,
it was difficult to tell the facing of the ship; for example:
“When the ship is travelling at close to light speed it is hard to
control because you can’t tell which way it is pointing.” (Web survey
respondent, F 43)
This was addressed by the implementation of the ‘arrow’ device as detailed in
section 4.2.2. This measure appeared to be effective, as no further remarks on it
were lodged in the main study.
Individual usability issues were also raised, but these were not generally
uniform. A combination of observation and survey data showed that of those
subjects who were HSC students, age, gender and prior gaming experience had no
significant impact on their experiences with the game in the experiment (although
some requested easier controls or clearer instruction). However, in the university
volunteer cohort, a few subjects in particular had difficulty grasping how to control
the game, perceiving a discontinuity between the mapping of the controls and
orientation of the on-screen spaceship:
“relatively easy to learn the interface but mapping feels unnatural at
first even though by the end it turns out to be consistent with the
concepts being learned i.e. laws of physics etc.. (...)
“Thrust arrow key not so intuitive, and anticipation for direction with
down arrow key missing.” (Uni participant, F 35)
In addition, a small number of responses indicated outright confusion, either
with the game activity or the physics concepts:
“In the practice mode, it was still a little hard to know how to control
your ship when you approached light speed” (Uni participant, M 22)
“I still dont get it. If i have two watches and one is on my arm and
one is on the computer desk. How is it that if i move the watch on
my arm really fast its time goes slower, its not true. in fact the same
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amount of time has transpired at 0 speed as light speed relitive to the
watches.” (Web survey respondent, M 35)
“I found the whole thing confusing” (Uni participant, M 44)
These responses tended to arise among the web survey or university study
participants, and may be a result of the less-directed nature of the experiments
in these settings, or an unfamiliarity with computers or digital gaming in the
audiences. Controls for improving the user experience for learners are reflected
upon in sections 6.4.4 and 8.6.6.

6.4.4

Physics portrayal

As mentioned, the portrayal of physics in the game garnered largely positive
responses. Users expressed general appreciation for the game’s role and possible
applications in assisting learning:
“great game just finished the reletivity topic at school last week so
perfect ttiming. im going to try to get the class into a computer room
tomorrow so we can all play it.” (Web survey respondent, M 17)
“The game is fairly straightforward at the same time it’s informative
and entertaining. It’s impossible not to learn and be entertained
simultaniously.” (Web survey respondent, M 17)
“as a programmer and a physics buff, this little game was cool and
quite interesting. it actually showed the effects that i was having
a little trouble getting my head around. thanks!” (Web survey
respondent, M 17)
“I’d like to play more educational games that involve Physics. There’s
a serious lack of games that are educational and entertaining at
the same time, it’s usually either one or the other.” (Web survey
respondent, M 17)
“Great fun and a nice way to experiment with relativistic physics.”
(Uni participant, M 45)
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“I shall remember never to approach the speed of light if I intend to
destroy some asteroids.” (Uni participant, M 19)
Other studies have reported how interactive technologies can help learners
build more intuitive explanations (e.g. Squire et al. [154]), make physics topics
less abstract (e.g. McGrath et al. [99]), and provide motivation to persist at hard
topics (e.g. Holt [60]). These were all reflected in comments received in this
study:
“It was fun and accurately showed what travelling near the speed of
light would do and because I’m not that great at computer games but if
I find something a little difficult will try and finish it. I would continue
to play until I understood how the principles of physics worked and
thus I could win.” (HSC participant, F 17)
“I think if i had some concept of the topic before playing i would
have understood it better and i would have benefitted putting theory
into practice” (Uni participant, F 19)
“had i been stuyding physics, i think this game would be a very
helpful and entertaining way to demonstrate some of the differences
between classical and relativistic models of physics” (Uni participant,
F 19)
“great fun and am sure if I knew a bit more of physics I’d have been
better. good luck with it - I think it could be of great practical use in
school to learn about what I find an off the planet and dry subject (but
then I just don’t grasp physics very easily)” (Uni participant, F 42)
The quotes above also show some participants suggesting that their performances in the game could have been better, had they had a better understanding
of the physics at the outset. Although this is opposed to the principle of
the game providing the learning, it does show that new learners were making
the connection between physics concepts and the gameplay; and they felt that
better understanding of these concepts would help them to better anticipate and
comprehend the game. It suggests that in this sense, the game would be effective
as a motivating factor and tool for reflection.
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Respondents also suggested the inclusion of mechanisms to experience or
highlight further related physics effects, such as switching the frame of reference
to be relative to the spaceship, and portraying the relativity of simultaneity:
“More features could be added, such as the ability to change certain
parameters in practise mode, like the speed of light and the size of
the asteroids. The player should also have the option to use classical
mechanics in practise mode. In other words, the game should give the
player more freedom to explore.” (Web survey respondent, M 17)
“(1) possibility to swap between ship frame of reference and world
frame of reference while playing. This could be visualized by
centering the ship on the screen when playing in ship f.o.r. and letting
the ship move on screen when playing with world f.o.r.
(2) two clocks for visualization of time dilation
(3) relativistic mass influencing surrounding objects with gravitational force.” (Web survey respondent, M 31)
“The asteroids could be made relativistic with dilation and everything.
A background will help players see that they are moving at relativistic
speeds.
Redshift and blue shift can be included as well.
Do the asteroids move randomly? Make them act with gravity.
The game map should be made scroll-able instead of ‘Universe in a
room’ style. (But maybe that is not the point of the game, so ignore
this if it is so.)” (Web survey respondent, M 18)
In addition to these, another interesting gameplay mechanic was received by
informal suggestion (and hence not recorded), whereby the ‘energy content’ of
projectiles would vary with their speed, and game objects would require a certain
energy level to be destroyed. These examples offer up ideas for incorporating
physics in interesting ways in the current game, or creating further new games and
experiences. These are reflected upon in the discussion in chapter 8 (section 8.6).
Criticisms of the physics portrayal in Relativistic Asteroids were also offered
up. Foremost, the effect of time dilation was particularly singled out as needing
to be more pronounced:
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“the concept of time dilation I found wasn’t overtly clear, I understood
that part of it only after discussing it with David” (Uni participant, M
24)
Some respondents also recognised the limit of the game’s content compared
to the test questions:
“i thought the test was far more difficult then what the game can tell
us – at least for what i played.” (Web survey respondent, M 27)
Additional detailed comments highlighted the shortcomings of the game for
learning in a self-contained capacity. Feedback received suggested that an indepth information section, on-screen text, audio commentary, and/or guided
gameplay would help support communication of the relativistic effects and enable
the game to better stand on its own:
“Perhaps a small blurb on relativity theory at the beginning would be
handy as to educate prior to playing the game and what to expect.”
(Web survey participant, M 26)
“audio narration to talk through the features of the physics that are
mapped to the objects in the game. (...)
“The physics concepts need to be more reinforced at the front end of
the game for the user, and a player need flexibility to learn about these
features either by solid text on screen or audio.” (Uni participant, F
35)
“The game is only really effective as a learning tool when the player
has someone nearby to explain what is happening” (Uni participant,
M 22)
“The physics principals from this game are learnt via observation
skills, perhaps an information section on the main page which
included relevant concepts for the not-as-observational.” (HSC
participant, M 17)
“I feel there needs more explanations, having access to the maker
in a forum this has since gained me some more understanding but
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for those that dont have that access more direct and explanations
are needed as to what and where they are learning.” (Web survey
participant, F 30)

6.4.5

Teacher feedback

The game and study experiment were offered to teachers as an alternative activity
that they could incorporate into their classroom and teaching schedule as they saw
fit. The teachers generally chose to use the experiment as the basis of either an
introductory lesson, or a revision exercise for their students, during the end-ofsemester periods.
In informal feedback, teachers commented on the value of the game as a
different way of teaching to their class, and its usefulness as a supplemental
learning resource.
Detailed feedback was given by one of the teachers involved with the pilot
study. This teacher wrote positively of the game and how she was able to use
it with her class - tutoring them in the theory, and observing as they played and enthused that she certainly would use it in her future teaching. She felt the
experiment activity was a beneficial learning exercise for her students; although,
the experience would have been improved with more time for the students to
explore and reflect. The teacher described how she could see it used to introduce
the concepts, and then made available for students to utilise further at their leisure.
“I thought the game was great. It was very beneficial that i was able
to walk around and talk to the girls and that i could explain what was
happening and what they should be looking our for.
“The year 12’s enjoyed it as they had an understanding of what it was
all about. However, they needed more time to play the game and get
a hold of all they could see.
“I thought that the red time dilation examples were hard to see and as
a result they didn’t pick up on this part of the game. Also the data box
probably needed to be at the bottom of the page as then it was easier
for the girls to see - Just an idea.
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“I would certainly use it in a classroom environment and plan to this
year at least. I would give it to them as a resource but introduce it in
a double lesson and then let them take it home to play. I think it is a
wonderful resource that is definitely something that is a bit different
and worth exploring and the game is great way to do this. The girls
told me they got a lot out of it but that it would have been better if
they were able to have more time.” (HSC Teacher, F)

6.5

Summary

In this section, the results are summarised in relation to the three experimental
research questions given in section 5.1. Discussion of the details, and broader
implications of these results as they apply to the overall context of this thesis will
be presented in chapter 8.

6.5.1

Study research question I

Can learning of the Theory of Relativity be enhanced by playing computer game
software embodying relativistic principles?
The results of the knowledge test administered in the web survey and
laboratory experiments (see section 6.2) indicate that an improvement did take
place among participants in both studies to correctly answer a selection of examstyle questions on relativity. This affirms that the game did convey knowledge and
support players in learning certain topics of relativity.
Statistically significant improvements were found in questions Q2 and Q3,
relating to length contraction and mass dilation. In addition, the laboratory group
also returned statistically significant learning results for the final part of Q8,
relating to Doppler shift of light.
There were also some questions where consistent decreases were found after
exposure to the game; these were particularly prevalent in questions where the
game provided no explicit information (notably, question Q1, which reflects the
postulates of relativity). In the case of the web survey, differences in the two
independent sample groups were also found to play a significant contributing role
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in differences in performance.

6.5.2

Study research question II

How does learning with the game compare to or supplement the knowledge gained
from formal classroom tuition?
The laboratory studies comprised of two cohorts: prior knowledge, who had
recently studied relativity according to the HSC physics syllabus [10]; and new
learners, who had not (see table 6.2). A comparison of the performances of these
two cohorts provides the basis for examination of this research question.
In the pre-test, the prior knowledge group show generally high correct answer
rates, indicating most concepts were already well understood from classroom
tuition. In particular, across questions Q1-Q5 (most directly related to the HSC
syllabus), they demonstrate high correct answer rates (>0.65) for concepts related
to the two postulates, length contraction, mass dilation, time dilation, and the
constancy of c. In the post-test, the answers of the prior knowledge cohort remain
largely unchanged; with the notable exception of a significant improvement in
Q8/2, on the topic of Doppler shift.
By comparison, the new learners cohort demonstrate answer rates consistent
with random chance across most questions in the pre-test; with the exception of
higher scores (>0.5) for Q4, time dilation, and Q5, constancy of the speed of light.
In the post-test, the answer profile of the new learners becomes markedly closely
aligned with that the prior knowledge group. Notable improvements appear in
Q2 (length contraction), Q3 (mass dilation), Q4 and Q6 (time dilation), and Q8/2
(Doppler shift); and a notable lack of improvement on Q1 (postulates of relativity).

6.5.3

Study research question III

What design and implementation factors can be identified that would make such
educational relativity games appeal to, motivate and engage a diverse audience
without compromising learning?
Participants in the study evaluated the game generally positively (see section 6.3), and in comments they reported finding it made the topic more relatable
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and entertaining (section 6.4); teachers also regarded it as a useful resource for
exploration (section 6.4.5). Participants commented positively on how the game
enabled them to interact visually with relativistic physics; however, they also felt
that the game needed to provide more guidance and reinforcement of what they
were seeing and learning.
Observation and results showed that of those participants who were HSC
students, age, gender and prior gaming experience had no significant impact on
their experiences with the game in the experiment. However, in the university
volunteer cohort, a few subjects in particular had difficulty grasping how to control
the game (see section 6.4.3). The introduction of the ‘practise’ mode to the game’s
design (section 4.2.2) was one result of early feedback, to improve usability for
less confident gamers by removing the penalty of dying, as well as to facilitate
freer experimentation.
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Relativistic Virtual Environments –
3D
The second path of inquiry of this research explores appropriating and extending
methods from the developed techniques for 3D relativistic visualisation for use in
games. The graphical techniques used by the Real Time Relativity (RTR) simulator
are taken as the basis for interactive 3D relativistic games. The simulator is
described in section 7.1.
RTR provides the most appropriate template to inform constructing a game
embodying a virtual relativistic world for a number of reasons. Firstly, the
computational method it implements produces a high quality image, and it does
so in real time on consumer hardware equipped with a shader-capable graphics
card (see section 3.1.1). Secondly, the current design of the interactive simulator
is already described as “game-like” [138, 99]. Finally, the source code of
the software has been developed under an Open Source license, and can be
downloaded and modified for free. The current implementation of the simulator
provides a ready, cross-platform graphics framework for a game.
Nevertheless, there are some drawbacks and limitations associated with the
approach and current software implementation that would need to be addressed
for use in computer games. These are examined in section 7.2. The principal
drawbacks are a limitation in the portrayal of illumination effects, and the
inclusion of independently moving objects in the scene. Solutions to these issues
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are proposed in the sections 7.3 and 7.4.

7.1

Review of real-time relativistic rendering

The RTR software [137, 138, 135] represents the current culmination and state-ofthe-art in interactive relativistic visualisation implementations (see section 2.3.7).
It is best described as a 3D relativistic flight simulator, that allows the user to move
in a 3D virtual world and see how relativistic physics determines the appearance of
objects in the world. The 3D world is represented conventionally, using polygonal
models and textures (refer to [7]). The image-based method [169, 171] computes
the relativistic view of a scene by transforming the pixels of the non-relativistic
view which has been rendered in the normal manner. Transformation of the pixel
line-of-sight direction accounts for the relativistic aberration, and the illumination
effects (headlight effect and spectral Doppler shift) are computed by modifying
the colour of the pixel.
In RTR, these transformations are performed by three pixel shader programs
executed on the GPU (using three shaders enables the headlight and Doppler
effects to be independently toggled on and off). The pixel shader is an ideal point
in the rendering pipeline to implement the relativistic optics calculations, because
its operations are per-pixel and independent of the geometry of the scene [137].
As a result, the amount of computation time required for this stage when
rendering each frame is constant and predictable [174]. The conventional graphics
processing required to generate the cube map limits the overall performance, as
this is dependent on the complexity of the scene and the resolution (number of
pixels) being rendered for each face of the cube map [138].
The original version of the software was created by Lachlan McCalman
at the ANU during 2005-06 [137]. It utilised the Microsoft DirectX API1
for graphics operations, and consequently was restricted to computers running
Windows (2000/XP and later) operating systems. Subsequent development by
Michael Williamson (up to the latest version 1.6.0) has ported the code to the
OGRE cross-platform graphics framework2 and created a Mac OS X-compatible
1
2

See: http://msdn.microsoft.com/en-us/directx
See: http://www.ogre3d.org/
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Figure 7.1: The virtual world in RTR populated with geometric objects, observed
from a stationary viewpoint.

Figure 7.2: Image computed by the Real Time Relativity software, depicting
aberration from a first-person viewpoint travelling at 0.9682c. (Image from
http://www.anu.edu.au/Physics/vrproject/)
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Figure 7.3: Stationary view down the row of columns in the RTR program.
The blue and the yellow spheres are scale representations of the Earth and Sun
respectively.
version, as well as improved the interface. Figure 2.23 in section 2.3.7 shows the
view of the most recent version.
The work covered in this chapter utilised the code version 0.9 of RTR
(see figures 7.1 and 7.2), although the principles discussed apply to subsequent
versions of the software as well. In this version, the simulator portrays an abstract
world scene set in space, comprised of various geometric objects to help illustrate
the effects (such as a tiled ‘floor’ plane and rows of columns, hoops, and boxes)
and ‘clock’ objects positioned at intervals. This is hybridised with astronomical
features [138] – the Earth and Sun are represented as textured spheres, correctly
scaled (Figure 7.3), although without their other properties (e.g. the emissive
nature of the Sun).

7.2

Limitations for game use

The current RTR implementation has some technical limitations (also discussed
in section 2.3.10), some of which would affect usability in game scenarios. The
current issues are described below. For two of these – the need for high dynamic
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Figure 7.4: View of travelling down the row of columns at 0.968c. The headlight
and Doppler effects are turned off. The scene displays the aberration effect, which
causes the objects to appear distorted. (The blue sphere [Earth] has moved behind
the camera.)
range, and for non-static scenes – further detail on approaches to address these are
described in the following sections 7.3 and 7.4.

7.2.1

Over-bright illumination

The relativistic illumination, or headlight effect is implemented by multiplying
pixel colours by the cube of the Doppler factor, D3 (refer section 2.3.4). There
are significant limitations in displaying the resulting large intensity range using
standard rendering [138]. Values which exceed the maximum displayable value
are clamped to white, which results in the forward view being quickly washed out
to all-white due to the headlight effect (Figure 7.5). The simulation is typically
used with the headlight effect turned off for this reason [138]. Section 7.3
describes how high dynamic range rendering techniques may be employed to
solve this (Figure 7.6).
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Figure 7.5: Travelling into the scene at 0.968c, with the aberration and headlight
effects turned on. The headlight effect causes a brightening of the scene in the
direction of travel; due to clamping of large colour values, the display is mostly
washed out to white.

Figure 7.6: Applying a HDR process maps the large intensity values back to the
displayable range, enabling detail to be made out again. The operator used is
from Reinhard et al. [129] – see section 7.3.1.
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7.2.2

Dynamic scenes

As the image-based process applies a transform to a non-relativistic scene to
obtain the view of a relativistically moving observer, it has been limited to static
scenes only, where all of the objects in the scene remain at rest; any moving object
in the scene will not be rendered with the correct relativistic effects for its motion.
This is significant from a game application, since a game environment will usually
have other objects moving around. Processes for inserting moving objects into the
scene with the correct relativistic effects are discussed in section 7.4.

7.2.3

Other issues

Besides the above, there are some other aesthetic or technical limitations of the
RTR simulator. These are either not much of a concern for game applications, or
the solutions are straightforward, and so they are only mentioned briefly here.
One of the main limitations inherent to the image-based method has to do
with the source image that is transformed for the relativistic scene. Because
the aberration effect causes a compression of the photon map in the direction
of travel and a magnification in the opposite direction, if the source image is not
of sufficient resolution then the relativistic view can appear pixellated and blocky
due to the magnification of pixels, especially if looking to the sides or rear. A
general solution to this is to increase the resolution of the entire cube map texture,
or use larger textures only for the sides and rear.
Along with the headlight effect, there is also a limitation in the implementation
of the Doppler shift. To determine the effect of the Doppler shift on a general
colour requires the entire intensity spectrum, however in current graphics systems
only three frequencies are specified: red, green and blue. An interpolation is used
to generate the spectrum, however this simple approach, together with the lack
of any infrared or ultraviolet spectra, prevents a true representation of Doppler
shifted colours and is seen as a major limitation from a scientific standpoint [138].
The implementation of the Doppler effect was imperfect in the version 0.9
code used here. Combined with the headlight effect, it exhibits a graphical
artefact that results in the appearance of circular colour-banding, noticeable in
the screenshots (see figure 7.8). This has been resolved in the latest version of the
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program due to changes in the way the transformations are calculated3 .

7.3

High Dynamic Range Rendering

The over-bright issue mentioned in section 7.2.1 is directly due to the limited
range of colours and contrast displayable on computer monitors. High dynamic
range rendering (see section 3.1.2) is a field of computer graphics concerned with
manipulating image data to display most effectively within this limited range.
It aims to mimic the adaptability of the human eye to perceive a wide range of
bright and dark luminances. In a HDR image, bright areas appear bright, dark
areas appear dark, and detail can be made out in both.

7.3.1

Algorithms

The high dynamic range rendering (HDRR) process essentially adds on to the end
of RTR’s existing rendering pipeline. The only change to the existing code is a
switch from the standard integer textures to floating-point type textures. Standard
textures only store colour values between 0.0 (no intensity) and 1.0 (full intensity);
values above this range are clamped to 1.0, resulting in loss of information.
Floating-point textures, which are supported by more recent generations of
graphics hardware, are capable of storing values above 1.0; although the computer
monitor cannot display such a range and will still clamp the values to 1.0, the
information is retained in the texture.
The relativistic rendering pipeline proceeds as normal (using floating-point
textures), with the output of the final stage redirected to a floating-point texture
with the same dimensions as the screen display. The HDRR process then operates
on this texture to map the colour information back into the displayable range
between 0.0 and 1.0, before it is output to the screen. First, the pixels of the
scene must be sampled to determine the how bright the scene is. The average
luminance value Lavg is given by [129]:
3

See:
http://rtrelativity.svn.sourceforge.net/viewvc/
rtrelativity/tags/v1.6.0/main/docs/ReleaseNotes.txt
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Lavg

!
X
1
exp
log (δ + L(x, y))
=
N
x,y

(7.1)

where L(x, y) is the luminance for pixel (x, y), N is the total number of pixels
and δ is a small value to handle the case of pure black pixels. The sampling
is performed on a scaled version of the scene to minimise the amount of time
spent estimating the average luminance. To push as much work as possible onto
the GPU (which is very efficient at processing image data), this process can be
implemented using pixel shader programs for the following steps:
1. Sample average log() values into a 64 × 64 texture.
2. Downscale to 16 × 16.
3. Downscale to 4 × 4.
4. Downscale to 1 × 1 and perform an exp() operation on the result.
The result is stored inside a 1 × 1 texture, which ensures any calculations
requiring the average luminance value can be performed completely on the video
card [103].
After the average luminance has been calculated, the HDR scene can be scaled
according to the target average luminance [129]:
Lw (x, y) =

α
L(x, y)
Lavg

(7.2)

where α is the desired middle-grey value (typically 0.5) or exposure level for
the scene. This equation simply produces a linear scaling of the scene luminance
centred around the middle-grey value; the resulting values Lw have yet to be
compressed to fit within the low dynamic range of 0.0 to 1.0 of the display.
There are many possibilities for operators to tone-map the scaled world
luminance values Lw to the display values Ld . Depending on the operator used,
the image may contain more detail from bright and dark areas simultaneously
than would be possible using a traditional camera. Once this is done, the resulting
tone-mapped image is output to the screen.
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A simple tone-mapping operator given by Reinhard et al. [129] for this step is:
Ld (x, y) =

Lw (x, y)
1 + Lw (x, y)

(7.3)

This operator compresses high luminances more than low in a graceful scaling,
guaranteed to bring all luminances within a displayable range.
Drago et al. [36] presented a more complex adaptive logarithmic operator that
better preserves detail and contrast:
Ld =

Ldmax · 0.01
·
log10 (Lwmax + 1)

log 2 +

log(Lw + 1)
!
log(b)
 log(0.5)

Lw
Lwmax

!

(7.4)

·8

Figures 7.7 and 7.8 show the results of implementing each of these algorithms
for the relativistic images generated by RTR.

7.3.2

Implementation and Results

The results of implementing tone-mapping in RTR are shown in Figures 7.6, 7.7
and 7.8. The over-bright result of the headlight effect has been mapped back into
the displayable range; the scene still appears bright, but detail can be made out.
Both of the tone-mapping operators given in section 7.3.1 improve the
visibility of the relativistic scene where the headlight effect dominates, with slight
differences. The simple Reinhard operator (Equation 7.3) gives a slightly brighter
result (Figures 7.7b, 7.8e-7.8f) compared to the one proposed by Drago (Equation
7.4; Figures 7.7c, 7.8h-7.8i). However, when the image already fits in the low
dynamic range – such as when the user is stationary and/or the headlight is not in
effect – the Reinhard operator also produces a noticeable ‘flattening’ of the image
through reduction in contrast (Figure 7.8d). The Drago operator (Figure 7.8g) also
causes a slight lightening and washing-out of the colour, but retains the contrast
better.
These implementations used a fixed α (middle-grey) value of 0.5. As a result,
the HDRR process causes the scene to change brightness depending on what
is being viewed (such as bright scene objects or the dark starry background).
These should be improved by modifying the operator and exposure value used.
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(a)

(b)

(c)

Figure 7.7: Comparison of tone-mapping operators on the scene in RTR with
headlight effect enabled. (b) shows the operator from Reinhard et al. (Equation
7.3). (c) shows the operator from Drago et al. (Equation 7.4). (a) is the original
scene without tone-mapping.
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

Figure 7.8: Comparison of the tone-mapping operators across different visual
effects. The camera view has been rotated through 30 degrees to the left from
the direction of travel, to show the ‘rainbow’ effect of the Doppler shift. The
leftmost images show the aberration with no illumination effects; those in the
centre add the headlight effect, and the rightmost adds the Doppler shift for full
relativistic effects. (a), (b), (c): no tone-mapping functionality. (d), (e), (f): using
the Reinhard tone-mapping operator. (g), (h), (i): using the Drago tone-mapping
operator.
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Alternative operators, such as those gathered in Yoshida et al. [178], might also
be examined to find a more optimal one for relativistic scenes.
After tone-mapping, further pixel post-processing effects may be applied to
enhance the image with effects such as light bloom, blurring, and simulating glare
or reflection artefacts [79]. In interactive scenarios (such as games), a transition
model is usually also used to simulate the gradual adaptation of the eye to looking
suddenly at something bright or dark. These effects could all be added to this
implementation where appropriate.

7.4

Rendering dynamic scenes

Moving objects in the scene represent a particular challenge, because the light that
reaches an observer from each object that moves will be affected by aberration,
headlight/intensity and Doppler shift particular to the relative velocity of the
object; these may be further compounded by the relativistic effects of the
observer’s own motion through the scene.
The image-based visualisation method computes the relativistic view in a
single transformation stage on a photon map of the light reaching a stationary
observer. As a consequence, the light coming from an object that is in a different
mode of relative velocity cannot be readily taken into account, as it can in raytracing. The simplest approach to this is to render the moving objects into
the scene with relativistic effects applied as it would be seen by the stationary
observer. For the moving observer, the photon map of the final scene will be
transformed again. Assuming floating-point texture types have been used (a
capability which will already be present for the HDR rendering process), there
will be no loss of information from one transformation of pixel colours to the
next.
This requires two steps. Firstly, the moving object must be time-reversed to
account for the delay in light reaching the stationary observer and find its apparent
position (section 7.4.1). This is the same principle that governs the clock objects
in RTR’s learning environments (which are synchronised but nonetheless show
different times based on the viewer’s distance from them) [138].
Secondly, the object needs to be rendered taking into account the relativistic
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effects – aberration, intensity and Doppler shift – relative to the stationary
observer. The relativistic effects for each independently moving object in the
scene needs to be calculated on a case-by-case basis. Two possibilities are
presented: using object-space methods (section 7.4.2), or re-applying the imagebased method (section 7.4.3).
For the following discussion, an implementation of the image-based process
for moving objects was developed, and results of this can be seen in the figures
(7.9, 7.10, 7.11). However, the investigation revealed some problems with this,
and as a result the object-space method would be the preferred direction of inquiry
for future development.

7.4.1

Time-reversing the object for light delay

To create the view of the moving object, we first have to obtain its apparent
position to the observer. For an object moving at a significant proportion of the
speed of light, the time taken for light to reach a near or faraway observer, and the
distance the object can travel in that time, will be significant. This requires timereversal of the simulation to obtain the spatial position, orientation and relative
velocity that is perceived by the observer.
A simple equation for finding the apparent position of a relativistically moving
object is given for example by Kraus [84], assuming an object travelling with
constant velocity in a straight line. However, in a game application, other entities
should be able to change speed and direction. Therefore, the best way of finding
the apparent position is to keep a short-term record of the object’s properties
(including world position, orientation, and velocity) over prior simulation steps.
At each time step, a data structure containing the current object parameters
with a timestamp can be appended to a queue stored in memory. When a frame
is rendered, we can look back through the queue to find the appropriate (prior)
properties for the object, based on a calculation of the distance from the observer.
We can either use the ‘best match’ for the time frame, or for greater fidelity, data
(e.g. position and velocity) can be interpolated between two records. These
properties are then used to set the object’s position, orientation and velocity
for relativistic effects. This process means that the present internal state of the
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simulation is a step removed from the visual representation that is shown on the
screen.
Although light delay requires us to look at the object’s prior positions, it
will not occur on subsequent frames that we will be required to traverse back
in time further than an already established position, allowing prior records to be
discarded.

7.4.2

Rendering method – object-space

The most straightforward method to transform the object for relativistic effects is
using the object-space method (see section 2.3.6) and render the object into the
scene at the corresponding spatial location. With the programmable GPU, this can
be achieved by a vertex shader program, which can process the vertex positions
for Lorentz contraction and Terrell rotation. The shader can also apply colour
and intensity changes at the vertices, for the Doppler shift and headlight effects.
The retrieved object parameters provide the relative velocity of the object for this
transformation.
The limitations of approximating arcs in polygonal objects remain, but this
will be restricted to only the moving objects which make up a small portion of
the overall scene. With this tradeoff, object-space rendering may be viewed as the
most appropriate means to extend the interactive relativistic rendering process for
non-stationary objects.

7.4.3

Rendering method – image-based

An alternative approach is to leverage the image-based rendering method to
transform objects within the scene.
This method utilises the computer graphics constructs known as billboards
and imposters [140, 103]. In computer graphics, a billboard is a texture-mapped
rectangular polygon that is rendered into a 3D scene, oriented so that it always
faces the virtual camera (so the image it contains is always visible no matter which
direction it is viewed from). The term imposter is used when the billboard contains
a rendering of another (usually more complex) 3D object and is being used in
place of that object in the scene.
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(a)

(b)

Figure 7.9: (a): the spaceship mesh (from Microsoft DirectX SDK). (b): the
spaceship mesh rendered into the scene (as seen stationary) as an imposter.

(a)

(b)

Figure 7.10: Viewing the spaceship imposter in the virtual scene. Full relativistic
effects and HDR tone mapping are enabled. In (a) both the spaceship and
observer are at rest with respect to the world. In (b) the spaceship is in relative
motion travelling left to right and portrays aberration, intensity and Doppler
effects.
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(a)

(b)

(c)

Figure 7.11: Viewing the relatively moving spaceship from a relatively moving
observer. In (a), the observer is travelling in the same direction as the ship with
roughly the same speed: the ship appears to be stationary to the observer, and
is relatively undistorted. In (b), both ship and observer are travelling at high
speed in opposite directions, producing extreme contraction and Terrell rotation
of the image of the ship. In (c), the ship and the observer are again travelling in
the same direction. This picture shows differences in colour shift, with the ship a
deeper blue compared to the surrounding environment.
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The process used is as follows:
1. A static view of the object (with a particular size and orientation) is rendered
to a texture.
2. The texture is transformed by the pixel shader fragment program (the same
process used for computing the moving observer’s view of the scene), and
output to another texture.
3. The output texture is used in the rendering of a billboard into the scene at the
object’s position, creating an imposter [140]. To avoid occlusion artefacts,
the imposter should be the last thing rendered into the scene; for multiple
moving objects, these should be depth-sorted so that they are rendered in
order from furthest to nearest [103].
In order to reproduce the Terrell rotation [161] (see Figure 7.10), the
object is not rendered from the position it actually occupied. The photon map
transformation of the final scene creates Terrell rotation of scene objects because,
due to aberration, scene objects that appear to be to the side of the observer
position have actually been rotated from further in the rear: we are seeing the
object from the other side after we have passed it, but it appears to still be
alongside or in front of us. The same principle applies for the moving object; the
Terrell rotation can be achieved by starting with an image of the object as viewed
from a slightly different direction. This difference correlates with the distance
the object would have travelled starting from the recorded position in the time
taken for the light to reach the observer, given its speed and direction at that point.
Although the object may never have occupied this location on its ‘real’ trajectory,
the orientation seen by the observer provides the Terrell rotation as seen at the
recorded position.
A static view of the object is rendered to one face of a cube map texture
at the above calculated position and with the camera at the observer position,
pointing directly at the object, with the projection set so that the field of view
angle encompasses the object. The cube map is then used as input to the pixel
shader, which outputs a window of pixels transformed for aberration, intensity and
Doppler effects to a second (plain) texture, according to the prescribed velocity.
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Since the object can be traveling in any direction relative to the observer, the
general form of the Lorentz matrix (section 2.1.5) is used, rather than the form for
transforming along one axis used for obtaining the moving observer’s scene view.
This output texture is then used for rendering the imposter at the object’s apparent
position. The result is an image of the object, transformed correctly for its motion
relative to the stationary observer, and inserted into the scene where other objects
have different (or no) relative velocities.
This technique was implemented using a spaceship model (Figure 7.9).
The results for a variety of moving ship and observer scenarios are shown in
Figures 7.10 and 7.11.
One issue of uncertainty with this technique is maintaining the correct
scale and positioning of the object relative to the scene between successive
rendering textures. This can be mathematically assured from the size of the
object, but because aberration also transforms the pixel coordinates and creates
magnification, it becomes more complicated than the ground case of rendering
a non-transformed imposter. As a result, the object-space rendering method
(section 7.4.2) is a better bet for production use over clever reuse of image-based
transformation.
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Discussion
This chapter will examine the results of this thesis in context with the stated
research questions and the literature, and discuss the implications, practical
applications, and opportunities for further work.

8.1

Restatement of research questions

To recap the research questions for this thesis stated in section 1.1; two primary
research questions (1 and 2), with a number of additional or subsidiary questions
posed in the text. The experimental work conducted in chapters 4–6 was carried
out under a subset of three research questions, numbered I–III, recast from the
primary research questions (see section 5.1). For convenience, the primary and
subsidiary research questions are repeated below, in the general order they were
originally presented, and commented upon for context as they will be examined
throughout this chapter:
1. What computational methods will enable the display of interactive virtual
relativistic worlds for embedding in computer games?
This research question is informed by the work in designing the 2D
relativistic game in chapter 4 and the comments on 3D relativistic virtual
environments in chapter 7, along with background literature (chapter 2).
The outcomes of these chapters, as they relate to this question, will be
discussed in section 8.2.
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(a) How might relativistic physics be incorporated into a game design to
create interesting and unexpected gameplay?
The response to this question is drawn mainly from the game design in
chapter 4, the responses of participants who played the game related
in chapter 6, and speculation from the literature. It is examined in
section 8.3.
(b) What design and implementation factors would make educational
relativity games appeal to and engage a diverse audience?
This is a restatement of study research question III, and is informed
by the results of chapter 6. The discussion for this question is located
out of sequence, in section 8.6, as it examines material that is more
holistic in nature.
2. Can a game embodying relativistic principles enhance learning of the topic
of relativity?
This was investigated as study research question I. The results, from
chapter 6, are discussed in section 8.4.
(a) How does learning with the game compare to or supplement the
knowledge gained from formal classroom tuition?
A restatement of study research question II, with results in chapter 6.
It is examined in section 8.5.

8.2

Computational methods for interactive relativistic worlds

The literature review in chapter 2 revealed that most affordances for realising an
interactive ‘Mr Tompkins’ world were already available. However, some missing
links were identified. The following discussion will examine these topics and the
new techniques expanded or created in this thesis.
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8.2.1

Visual methods

Section 2.3 examined methods of visualising special relativity, with particular focus on the portrayal of realistic 3D relativistic scenes. The history of
development of these techniques has culminated in robust rendering methods
for visualising relativistic scenes in the first person (‘virtual camera’ models).
Rau, Weiskopf and Ruder [128] presented a method for treating the non-inertial
observer in the framework of special relativity, thereby providing the foundation
for interactivity (where the user can change their speed and direction) to be
provided in such simulations. Graphical techniques have been developed for highquality visualisations, culminating in ray-tracing implementations (such as Savage
and Searle’s Backlight [136]), and real-time interactive polygon and image-based
methods (such as Savage, Searle and McCalman’s Real Time Relativity [137, 138],
based on the method introduced by Weiskopf [168, 169]). In [171], Weiskopf
declares that “the efficiency of relativistic rendering can be considered a solved
problem”, with only technical issues of physically-correct lighting computation
and user interface remaining. However, the review of the literature highlighted
a number of shortcomings with these methods for applying the visualisations to
games, which have been subsequently examined in chapter 7.
For a 3D relativistic game, the image-based rendering method was selected
as the best candidate. It has two advantages over polygon-based methods: it
avoids the jagged edges from straight lines mapping to curves, and the relativistic
image transformation performed on the GPU has a fixed computational cost (see
section 2.3.7). However, two major limitations were identified. The first is that the
computation of the headlight effect results in large intensity (brightness) values
that are not displayable on consumer graphics hardware; instead, large values
are clamped to pure white, which results in all detail being lost from the scene.
This is an issue for all relativistic visualisation methods, not just the image-based
approach. The solution, presented in section 7.3, addresses the issue by applying
the technique of high dynamic range rendering, which retains detail in bright and
dark images.
The second limitation is that the image-based method could only process static
scenes. Because the underlying rendering method is based on the light arriving
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instantaneously at the observer, it has no provision for objects that are animated
or in relative motion within the scene. A two-part solution to this is proposed in
section 7.2.2:
1. First, the object’s motion must be time-reversed to account for the delay due
to light travel time (section 7.4.1). In the teaching version of RTR [138],
a mechanism was implemented for calculating the correct time to be
displayed on distant (static) clocks. The same principle can be applied to
find the apparent location of a moving object due to the time taken for light
to reach the observer. For objects with a complex trajectory of motion,
this is best achieved by saving the object’s position along its trajectory and
recalling the saved position information for rendering.
2. Second, the object must be rendered into the scene with relativistic effects
(relative to the stationary observer) applied. Two approaches are possible:
(a) applying a transformation to the polygons of the objects’ model, or
(b) applying the image-based rendering method.
In section 7.4.3, an implementation is described using the image-based
method to generate an imposter image of a moving object to be composited
into the scene. This approach enables code reuse and produces acceptable
results for simple objects and scenarios, but may break down in more
complex situations where geometry of two objects intersects. There is also a
matter of uncertainty with correctly scaling and locating the imposter image
in space.
As a result of these factors, the object-space approach discussed in section 7.4.2 is to be preferred. This method employs a transformation of the
coordinates and colour and lighting values at the vertices of the polygonal
model to approximate the apparent geometric shape and colour of a moving
object. This does require an additional rendering algorithm to be written,
alongside the image-based view transformation. However, with vertex
shaders and the programmable GPU, these transformations can be handled
on the graphics card, without the vertices needing to be processed outside
266

Discussion
of the rendering pipeline by the CPU. As a part of the process, intersections
of geometry are handled naturally, and spatially locating the object is not
ambiguous.
These two techniques extend the simulation methods for relativistic worlds
to enable dynamic, interactive scenes, allowing the world of Mr Tompkins to be
brought to life.

8.2.2

Physics simulation

Previously, relativistic simulations have focused only on the optical effects,
and dynamical behaviours have not been particularly represented. Computer
applications have allowed users to explore the rich visual effects, but with limited
or no interaction with physical properties of the virtual world, such as mass
dilation (kinetic energy content) and time dilation.
RTR [138] portrays stationary clocks in the game world to demonstrate the
effects of time dilation and light-delay (see section 2.3.7). The clocks appear as
cubes (refer to figures 7.2), displaying a numeric count that is visible from any
side. As the user moves around the virtual world, they can observe these clocks
getting ahead of their own time (due to time dilation) and running at faster or
slower rates (due to light delay) when moving towards or away from them. These
provide useful markers in the virtual environment and allow users to interactively
see the theories at work.
Relativistic Asteroids, the 2D relativistic game developed in chapter 4, broke
new ground in exploring relativistic effects as interactive game mechanics. The
game employs time dilation in a similar scope to RTR, but different detail; time
dilation is represented primarily as a game device for hazards (exploding ‘time
bombs’). Mass dilation is also integrated into the virtual world, affecting the
behaviour of bodies in motion. Both mass and time dilation are experienced
directly by the player through the handling of the player’s spaceship: its turn rate
and acceleration in motion are influenced by these relativistic effects. Users found
the effects compelling, as discussed under section 8.5.4. These features have not
been demonstrated before, and illustrate how physics can be incorporated and
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interactively experienced by users in a virtual world. The potential for further
development of these features is reflected upon in section 8.3.
RA also implements an algorithm to resolve elastic collisions between particles
with velocity-dependent mass, detailed in section 4.3. Existing treatments on the
topic (e.g. Goldstein et al. [54]) assume point particles; however, in the game, the
colliding bodies (asteroids) have a radius so that they may be displayed visually.
Treating this collision mathematically would resolve as a rigid body interaction;
but this cannot be done. The discussion in section 4.3.3 on this matter provides a
particularly concrete and delightful example of why pure rigid bodies cannot exist
in special relativity.
The implementation consequently treats the colliding bodies as particles. This
is adequate for the RA game, where collisions are not a primary part of the
gameplay, and could even be removed from the design altogether. However, it
would be unsatisfactory in applications (such as alternative game designs) where
collision interactions have more of a focus. While a physically correct treatment
is intractable (refer to section 4.3.3 discussion), a more satisfying treatment might
be obtainable from basing an approach around deformable bodies.

8.2.3

Creating a game

This thesis has examined the technology in the context of creating computer
games. Existing 3D visual simulation methods were reviewed and evaluated in
section 2.3 with a view to utilising these as the visual component of a game,
and extensions and solutions to certain shortcomings described in chapter 7.
Incorporating the physics into a game design was examined from the simpler
standpoint of a 2D game in chapter 4, which resulted in a successful game design
that was trialled in user experiments (see sections 8.4 and 8.5 for discussion of the
outcomes).
This thesis has presented a complete 2D game augmented with an evaluation
survey. Contributions have also been demonstrated for 3D visualisation, but it has
not yet reached the game and evaluation level. Future work should aim to realise a
3D, interactive Mr Tompkins world which presents some engaging and instructive
challenges for users. The upcoming section 8.3 will further analyse how a game
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may be built around physics, while section 8.6 will examine how the gameplay
elements interact and lay out further possibilities.

8.3

Incorporating relativistic mechanics into gameplay

The discussion for research question 1a ties in closely with question 1b in
section 8.6. Where question 1b examines the contributions of a game design in
a holistic manner, this discussion focuses on the particulars of the game content
and mechanics, as derived from the context of relativistic physics (section 8.6.2
elucidates further on the relationship between context and content).
This section will examine the game design of RA from chapter 4, and describe
new possible game mechanics, drawn mainly from the responses of participants
related in chapter 6. It will also consider implications and considerations arising
from the 3D relativistic visualisation described in chapter 7. Additionally, the
discussion will examine considerations of genre, and look at potential puzzle game
designs (some of which bear resemblance to the recently-released Velocity Raptor;
see section 3.3.10).

8.3.1

Arcade dynamics of Relativistic Asteroids

RA was designed as a real-time action game, modelled on the arcade game
Asteroids. It effectively incorporates relativistic physics in its gameplay by
modifying the simulated physics rules that define the behaviour of the game
objects (see section 4.2.2). Objects behave as inertial objects, but are subject
to relativistic effects (length contraction, mass dilation and time dilation; as well
as Doppler shift of colour) as their on-screen speed approaches the in-game speed
of light.
Mass dilation has probably the greatest influence in the gameplay, as it produces dynamic effects which manifest in the handling of the player’s spaceship.
However, length contraction is arguably the more memorable effect, as reflected
in the experimental results discussed in section 8.4, as it is portrayed visually.
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Players found both these features to be refreshing and memorable portrayals
of otherwise dry material. Both also affect the outcomes of collisions (see
section 4.3) – length contraction changes the boundaries of objects, and mass
dilation is a factor in the elastic transfer – although this factor is generally too
subtle to be noticed.
Time dilation influences the time-dependent behaviours of the game. This has
subtle effects on the behaviours of the player’s spaceship, including its rate of
turning and firing. It is portrayed more prominently in ‘time-bomb’ asteroids (see
section 4.2.6), which display a countdown timer. However, amidst the action of
the game this may not be easily identified by the player.

8.3.2

Further arcade dynamics

Suggestions were received for features that participants thought could be added
to the RA game (see sections 6.4.2 and 6.4.4). Graphics and sound were cited as
obvious areas that could increase the “grab” of the game, along with more variety
in gameplay such as different enemies. A backdrop image (or other background
detail) would also serve as a visual point of reference for a scrolling game world,
as where the observer’s point of view moves with the player spaceship.
This case represents a switch of the frame of reference from the world frame to
the ship frame (see setion 4.2.2); instead of the ‘camera’ being stationary relative
to the ‘world’ and the ship and asteroids in motion, the camera is stationary
relative to the ship. This would be visualised by locating the ship in the centre
of the screen, and having all other objects in motion relative to it. This would
be a more ‘natural’ mapping for the player controlling the spaceship. This model
could also be extended to illustrate further physics principles, such as the relativity
of simultaneity (see section 2.1.11), by enabling the player to swap between
reference frames, as suggested in comments (see section 6.4.4).
It was also suggested that the game’s physics gameplay could be expanded
upon by providing controls for the player to directly change parameters, such as
the speed of light, instead of being stuck with the game’s fixed light speed(s).
Such a feature may enhance a learner’s exploratory play in the current design (see
sections 8.6.2-8.6.3). It could also be utilised as the core component of a puzzle270
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based game, such as referred to in section 8.6.6. A few commenters also suggested
that the asteroids and other objects should move according to gravity, and that
relativistic mass could affect this gravitational influence. A gravitational model
could also create lensing effects on a background image from massive objects,
as in the example described by Weiskopf et al. [172]. This could be a good
way to further create game mechanics around mass effects (such as deflecting
the motion of other moving objects, or observing invisible ‘black hole’ objects by
the lensing effect), but could also be contentious from a physics standpoint (see
section 2.1.10). Investigation would be required to decide if such a portrayal is
physically sound and correct.
What is supported by the physics is that the energy content of an object does
increase with its speed. This could provide the basis for another possible gameplay
that was received by informal suggestion, whereby the destructive potential of
projectiles would be a manifestation of their energy content, which varies with
speed. Accelerating the ship to boost the speed of fired projectiles would result
in those projectiles having a greater level of power. This could then be worked
into the game mechanics such that the asteroid objects could be destroyed more
quickly by more powerful (higher energy content) projectiles, or be immune to
projectiles below a certain energy level. This would present an interesting and
strategic game mechanic.

8.3.3

2D and 3D visualisations

Chapter 7 examined the graphical approach for a realistic (what would be seen
in the first person) visualisation of relativistic effects. This includes a number of
considerations around the finite speed of light that produce dramatic effects that
conspire to obscure effects described by the physics, such as length contraction
(see section 2.3).
Extending the game design to visualise a ‘true’ Mr Tompkins world would
introduce the trio of visual effects: relativistic aberration, Doppler shift, and
headlight effect. Of these, the aberration effect is arguably the most obstructive. Doppler shift and the headlight effect produce changes in the colour and
brightness of the scene that are not too problematic; the obscuring effect of the
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headlight effect exceeding the computer’s displayable intensity range is addressed
in section 7.3, and could be further ameliorated for the player in the game context
by having some fictional device, such as a sunglasses-like ‘filter’ or computercorrected vision, as an element of the gameplay. However, the aberration
effect obscures the length contraction from direct observation in most cases, and
produces a dramatic distortion that confuses the viewer’s ability to locate his or
her self in the game world: approaching objects seem further away, and objects to
the side enter the forward field of view. A physically-correct portrayal of relativity
must include these features, but incorporating them into a game where the player
must navigate with accuracy is a challenge for the designer. Possibly, the difficulty
of perceiving one’s spatial location could become the challenge of the game in
itself.
RA portrays length contraction literally, representing the special case where
motion perpendicular to the viewer does allow the length contraction to be
observed (see sections 2.3.2 and 4.2.4). However, this is not the only possible
portrayal of relativistic influences. A 2D game with a third-person perspective
could also display ‘photosurfaces’ of objects, in the manner demonstrated by Rau,
Weiskopf and Ruder [128] (see section 2.3.6). In this scenario, the game viewpoint
is located in the spaceship frame of reference (as described in section 8.3.2), and
the appearance of asteroids (as photosurfaces) is drawn as their shapes would
appear (due to light travel time) to the spaceship. This would be an fascinating
portrayal, especially if combined with the ability to switch the game viewpoint
to the world frame of reference (as RA is currently) and allowing the player to
compare the visualisations.

8.3.4

Puzzle-based dynamics

Section 8.6.6 examines the idea of the puzzle game as a slower-paced form of play
that may be more accessible to non-gamers. Relativity certainly provides ample
potential fodder for intriguing puzzles involving the dynamic factors of mass and
time dilation, different reference frames, or speed-of-light puzzles; following the
proposed strategic considerations concepted by Crawford [26] and the innovative
time-based puzzles in Braid (each discussed in section 3.2.6), for example, as well
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as the recently-released exemplar of Velocity Raptor (section 3.3.10).
Puzzle and casual games typically take the form of 2D games with simple
control interfaces, but this isn’t to say that 3D has no place: Supercharged! and
Portal, for example, present quite cerebral physics and spatial puzzles in 3D
environments (see sections 3.3.8 and 3.2.5). Relativistic effects, including those
from visualisation as mentioned in the previous section, could likewise represent
the content of physics puzzles in a 3D game.
Another element that arises from the 3D visualisation is the mechanism of
time-reversing objects, necessary for portraying their apparent locations due to
light delay (see section 7.4.1). This concept bears similarity to the ‘instant replay’
feature seen in many games, including several discussed in section 3.2.6. It is also
particularly similar to one of the time-based mechanics of the aforementioned
Braid, in which a ‘shadow’ of the player’s avatar performs their previous actions
after the player rewinds time. A rewinding mechanic could be utilised in a
relativity game as an interactive way to introduce Minkowski space-time diagrams
(see section 2.1.6), through which the player manipulates the current game time.
It could also represent a solution to the difficulty of enabling multiplayer play,
as described in section 8.6.4, through allowing players to compete against other
players’ and their own previous efforts which are played back in a replay.
A puzzle game could also take the form envisioned by one of the commenters
(see section 6.4.2) who suggested:
“[have a team of] scientists [that you] can ask questions of and do
experiments. [You] then get to put discoveries to practical use. I
would suggest making a reward system and a goal of designing and
building a warp drive... making bits and pieces and putting them
together to make functioning practical things.”

8.4

Can a computer game facilitate learning of relativity?

Research question 2, as study research question I, was the focus of the experimental studies with the RA game. The results of the investigation were presented
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Table 8.1: Summary of participants’ comparative scores across the test questions.
For the web survey study, this is the difference between the gaming group’s and
control group’s scores. For the laboratory studies, this is the difference between
the pre-test and post-test scores, for each of the new learners (NL) and prior
knowledge (PK) cohorts. The statistically significant results (refer to section 6.2)
are marked in bold.
Web survey respondents
Question topic
Postulates
Length contraction
Mass dilation
Time dilation
Constancy of c
Twin paradox (aging)
Frames of reference
Derive speed from length
Relativity of simultaneity
Optics: brightness
Optics: Doppler shift

Q1
Q2
Q3
Q4
Q5
Q6
Q7
Q8
Q9
Q10/1
Q10/2
Overall

Treat – Cont
−0.091
+0.273
+0.045
+0.045
−0.045
−0.045
−0.136
±0.000
−0.045
−0.182
+0.048
−0.012

Laboratory cohorts
NL
PK
Post – Pre Post – Pre
Q1 −0.077
±0.000
Q2 +0.462
±0.000
Q3 +0.539
±0.000
Q4 +0.077
+0.035
Q5 −0.025
−0.071
Q6 +0.052
+0.071

Q7
Q8/1
Q8/2
Overall

+0.128
±0.000
+0.205
+0.151

+0.035
−0.108
+0.285
+0.028

in chapter 6. Two discrete sample studies were conducted: a trial online web
survey with volunteers from the Internet, and a laboratory study with volunteers
drawn from HSC physics classes and university staff and students. Knowledge and
learning was measured using an exam-style multiple-choice questionnaire (refer
to sections 5.3.2 and 6.2). For convenience, a summary of the comparative test
scores is presented here in table 8.1, and additional analysis on selected questions
is shown in table 8.2.
The results of the knowledge test administered in the web survey and
laboratory experiments indicate that an overall improvement did take place among
participants in both studies to correctly answer a selection of exam-style questions
on relativity. This affirms that the game did convey knowledge and support players
in learning certain topics of relativity.
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Table 8.2: Additional comparative scores for test questions Q1 (showing
selections of the incorrect postulate pairs: c being variable; and the laws of
physics being variable) and Q6 (giving credit for identifying the correct sense
of age change). Statistically significant results (refer to section 6.2.2) are marked
in bold.
Web survey
respondents
Question topic
Postulates
• correct answer
• “c variable” pair (−)
• “physics variable” pair (−)
Twin paradox (aging)
• correct answer
• correct direction of change (+)

8.4.1

Laboratory
cohorts
NL
PK
Combined
Post – Pre Post – Pre Post – Pre

Treat – Cont
Q1

Q1
−0.091
(−0.227)
(+0.091)

Q6

−0.077
(+0.128)
(+0.154)

±0.000
(+0.071)
(−0.071)

−0.044
(+0.104)
(+0.060)

+0.052
+0.128

+0.071
+0.071

+0.059
+0.104

Q6
−0.045
−0.091

Trends in overall test scores

In the web survey study (section 6.2.1), the performance comparison is between
a gaming group (who played the game) and a control group (who did not). In
overall score shown in table 8.1, the gaming group returned a lower total result
than the control.
This negative result is likely due to divergences between the two groups; for
example, the gaming group comprised a markedly younger audience than the
control (see section 6.1.1). The analysis performed on the overall scores (see
section 6.2.1) also indicates that demographics factors differentiating the two
groups contributes to this lower performance. It is likely, therefore, that the level
of prior and background knowledge of the participants was not equitable between
the control and gaming groups (i.e., the gaming group had a lower ‘starting’
level of knowledge). Despite this, the gaming group nonetheless scores higher
on certain key test questions, as discussed in the next section.
The laboratory studies (section 6.2.2) involved two cohorts of participants:
new learners having no prior learning of relativity, and prior knowledge having
previously studied relativity as part of the HSC. The performance comparison is
between pre-test/post-test matched pairs of the two cohorts. This methodology
addresses the above issues in the web survey, as it eliminates factors other than
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the test variable (see section 5.3.1). In overall score, both the new learners and
prior knowledge cohorts of participants showed improved results for the test after
playing the game (see table 8.1). A Wilcoxon matched-pairs signed-rank test
showed that this was statistically significant (at α = 0.05) for the new learners
group.

8.4.2

Improvements and benefits

In overall score, the gaming group returned a lower result than the control;
but nonetheless the group scores higher across the questions Q2, Q3 and Q4,
relating to length contraction, mass dilation and time dilation, respectively. The
logit regression analysis performed on the scores concludes that the game was
a statistically significant contributor (at the 5% confidence level) to answering
Q2 correctly; the correct answer rate is 82% for the gaming group, compared to
55% for the gaming group. This lends support to the assertion that participants
improved their understanding of the concept of length contraction through
exposure to the game.
In the laboratory studies, both the new learners and prior knowledge cohorts
of participants showed improved overall results. Performing a two-sample sign
test on each question shows that statistically significant improvements occurred
for the new learners cohort on questions Q2 and Q3, relating to length contraction
and mass dilation. In both these questions, the correct answer ratio improves
from around 25% to over 75%. Both cohorts also returned statistically significant
learning results for the final part of Q8, relating to Doppler shift of light. These
outcomes provide strong evidence that the game effectively communicated the
concepts of length contraction, mass dilation, and spectral Doppler shift. The
additional analysis on Q6 (as shown in table 8.2) also demonstrates that after
playing the game, learners had an improved capability in applying the concept of
time dilation (in the sense of correctly identifying the direction of change, if not
the magnitude).
Additionally, the user evaluations and comments indicated that the participants
felt that the game was effective for learning, and clearly portrayed relativistic
effects in helpful ways. In comments, participants expressed appreciation for the
276

Discussion
game context as a novel way to present physics, and that they felt it made the
material less abstract, a result also shared by the study conducted by McGrath et
al. [99].

8.4.3

Decreases and misleading qualities

There were some questions where participants exhibited a notable decrease in
selecting correct answers.
Firstly, the regression analysis conducted on the web survey data (see table 8.2
and section 6.2.1) indicates that the game was a statistically significant contributor
to a reduction in the correct answer rate for Q10/1, relating to the brightness
effect described by relativistic optics. As this was not at that time a feature of
the game, game exposure was not expected to reflect an improvement, but the
analysis outcome suggests that the game actually contributes to a decrease. The
meaning of this is unclear, but it is surmised that the lack of a corresponding
feature in the game relating to this topic contributed to confusion on the part of
players and affected their conviction in choosing this item. It is also worth noting
that at the time of the web survey, the game did not incorporate a representation
of Doppler shift (see section 4.2.7) and utilised a different visual effect for mass
dilation (see section 4.2.5). It is possible these may have contributed to an increase
in selection of the ‘wrong’ Doppler shift answer among the gaming group (refer
to table 6.3), although the analysis identified no statistically significant predictors
for this result.
In the second instance, responses to question Q1, which reflects the postulates
of relativity, showed slight increases in selections of incorrect statement pairs
(summarised in table 8.2). Again, this is an occasion where the game did not
explicitly contain information relating to the question topic, and there were no
improvements in the participants selecting the correct answer. In choosing the
assertions that the laws of physics are variable (web survey and new learners
laboratory cohort) or that the speed of light c is variable (both laboratory cohorts
combined), it is possible that participants may have taken cues from other areas
of the game, such as the dual physics models for the former, and the slow light
device for the latter.
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8.5

Comparison of game-based and classroom-based
learning

The most straightforward investigation into research question 2a would involve a
comparative study between two modes of learning – classroom (control group),
and game (gaming group). In the laboratory studies reported in chapter 6,
the experiment participants are divided into two cohorts: new learners, having
no prior learning of relativity, and prior knowledge, having previously studied
relativity as part of the HSC. These may be considered as a representative
approximation of the control-treatment methodology. The outcomes of the
laboratory studies will thus provide the basis for the discussion around this
research question, evaluated in the context of the HSC high school physics
syllabus.
The laboratory studies involved a total of 67 participants, of whom 41 were
HSC students; in the prior knowledge cohort, all of the participants (28) were
students who had recently studied the HSC relativity module (see section 6.1.2).
Additionally, results from the web survey may also provide some useful
comparisons and insights for this topic. Eight members of the gaming group and
one member of the control group indicated they were current high school students
(table 6.1). A proportion of these respondents would be studying according
to the HSC curriculum, although the exact number cannot be known from the
information collected; however, some general insights will be discussed.

8.5.1

Relation to HSC relativity curriculum

The New South Wales HSC curriculum [10] outlines a level of proficiency for
students’ understanding and description of the principle features of relativity (see
section 2.1.13). Many of these are reflected in the physics portrayal of RA (see
section 4.2.1).
The questions of the knowledge test used in this study (see section 5.3.2)
were derived from HSC-level [10, 107] and tertiary [158, 69, 107] examples
and exam sources. The first five factual questions (Q1–5) map most closely
to the HSC curriculum – questions Q2 through Q5 being restatements of
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HSC learning outcomes in a style derived from example exam sources. The
remaining questions, apart from the final, were obtained from tertiary sources, but
nonetheless also relate to HSC topics mentioned (e.g. relativity of simultaneity
and “twin paradox”), although the wording is more difficult and may require
extrapolation of concepts or mathematic manipulation to arrive at the answer.
The final question of the test relates to relativistic effects on light (Doppler and
headlight effects), which are not reflected in the HSC syllabus, nor in most tertiary
scenarios [135].However, Doppler shift is nonetheless a topic that HSC students
would be familiar with in the context of sound waves [10]. Thus, although the
game’s portrayal of Doppler shift is not directly applicable in terms of the HSC,
it is not an inappropriate inclusion in the game, as it can provide a level of visual
interest and motivation for further learning by the student.

8.5.2

Knowledge prior to game exposure

The pre-test results of the new learners cohort demonstrates the knowledge level
of a sample of uninitiated learners. In this section, these will be compared to the
result of the prior knowledge cohort, which will illustrate the level for students
instructed according to the HSC, and provide a benchmark. In the next section,
these pre-test results will subsequently be compared to the post-test results to
identify the beneficial effect of the game. Refer to section 6.2.2 for the complete
pre- and post-test results and table 8.1 for the summary.
In the pre-test, the prior knowledge group show generally high correct answer
rates, indicating most concepts were already well understood. In particular,
they achieve scores across the key conceptual questions Q1–Q5 above 0.65 (Q2
and Q3 above 0.85); falling back to around 45% on the subsequent advanced
questions. Thus, the students making up the prior knowledge cohort demonstrate
well-established conceptions from classroom tuition for the two postulates, length
contraction, mass dilation, time dilation, and the constancy of c; with a moderate
ability to manipulate this knowledge for addressing more complex questions.
In comparison, the new learners group show answer rates across a majority of
questions in the pre-test close to 25-30% correct, consistent with random chance
(having no prior familiarity). A standout exception is that the new learners score
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particularly high results on the concept of time dilation (Q4, >0.6) and constancy
of the speed of light (Q5, >0.5); a similar peak also appears in the data for the web
survey respondents (refer to section 6.2). Why these should stand out as so much
higher is puzzling, but indicates that most participants may have encountered these
topics before (e.g. possibly hearing about finite light speed or the ‘twin paradox’
in media or literature).

8.5.3

Knowledge after game exposure

In the post-test, the answer profile of the new learners becomes markedly closely
aligned to the benchmark of the prior knowledge group (within 13% of the total
overall score). There are big gains in the correct answer rates of several questions.
Notably, the game was clearly a powerful introduction for new learners on the
concepts of length contraction (Q2) and mass dilation (Q3), where they increase
their understanding to be close to the prior knowledge group. The statistical
analysis (section 6.2.2) returns highly significant results for these questions; the
web survey data shows similar outcomes (section 6.2.1), lending further support.
The new learners also match the prior knowledge cohort on the concept of time
dilation (Q4) in the post-test; although the actual improvement is small, due to the
initial scores being already so high.
The prior knowledge cohort registered high scores in the pre-test; but despite
this, there is still some room for improvement. However, in the post-test, these
participants effectively did not change their answers (see table 8.1). This may
indicate (as discussed below) an unwillingness on the part of the participants to
change already established conceptions they had “learnt”, even where these are
contradictory and not 100% correct.
However, both cohorts do return a significant learning result for the Doppler
shift effect of colour (Q8/2), which is a concept that is not covered in the HSC.
Pre-test scores for both cohorts are close to 25%, which indicates that this would
have been a new concept for most participants. The post-test outcome shows that
learners in both groups were able to retain and interpret this concept represented
in the game for answering the test question. A majority of both cohorts also
recognised the correct direction for the age change due to time dilation in Q6,
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with a slightly improved result after playing the game. This supports the slight
improvement seen in Q4, and indicates that the game does provide some benefit
for learning the topic of time dilation.
There were some instances where correct answer rates declined after exposure
to the game. Among the new learners cohort, there was a decrease in selecting
the Q1 answer representing the correct postulate pair, and increases in selecting
alternative items. The prior knowledge group showed no change in selecting the
correct answer, although there was a minor change in those selecting among the
incorrect answers. In the web survey, there were also fewer respondents selecting
the correct answer in the gaming group than the control group. Thus, for those
participants unfamiliar with relativity, the game provided no real benefit, and may
even have influenced them to identifying with concepts of variable models of
physics or speed of light, based on features of the different game modes.
The number of correct answers also declined slightly for both cohorts on Q5,
with fewer participants identifying that the speed of light remains constant; but
there was a greater than 20% increase in respondents selecting the item indicating
reduced speed. This might indicate that the participants encountered confusion on
this topic due to the game’s usage of Mr Tompkins-style ‘slow light’.

8.5.4

Participant evaluations

In the evaluations collected from users (section 6.3), participants rated the
game positively across items relating to ‘perceived usefulness’ and ‘learning
effectiveness’. Among the web survey respondents, there was 64% agreement
with the statement “Playing a game such as this would be an effective way
to learn about relativity”, and 77% agreement with the statement “The physics
presentation in the game helped me to think about relativity principles”. In the
laboratory studies, these figures were respectively 79%/87% for the new learners
cohort and 92%/92% for the prior knowledge cohort. Presumably, the prior
knowledge cohort recorded the highest evaluations because they had the context
to understand more of the content of the game; along similar lines, the prior
knowledge cohort’s rating was lower than the new learners for the statement “I
didn’t really learn anything about the topic of relativity from playing this game”
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(75% versus 85% positive rating).
Written comments received from participants (section 6.4) indicated that many
felt that the game would complement classroom study: for example, “I think it
could be of great practical use in school to learn about what I find an off the
planet and dry subject” and “Great game; just finished the relativity topic at school
last week so perfect timing. I’m going to try to get the class into a computer
room tomorrow so we can all play it” (section 6.4.4). However, participants also
expressed difficulties with using the game and perceived limitations with what
could be learned (see sections 6.4.3 & 6.4.4); a frequent suggestion was that it
needed more exposition in the form of a user guide or “someone nearby to explain
what is happening”.

8.5.5

Teacher roles

In the laboratory studies involving HSC students, teachers were given the
opportunity to incorporate the experiment activity into their classroom as they
saw fit. These teachers universally chose to use the experiment as the basis
for an introductory or revision lesson, with the game serving as a vehicle for
initiating classroom discussion and illustrating concepts. Feedback received (see
section 6.4.5) indicated that the teachers found the game was fun and interesting
for their students, and that it had value for teaching. One teacher espoused that “I
would certainly use it in a classroom environment”, saying that it was “beneficial
that I... could explain what was happening and what they should be looking out
for”. However, the students needed “needed more time to... get a hold of all they
could see” than a single lesson provided. The teacher suggested a solution to this
issue by making the game available as a resource, “(introducing) it in a double
lesson and then let them take it home to play.”
A game used in this role must ideally provide enough guidance to be played
on its own, while still providing enough flexibility to be used as a demonstrative
tool in classroom scenarios. Section 8.6.3 will examine how the game itself can
be designed to provide a structured learning experience.

282

Discussion

8.5.6

Learning outcomes

The learning outcomes identified in section 8.5.3 are especially interesting in light
of the report by Dimitriadi, Halkia and Skordoulis [34], who conducted a study
in learning relativity using a range of educational media. They mention length
contraction and time dilation as two of the more difficult concepts for students to
grasp; but also that it was much more difficult for the learners to deal with length
contraction, than time dilation. The latter may tie into the result of higher initial
comprehension on question Q4; while regarding the former, it appears that the
RA game is much more successful in communicating length contraction than the
methods and media those authors employed.
However, this study did not probe the students’ understanding in great enough
detail to ascertain that they actually achieved rigorously correct interpretations.
Other studies (for example, Scherr, Shaffer and Vokos [143, 144] and Dimitriadi,
Halkia and Skordoulis [33]) have shown that students often adopt only partiallycorrect conceptual frameworks that allow them to incorrectly retain old ideas,
attributing difficulties to distortions of perception for example. These authors
outline that students resist ideas that disagree with what they “know”, and tend to
construct incomplete frameworks that allow them to integrate and hybridise new
facts with prior knowledge.
Confronting these contradictions is effective in getting students to form correct
ideas. This is the principle on which the RA game is built, and should have been
able to assist with; but the activity part of the experimental study may have been
too brief to make an impact on the students’ prior learning. Thus, while this result
is promising, further research is required to determine what conceptual changes
have taken place for teaching practise to build upon and reinforce.

8.6

Design considerations for relativity games

This discussion of research question 1b will examine some game features that are
effective at promoting an engaging game experience and learning, and how they
may be applied to a game about relativity. This section will analyse the design of
the RA game described in chapter 4, and identify what features are successful or
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not successful in promoting the game experience. The discussion will also look at
effective characteristics from games covered in the literature review (sections 3.2
and 3.3), and consider elements for the 3D virtual ‘Mr Tompkins’ game world
(chapter 7).

8.6.1

Design overview of Relativistic Asteroids

RA was designed around constructivist principles [117]. Central to the design of
the game is incorporating the physics principles that are the learning material into
the rules of the game itself (discussed further in section 8.6.2). Players are given
freedom to act in a semi-open environment, and interact directly with the physics
in the course of playing the game (discussed further in section 8.6.3). A realistic
portrayal is deemphasised, in favour of a stylised representation to focus on the
dynamics (see further discussion in section 8.6.5).
The computer game provides a novel and useful means to portray relativity,
which is difficult to otherwise observe or visualise; and it was effective at
improving the comprehension of student learners on selected physics effects.
Respondents were observably engaged and motivated when presented with the
game, and provided positive reflections in evaluations of the game’s utility.

8.6.2

Embedding learning in game environments

RA highlights relativistic physics by weaving them through the gameplay, as seen
in other games such as Supercharged! (see section 3.3). The player’s spaceship
avatar, and all other objects in the game, behave according to the physics “rules”;
the gameplay style is such that any action by the player is a quite direct interaction
with the physics rules themselves. This fits the model of endogenous design as
discussed by Squire [153], in which the context of the game is the content of the
play experience; as opposed to exogenous designs, where the context is irrelevant
and not linked with the game play (see section 3.3.3). Endogenous designs take
full advantage of a unique affordance of games to place players within systems,
thereby providing more direct and intrinsically rewarding experiences [153, 37].
RA leverages the qualities of perceived challenges and achievable goals to
engage players with the process of learning its behaviour (see section 3.2.3). The
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goal-oriented context of the game is intended to motivate them to unravel the
behaviour of the system to: improve their ability; implicitly frame their trajectory
of enquiry; and provide measurement of aptitude. The process of learning to play
the game reflects a setting in which players experiment with the physics: taking
an action, observing the results, and adjusting their expectations. The melding
of physics-based gameplay entails that players who master the game must achieve
some knowledge and understanding of how the system behaves; which in this case
has been shown (refer to section 8.4) to be retainable and have some transferable
application.
This model aligns with the constructivist principles of Papert [117], which
outlines that learners possess, or construct, underlying schemas or frameworks of
linked concepts and ideas that represent what has been learned. Learning occurs
by confronting misconceptions in one’s conceptual frameworks, and reifying
contradictory ideas through the construction of new frameworks. Traditionally,
paradoxes are used to elicit learners’ incorrect conceptions and motivate the
formation of new ones, but the learning is most powerful when learners discover
and reflect for themselves [144]. In games, the player is the active agent, so
they will encounter and work around these misconceptions first-hand, although
the experience can be obstructive if not structured (see section 8.6.3 below).
Egenfeldt-Nielsen [37] characterises the uses of educational games into three
generations, placing the cognitivist-constructivist approach (to which RA belongs)
second. In this approach, the focus is on building educational computer games
that scaffold information in ways that are appropriate for the specific learner,
and that open up different ways of approaching the same topic. Given these
generations exist on a timeline, it would seem that the practises of the most recent,
third generation (situated-learning constructionism) would offer the best template
to subscribe to. The third generation approach is less interested in the actual
content of the specific computer game, but focuses more on the broader process
of providing a social context for asking the right questions when using games.
In the third generation, the role of the teacher as facilitator becomes a central
consideration; some discussion toward this theme is found in section 8.5.5.
However, as the focus of this thesis is on the technology, the main discussion
has been located primarily within the second generation context of Egenfeldt285
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Nielsen. In addition, in the role of popularising physics among lay-persons, such
as the book Mr Tompkins (see section 2.2), the game would need to be designed
to stand on its own and take players through the educational experience. This will
be examined in section 8.6.3.

8.6.3

Guiding player learning

RA integrates relativistic physics into an open-ended game environment. In
learning the game, players engage in exploratory play to experiment with the
physics: taking an action, observing the results, and adjusting their expectations.
The intent is that as players progress, they discover new dynamics and behaviours,
and hopefully come to understand them.
Players can measure their own aptitude by how many levels or what total
score they can achieve in the game. In initial levels (or particularly if the player
decides to begin in the ‘Practise’ mode), the threat level is low. Advancement
through the game levels results in progressively more asteroids being introduced,
which create more hazards and greater threat. Although sitting still and rotating
to shoot incoming asteroids is a valid strategy, advancement through the levels is
expedited if the player moves the spaceship around to catch asteroids; at the higher
levels, the player must be mindful of the physics behaviour when manoeuvering
the ship to avoid collisions. This progression is similar to games such as flOw
(see section 3.2.3) and Portal (see section 3.3.2), where demonstration of aptitude
in earlier levels is built upon in, or required to access, later scenarios (Velocity
Raptor, described in section 3.3.10, also follows this paradigm).
Experimentation in the RA game environment is unstructured, however, and
relies on self-motivation of the learner to explore. The game presents all of
its elements (relativistic behaviours of moving objects) together; it is up to the
player to sort out the different effects at work on all the objects. This can lead
to oversights in identifying and understanding the distinct phenomena. As no
internal guidance is provided, players don’t necessarily know what experiments
they need to conduct, or how to interpret the results they get back.
These points were highlighted in the user feedback about the game concerning
information content. Comments (section 6.4) suggested “the physics concepts
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need to be more reinforced at the front end of the game” and “the game is only
really effective as a learning tool when the player has someone nearby to explain
what is happening”. One particularly astute student stated that “the physics
principles from this game are [only] learnt via observation skills...”, and along
with other comments, suggested that an in-depth information section, on-screen
text, or audio commentary would help support communication of the relativistic
effects (see section 6.4.4). These would be important factors to consider for
developing the game to act in a more stand-alone capacity; however, it is a
worthwhile point to remember that ‘gamers rarely read manuals’ [145, 156].
Indeed, the current version of the game included a brief ‘help screen’ text synopsis
about the physics (section 4.2.3), but in general it appears the participants either
weren’t aware of it or chose to ignore it.
Instead, the gamer’s preferred method of learning is by trial and error, learning
by doing. Many games accommodate this by employing a training mission or
tutorial level, which clearly walk the player through what they need to do and
allow them to demonstrate they can do it. Tutorial levels needn’t be separate
from the rest of the game, either; some games present new skills to players in
ways that they can practise and demonstrate them before needing them in later
levels. For example, in Half-Life 2 (see section 3.2.5), when the player is first
presented with the ‘gravity gun’, they are shown (by an in-game action sequence)
how to use it, and then given a deliberate break in the fighting to allow them
to practise [28]. Likewise, a large portion of Portal is built around a sequence
of ‘test chambers’ that successively build up the player’s abilities, and make skill
acquisition and demonstration central to the game [145]. Portal takes the common
training mission or tutorial level one step further; in fact, for most of its duration,
learning is the game. In Physics Geeks, Stewart [156] outlines the use of popup “light bulb” notes that point out interesting features, which are not revealed
upfront but emerge through dedicated play. These serve as both a motivator for
players to find, and to present relevant information ‘just in time’ for players to
use.
These examples illustrate how RA could be improved by designing a guided
play experience, and how a future ‘Mr Tompkins’ game based should be structured. The game should encapsulate sequences that draw the player’s attention to
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the key features and effects to be learned (such as isolating and highlighting the
time dilation effect, which user comments in section 6.4.4 indicate was frequently
overlooked), and set constrained tasks for players to demonstrate aptitude (such
as manoeuvering the spaceship in a prescribed manner). These can be layered
upon one another and built up through the game (coincidentally, the recentlyreleased Velocity Raptor independently demonstrates many of these conclusions;
see section 3.3.10). A key consideration in designing these sequences is retaining
enough flexibility for the game to be used in a demonstrative capacity by teachers,
such as the example of Supercharged! (see sections 3.3.8 and 8.5.5).

8.6.4

Collaborative gameplay

Although RA is implemented as a single player game, it was observed among
some participants to inspire friendly competition as they sought to beat one
another’s scores, and to foster discussion between learners in the classroom.
This may reflect an emergent preference for sharing learning experiences, as was
also witnessed by Squire et al. [154]. McGrath et al. [100] also describe using
their software with multiple students collaborating at one computer, while Zuiker
et al. [179] designed a multiplayer experience for multiple computer users to
participate in. In general, students are shown to prefer and enjoy sharing their
experiences, and such collaboration enhances the learning by helping to prompt
reflection as they discuss and examine the views of their peers.
This suggests that features should be considered for supporting use of the
game in collaborative learning, such as linked scoreboards [156] and multiplayer
environments [179]. This also suggests that tutorial missions (see previous
section 8.6.3) could be linked, so that one player who grasps the concept can act as
a facilitator for others (a third-generation consideration as outlined by EgenfeldtNielsen [37]; see section 8.6.2).
In relativistic scenarios, time dilation does represent a difficulty for multiplayer environments, in that time passes at different rates for observers in
different states of motion (refer to section 2.1.9). Considering a multiplayer
first-person shooter as a case study, the simulated action would unfold on each
players’ screen at a different pace dependent on their movements in the game,
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and therefore be impossible to reconcile. However, this complexity itself could be
used educationally, such as reviewing (and perhaps competing against) another’s
actions in an ‘instant replay’. The principle of multiplayer relativistic environment
may still be upheld by careful consideration of the game design, such as limiting
the movements of players, or using a shared frame of reference (which may be
more suitable depending on the game genre as discussed in section 8.6.6).

8.6.5

Representative versus realistic depictions

Observation revealed some issues with the combination of conceptual and representative visual effects in RA (see section 4.2).
When the colour-changing of objects was explained during an experiment
session as a representation of Doppler shift (section 4.2.7), one participant asked
if the expanded object outline (intended for mass dilation, but which appears
“glowing”; section 4.2.5) was also a relativistic effect. This highlights that
the combination of graphics effects for different purposes needs to be carefully
considered to avoid confusion.
As discussed in the previous section 6.5.2, some of the design features of the
game may also have had unexpected influences in the absence of clear explanation
of their purposes. The portrayal of different models of physics, and the device of
varying the speed of light, were devised for illustrative purposes of showcasing the
physics effects; but some users may have taken these more literally, steering them
away from the correct answers to Q1 and Q5. Thus, providing a clear exposition
for the purpose of these features, and structuring the tasks within the game to
direct players’ attention to the important effects, are changes that would benefit
the current game design and assist it to be more effective and comprehensive in
communicating knowledge.

8.6.6

Game formats versus accessibility

RA utilised a real-time, action-game design template. Relativity lends itself to
such a portrayal, dealing as it does with scenarios involving motion close to
the speed of light. However, accessibility is an important consideration, as not
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everyone may naturally possess the hand-eye coordination required for fast-paced
games (refer to section 3.2.7 for more background).
Observation and results showed that of those participants who were HSC
students, age, gender and prior gaming experience had no significant impact on
their experiences with the game in the experiment. However, in the university
volunteer cohort, a few subjects in particular had difficulty grasping how to control
the game (see section 6.4.3). These were particularly subjects with very little
previous motivation for and experience with computer games (or ‘game literacy’).
Such subjects found the mapping of keyboard inputs to actions in the game to be
unintuitive, and the motions of fingers-on-keys to action them unfamiliar; whereas
for the user with higher game literacy, these were instinctive and easily learned.
The game-illiterate user needed to spend more time consciously thinking about the
required input to make for the desired action, and as a result had great difficulty
keeping up with the game, where the action was always in motion. In short, these
users experienced cognitive overload, which they had to work through to learn
how to control the game before witnessing the physics effects.
Crawford [26] describes how the act of learning and attaining mastery of any
pursuit, and particularly computer games, is a process of ‘pushing down’ the
high-level conscious thought deeper into the subconscious, leading to quicker
instinctual decisions from more efficient neural connections (see section 3.2.1).
This is popularly termed ‘hand-eye coordination’. The way for the player with
low game literacy to improve their reflexes and decision-making is to practise, so
that the action becomes more familiar and requires less conscious thought; but
these users found even the easiest of RA’s levels to be almost insurmountable. As
a result, their willingness to perform any action is curtailed by a fear of doing the
‘wrong thing’ (by comparison, players with high game literacy were willing to
experiment and test the limits, such as attempting to accelerate the spaceship all
the way to c).
The introduction of the ‘practise’ mode to the game’s design (section 4.2.2)
was one result of early feedback, to improve usability for less confident gamers
by removing the penalty of dying, as well as to facilitate freer experimentation.
However, this doesn’t completely address the unwillingness of a player to do more
than leave the ship stationary, due to cognitive delay in processing with what
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is happening, and timidness from feeling the game will go out of their control.
Ideally, the game would be structured to gently introduce players to the actions as
described in section 8.6.3, and if need be adjust the difficulty to the level of the
player (see section 3.2.3).
The introduction of a three-dimensional environment (chapter 7) brings its
own difficulties. Integral tasks, such as orienting a first-person-perspective
camera, or navigating and orienting in 3D space, can be confusing to new
players [21]. This is especially true when the player has the complete six degrees
of freedom (three rotational axes and three components of translation) in 3D
space, as is the case with the RTR virtual ‘flight simulator’ [100], which can be
disorienting for even seasoned gamers. This problem can usually be ameliorated
by reducing the degrees of freedom, such as restricting all motion to a 2D plane
(which would be appropriate for reproducing a ‘Mr Tompkins’ style world).
As an alternative to real-time models, puzzle or turn-based game designs
usually eliminate the issue of reflexes, and remove time constraints on players
to think. They are also suitable for employing a more distant (or third-person)
perspective, which would negate the need for the user to navigate their viewpoint
through the 3D space. Relativity could certainly provide fodder for intriguing
puzzles involving dynamic factors, as described in section 8.3.4, and shown to
an extent in the recently-released Velocity Raptor (see section 3.3.10), which
combines real-time gameplay with discrete, puzzle-based level progression.

8.7

Summary

The computer game is a novel and useful means to portray relativity, which is
difficult to otherwise observe or visualise. This thesis has examined the outcomes
of research into the creation of relativistic game software, and designing and
applying games for learning about relativity.

8.7.1

Applications and implications

The discussion of research question 1 (section 8.2) looked at technical issues,
reviewing the computational models of 2D and 3D game/simulation software
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described in chapters 4 and 7. The 2D game incorporated relativistic physics
into interactive gameplay in a novel manner. Extensions to the 3D relativistic
visualisation techniques have been presented that will enable those methods to be
used for virtual world and game software targeted for mainstream users. These
can be further developed to realise a virtual Mr Tompkins world that can be used
to give learners an engaging, hands-on experience with the physics, and help to
popularise relativity among lay-persons.
Answers to questions 1a and 1b (sections 8.3 and 8.6) describe details of
design and implementation of relativistic games. These evaluated the current
game design from chapter 4, and looked at how gameplay challenges and learning
experiences can be built around the physics effects. A range of additional physics
content and features were suggested along with gameplay ideas which continue to
place the player in a role of directly interacting with the physics. The design
discussion follows the principle of making the physics content a part of the
gameplay (content as context, or endogenous), which is shown to be an effective
means of engaging the player in the material and producing meaningful learning
in serious games.
Questions 2 and 2a (sections 8.4–8.5) examine the effectiveness of the
current game design for facilitating learning in classroom and self-directed study
scenarios. Playing the game was found to effectively assist users primarily
with understanding the concepts of length contraction and mass dilation, whose
portrayal are central to the action; it was also effective at presenting the concept
of Doppler shifting of light with a small amount of explanation. The review also
identified ways in which teachers could utilise the software as a demonstration aid
and study resource. These outcomes contribute to the body of knowledge in the
field of serious games for designing and employing computer games for learning.

8.7.2

Limitations of the research

The work described in this thesis provides a comprehensive foundation for future
research in creating relativistic games, but there are some limitations due to
methods or constraint of scope that may also represent topics to be addressed
in future work.
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A number of concessions were made in the experimental surveys (chapters 5–
6), which may be considered as follows:
• Limited survey sample size. The web survey sample received 22 responses
for each of the control and gaming groups; the laboratory studies were more
successful, attaining 39 participants for the new learners cohort and 28 for
the prior knowledge cohort. These numbers are on the low side for studies
of these types, which is problematic for the statistical analysis (as shown
in the range of non-statistically significant results) and limits the ability to
generalise results to the wider population. The methodological emphasis
and applicability of results of these studies has focused on Australian
students in the Higher School Certificate. Repeating the studies with a
larger number of participants would increase the confidence of the statistical
results and conclusions made.
• Self-selection of participants. The web survey required online readers to
volunteer to complete the survey as either a control or gaming subject (on
the basis of playing the game beforehand or not). The outcome of this
self-selecting design was a skewed demographic makeup of the two groups;
the members of the gaming group were demonstrably younger than those
who participated in the control – younger participants were more interested
in playing the game, while older volunteers who responded to the survey
had a greater pre-existing interest in physics. This resulted in the outcome
that the overall test result was lower for the gaming group than the control
(see section 8.4.1). A future web survey model would need to address
this in participant selection (procedure), or collect information to allow the
subsequent analysis to equate the divergent groups (design).
The laboratory studies model have the advantage over the publicly-open
web survey of being much more controlled. The audience sampled for the
new learner and prior knowledge cohorts is much more equitable, being
primarily composed of Higher School Certificate and university students.
There is still an age skew between the cohorts, due to the inclusion of
university participants only in the new learners cohort. However, the
methodology of the laboratory studies was also changed from the web
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survey to a pre/post-test model, which eliminates individual differences and
focuses only on the before and after results.
• Pre/post-test bias. The questionnaire in both the web survey and laboratory
studies presents the same set of test questions for both pre-test (control) and
post-test (gaming) stages. This has the associated weakness that participants
undertaking a before-and-after test will already know the test questions the
second time around. The effect of this, reflected in the results (see table 8.1),
appears to be that respondents may be unwilling to change their answers
from the first time they answered the question. However, this model does
have the advantage that the pre/post-test questions can be directly compared,
so paradigm changes on the part of the learners stand out.
• Comparison of different learning modes. Research question 2a asked
how the game-based learning of relativity compares to formal study and
tuition delivered in the classroom. The ideal investigation into this question
would involve a comparative study with two independent groups following
prescribed courses of study. A control group would be instructed in the
topic as usual in the classroom, while the gaming group would undertake
an alternative mode of study utilising the game as a learning resource.
At the end of the intervention period, both groups would be tested and
interviewed to compare the effectiveness of each approach and the mental
models formed by the learners.
The discussion of this question in section 8.5 utilised the laboratory studies,
whose new learner and prior knowledge cohorts is an approximation of the
above approach. The study could be made more accurate and powerful
by utilising a larger sample base, and being conducted over a longer time
period.
The examination of technology has identified and extended computational
methods to realise a virtual Mr Tompkins world, and demonstrated the potential of
physical gameplay with a 2D arcade-style game. However, no 3D game has been
produced in the course of this work. The problems addressed in chapter 7 were
such that the development of a serious game with this technology was regarded
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to be premature. This thesis has provided some proof-of-concept outcomes
and possible design directions, but the design and implementation of a more
immersive Mr Tompkins game remains a subject for future work.
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Conclusions
This thesis has combined relativity with computer games, in the context of
realising an interactive ‘Mr Tompkins’ environment in an immersive computer
game simulation. The primary contributions are:
1. Extension of the concrete techniques for portraying realistic relativistic
scenes.
2. An original design for using relativity as the foundation of a novel gameplay
experience, demonstrated with a functional game.
3. Demonstration of effective learning of certain relativity concepts from
playing the game.

9.1

Computational relativity

The examination of methods (refer to chapter 7) revealed two limitations in the
known relativistic visualisation techniques, which are user interface concerns.
• The first shortcoming is due to the headlight effect causing the brightness of
the image to exceed the displayable range on the computer screen, resulting
in the scene becoming obscured. This shortcoming is addressed through
the computer graphics technique of high dynamic range rendering. An
implementation is demonstrated in section 7.3.
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• The second shortcoming is the inability of image-based relativistic rendering to portray scenes containing objects in different states of relative motion.
A process for computing the apparent location and appearance for such
objects is reported in section 7.4. An implementation using imposters is
demonstrated, but correctly scaling and locating the imposter image in the
scene is found to be quite complicated.
The development of the RA game has also illustrated algorithms for dynamic
behaviours.
• The computation of motion for inertial objects with relativistic properties
(mass dilation and time dilation) is shown in sections 4.2.5 and 4.2.6.
• An algorithm is presented for calculating the elastic collision between particles with velocity-dependent mass in section 4.3, and an implementation is
demonstrated. The implementation necessarily assumes point particles due
to the intractability of rigid-body interactions in relativity.

9.2

Relativity as game mechanics

Simulations lack the challenging aspects of games that motivate the player’s
involvement, and a framework to guide them through the experience. In chapter 4,
a functional game is produced that demonstrates how relativistic physics could be
integrated into the mechanics of the game.
• Responses of learners and users who played the game were positive, as
reported in sections 6.3–6.4 and 8.6.
• The non-visual effects, mass dilation and time dilation, showcased in the
game in section 4.2.1, have not been portrayed previously in interactive
simulations.
• The learning study finds the most effective communication and learning
occurs through visual elements. This preference for the visual could be used
as an opportunity to direct players’ attentions to these features for better
learning.
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9.3

Learning relativity from games

In the experimental studies evaluating knowledge and learning with the Relativistic Asteroids game relative to the HSC learning objectives [10], reported in
chapter 6, the following outcomes are found:
• Among students with prior knowledge (pre-test):
– High comprehension of length contraction, time dilation, mass dilation, constancy of c, and the postulates of relativity.
– Moderate ability to solve problem-based questions.
• Among students with prior knowledge (post-test):
– Significant improvement in spectral Doppler shift concept.
– Other conceptions unchanged.
• Among beginning learners (pre-test):
– Moderate-high comprehension of time dilation and finite light speed.
– Other concepts not understood.
• Among beginning learners (post-test):
– Significant improvement in length contraction concept.
– Significant improvement in mass dilation concept.
– Significant improvement in spectral Doppler shift concept.
– Consolidation of time dilation comprehension.
– Slight variations in other concept and problem-solving areas.
– No benefit to postulates of relativity.
– Overall close alignment of the answer profile with that of priorknowledge members.
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9.4

Design and use of serious games

The natural uses in the classroom of simulations and games, as exemplified in the
thesis, appear to fall into three cases (refer to section 8.5.5):
1. to provide guided experiences that foster discussion;
2. to provide a platform for collaborative learning and cooperative problemsolving; and
3. as a resource that can be visited and explored by the student outside of the
classroom.
Design concerns are reflected by:
• Some users with low ‘game literacy’ found the action game extremely difficult to control (see section 8.6.6). Game designs need to be accommodating,
but also need to avoid simplifying or ‘dumbing down’ the game so that
appeal to the wider game-literate audience is lost.

9.5

Closing statement

Computer and video games certainly represent one of the most inventive fields of
human endeavour, transforming how children and adults alike interact and spend
their leisure time. Games, and elements from game experiences, furthermore have
demonstrated great potential for transforming other aspects of our lives, from
empowering social and creative agency to supporting more effective and enjoyable
learning [89, 98, 41]. One of the most powerful affordances of games, discussed
throughout this thesis, is as enablers to represent and explore other worlds –
including representations of the physics of special relativity, as exemplified by
Mr Tompkins in Wonderland [45, 47]. Computer-based simulations (as profiled
in section 2.3) already draw on methods and technologies pioneered by games to
provide interactive virtual worlds, but the unique properties of games (chapter 3)
can be further leveraged through challenging aspects that engage the player’s
involvement, and a framework to guide them through the experience.
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The research work reported herein has extended upon techniques for portraying realistic relativistic scenes (chapter 7), and also developed abstract principles
for using relativity as the foundation of a novel gameplay experience. A
functional game, Relativistic Asteroids was produced (see chapter 4), which
demonstrated how relativistic physics could be integrated into the mechanics of
play, and be granted context and showcased in the framework of a game. The
investigation over the preceding chapters has also examined the topic from a
standpoint of providing effective learning experiences through games. The results
of experimental studies (chapters 5–6) showed that players were able to improve
their understanding of certain concepts of relativity that were portrayed in the
game. In future work, these elements could all be developed further and unified,
to enable players and learners to discover the ‘new world’ as Mr Tompkins himself
does.

301

302

Appendix A
Questionnaire Materials
A.1

Pilot websurvey information page

Information page shown to visitors of the online websurvey.

INFORMATION STATEMENT FOR RESEARCH PARTICIPANTS INVOLVED IN RESEARCH STUDY:
EVALUATION OF DESIGN AND LEARNING IN A COMPUTER GAME
PORTRAYING RELATIVITY
My name is David Carr and I am a PhD student conducting research in the area
of computer game software for teaching physics. I am a student in the Doctor of
Philosophy program at Charles Sturt University. My supervisors in this research
are Prof. Terry Bossomaier and Dr. Michael Antolovich. Prof. Bossomaier and
Dr. Antolovich can be contacted by phone or via email according to the details
below.
Prof. Terry Bossomaier
02 6338 4683
tbossomaier@csu.edu.au

Dr. Michael Antolovich
02 6338 4388
mantolovich@csu.edu.au

Aim of this research:
The aim of this research is to evaluate the design of a computer game that has been
built to portray physics principles of Einstein’s Theory of Relativity. The Theory
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of Relativity is a difficult topic in physics, and the focus of this research is to assess
whether a computer game can help with learning. This survey is designed to assess
how well the current game helps players to learn and understand relativity, and to
gather ideas for new features and designs to improve the game.

What is required of you:
Each participant will be asked to complete a questionnaire on this web page. It
is not necessary to have played the game to take the survey. The questionnaire
should take approximately 10 minutes to complete. Completion of the survey is
voluntary and your responses will remain anonymous.
The questionnaire involves the following sections:
a. Part 1 – asks you to rate certain aspects of the game and provide feedback
about it, if you have played it.
b. Part 2 – is a short test to measure understanding of relativity.
c. Part 3 – asks participants to provide general demographic information (such as
gender and education level) and explain if they found the game useful.
Only persons aged 16 years or older are to participate. By participating in this
research, you assert that you are of 16 years of age or older.

How being involved in this research may affect you:
There should be little risk for the participants in taking part in this study. Being
involved in this research is totally voluntary and there is no obligation to complete
the questionnaire. If you have any questions, comments or concerns about this
research you may contact the Principle Investigator on 02 6338 4284 or via email
at dcarr@csu.edu.au. Alternatively, please feel free to contact my supervisors (see
contact details above) or Charles Sturt University’s Ethics in Human Research
Committee (see contact details below).

How the information collected in this research will be used:
The feedback collected in this research will help to evaluate the effectiveness
of this computer game for learning, and to gather ideas for the design and
development of future games in my research. The information collected will
be used by the Principle Investigator to write a paper on the use of computer
games in teaching. It is the intent of the Principle Investigator to submit this
paper to a research conference or journal for publication. I would like to reassure
participants that their confidentiality will be maintained. The questionnaire is
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anonymous and at no stage in the research will the identity of participants be
collected. All data collected will be stored in locked facilities and after five years
will be destroyed.

To all potential participants
Please remember that participation in this research is voluntary and at any
time during the completing of this questionnaire you are free to withdraw from
research.
I would like to take this opportunity to extend my thanks to participants who have
taken the time to complete the questionnaire, your participation is appreciated.

NOTE: Charles Sturt University’s Ethics in Human Research Committee has
approved this project. If you have any complaints or reservations about the
ethical conduct of this project, you may contact the Committee through the
Executive Officer:
The Executive Officer
Ethics in Human Research Committee
Academic Secretariat
Charles Sturt University
Private Mail Bag 29
Bathurst NSW 2795
Tel: (02) 6338 4628
Fax: (02) 6338 4194
Any issues you raise will be treated in confidence and investigated
fully and you will be informed of the outcome.
A one page summary of the research findings will be available at the conclusion
of the project in June 2008 for those participants interested. If you are interested
in obtaining a one page research summary you can email the Principle Researcher
at dcarr@csu.edu.au.
Regards,
David Carr
305

Appendix A
Principle Researcher

[ I agree – continue to survey ]

A.2

[ Decline survey ]

Laboratory information page

Participant’s information sheet for laboratory experiments.
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SCHOOL OF COMPUTING AND MATHEMATICS
Building S15
Panorama Avenue
Bathurst NSW 2795
Australia

+61 2 6338 4724
+61 2 6338 4649
www.csu.edu.au
ABN: 83 878 708 551
Tel:

Fax:

PARTICIPANT’S INFORMATION SHEET
Research Project: Evaluation of a Relativistic Computer Game for teaching HSC physics students
Principal Investigators: Mr David Carr.
Supervisors: Dr Michael Antolovich; Professor Terry Bossomaier.
Address:

School of Computing and Mathematics; Charles Sturt University
Panorama Ave; Bathurst NSW 2795

Phone and Email:
David Carr
Michael Antolovich
Terry Bossomaier

(02) 6338 4284
(02) 6338 4388
(02) 6338 4683

dcarr@csu.edu.au
mantolovich@csu.edu.au
tbossomaier@csu.edu.au

I am a PhD student in the Doctor of Philosophy program at Charles Sturt University. I am conducting
research in the area of computer game software for teaching physics, and have been developing methods to
portray physics principles Einstein’s Theory of Relativity in an interactive computer game. The Theory of
Relativity is a difficult topic in physics, and this game could be used to assist learning of relativity.
About the experiment:
The aim of this research is to evaluate the design of the computer game and assess whether it can help with
learning for HSC physics students. This survey is designed to assess how well the current game helps
players to learn and understand relativity, and to gather ideas for new features and designs to improve the
game.
What is required of you:
The experiment should take no longer than about an hour. Each participant will be asked to play the
computer game, and complete a questionnaire. The questionnaire comprises three sections: a short test to
measure understanding of relativity; a section to rate certain aspects of the game and provide feedback
about it; and a section to collect general demographic information.
You will be asked to first complete the test section of the questionnaire to establish a baseline of knowledge.
You will then play the game for a period of time, and finally the questionnaire will be served again for you to
retake the test and provide feedback about playing the game.
The information gathered is confidential and no identifying information will be used or published. The
information will be kept secure and subsequently destroyed after five years.
Participants are under no obligation to participate in the project and may withdraw from the project at any
time. If you have any concerns or reservations about participating you can tell the investigator and these will
be treated in full confidence.
NOTE: Charles Sturt University’s Ethics in Human Research Committee has approved this project. If you have
any complaints or reservations about the ethical conduct of this project, you may contact the Committee through
the Executive Officer:
Executive Officer
Human Research Ethics Committee
Academic Governance
Charles Sturt University
Private Mail Bag 29
Bathurst NSW 2795
Phone: (02) 6338 4628
Fax:
(02) 6338 4194
Email: ethics@csu.edu.au
Any issues you raise will be treated in confidence and investigated fully and you will be informed of the outcome.
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A.3

Pilot websurvey questionnaire

Question list utilised in the online web survey.

Page 1
1. Did you play the game? [Yes | No ]
(Optional) If not, please indicate why:
a. I will play it later.
b. I’m not interested in downloading this.
c. Other (specify): comment field
2. How well do you think you understand the topic of the Special Theory of
Relativity?
(Module 9.2 Physics > Core > Space > Space: 4 in the NSW Higher School
Certificate Physics syllabus)
[ Not at all | A little | Moderately well | Very well | Expert ]

Page 2 (skipped if the answer to Q1 is no)
Please select the answer that most closely reflects your opinion for the following
statements:
(Answers selected from a 5-point Likert scale: “Strongly Disagree”, “Disagree”,
“Neutral”, “Agree”, “Strongly Agree”)
3. The game was fun to play.
4. The physics presentation in the game helped me to think about relativity
principles.
5. It was difficult to tell what was happening on the screen.
6. As a result of playing the game, I have increased my understanding about
relativity.
7. The game was not enjoyable.
8. The game needs more features.
9. The game provides context for theoretical knowledge about relativity.
10. Putting relativity into a computer game makes it more entertaining and
motivating to learn.
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11. It was too difficult to learn the rules of the game.
12. I didn’t really learn anything about the topic of relativity from playing this
game.
13. The rules of the game were clear and easy to learn.
14. The game clearly demonstrates some of the differences between classical and
relativistic models of physics.
15. It is not clear how someone would learn by playing this.
16. Feedback from the game helped me to recognise where my conceptions were
correct or incorrect.
17. The game was too abstract for me to gain any meaningful understanding.
18. The portrayal of physics principles in the game was not clear.
19. The game clearly portrays the concept of relativistic length contraction.
20. The game clearly portrays the concept of relativistic mass dilation.
21. The game clearly portrays the concept of relativistic time dilation.
22. Playing a game such as this would be an effective way to learn about relativity.
23. Please comment on the best features (optional): comment field
24. Please suggest how the game could be improved (optional): comment field

Page 3
The questions on this page take the form of a mini multiple-choice exam on
relativity, and are designed to measure the amount of classroom-equivalent
learning you may have received from the game or from an actual classroom.
Questions are loosely organised by increasing difficulty. Select the answer you
think is most correct to each question, or you may skip any questions to which
you don’t know the answer.
25. Which of the following pairs of statements correctly describe the Special
Theory of Relativity?
a. The speed of light c is constant in all inertial frames of reference.
The laws of physics are the same in all inertial frames of reference.
b. The speed of light c is constant in all inertial frames of reference.
The laws of physics are different in different inertial frames of reference.
c. The speed of light c is different in different inertial frames of reference.
The laws of physics are the same in all inertial frames of reference.
d. The speed of light c is different in different inertial frames of reference.
The laws of physics are different in different inertial frames of reference.
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e. No answer.
26. A stationary observer is watching a relatively moving rocket travelling at
high speed. The observer makes a measurement of the rocket’s length. As the
rocket approaches the speed of light, what happens to the length measured by the
observer?
a. The length of the rocket increases.
b. The length of the rocket decreases.
c. The length of the rocket stays the same.
d. More information is needed about the rest length and speed of the rocket.
e. No answer.
27. A Particle Accelerator is a device used to accelerate electrically-charged
particles to high speeds. A particle has a mass of m0 at rest. A scientist takes
measurements of the mass of the particle as it is accelerated to relativistic speed.
As the particle approaches the speed of light, what will the observer measure for
its mass?
a. The mass of the particle will increase.
b. The mass of the particle will decrease.
c. The mass of the particle will stay the same.
d. More information is needed about the method used to measure the mass.
e. No answer.
28. A stationary observer is watching a relatively moving rocket travelling at high
speed. The rocket carries a clock which ticks at the rate of 1 second per second
in the rocket’s frame of reference. As the rocket approaches the speed of light, at
what rate will the clock appear to tick to the observer?
a. The clock will tick slower.
b. The clock will tick faster.
c. The clock will tick at the same rate.
d. More information is needed about the clock.
e. No answer.
29. A rocket is travelling at 50% of the speed of light relative to a stationary
observer. The rocket switches on a headlight which sends out a light signal
travelling away from the rocket at 100% of speed of light. What speed will the
observer measure the light signal travelling at?
a. 50%
b. 100%
c. 150%
d. 200%
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e. No answer.
30. If an airline pilot flies 80 hours per month (in her rest frame) at 200 m/s for
25 years, what will be the difference in ages between her age and that of her twin
brother (who works in the airport control tower) when she retires?
a. The pilot will be 19 minutes younger.
b. The pilot will be 19 microseconds younger.
c. The pilot will be 19 microseconds older.
d. The pilot will be 19 minutes older.
e. No answer.
31. James travels at high constant speed from the Earth to the star Alpha Centauri,
four light years away. In James’s frame
a. the trip takes more time than it does in the Earth’s frame.
b. James travels to Alpha Centauri over a length that is shorter than four light
years.
c. clocks on Earth and on Alpha Centauri are synchronised.
d. Alpha Centauri travels to James over a length that is shorter than four light
years.
e. No answer.
32. A train is 200 feet long in its own frame, and a railroad platform is 160
feet long in its own frame. The train rushes past the platform so fast that, in the
platform’s frame, the train and platform are the same length. How fast was the
train moving?
a. 4/5 c
b. 5/4 c
c. 3/5 c
d. 4/3 c
e. 5/3 c
f. No answer.
33. A train passes through a station at relativistic speed. Pat, the station master
at the railway station, observes that the front of the train passes one end of the
platform (call this event A) at the same moment as the rear of the train passes the
other end of the platform (event B). Alice, a passenger on the train, also observes
these events. What sequence of events would Alice describe?
a. Event A happens before B.
b. Event B happens before A.
c. Both happen at the same moment.
d. More information is required about the lengths of the train and platform.
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34. As part of a science experiment, two spacecraft (Alpha and Beta) are
travelling towards one another at 60% the speed of light. Spacecraft Alpha
turns on a headlight pointed at Spacecraft Beta. Spacecraft Beta carries scientific
instruments to perform measurements on the light coming from Alpha. What
effects on the light will be seen by Beta? (Select as many answers as apply):
◦ The speed of approaching light beam will be faster than c.
◦ The speed of approaching light beam will be slower than c.
◦ The light coming from Alpha will be brighter.
◦ The light coming from Alpha will be darker.
◦ The light coming from Alpha will be redshifted.
◦ The light coming from Alpha will be blueshifted.
◦ No answer.

Page 4 (skipped on subsequent times the user takes the survey)
Thank you for participating in this survey! Please provide some demographic
information about yourself.
35. (Optional) Please enter your age: comment field
36. (Optional) Please select your gender:
a. Male
b. Female
37. (Optional) Please select your geographic locale:
[ Africa | Asia | Europe | North America | South America | Oceania ]
38. Occupation: Are you currently enrolled as a student at an educational
institution? [Yes | No]
If yes, please select the option that best describes you:
a. Not a student
b. High School
c. College
d. University
e. Technical training instution
f. Other (specify): comment field
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(Optional) If no, specify your occupation: comment field
39. If you are studying or have previously studied the topic of the Theory of
Relativity, please indicate at what level:
a. None
b. High School course
c. College course
d. University course
e. Professional training course
f. Self-taught
g. Other (specify): comment field
40. Please explain your interest in the game:
a. I’m currently learning relativity and thought this would help
b. I’m an educator looking for a tool for teaching
c. I played it just for recreation
d. No particular interest
e. Other (specify): comment field
41. (Optional) Please provide any additional comments: comment field
Thank you for participating in this survey.

A.4

Laboratory paper questionnaire

Paper questionnaire utilised in laboratory experiments.
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ID.

QUESTIONNAIRE Part A: Demographics
Thank you for participating in this survey. Please provide some demographic information
about yourself.

1. Your age:
2. Please indicate your gender:
Male
Female
3. How well do you think you understand the topic of the Special Theory of Relativity?
(Module 9.2 Physics > Core > Space > Space: 4 in the NSW Higher School Certificate Physics
syllabus)
Not at all
A little
Moderately well
Very well
Expert
4. If you are studying or have previously studied the topic of the Theory of Relativity, please
indicate at what level:
None
High school physics course
Self-taught/other (please specify):

5. How much do you play computer and/or console games? Select the category that best
matches your attitude to gaming:
I’m highly motivated and play through most releases with the aim to “beat” them.
I play as a social activity to interact with friends.
I play frequently in spare time and mainly on casual or mini-games.
I love gaming but spend little time playing due to work, family or school.
Not really motivated by games but play online or casual games incidentally.
I play occasionally and mainly puzzle games.
I seldom play electronic games.
If applicable, please briefly outline your favourite game types and platforms:

Research Project: Evaluation of a Relativistic Computer Game for teaching HSC physics students

QUESTIONNAIRE Part A: Quiz (1)
The questions on this page take the form of a mini multiple-choice exam on relativity,
and are designed to measure the amount of classroom-equivalent learning you may
have received from the game or from an actual classroom. Questions are loosely
organised by increasing difficulty. Circle the answer you think is most correct to each
question, or you may skip any questions to which you don’t know the answer.
1. Which of the following pairs of statements correctly describe the Special Theory of Relativity?
a. The speed of light c is constant in all inertial frames of reference.
The laws of physics are the same in all inertial frames of reference.
b. The speed of light c is constant in all inertial frames of reference.
The laws of physics are different in different inertial frames of reference.
c. The speed of light c is different in different inertial frames of reference.
The laws of physics are the same in all inertial frames of reference.
d. The speed of light c is different in different inertial frames of reference.
The laws of physics are different in different inertial frames of reference.
2. A stationary observer is watching a relatively moving rocket travelling at high speed. The
observer makes a measurement of the rocket’s length. As the rocket approaches the speed of
light, what happens to the length measured by the observer?
a. The length of the rocket increases.
b. The length of the rocket decreases.
c. The length of the rocket stays the same.
d. More information is needed about the rest length and speed of the rocket.
3. A Particle Accelerator is a device used to accelerate electrically-charged particles to high
speeds. A particle has a mass of m0 at rest. A scientist takes measurements of the mass of the
particle as it is accelerated to relativistic speed. As the particle approaches the speed of light,
what will the observer measure for its mass?
a. The mass of the particle will increase.
b. The mass of the particle will decrease.
c. The mass of the particle will stay the same.
d. More information is needed about the method used to measure the mass.
4. A stationary observer is watching a relatively moving rocket travelling at high speed. The
rocket carries a clock which ticks at the rate of 1 second per second in the rocket’s frame of
reference. As the rocket approaches the speed of light, at what rate will the clock appear to tick
to the observer?
a. The clock will tick slower.
b. The clock will tick faster.
c. The clock will tick at the same rate.
d. More information is needed about the clock.
5. A rocket is travelling at 50% of the speed of light relative to a stationary observer. The rocket
switches on a headlight which sends out a light signal travelling away from the rocket at 100% of
speed of light. What speed will the observer measure the light signal travelling at?
a. 50%
b. 100%
c. 150%
d. 200%
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6. If an airline pilot flies 80 hours per month (in her rest frame) at 200 m/s for 25 years, what will
be the difference in ages between her age and that of her twin brother (who works in the airport
control tower) when she retires?
a. The pilot will be 19 minutes younger.
b. The pilot will be 19 microsecond younger.
c. The pilot will be 19 microseconds older.
d. The pilot will be 19 minutes older.
7. A train passes through a station at relativistic speed. Pat, the station master at the railway
station, observes that the front of the train passes one end of the platform (call this event A) at
the same moment as the rear of the train passes the other end of the platform (event B). Alice, a
passenger on the train, also observes these events. What sequence of events would Alice
describe?
a. Event A happens before B.
b. Event B happens before A.
c. Both happen at the same moment.
d. More information is required about the lengths of the train and platform.
8. As part of a science experiment, two spacecraft (Alpha and Beta) are travelling towards one
another at 60% the speed of light. Spacecraft Alpha turns on a headlight pointed at Spacecraft
Beta. Spacecraft Beta carries scientific instruments to perform measurements on the light
coming from Alpha. What effects on the light will be seen by Beta? (Select as many answers as
apply):
The speed of the approaching light beam will be faster than c.
The speed of the approaching light beam will be slower than c.
The light coming from Alpha will be brighter.
The light coming from Alpha will be darker.
The light coming from Alpha will be redshifted.
The light coming from Alpha will be blueshifted.
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ID.

QUESTIONNAIRE Part B: Quiz (2)
The questions on this page take the form of a mini multiple-choice exam on relativity,
and are designed to measure the amount of classroom-equivalent learning you may
have received from the game or from an actual classroom. Questions are loosely
organised by increasing difficulty. Circle the answer you think is most correct to each
question, or you may skip any questions to which you don’t know the answer.
1. Which of the following pairs of statements correctly describe the Special Theory of Relativity?
a. The speed of light c is constant in all inertial frames of reference.
The laws of physics are the same in all inertial frames of reference.
b. The speed of light c is constant in all inertial frames of reference.
The laws of physics are different in different inertial frames of reference.
c. The speed of light c is different in different inertial frames of reference.
The laws of physics are the same in all inertial frames of reference.
d. The speed of light c is different in different inertial frames of reference.
The laws of physics are different in different inertial frames of reference.
2. A stationary observer is watching a relatively moving rocket travelling at high speed. The
observer makes a measurement of the rocket’s length. As the rocket approaches the speed of
light, what happens to the length measured by the observer?
a. The length of the rocket increases.
b. The length of the rocket decreases.
c. The length of the rocket stays the same.
d. More information is needed about the rest length and speed of the rocket.
3. A Particle Accelerator is a device used to accelerate electrically-charged particles to high
speeds. A particle has a mass of m0 at rest. A scientist takes measurements of the mass of the
particle as it is accelerated to relativistic speed. As the particle approaches the speed of light,
what will the observer measure for its mass?
a. The mass of the particle will increase.
b. The mass of the particle will decrease.
c. The mass of the particle will stay the same.
d. More information is needed about the method used to measure the mass.
4. A stationary observer is watching a relatively moving rocket travelling at high speed. The
rocket carries a clock which ticks at the rate of 1 second per second in the rocket’s frame of
reference. As the rocket approaches the speed of light, at what rate will the clock appear to tick
to the observer?
a. The clock will tick slower.
b. The clock will tick faster.
c. The clock will tick at the same rate.
d. More information is needed about the clock.
5. A rocket is travelling at 50% of the speed of light relative to a stationary observer. The rocket
switches on a headlight which sends out a light signal travelling away from the rocket at 100% of
speed of light. What speed will the observer measure the light signal travelling at?
a. 50%
b. 100%
c. 150%
d. 200%

Research Project: Evaluation of a Relativistic Computer Game for teaching HSC physics students

6. If an airline pilot flies 80 hours per month (in her rest frame) at 200 m/s for 25 years, what will
be the difference in ages between her age and that of her twin brother (who works in the airport
control tower) when she retires?
a. The pilot will be 19 minutes younger.
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7. A train passes through a station at relativistic speed. Pat, the station master at the railway
station, observes that the front of the train passes one end of the platform (call this event A) at
the same moment as the rear of the train passes the other end of the platform (event B). Alice, a
passenger on the train, also observes these events. What sequence of events would Alice
describe?
a. Event A happens before B.
b. Event B happens before A.
c. Both happen at the same moment.
d. More information is required about the lengths of the train and platform.
8. As part of a science experiment, two spacecraft (Alpha and Beta) are travelling towards one
another at 60% the speed of light. Spacecraft Alpha turns on a headlight pointed at Spacecraft
Beta. Spacecraft Beta carries scientific instruments to perform measurements on the light
coming from Alpha. What effects on the light will be seen by Beta? (Select as many answers as
apply):
The speed of the approaching light beam will be faster than c.
The speed of the approaching light beam will be slower than c.
The light coming from Alpha will be brighter.
The light coming from Alpha will be darker.
The light coming from Alpha will be redshifted.
The light coming from Alpha will be blueshifted.
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QUESTIONNAIRE Part B: Game Evaluation
Please select the answer that most closely reflects your opinion for the following
statements:
Strongly
Disagree

Disagree

The game was fun to play.
The physics presentation in the game helped
me to think about relativity principles.
Putting relativity into a computer game makes
it more entertaining and motivating to learn.
It was too difficult to learn the rules of the
game.
I didn’t really learn anything about the topic of
relativity from playing this game.
The game clearly demonstrates some of the
differences between classical and relativistic
models of physics.
The game clearly portrays the concept of
relativistic length contraction.
The game clearly portrays the concept of
relativistic mass dilation.
The game clearly portrays the concept of
relativistic time dilation.
Playing a game such as this would be an
effective way to learn about relativity.

21. Please comment on the best features (optional):

22. Please suggest how the game could be improved (optional):

23. Please provide any additional comments (optional):

Neutral

Agree

Strongly
Agree
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