Conferences in Research and Practice in
Information Technology
Volume 167

Interactive Entertainment 2015

Australian Computer Science Communications, Volume 37, Number 11

Interactive Entertainment 2015

Proceedings of the 11th Australasian Conference on
Interactive Entertainment (IE 2015),
Sydney, Australia, 27 - 30 January 2015

Yusuf Pisan, Keith Nesbitt and Karen Blackmore, Eds.

Volume 167 in the Conferences in Research and Practice in Information Technology Series.
Published by the Australian Computer Society Inc.

acm
Published in association with the ACM Digital Library.
iii

Interactive Entertainment 2015. Proceedings of the 11th Australasian Conference on Interactive Entertainment (IE 2015), Sydney, Australia, 27 - 30 January 2015
Conferences in Research and Practice in Information Technology, Volume 167.
Copyright c 2015, Australian Computer Society. Reproduction for academic, not-for-profit purposes permitted
provided the copyright text at the foot of the first page of each paper is included.

Editors:
Yusuf Pisan
University of Technology, Sydney
15 Broadway
Ultimo NSW 2007, Australia
Email: yusuf.pisan@gamesstudio.org
Keith Nesbitt
University of Newcastle
University Drive, Callaghan
NSW 2308, Australia
Email: keith.nesbitt@newcastle.edu.au
Karen Blackmore
University of Newcastle
University Drive, Callaghan
NSW 2308, Australia
Email: karen.blackmore@newcastle.edu.au

Series Editors:
Vladimir Estivill-Castro, Griffith University, Queensland
Simeon J. Simoff, University of Western Sydney, NSW
Email: crpit@scem.uws.edu.au
Publisher: Australian Computer Society Inc.
PO Box Q534, QVB Post Office
Sydney 1230
New South Wales
Australia.
Conferences in Research and Practice in Information Technology, Volume 167.
ISSN 1445-1336.
ISBN 978-1-921770-49-4.
Document engineering, January 2015 by CRPIT
On-line proceedings, January 2015 by the University of Western Sydney
Electronic media production, January 2015 by Laurence Park, University of Western Sydney

The Conferences in Research and Practice in Information Technology series disseminates the results of peer-reviewed
research in all areas of Information Technology. Further details can be found at http://crpit.com/.

iv

Table of Contents

Proceedings of the 11th Australasian Conference on Interactive Entertainment (IE 2015), Sydney, Australia, 27 - 30 January 2015
Preface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii
Programme Committee . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . viii
Organising Committee . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix
Welcome from the Organising Committee . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

x

CORE - Computing Research & Education . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xi
ACSW Conferences and the Australian Computer Science
Communications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xiii
ACSW and IE 2015 Sponsors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xv

Contributed Papers
Comparing the onset of cybersickness using the Oculus Rift and two virtual roller coasters . . . . . . . . .
Simon Davis, Keith Nesbitt and Eugene Nalivaiko

3

The impact of playing commercial video games on learning in young children: An exploratory study . 15
Allan Fowler, Alessandro Canossa and Keith Nesbitt
The Spectrum of States: Comedy, Humour and Engagement in Games . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
Geoffrey Hookham and Michael Meany
Exploring the Reuse of Fire Evacuation Behaviour in Virtual Environments . . . . . . . . . . . . . . . . . . . . . . 35
Mingze Xi and Shamus P. Smith

Author Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

vi

Preface

The 11th Australasian Conference on Interactive Entertainment, IE2015, is held as part of the Australian
Computer Science Week for the first time in 2015. The Interactive Entertainment conference series was
started by Yusuf Pisan in 2004 and has been held annually as an independent conference. The conference
served a crucial role in bringing together researchers in video games and interactive entertainment. IE2015
includes expanded version of the papers from IE2014, which was held in Newcastle in December 2014.
We would like to acknowledge all the people who have contributed to the Interactive Entertainment
conference series and would like to highlight the organisers and keynotes for the last ten years. All IE
proceedings can be obtained from http://ieconference.org/

Yusuf Pisan
University of Technology, Sydney
Keith Nesbitt
University of Newcastle
Karen Blackmore
University of Newcastle
IE 2015 Programme Chairs
January 2015
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Welcome from the Organising Committee

On behalf of the Organising Committee, it is our pleasure to welcome you to Sydney and to the 2015
Australasian Computer Science Week (ACSW 2015). This year the conference is hosted by the University
of Western Sydney and it’s School of Computin,g Engineering and Mathematics.
A major highlight of the ACSW 2015 will be the Industry Research Nexus day on 27th January 2015.
The aim is for industry leaders and academic researchers to come together and explore research areas of
mutual interest. Many University research groups and 15 industries have confirmed their participation.
ACSW 2015 consists of 9 sub conferences covering a range of topics in Computer Science and related
areas. These conferences are:
– Asia-Pacific Conference on Conceptual Modelling (APCCM) (Chaired by Motoshi Saeki and Henning
Köhler)
– Australasian Computer Science Conference (ACSC) (Chaired by Dave Parry)
– Australasian Computing Education Conference (ACE) (Chaired by Daryl D’Souza and Katrina Falkner)
– Australasian Information Security Conference (AISC) (Chaired by Ian Welch and Xun Yi)
– Australasian Symposium on Parallel and Distributed Computing (AusPDC) (Chaired by Bahman
Javadi and Saurabh Garg)
– Australasian User Interface Conference (AUIC) (Chaired by Stefan Marks and Rachel Blagojevic)
– Australasian Web Conference (AWC) (Chaired by Joseph Davis)
– Australasian Workshop on Health Informatics and Knowledge Management (HIKM) (Chaired by Anthony Maeder and Jim Warren)
– Interactive Entertainment (IE) (Chaired by Yusuf Pisan and Keith Nesbitt)
Social events are a very important part of a conference as these provide many networking opportunities.
To foster networking we have included a reception with industry on 27th January 2015, a Welcome reception
on 28th January 2015 and a conference dinner on 29th January 2015.
Organising a multi-conference event such as ACSW is a challenging process even with many hands
helping to distribute the workload, and actively cooperating to bring the events to fruition. This year has
been no exception. We would like to share with you our gratitude towards all members of the organising
committee for their combined efforts and dedication to the success of ACSW2015. We also thank all
conference co-chairs and reviewers, for putting together the conference programs which are the heart of
ACSW, and to the organisers of the sub conferences, workshops, poster sessions and Doctoral Consortium.
Special thanks to John Grundy as chair of CoRE for his support for the innovations we have introduced
this year.
This year we have secured generous support from several sponsors to help defray the costs of the
event and we thank them for their welcome contributions. Last, but not least, we would like to thank all
speakers, participants and attendees, and we look forward to several days of stimulating presentations,
debates, friendly interactions and thoughtful discussions.

Athula Ginige
University of Western Sydney
Paul Kennedy
University of Technology Sydney
ACSW2015 General Co-Chairs
January, 2015

CORE - Computing Research & Education

CORE welcomes all delegates to ACSW2015 in Sydney. CORE, the peak body representing academic
computer science in Australia and New Zealand, is responsible for the annual ACSW series of meetings,
which are a unique opportunity for our community to network and to discuss research and topics of mutual
interest. The component conferences of ACSW have changed over time with additions and subtractions:
ACSC, ACE, AISC, AUIC, AusPDC, HIKM, ACDC, APCCM, CATS and AWC. Two doctoral consortia
(ACDC and ACE-DC) and an Australasian Early Career Researchers Workshop (AECRW) reflect the
evolving dimensions of ACSW and build on the diversity of the Australasian computing community. A
specific industry day on the 27th January to facilitate academic / industry discussion and networking is a
key feature of ACSW 2015.
In 2015, we are fortunate to have Professor Omer Rana, Associate Professor Pascal Hitzler and Professor
Mark Sagar providing keynote talks to the conference. I thank them for their contributions to ACSW2015.
The efforts of the conference chairs and their program committees have led to strong programs in all
the conferences, thanks very much for all your efforts. Thanks are particularly due to Professor Athula
Ginige, Professor Paul Kennedy and their colleagues for organising what promises to be a vibrant event.
Below I outline some of CORE’s activities in 2013/14.
I welcome feedback on these including other activities you think CORE should be active in.
The major sponsor of Australian Computer Science Week:
– The venue for the annual Heads and Professors meeting
– An opportunity for Australian & NZ computing staff and postgrads to network and help develop their
research and teaching
– Substantial discounts for attendees from member departments
– A doctoral consortium at which postgrads can seek external expertise for their research
– An Early Career Research forum to provide ECRs input into their development
Sponsor of several research, teaching and service awards:
– Chris Wallace award for Distinguished Research Contribution
– CORE Teaching Award
– Australasian Distinguished Doctoral Dissertation
– John Hughes Distinguished Service Award
– Various “Best Student Paper” awards at ACSW
Development, maintenance, and publication of the CORE conference and journal rankings. In 2014 this
includes a heavily-used web portal with a range of holistic venue information and a community update of
the CORE 2013 conference rankings.
Input into a number of community resources and issues of interest:
– Development of an agreed national curriculum defining Computer Science, Software Engineering, and
Information Technology
– A central point for discussion of community issues such as research standards
– Various submissions on behalf of Computer Science Departments and Academics to relevant government
and industry bodies, including recently on Australian Workplace ICT Skills development, the Schools
Technology Curriculum and the Defence Trade Controls Act.
Coordination with other sector groups:
– Work with the ACS on curriculum and accreditation
– Work with groups such as ACDICT, ACPHIS and government on issues such as CS staff performance
metrics and appraisal, and recruitment of students into computing
– A member of CRA (Computing Research Association) and Informatics Europe. These organisations
are the North American and European equivalents of CORE.
– A member of Science & Technology Australia, which provides eligibility for Science Meets Parliament
and opportunity for input into government policy, and involvement with Science Meets Policymakers
The 2014 Executive Committee has been looking at a range of activities that CORE can lead or contribute
to, including more developmental activities for CORE members. This has also included a revamp of the
mailing lists, web site, creation of discussion forums, identification of key issues for commentary and
lobbying, and working with other groups to attract high aptitude students into ICT courses and careers.

Again, I welcome your active input into the direction of CORE in order to give our community improved
visibility and impact. CORE’s existence is due to the support of the member departments in Australia and
New Zealand, and I thank them for their ongoing contributions, in commitment and in financial support.
Finally, I am grateful to all those who gave their time to CORE in 2014, and look forward to the continuing
shaping and development of the Australasian computing community in 2015.

John Grundy
President, CORE
January, 2015
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ACSW Conferences and the
Australian Computer Science Communications

The Australasian Computer Science Week of conferences has been running in some form continuously
since 1978. This makes it one of the longest running conferences in computer science. The proceedings of
the week have been published as the Australian Computer Science Communications since 1979 (with the
1978 proceedings often referred to as Volume 0 ). Thus the sequence number of the Australasian Computer
Science Conference is always one greater than the volume of the Communications. Below is a list of the
conferences, their locations and hosts.
2016. Volume 38. Host and Venue - Australian National University, Canberra, ACT.
2015. Volume 37. Host and Venue - University of Western Sydney, NSW.
2014. Volume 36. Host and Venue - AUT University, Auckland, New Zealand.
2013. Volume 35. Host and Venue - University of South Australia, Adelaide, SA.
2012. Volume 34. Host and Venue - RMIT University, Melbourne, VIC.
2011. Volume 33. Host and Venue - Curtin University of Technology, Perth, WA.
2010. Volume 32. Host and Venue - Queensland University of Technology, Brisbane, QLD.
2009. Volume 31. Host and Venue - Victoria University, Wellington, New Zealand.
2008. Volume 30. Host and Venue - University of Wollongong, NSW.
2007. Volume 29. Host and Venue - University of Ballarat, VIC. First running of HDKM.
2006. Volume 28. Host and Venue - University of Tasmania, TAS.
2005. Volume 27. Host - University of Newcastle, NSW. APBC held separately from 2005.
2004. Volume 26. Host and Venue - University of Otago, Dunedin, New Zealand. First running of APCCM.
2003. Volume 25. Hosts - Flinders University, University of Adelaide and University of South Australia. Venue
- Adelaide Convention Centre, Adelaide, SA. First running of APBC. Incorporation of ACE. ACSAC held
separately from 2003.
2002. Volume 24. Host and Venue - Monash University, Melbourne, VIC.
2001. Volume 23. Hosts - Bond University and Griffith University (Gold Coast). Venue - Gold Coast, QLD.
2000. Volume 22. Hosts - Australian National University and University of Canberra. Venue - ANU, Canberra,
ACT. First running of AUIC.
1999. Volume 21. Host and Venue - University of Auckland, New Zealand.
1998. Volume 20. Hosts - University of Western Australia, Murdoch University, Edith Cowan University and
Curtin University. Venue - Perth, WA.
1997. Volume 19. Hosts - Macquarie University and University of Technology, Sydney. Venue - Sydney, NSW.
ADC held with DASFAA (rather than ACSW) in 1997.
1996. Volume 18. Host - University of Melbourne and RMIT University. Venue - Melbourne, Australia. CATS
joins ACSW.
1995. Volume 17. Hosts - Flinders University, University of Adelaide and University of South Australia. Venue Glenelg, SA.
1994. Volume 16. Host and Venue - University of Canterbury, Christchurch, New Zealand. CATS run for the first
time separately in Sydney.
1993. Volume 15. Hosts - Griffith University and Queensland University of Technology. Venue - Nathan, QLD.
1992. Volume 14. Host and Venue - University of Tasmania, TAS. (ADC held separately at La Trobe University).
1991. Volume 13. Host and Venue - University of New South Wales, NSW.
1990. Volume 12. Host and Venue - Monash University, Melbourne, VIC. Joined by Database and Information
Systems Conference which in 1992 became ADC (which stayed with ACSW) and ACIS (which now operates
independently).
1989. Volume 11. Host and Venue - University of Wollongong, NSW.
1988. Volume 10. Host and Venue - University of Queensland, QLD.
1987. Volume 9. Host and Venue - Deakin University, VIC.
1986. Volume 8. Host and Venue - Australian National University, Canberra, ACT.
1985. Volume 7. Hosts - University of Melbourne and Monash University. Venue - Melbourne, VIC.
1984. Volume 6. Host and Venue - University of Adelaide, SA.
1983. Volume 5. Host and Venue - University of Sydney, NSW.
1982. Volume 4. Host and Venue - University of Western Australia, WA.
1981. Volume 3. Host and Venue - University of Queensland, QLD.
1980. Volume 2. Host and Venue - Australian National University, Canberra, ACT.
1979. Volume 1. Host and Venue - University of Tasmania, TAS.
1978. Volume 0. Host and Venue - University of New South Wales, NSW.

Conference Acronyms
ACDC
ACE
ACSC
ACSW
ADC
AISC
APCCM
AUIC
AusPDC
AWC
CATS
HIKM
IE

Australasian Computing Doctoral Consortium
Australasian Computing Education Conference
Australasian Computer Science Conference
Australasian Computer Science Week
Australasian Database Conference
Australasian Information Security Conference
Asia-Pacific Conference on Conceptual Modelling
Australasian User Interface Conference
Australasian Symposium on Parallel and Distributed Computing (replaces AusGrid)
Australasian Web Conference
Computing: Australasian Theory Symposium
Australasian Workshop on Health Informatics and Knowledge Management
Australasian Conference on Interactive Entertainment

Note that various name changes have occurred, which have been indicated in the Conference Acronyms sections
in respective CRPIT volumes.
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ACSW and IE 2015 Sponsors

We wish to thank the following sponsors for their contribution towards this conference.

Host Sponsors
University of Western Sydney
www.uws.edu.au

Australian Computer Society
www.acs.org.au

Computing Research and Education
www.core.edu.au

Platinum Sponsor
Dimension Data
www.dimensiondata.com

Gold Sponsors
NTT Australia Pty Ltd Hewlett-Packard Company Intersect
Cognizant Technology Solutions
www.au.ntt.com
www.hp.com
www.intersect.org.au www.cognizant.com

Silver Sponsors
SGI
www.sgi.com

SMS Management and Technology AARNet
www.smsmt.com
www.aarnet.edu.au

Macquarie Telecom
www.macquarietelecom.com

Bronze Sponsors
Australian Access Federation
aaf.edu.au

NEC Australia Pty Ltd
au.nec.com

Squiz Australia
www.squiz.net/au

Client: Computing Research & Education
Job #: COR09100

Talent RISE
www.talentrise.org

Espire Infolabs Pty Ltd
www.espire.com
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Comparing the onset of cybersickness using the Oculus Rift and two
virtual roller coasters
Simon Davis
School of Design Communication and IT
University of Newcastle
University Dr, Callaghan NSW 2308, Australia
Simon.L.Davis@uon.edu.au

Keith Nesbitt
School of Design Communication and IT
University of Newcastle
University Dr, Callaghan NSW 2308, Australia
Keith.Nesbitt@newcastle.edu.au

Eugene Nalivaiko
School of Biomedical Sciences and Pharmacy
University of Newcastle
University Dr, Callaghan NSW 2308, Australia
Eugene.Nalivaiko@newcastle.edu.au

Abstract
The uptake of new interface technologies, such as the
Oculus Rift, has generated renewed interest in virtual
reality. However, the long-standing issue of cybersickness
continues to impact on the general use of virtual reality
devices, including head mounted displays. This paper
contains a discussion of the growing interest, particularly
within the gaming and business communities, of virtual
reality technologies such as the Oculus Rift. A review of
key issues related to cybersickness and their impact on the
condition is reported. This includes a discussion of
individual, device related and task dependent factors
related to cybersickness. We also discuss the underlying
theories that are used to explain these conditions and
review a number of previous measures, both subjective
and objective, that have been used to study cybersickness.
We conclude this paper with the outcomes of a
preliminary study using the Oculus Rift and comparing
two different virtual roller coasters, each with different
levels of fidelity. We find that the more realistic roller
coaster with higher levels of visual flow has a
significantly greater chance of inducing cybersickness.1
Keywords: Cybersickness, measures, Oculus Rift, headmounted display, simulator sickness, motion sickness.

1

Introduction

Virtual reality (VR) is a user interface technology that
provides an immersive and realistic, three dimensional
Copyright © 2015, Australian Computer Society, Inc.
This paper appeared at the 11th Australasian Conference
on Interactive Entertainment (IE 2015), Sydney,
Australia, January 2015. Conferences in Research and
Practice in Information Technology (CRPIT), Vol. 167.
Y. Pisan, K. Nesbitt and K. Blackmore, Eds.
Reproduction for academic, not-for profit purposes
permitted provided this text is included.

computer simulated world (LaViola Jr. 2000). The ideas
associated with VR have been under development since
Ivan Sutherland described many of the concepts
associated with his “ultimate display” (Sutherland 1965).
Recently, VR has begun to move past private and specific
industry applications to re-enter the commercial spotlight.
This could arguably be attributed to the Oculus Rift, a
new head-mounted display that has received considerable
interest from the widespread game community.
However, a problem that has been inherent in VR, and
devices such as the Oculus Rift is the uncomfortable side
effects of cybersickness. Cybersickness can result in a
large range of symptoms including nausea, disorientation,
tiredness, headaches, sweating and eye-strain (LaViola Jr.
2000). There is still some debate over the underlying
causes of cybersickness and a lack of strategies for
designing environments that prevent such problems
(Kennedy, Lane, Berbaum and Lilienthal 1993). While
there is a relationship between motion sickness, simulator
sickness and cybersickness, the types of symptoms and
perhaps the underlying physiological causes seem to be
related (Kennedy et al. 1993). Certainly the issue is
complicated as experiences of cybersickness vary greatly
between individuals, the technologies being used, the
design of the environment and the tasks being performed
(Johnson 2005).
As it stands, cybersickness still provides an obstacle to
the wide spread adoption and commercial development of
technologies associated with virtual reality. If VR is to be
the commercially successful technology that companies
like Oculus VR, Google, Facebook and Sony are hoping
for, further research into cybersickness is required. Of
particular advantage would be better quantitative
measures for predicting a user’s susceptibility to
cybersickness and reliable methods for detecting and
measuring symptoms such as the nausea associated with
the condition. Previous studies of cybersickness have

3

CRPIT Volume 167 - Interactive Entertainment 2015

mostly relied on subjective self-reporting of the severity
of symptom conditions. Methods to objectively quantify
cybersickness symptoms still need to be developed. This
situation informs the broader aims of our research which
is to develop a physiological measure that quantifies an
individual’s susceptibility to cybersickness and provides
an objective measure of the intensity of the condition. As
part of this study we are investigating suitable
experiences that might induce cybersickness, so that we
can then study these physiological factors in more detail.
The key research questions addressed by this study
are: What is the state of previous research in the area of
cybersickness? How is cybersickness currently detected
and measured in VR? Is there a physiological measure to
quantify an individual’s susceptibility to cybersickness?
Can cybersickness be simply induced to allow more
detailed study of the physiological changes that occur?
This paper reports on initial investigations into these
research questions. It includes a discussion of the rise of
the Oculus Rift and its general place in the history of
head-mounted displays. We also review previous work
into the area of cybersickness, covering the broad range
of symptoms, the factors that impact on the condition, the
theories used to explain the phenomenon, the incidence
and adaption of cybersickness as well as previous types
of measures used in evaluation. Finally we report on an
initial investigation into the use of two alternative roller
coaster experiences (Murray 2013, Helix – The NEXT
Level 2014). We find that the more realistic of the two
experiences is significantly more likely to induce
cybersickness over a short time frame.

2

Head-mounted displays

Virtual environments construct the user interface as a
synthetic world where the user can interact with objects
and navigate the environment as if they were in the real
world. In virtual environments people participate,
perform tasks and experience activities within the
computer-generated world. The intention is to both
"suspend belief" in the person's own reality and "suspend
disbelief" of the computer created reality.
VR is not a new phenomenon, indeed many of the
ideas associated with virtual environments were first
described by Ivan Sutherland as part of his ‘ultimate
display’ (Sutherland 1965). This paper is motivated by
anecdotal reports of cybersickness, specifically with
head-mounted display technologies like the recently
released Oculus Rift (Oculus VR: Oculus Rift 2014).
Like VR, head-mounted displays themselves have a long
history of development.
The precursor to current head-mounted displays was a
stereoscopic television patented by McCollum in 1945
(McCollum 1945). The patent describes the invention as a
“stereoscopic television apparatus wherein the image
creating mechanism is mounted in a spectacle frame.”
(McCollum 1945). Heilig also patented a stereoscopic
television HMD for individual use in 1960 (Helig 1960).
The patent notes that, “by placing one small television
tube and peripheral vision lens system before each eye of
the user, sone'ear phone by each ear, and one air duct
before each nostril, the spectator is given a complete
sensation of reality, i.e., moving three dimensional

4

images, which may be in color, with 100% peripheral
vision, binaural sound, scents and air breezes” (Helig
1960). Philco Corporation designed a helmet, called
Headsight in 1961 (Comeau and Bryan 1961). The helmet
included a magnetic tracking system that captured head
movements for controlling the view of a remote camera.
Bell Helicopters also developed a camera-based headmounted display to provide night vision to helicopter
pilots during the 1960s (NRC 1999). Despite this early
work in head mounted displays, Ivan Sutherland’s
“Sword of Damacles” (Sutherland, 1968) is widely
regarded as one of the foundational computer-head
mounted displays.
During the 1970s, 80s and 90s many further advances
were made in head-mounted displays and evaluated for
use in military, industrial and entertainment domains
(Kiyokawa 2007). See table 1 for examples of the cost
and characteristics of commercial head-mounted displays
from the 1990s compared with characteristics and costs of
the Oculus Rift. Despite this considerable development
history of head-mounted displays, the Oculus Rift
represents an emerging technology that is still trying to
find a place in the mainstream as the “ultimate display”.
Product
VPL
Eyephone 2
Virtual
Research
Flight
Helmet
LEEP
Systems
Cyberface II
Oculus Rift
DK 1
Oculus Rift
DK 2

Resolution
(per eye)

Horizontal
Field of
View

Weight
(kgs)

Cost
(US $)

360 x 240

90

2.4

11,000

320 x 240

100

2

6,000

479 x 234

140

1

8,100

640 x 800

110

0.22

$300

960 x 1080

100

0.32

$350

Table 1: Characteristics of early commercial HMDs
(Burdea and Coiffet 1994; Holloway and Lastra 1993)
compared with the Oculus Rift (Antonov, Mitchell,
Reisee, Cooper, LaValle and Katsev 2013; Oculus Rift
Development Kit 2 2014)
A key feature of head-mounted displays is the ability
to provide stereoscopic images. Depth perception is a
complex perceptual experience with many of the visual
cues, such as brightness, occlusion, shadows, texture
gradients and location in the visual field being purely two
dimensional in nature (Goldstein 2009). It is only for
objects in the one to three metre range that true
stereoscopic cues, known as binocular disparity, are
perceived (Goldstein 2009). These depth cues rely on the
fact our eyes are slightly offset and hence we distinguish
close objects from two slightly offset locations. In virtual
reality this same effect can be simulated by providing the
left and right eye with slightly offset views of the virtual
world. Stereoscopic cues can be achieved in a number of
ways. For example, by interleaving left and right eye
images and using active ‘shutter-glass’ technology or
passive polarization techniques to ensure each eye only
sees the intended image. Head-mounted displays, such as
the Oculus Rift, achieve this stereoscopic effect by
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splitting the screen, dedicating a section of the display for
each eye.
To create a true sense of immersion in a head-mounted
display the displayed image needs to update so that it
matches what the user is looking at in the virtual world.
Thus the stereographic image needs to constantly change
in direct relation to the wearer’s viewpoint. Six degrees of
freedom, three for position and three for orientation are
required to define this viewpoint. This is achieved by
tracking the user’s head in real-time and then using the
calculated viewpoint for each eye to display the world
from the correct perspective. The Oculus Rift features a
gyroscope for tracking angular velocity, an accelerometer
for tracking accelerations in all directions and a
magnetometer for sensing magnetic fields (Antonov et al.
2013). The use of the accelerometer and gyroscope allow
for a user’s movement and speed to be calculated and
tracked in real time and reflected in the virtual
environment (Boas). The Oculus Rift also uses algorithms
to automatically correct drift from tilt and yaw errors that
occur when using accelerometers, gyroscopes and
magnetometers to calculate an individual’s head position
(LaValle 2013a, LaValle 2013b).
One problem with most stereoscopic displays is the
accommodation convergence conflict (Durlach and
Mavor 1995). In the real world, our eyes converge to look
at near objects while also focusing (accommodating) at
the same distance on the object. However, in virtual
reality, while the eyes will still converge to look at a
virtual object, the focus needs to be on the plane of the
display itself rather than the object. A number of other
key factors that need to be considered when using headmounted displays are the vertical and horizontal field of
view, the resolution, the contrast, the luminance and
colour characteristics as well as any flicker or lag in
updating the display (Durlach and Mavor 1995).
Furthermore, head-mounted displays impact on the
normal inertia characteristics of the head, generating
unusual forces during head movements that can also
directly impact on cybersickness (Durlach and Mavor
1995).

3

The Rise of the Oculus Rift

As of 2012 virtual reality has started to move past private
and localized industry applications and into the
mainstream commercial spotlight. This shift was arguably
due to the Oculus Rift and its broad uptake by game
players and developers. Oculus VR, creators of the
Oculus Rift head mounted display, had a very successful
Kickstarter in 2012, receiving a total of 2.4 million
dollars in community funding and raising 974% of its
initial monetary goal of 250 thousand dollars. Six months
after their Kickstarter campaign, on the 29th March 2013
Oculus VR began shipping the DK1 (Oculus VR 2013).
Oculus VR currently has two iterations of its Oculus
Rift device; the Oculus Rift Development Kit 1 (DK1)
and the Oculus Rift Development Kit 2 (DK2). Oculus
VR announced the second iteration of its development
kit, the DK2 on the 19th March 2014 (Oculus VR 2014a).
The DK2 features a higher resolution, higher refresh rate,
low persistence to remove motion blur, and positional
tracking for low latency and precise movements when

compared to its predecessor (see Table 2) (Oculus Rift
Development Kit 2 2014). The DK2 represents the next
step towards the consumer ready device that is expected
to be available before the end of 2015.
Following the announcement of the DK2, Facebook
purchased Oculus VR on the 25th March 2014 for $2
billion (Oculus VR 2014c, Solomon 2014). Facebook
CEO Mark Zuckerberg envisions the device as a new
communications platform to enhance everyday social
experiences (Zuckerberg 2014).
Major technology companies such as Sony, Google
and Samsung have seemingly taken notice of the
increasing consumer demand. Sony revealed their virtual
reality device Project Morpheus in March 2014, a head
mounted display for its games console, the PlayStation 4
(Yoshida 2014). On 26th June 2014 Google showed how
simple it was to bring VR to mobile devices with an
inexpensive build it yourself device dubbed Cardboard
(Google Developers 2014). Google’s Cardboard is a
cardboard enclosure with magnets and lenses that wraps
around a mobile device, using the mobile device as the
display. Samsung and Oculus VR announced their
collaboration, presenting the Samsung Gear VR
Innovator Edition. A head mounted device for Samsung’s
mobile device the Galaxy Note 4 (Oculus VR 2014b).
Similar to Google Cardboard, the Gear VR uses a mobile
device as a display.
Resolution
Display
Low
Persistence
Positional
Tracking
Horizontal
Field of
View
Sensors

Update
Rate
Interface
Weight

Oculus Rift DK 1
640 x 800 per eye
7” LCD at 60Hz

Oculus Rift DK 2
960 x1080 per eye
5.7” OLED at 75Hz

No

Yes (2ms, 3ms, full)

No

Yes

110 degrees

100 degrees

Accelerometer,
Gyroscope,
Magnetometer

Accelerometer,
Gyroscope,
Magnetometer

1000Hz

1000Hz

USB 2.0. HDMI 1.3
0.22 kilograms

USB 2.0, HDMI 1.4b
0.32 kilograms

Table 2: Oculus Rift Technical Specifications
(Antonov et al. 2013; DK 2 2014)
At a Steam Dev Days conference in February 2014,
Michael Abrash from Valve, a major games developer
and digital games distributor, stated that consumer grade
virtual reality devices are likely to arrive in two years
(Abrash 2014). This is based on their own in house
research and development and their collaboration with
Oculus VR. Abrash believes that the technology will
evolve most rapidly on the PC platform and revolutionize
the entire entertainment industry and has indicated that
Valve’s digital distribution Steam platform will be
offering full support (Steamworks Development 2014).
Oculus VR founder Palmer Luckey says there has
been more content created for VR in the last year, than
the last 20 years combined (Oculus Rift Development Kit
2 2014). Oculus Rift has integrated support for Unity 4,
Unreal Engine 4 and the Unreal Development Kit to
make development and integration for the Oculus Rift as
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simple as possible. Most virtual reality demos and
support released so far have focused on first person
games. These include games such as Half-Life 2 (2004),
Team Fortress 2 (2007), Hawken (2012), Garry’s Mod
(2004) and Surgeon Simulator 2013 (2013). There are
games such as Star Citizen (2015) and Minecraft (2009)
that are currently implementing Oculus Rift support. Joe
Ludwig from Valve is interested in how third person
games like Batman: Arkham Asylum (2009) and games
that use pulled back three quarter views like Dota 2
(2013) can use head tracking in virtual reality (Ludwig
2013). A full list of supported games and demos is
available at The Rift List (2013) and Rift Enabled (2013).
Despite this positive outlook, some developers, such
as the team behind the upcoming game Routine (2015),
have dropped support for the Oculus Rift temporarily as
they are experiencing “motion sickness” whilst trying to
integrate virtual reality functionality (Foster 2014). Lots
of developers are getting on board with virtual reality,
specifically support for the Oculus Rift as it has opened
up new and exciting ways of interacting and engaging
with gamers. However, as evidenced by the reaction of
the developers of Routine, cybersickness remains an
obstacle to longer term usage of these devices. This
highlights the potential impact cybersickness can still
have on the more general adoption of technologies such
as the Oculus Rift. In the next few sections we review
significant literature around cybersickness as previously
identified in a systematic review (Davis, Nesbitt and
Nalivaiko 2014).

4

Cybersickness

Cybersickness can present as a variety of unpleasant
symptoms
including
nausea,
stomach
awareness/discomfort and sweating as well as
disorientation, tiredness, postural instability, headaches,
and eye strain (LaViola Jr. 2000). Interestingly there is
still some debate over the underlying causes and
symptoms associated with cybersickness. Strategies for
designing environments are necessary to overcome the
likelihood of problems (Kennedy et al. 1993).
Motion sickness, simulator sickness and cybersickness
share similar symptoms although the conditions are
caused by exposure to slightly different situations.
Motion sickness is the unpleasant feeling, accompanied
by nausea, dizziness and vomiting that may occur when
people travel in moving vehicles. It is also referred to as
sea sickness, air sickness and car sickness or more
generally as travel sickness as it can be brought on by
travelling in any type of moving vehicle including
submarines, aircraft and trains. Motion sickness can also
be induced on an amusement ride, a spinning chair or
simply by using a swing at a playground. Astronauts can
also experience a related form of motion sickness, called
‘space adaptation syndrome’ that occurs in exposure to
zero-gravity conditions. Younger children, aged between
4-12 are more prone to motion sickness and indeed
susceptibility to the condition in childhood has found to
be a good indicator of susceptibility (Golding 1998).
Simulator sickness, as its name implies, was first
found in pilots who underwent extended training in flight
simulators. Typically these simulators map virtual

6

movements in the simulator to actual movements of the
simulation platform. It is likely the perceived
discrepancies between the simulator’s motion and that of
the virtual vehicle that lead to the condition. This cause
differs from the conditions that tend to induce motion
sickness. Apathy, sleepiness, disorientation, fatigue,
vomiting and general discomfort are typical of the
symptoms trainees may experience. These symptoms can
reduce the effectiveness of simulators for training and
result in decreased simulator use, or the adoption of
inappropriate coping mechanisms during training.
Furthermore post-training effects can impact on
individuals, with effects such as drowsiness or postural
instability occurring immediately after training or even
many hours later. Compared to motion sickness,
simulator sickness tends to be less severe and occurs less
frequently. Interestingly studies have found a correlation
between the appearance of symptoms and the flight
experience of the pilot, with more experienced pilots
more likely to develop symptoms (Johnson 2005).
Cybersickness is another subset of motion sickness
experienced by users of virtual reality where they appear
to be moving in the virtual scene while actually
remaining stationary. This stationary reality and the
associated compelling experience of self-motion, also
called vection, is believed to underlie the condition. This
is in contrast to simulator sickness that is caused by small
discrepancies between the user’s normal, expected
motion and the actual simulator motion. The typical
symptoms of cybersickness include nausea, eye strain and
dizziness. Stanney et al. (1997) found that cybersickness
is three times the severity of simulator sickness. While
there are definite relationships between the symptoms
experienced in motion sickness, simulator sickness and
cybersickness provoke slightly different clusters of
symptoms that can be used to differentiate the three
conditions (see Table 3) (Kennedy et al. 1993).
In one of the largest studies of simulator sickness,
Kennedy et al. (1993) analysed available data from 10
United States Navy flight simulators Using 1,119 pairs of
pre-exposure and post-exposure scores from self-reported
data on motion sickness symptoms reported by United
States Navy personnel. This data was collected using a
traditional Pensacola Motion Sickness Survey (Kellogg,
Kennedy and Graybiel 1964).
Disorientation
Cluster
Dizziness
Vertigo

Nausea
Cluster
Stomach awareness
Increased salivation
Burping

Oculomotor
Cluster
Eyestrain
Difficulty focusing
Blurred vision
Headache

Table 3: Symptom Clusters
Kennedy et al. (1993) used a series of factor analyses
to identify a list of 27 symptoms that were commonly
experienced by users. Removing symptoms that had a
low rate of occurrence, such as vomiting and symptoms
that could contribute ambiguous data, such as boredom
Kennedy et al. (1993) developed and validated a new
Simulator Sickness Questionnaire that included 16
symptoms. These 16 symptoms were found to cluster into
three categories, oculomotor, disorientation and nausea.
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The oculomotor cluster included eyestrain, difficulty
focusing, blurred vision and headache. The disorientation
cluster symptom included dizziness and vertigo. The
nausea cluster included stomach awareness, increased
salivation and burping.
While the three symptom categories are not orthogonal
to one another, they can provide differential information
about participants' experience of symptoms and are useful
for determining the particular pattern of discomfort
produced by a given simulator.

5

Causes and factors

The actual cause of cybersickness is not known and the
underlying physiological responses uncertain. The three
most prominent theories for the cause of cybersickness
are poison theory, postural instability theory and sensory
conflict theory (LaViola Jr. 2000).
Poison theory suggests an evolutionary survival
mechanism comes in to play when the user experiences
sensory hallucinations consistent with ingesting some
type of poison (Bouchard, Robillard, Renaud and Bernier
2011). Vomiting and nausea is thus designed to eject any
remaining toxic substances in the stomach. However this
explanation fails to explain the broader spread of
symptoms and varied individual responses and currently
there is only limited evidence for this theory (Money
1990). It is suggested that the pattern of stimuli visual
and/or vestibular stimuli that trigger motion sickness,
accidentally activate brain sensors for detecting toxins
(Treisman 1997).
The postural instability theory is based on the idea that
the main goal of humans is to maintain postural stability
in the environment (Riccio and Stoffregen 1991).
Therefore prolonged postural instability results in
cybersickness symptoms (LaViola Jr. 2000) and the
longer the instability, the more severe the symptoms are
likely to be. The suggestion is that whenever the
environment changes in an abrupt or significant way, and
where postural control strategies have not been learnt the
result is postural instability. In many virtual environments
visual changes that are unrelated to the normal constraints
on body motion lead to a conflict in normal postural
control strategies resulting in the symptoms experienced
in cybersickness.
However, the most longstanding and popular
explanation for cybersickness is known as sensory
conflict theory (Cobb, Nichols, Ramsey and Wilson 1999,
Kolasinski 1995, LaViola Jr. 2000). This theory describes
the conflicts of two key sensory systems engaged in
virtual environments namely the visual and vestibular
senses (Kolasinski 1995). They provide information
about an individual’s orientation and perceived motion
and it is the mismatch of these senses that can frequently
occur in virtual worlds. For example, the vestibular
system may be telling the individual that their body is
stationary while the visual system is telling them that
their body is moving, causing a sensory mismatch
(Howarth and Costello 1997). For example, in a driving
simulator the user senses the optical flow patterns of the
road, buildings, and other parts of the environment as
they move in their peripheral vision and this creates the
sense of motion. However, the vestibular sense fails to

provide a proportional sense of linear or angular motion
and this is in conflict to normal expectations where
comparative head movements are registered by both the
visual and vestibular senses.
Unfortunately, like the other theories, the sensory
conflict theory lacks predictive power in determining how
severe the symptoms of cybersickness will be relative to
any virtual experience. Furthermore, the theories still fail
to explain why, given identical virtual experiences some
individuals get sick and others do not.
While the underlying mechanisms that cause
cybersickness are still not completely understood there
has been more success in identifying some of the many
factors known to impact on the likelihood of users
developing symptoms. These factors include, individual,
device and task differences.
The individual factors include age, gender, race,
illness and positioning. Children in the 2-12 age range
have the greatest susceptibility to cybersickness and this
rapidly decreases from the ages of 12 to 21 and beyond
(Kolasinski 1995). Thus older people are less susceptible
to symptoms. In regards to gender, women have a wider
field of view which increases the likelihood of flicker
perception and this in turn increases their susceptibility to
cybersickness (LaViola Jr. 2000). Research has also
shown that female hormones can affect susceptibility
(Kolasinski 1995). For all users, any underlying illness
increases an individual’s susceptibility to cybersickness.
These physical conditions include but are not limited to
fatigue, hangovers and the flu (LaViola Jr. 2000). The
posture of the individual, possibly related to the postural
instability theory, is also important. For example, sitting
is a safer posture for users, than standing as this reduces
any demand on postural control (Kolasinski 1995).
These individual factors might provide a further
barrier to commercialization of virtual reality as there
needs to be consideration for a wide range of participants.
Furthermore, particular users with health problems or
under the influence of drugs and alcohol may have higher
susceptibility to cybersickness symptoms (Kruk 1992).
This will have implications for how the technology is
used and developers should be aware of the variety of
conditions under which the technology will function.
The main device factors that technology suppliers
need to be aware of include lag, flicker, calibration, field
of view and general ergonomics. Lag occurs when there
is a delay between an individual’s action and the system’s
reaction; this can contribute to cybersickness symptoms
(LaViola Jr. 2000). In terms of lag, efficient tracking of
movements that reflect changes of view are critical, as are
real time graphical displays that operate at around 5060Hz. Any errors in tracking can likewise impact on
cybersickness. Display flicker, the perception of which
differs between individuals is not only distracting but it
also causes eye fatigue (Kolasinski 1995). Flicker fusion
is an important property of the device and is even more
critical for wider fields of view as peripheral vision is
more sensitive to flicker (LaViola Jr. 2000). Poor
calibration increases cybersickness symptoms due to
differences in physical characteristics of humans. For
example, interpupillary distance, which is the distance
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between the centres of the pupils of both eyes, varies
between humans (Kolasinski 1995). As stereoscopic
displays requires each eye to receive a slightly offset
view of the virtual world this offset needs to correspond
as closely as possible to the users own specific
interpupillary distance. As such appropriate calibration is
required for each individual. Another factor that needs to
be considered is general ergonomics. For example, heavy
and poor fitting headsets can cause physical discomfort
and restricted movement from cables can cause further
distractions from the virtual experience (McCauley and
Sharkey 1992). McCauley and Sharkey (1992) discuss the
effects of poor engineering practices. They further
suggest that calibration, head tracking and transport
delays may all have a direct impact on the incidence of
cybersickness. When referring to calibration the authors
feel that correct size, accurate focus and correct
alignment will assist in the management of cybersickness.
Thus an awareness of these device-related factors are
essential in designing commercial virtual technology.
Cybersickness can also be influenced by the specific
task the user is performing in the environment. The main
task factors include the level of control the user has and
the duration of the task. Participants who have good
control in a virtual environment can better predict future
motion and are found to be less susceptible to
cybersickness. Those with no control over the virtual
environment lack the same level of predictability about
the environment and are thus more prone to cybersickness
symptoms (Kolasinski 1995). A similar situation occurs
in motion sickness as the passenger of a vehicle is more
likely to experience car sickness than the driver. This is
because the driver is in control and able to predict
motion. Longer exposure times to virtual reality also
result in increased episodes of cybersickness and
symptom severity, requiring longer adaptation periods.
Using brief exposures to virtual environments is one way
to improve the speed of adaptation (Kolasinski 1995,
McCauley and Sharkey 1992). Therefore task duration is
another consideration when designing virtual tasks.

6

Subjective Measures

Previous research has shown that participants experience
subjective sensations when subjected to virtual
environments (Kennedy et al. 1993). Earlier research has
focused on the use of questionnaires as a means of
determining participants experience and susceptibility
(Cobb et al. 1999, Kennedy et al. 1993; Kim, Kim, Kim,
Ko and Kim 2005).
The survey known as the Pensacola Motion Sickness
Questionnaire (Kellogg et al. 1964) based on 27
previously identified issues (Hardacre and Kennedy
1963) is recognized as one of the earliest subjective
measures designed for assessing motion sickness
(Bouchard et al. 2011). This work led to the development
of the Pensacola Diagnostic Index (Graybiel, Wood,
Miller and Cramer 1968). This is still the most widely
used measure in motion sickness studies (Gianaros, Muth,
Mordkoff, Levine and Stern 2001). The Pensacola
Diagnostic Index score is calculated by summing an
individual’s ratings on various scales related to the
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symptoms of dizziness, headache, warmth, sweating,
drowsiness, salivation and nausea.
As simulation technology developed the Pensacola
Motion Sickness Questionnaire was modified several
times. This was driven by particular interest from the
military, marine, and aviation industries. Pre and post
questionnaires provided a baseline to determine
symptoms experienced by participants during simulation.
After a major study analysing the factors relevant to
simulator sickness an alternative 16-item Simulator
Sickness Questionnaire was developed (Kennedy et al.,
1992; Lane and Kennedy, 1993). While correlated with
the previous Motion Sickness Survey this new survey
also allowed the identification of multivariate measures
related to oculomotor effects, disorientation and nausea.
This survey has been previously discussed in more detail
in section 4.
Another widely used survey instrument is the Nausea
Profile (Muth, Stern, Thayer and Koch 1996). It was
designed for medical use to try and capture in more detail
from patients their complex experiences associated with
nausea. The Nausea Profile questionnaire uses a 10 point
ranking, from not at all to severely, to rank 17 items.
These items relate to how much an individual feels shaky,
upset, lightheaded, sick, sweaty, queasy, worried,
hopeless, tired, panicked, nervous, scared, ill, aware of
their stomach, a need to vomit, weak and warm. These
symptoms relate to three subscales related to somatic
distress, gastro-intestinal distress and emotional distress
(see Table 4).
Somatic
distress
Fatigue
Weak
Hot
Sweaty
Lightheaded
Shakiness

Gastrointestinal
distress
Sick
Stomach awareness
Might vomit
Ill
Queasy

Emotional
distress
Nervous
Scared
Worry
Upset
Panic
Hopelessness

Table 4: Subscales in Nausea Profile (Muth et al.
1996)
Like Kennedy’s Simulator Sickness Questionnaire, the
Nausea Profile is distinguished from approaches such as
the Pensacola Diagnostic Index in that it examines
symptoms along multiple dimensions. This is in contrast
to other univariate questionnaires that try to measure the
experience along a single dimension from not at all to
severe. Another multivariate questionnaire was developed
to measure the symptoms associated with the subscales of
gastrointestinal, central, peripheral, and sopite-related
symptoms (Gianaros et al. 2001). Scores from this
Motion Sickness Assessment questionnaire were found to
correlate with both the Pensacola Diagnostic Index and
the Nausea Index. Importantly it introduces a further
dimension of motion sickness related to what is known as
the ‘sopite syndrome’ (Lawson and Mead 1998). Sopite
symptoms include drowsiness, yawning, disengagement
and negative affect (Lawson and Mead 1998).
One potential problem with these more general survey
approaches is that they have not been designed to study
adverse effects, associated with viewing particular virtual
environments.
The
Virtual
Reality
Symptom
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Questionnaire (Ames, Wolffsohn and Mcbrien 2005) was
developed specifically for investigating symptoms that
result from virtual reality viewing using technology such
as head-mounted displays. Ames et al. (2005) determined
a list of the most frequently reported symptoms following
virtual reality viewing by examined previously published
studies. From a list of 47 previously used symptom
questions, a pilot questionnaire consisting of 12 nonocular and 11 ocular related questions was devised. In
testing only 13 of these questions were found to be
reported in more than 20% of participants (see Table 5).
Even though this questionnaire was developed more
specifically for use with virtual reality and was tested on
head-mounted displays it lacks the validation of other
approaches and so far has not been as widely adopted
(Bouchard et al. 2011).
Nonocular Symptoms
Fatigue
Drowsiness
General discomfort
Headache
Difficulty concentrating
Dizziness
Boredom

Ocular Symptoms
Tired eyes
Eyestrain
Vision discomfort
Difficulty focusing
Blurred vision
Sore/aching eyes

Table 5: Range of Symptoms reported in at least 20%
of participants using Virtual Reality Symptom
Questionnaire (Ames et al. 2005). Symptoms ranked
in order of occurrence.
While these other survey approaches allow rating of
symptoms in terms of susceptibility to motion sickness,
Reason and Brand’s susceptibility survey (1975) is the
most widely used and validated approach (Golding 1998).
This was updated in 1998 to simplify the rating and
scoring mechanisms (Golding 1998). This newer
validated questionnaire captures the individual’s travel
experiences and their relation to any nausea or vomiting.
It records experiences both prior to the age of 12 and in
the individual’s previous 10 years in a variety of vehicles
such as cars, buses, trains, aircraft, boats as well as
fairground and playground rides. A susceptibility rating is
calculated on the basis of quantified Likert rankings
regarding the severity of experiences and the frequency of
occurrences.

7

Objective Measures

The most simple and commonly used instrument for
studying motion sickness in humans is subjective rating
of nausea and other accompanying signs by
questionnaires described in the previous section. There
has also been some early work reported in using
physiological measures to predict motion sickness
(Graybiel and Lackner 1980, Lawson, Sunahara and
Lackner 1991, Cowings, Naifeh and Toscano 1990, Stern,
Koch, Stewart and Linblad 1987) although correlations
with measures such as heart rate, peripheral blood flow
and gastric activity were found to vary considerably
between individuals.
Where questionnaires are of limited value for gaining
insights into the neural mechanisms of motion sickness,
physiological changes that accompany motion sickness
provide more promise and hence have continued to be
studied. The key physiological changes include sweating,

alterations in gastric myoelectric activity and in cardiac
vagal tone, increase in the delta-power of the EEG and
rise of plasma vasopressin (Stern, Koch and Andrews
2011). It is less known but well documented that motion
sickness causes disturbances in thermoregulation
(Nalivaiko, Rudd and So 2014) that manifest as dilatation
in the cutaneous vascular bed and reduction in
thermogenesis; it is quite likely that “cold sweating” is a
part of this thermoregulatory response. Provocations used
in most of these studies were either vestibular (swings or
cyclical linear motion) or visual (optokinetic drum).
While subjective signs of cybersickness were initially
reported more than two decades ago (Regan and Price
1994), very few studies documented objective symptoms
that are associated with this condition. An excellent work
addressing this issue was published by Kim et al. in 2005.
The authors collected 16 electrophysiological parameters
while their subjects were navigating the virtual
environment. During this provocation, some parameters
increased (gastric tachyarrhythmias, eye blink rate, skin
conductance, respiratory sinus arrhythmia and deltapower of the EEG) while other decreased (heart period,
fingertip temperature and photoplethysmographic signal,
and EEG beta-power). Of those changes, several (gastric
tachyarrhythmias, eye blink rate, respiration rate,
respiratory sinus arrhythmia and heart rate) had
significant positive correlation with the subjective score
of cybersickness. In another study Ohyama, Nishiike,
Watanabe, Matsuoka, Akizuki, Takeda and Harada
(2007) found that VR immersion results in an increase of
the low-frequency but not high-frequency components of
the heart rate variability; in conjunction with the
previously mentioned work, this may indicate that
cybersickness is associated with an increase of the cardiac
sympathetic outflow.
Two studies reported that virtual reality causes mild
and short-lasting (<10 minute) changes in the static
postural stability measured by the body sway amplitude
(Cobb and Nichols 1998, Cobb 1999). Dynamic postural
stability was not affected in these experiments. While
postural stability in both studies was measured just before
and just after the provocation. Unlike the studies
mentioned above, Akiduki, Nishiike, Watanabe,
Matsuoka, Kubo and Takeda (2003) performed stability
tests during the provocation. Interestingly, they found
significant differences only in the data collected
immediately after the VR immersion.
It thus appears that overall objective signs of
cybersickness resemble those of other types of motion
sickness; it is however not known whether subtle
differences exist, similar to differences in symptoms
between motion sickness and simulator sickness that
could be revealed by questionnaires. It is also not known
whether and how cybersickness affects thermoregulation.
The dilatation of cutaneous vessel during provocative
motion has been confirmed in experimental animals
(Ngampramuan, Cerri, Del Vecchio, Corrigan, Kamphee,
Dragic, Rudd, Romanovsky and Nalivaiko 2014) and thus
appears to be a cross-species real-time marker of motion
sickness (Nalivaiko et al. 2014).
While physiological measures provide more detailed
and precise data about the experience of cybersickness,
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the equipment can be intrusive in itself. This may be a
problem when virtual environments attempt to suspend
the user’s disbelief in their current reality. There are other
trade-offs to consider as the subjective questionnaires
with a long history of use and validation have been well
evaluated and shown to be reliable. In contrast
physiological measures are more expensive to perform
and the results are more complex to analyse. Further
discussion on some of the limitations of the various
subjective and objective methods is available in a
previous review (Davis et al. 2014).

8

Preliminary Study

Based on measured disturbances in thermoregulation
experienced by animals when motion sickness is induced
(Nalivaiko et al. 2014) we would like to study
physiological measures such as skin temperature for their
potential to objectively measure the severity of
cybersickness. However, to perform these studies we
need to provide a virtual experience that reliably induces
the nausea symptoms associated with cybersickness. In
this preliminary study we use the Oculus Rift DK1 and
compared two virtual roller coaster experiences
developed for this platform, the Parrot Coaster (Murray
2013) (See Figure 1) and the Helix Coaster (Helix – The
NEXT Level 2014) (see Figure 2).

8.1

Twenty four subjects, 19 male and 5 female, within the
ages of 18-30 were recruited for the study and randomly
divided into two groups. The first group (9 males, 3
females) experienced the Parrot Coaster (Murray 2013)
and the second group (10 males, 2 females) experienced
the Helix Coaster (Helix – The NEXT Level 2014). The
study was approved by The University of Newcastle
Human Research Ethics Committee. Participants were
required to have normal or corrected to normal vision and
normal vestibular function. Participants were excluded if
they were suffering from acute symptoms of cold or flu,
pregnancy, or acute eye or ear infection. Participants who
might experience vertigo, claustrophobia or conditions,
such as epilepsy were also excluded.
Participants were fitted with the Oculus Rift DK1 and
asked to rate their nausea level on a subjective scale
between “0–no nausea/discomfort” to “10-very nauseous
(feeling like vomiting)”. They were informed that the
simulated roller coaster experience would last for up to
14 minutes and that they would be asked to rank their
nausea every 2 minutes. Participants could choose to stop
the experience and remove the Oculus Rift DK1 at any
point they felt too nauseous to continue. At completion of
the roller coaster experience, the Oculus Rift DK1 was
removed and the completion time recorded.

8.2

Figure 1: Roller coaster experience – Parrot
Coaster (Murray 2013)

Figure 2: Roller coaster experience – Helix Coaster
(Helix – The NEXT Level 2014)

10

Method

Results

Of the 12 participants on the Parrot coaster, eight reported
mild nausea (subjective rating 1-3), two experienced a
moderate level of nausea (subjective rating 4-6) and two
reported high levels of nausea (subjective rating 7-10)
(see Table 6). This compares with the Helix coaster
where no participants reported only mild nausea
(subjective rating 1-3), seven experienced a moderate
level of nausea (subjective rating 4-6) and five reported
high levels of nausea (subjective rating 7-10) (See Table
7). Two of the 12 (17%) participants failed to complete
the Parrot coaster as they felt the nausea experience was
too great to continue. This compares with the Helix
coaster where eight (66%) of the participants were unable
to complete the ride.
We compared the average ride time in minutes for
participants on both coasters using an independent
samples t-test. Assuming equal variance the average ride
time was significantly different for Parrot coaster
(M=12.7, SD=3.1) and Helix coaster (M=8.1, SD=4.7)
conditions; t(22)=2.77, p* = 0.011.
We also aggregated the 7 subjective ratings from each
of the 12 participants (n=84) under both coaster
conditions. Where participants had to stop before
completing the 14 minutes they would have less than 7
ratings and in these cases we used their final subjective
rating for the ratings during their unridden time. This is
likely a low approximation of their nausea rating which
we would expect to increase if they had stayed on the
ride. We compared the average nausea rating for
participants on both coasters using an independent
samples t-test. There was a significant difference in the
subjective nausea rating for the Parrot coaster (M=2.9,
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SD=2.5) and Helix Coaster (M=4.9, SD=2.3) conditions;
t(166)=6.19, p*= 4.6E-09.
n
12
10
1
2
7
3
11
5
6
8
9
4

2
0
0
0
0
0.5
0
1
2
2
1
5
1

4
0
1
1
1
0.5
0
1
1
2
2
6
4

Time (minutes)
6
8
10
1
0
1
1
1
1
2.5
2
2
1
2
4
2
0.5
0
1
1
2
1
2
2
1
1
2
3
3
3
4
4
6
7
10
6

12
1
1
3
2
2
2
3
2
3
7

14
1
1
2
2
3
3
3
3
4
7

Ride
Time
14
14
14
14
14
14
14
14
14
14
7
5

Table 6: Participant’s subjective nausea ratings after
every 2 minutes on the Parrot Coaster (n=12)
n
8
4
7
11
1
9
2
3
6
10
12
5

2
1
3
0
2
0
1
1.5
1
3
5.5
2
8

4
1
3
1
2
1
3
3
4
5
7
7

Time (minutes)
6
8
10
1
1.5
3
4
5
4
3
4
4
3
2
3
4.5
6
5
6
5
6.5
5
7
7

12
3
5
4
4

14
4
4
4.5
6

Ride
Time
14
14
14
14
8
7
7
7
5
3
2.5
2

Table 7: Participant’s subjective nausea ratings after
every 2 minutes on the Helix Coaster (n=12)

riders on the Helix requested to stop before the allotted 14
minutes of ride time. For our future studies where we are
interested in provoking the fast onset of nausea the Helix
coaster is clearly indicated as the best option to use in
these studies.
We should note that the results of this study are not
intended to identify cybersickness problems with the
Oculus Rift specifically or VR technology in general. We
deliberately choose the immersive head-mounted display
and a provocative roller coaster experience in an effort to
provide conditions that would invoke nausea. However, it
is interesting to reflect on the design variations between
the roller coaster demos and how they might be
considered when designing experiences where it is
desirable to minimise possible nausea effects. We
identified three possible reasons for the differences
between the two experiences, fidelity, optical flow and
the level of interaction required of the participant.
The Helix roller coaster contains a much greater level
of detail and realism than the more abstracted Parrot
coaster. Fidelity or graphic realism has previous been
highlighted as a factor that can increase simulator
sickness (Kennedy, Hettinger and Lilienthal 1990).
In flight simulators flying close to the ground also
causes higher incidence of simulator sickness than flying
at higher altitudes. This is usually explained in terms of
increased visual flow, due to fast changing detail
experienced when flying at lower heights above terrain.
(Johnson 2005). The level of detail, the placement of
scenery in the Helix coaster, the track configuration as
well as the higher velocity of this ride when compared to
the Parrot coaster suggests a similar cause, that is higher
levels of visual flow may be responsible for the increased
nausea.
Increased head movements also increase susceptibility
to simulator sickness (Kennedy, Fowlkes, Berbaum and
Lilienthal 1992, Kolasinski 1995, McCauley and Sharkey
1992, Riccio and Stoffregen 1991). At the end of each
loop of the Helix coaster participants have to move their
head to the right and pause to restart the rollercoaster.
This forced head movement doesn’t occur in the Parrot
coaster rollercoaster as it loops continuously.

9

Figure 3: Average nausea ratings for participants
in the alternative roller coasters

8.3

Discussion

We found significant differences between the two virtual
roller coaster simulators in the extent of their nauseaprovoking capacities. The latter was determined both with
the time participants could spend in the experiences
before developing nausea (p*=0.054) and the average
nausea rating (p*=0.000003). In both cases the Helix
roller coaster was more likely to induce nausea
symptoms. Indeed only 2 (n=12) of the riders on the
Parrot coaster were required to stop while 8 (n=12) of the

Conclusion

The unique nature of VR technology presents several
issues for commercial development. The possibilities for
this technology have expanded from training applications
to consumer entertainment devices. Unfortunately
cybersickness represents an ongoing obstacle for the
widespread development and acceptance of VR especially
for everyday use.
We believe that an important step in controlling for
cybersickness effects is the development of a simple
objective measures. Most existing measures either rely on
self-reporting or more expensive and complex objective
measuring systems. The development of objective
measures for cybersickness is an important step in
understanding the causes and effects it can have on
participants as well as assisting attempts to improve the
design of both the technologies involved and the
environments being developed. As such there is a need to
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develop cost-effective, objective measures for
cybersickness as a more precise measurement will aid in
all these aspects.
In this paper we reviewed previous work in
cybersickness and also compared two virtual roller
coaster versions. We found that, based on the time
participants were able to remain riding and their average
nausea ratings, one roller coaster (Helix) was
significantly more likely to cause the onset of nausea
symptoms. This suggests the rollercoaster with higher
levels of graphic realism and providing greater levels of
optical flow is an appropriate stimulus to use in our future
studies where we wish to study physiological changes
associated with the onset of cybersickness.
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Abstract
There has been an increasing interest in the debate on the
value and relevance using video games for learning. Some
of the interest stems from frustration with current
educational methods. However, some of this interest also
stems from the observations of large numbers of children
that play video games. This paper finds that children can
learn basic construction skills from playing a video game
called World of Goo. The study also employed novel eyetracking technology to measure endogenous eye blinks
and eye gaze fixations. Measures of both these indicators
of cognitive processing further suggested that children in
the study learned to play the two video games, World of
Goo and Bad Piggies. Overall, the results of the study
provide further support of the potential for children to
learn by playing commercial video games.1
Keywords: Endogenous blinking; Game-based learning;
Cognition; User engagement; Eye gaze data.

1

Introduction

Games are often claimed to provide a different level of
motivation for education. In terms of motivation, Malone
(1981) highlights the importance of challenges with
uncertain outcomes, the cognitive and emotional
advantages of incorporating fantasy and the significant
role of both sensory and cognitive curiosity to motivation.
For example, challenges can arise due to uncertain
outcomes caused by variable difficulty, goals occurring
Copyright © 2015, Australian Computer Society, Inc.
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Australia, January 2015. Conferences in Research and
Practice in Information Technology (CRPIT), Vol. 167.
Y. Pisan, K. Nesbitt and K. Blackmore, Eds.
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on multiple levels, hidden information or randomness; all
key features we might identify of computer games
(Malone, 1981).
Terms like engagement, immersion, fun and flow are
commonly used to motivate the development of serious
video games for education. The premise is that by
providing greater levels of engagement and enjoyment,
players will become immersed and thus more committed
to the experience. In education it is suggested that greater
levels of engagement will provide a significant
educational advantage over more traditional educational
approaches (Annetta et al. 2009, Bekebrede et al., 2010;
Boot et al., 2008; Hainey et al. 2011; Squire 2008;
Wrzesien and Raya 2010).
While the idea to leverage video games for education
is not new (see Becker 1980; Berson, 1996; Bowman
1982; Heick, 2012; Malone 1981; Provenzo, 1992; Rieber
1996; Wentworth and Lewis, 1973) as of 2012 there has
certainly been an increased enthusiasm for the potential
educational benefits of video games (Gee, 2003; Shaffer
et al., 2005; Squire, 2005). However, directly linking
engagement with the efficacy of video games still
requires more consistent approaches for gathering
evidence (Girard et al., 2013). While some progress is
being made in terms of quantifying these claims (Shute
and Kim, 2012), there is still some way to go to validate
the current high level of enthusiasm.
Indeed one of the ongoing challenges faced by
researchers is finding reliable ways to measure what
learning has taken place (see, for example, Horton, Read,
and Sim 2011). While pre- and post-exposure surveys or
assessments may provide researchers with indicators that
some learning has taken place, this method may not be
entirely reliable as it draws on the participant's
recollection of their experience (Horton, Read, and Sim
2011). Hassen (2006) posits that the ability of research
participants to accurately recall or demonstrate that
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learning has taken place is unreliable. Therefore, one of
the biggest challenges has been finding accurate and
reliable methods to measure learning (Jarvis, 2006; Sim,
MacFarlane, and Read, 2006).

2

How to measure learning

Learning is the process of the acquisition of knowledge,
skills, or attitudes (Bloom, 1956; Cotton, 1995; Jarvis,
2006). Three types of skills: psycho-motor skills,
perceptual skills, and cognitive skills have been identified
as key aspects to learning (Cotton, 1995). Playing video
games is a composite skill that potentially incorporates all
of these skills.
Measuring actual learning is difficult as there are a
variety of definitions of what it is and furthermore, it can
be dependent on the context in which a game is used in
the educational setting (Van Eck, 2006). Moreover, as
learning is a cognitive process, it is difficult to observe or
measure if, what, when, and how much learning has taken
place. Proxy measures, observations or measures of
learning acquisition can help gather evidence of the
learning process. However, overall, the methods of
measuring fun, engagement and learning remain less than
precise and, therefore, it is worth considering alternative
methods to provide more reliable conclusions. In this
paper we introduce a novel, objective, psychometric
measure that relies on tracking and analysing eye-gaze
and blink behaviour to better understand the learning and
problem solving taking place within with a specific game.
By tracking the movement of the cornea, it is possible
to gather detailed information about what the participant
is looking at in a game, how long they look at it and the
‘path’ of each scan (Goldberg and Kotval, 1999). These
tools provide potential measurement techniques for
identifying where the participant is looking while playing
a video game (Sundstedt et al., 2013). Where users look
at the screen, how long they look, and how many times
they look at that particular object can not only provide an
indicator of what the user is thinking about (Goldberg and
Kotval, 1999; Just and Carpenter, 1976), but it can also
indicate where the user was having difficulty with that
particular part of the game.
The eyes may or may not be the windows to the soul
(Anderson, Bothell, and Douglas, 2004). However, there
is certainly a close connection between what a player is
looking at and what they are thinking about (Goldberg
and Kotval, 1999; Just and Carpenter, 1976; Loftus and
Mackworth, 1978). In order to process information on a
screen, the eyes fixate on areas that are surprising,
significant or important (Loftus and Mackworth, 1978).
The amount of time that the eyes spend fixed on a
particular object can also indicate the amount of cognitive
processing that is taking place (Just and Carpenter, 1976).
Through identifying these gaze points (the cumulative
fixation time), it is possible to map these against a
reference image or video of game play and ascertain the
sequence of eye movements and areas of interest or
attention (Rakoczi and Pohl, 2012).
Specific eye blinks provide a further indicator of
human cognition (Fogerty and Stern, 1989; Stava et al.,
1994; Stern, Walrath, and Goldstein, 1984). The cause of
an eye blink can be categorised as a startle action, a
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voluntary action or an endogenous action. A startle or
reflex action is a typical response if something is
physically about to invade the eye or because the eye is
dry. A voluntary action is a direct result of a conscious
decision to blink. An endogenous action implies some
internal unconscious process that is due to perception,
reaction or information processing (Fogerty and Stern,
1989; Orchard and Stern, 1991; Volkmann, 1986).
Endogenous blinks are of the most interest for inferring
player cognition. Endogenous blinks are also typically the
lowest in amplitude and the shortest in duration and thus
can be the most difficult to measure (Stern, Walrath, and
Goldstein, 1984; Thorsheim, Mensink and Strand, 2001;
VanderWerf et al., 2003).
Until recently, eye blinks have been measured using
an eye blink electrooculogram, which requires the use of
electrodes that are placed on the extra-ocular muscles of
each participant. With an electrooculogram, it is possible
to identify the duration and amplitude of each blink while
the subject is performing a set task that requires cognitive
activity. While this practice appears to produce reliable
data on the amplitude and duration of the blink as well as
eye movements, it appears to be reasonably intrusive for
the participant (Pivik and Dykman, 2003). Placing
electrodes are even more problematic in populations of
interest, such as young children in educational contexts.
Thus, it has been suggested that this measurement
approach is unlikely to yield a substantial amount of
reliable data from a statistically significant sample of
young children (Pivik and Dykman, 2003).

3

Eye-tracking tools

An alternative approach to gathering eye-movement data
is to use non-invasive video-based tracking systems. One
innovation to overcome this problem is the introduction
of eye tracking technologies that are unobtrusive to
research participants (see for example SMI, n.d.; Tobii,
n.d.)
Eye tracking systems can record and measure
movements and fixations of the eyes (Fogerty and Stern,
1989) by using video-based systems that record reflected
infrared light that has been projected onto the
participants’ cornea or retina Holmqvist et al., 2011).
This approach allows the measurement of fixations (the
time the eye is fixated on a particular object), saccades
(the rapid movement from one fixation point to another),
and blinks (the duration the eye is temporally closed)
(Fogerty and Stern, 1989). These types of events typically
occur at very high speed and hence require specialist
equipment with high sampling frequency to record and
measure them. The duration of an eye fixation is typically
between 200-600 milliseconds: the duration of a saccade
typically takes 30-80 milliseconds, and a blink normally
lasts for 50-400 milliseconds (Holmqvist et al., 2011;
VanderWerf et al., 2003). In video-based eye tracking
systems, the sampling frequency is measured in hertz
(Hz); this means that a 50 Hz eye tracker records the eye
gaze direction of the participant at 50 times per second
(Fogerty and Stern, 1989). If a researcher wants to
measure micro-saccades or endogenous eye blink data,
then a 50 Hz eye tracking system may not capture this
information.
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The current eye tracking systems offer a range of
sampling speeds of 50 to 1000 Hz. The systems that
provide a sampling speed of over 500 Hz currently
require the user to wear a headset that can be intrusive for
the user. However, the SMI RED 500 can be mounted on
the desktop or placed under the computer monitor it does
not require the participant to wear a headset or special
glasses, thus enabling a relatively natural engagement
with the video game This device operates at 500 Hz (SMI
RED500, n.d.)) and, therefore, is also capable of
identifying eye fixations, saccades, and the quantity and
frequency of endogenous eye blinks.
By calculating the quantity of endogenous blinks and
combining this data with data on the frequency of
extended eye fixations (longer than 600 ms), it is possible
to differentiate the areas the participant had difficulty
with from the areas of fascination. The hypothesis is that
the areas of the game that require more information
processing are evidenced by the higher incidence of
endogenous blinks. Furthermore, the areas of the game
that require more problem solving are indicated
evidenced by longer eye fixations.
The software provided with the RED500 records both
the participant behaviours and the on-screen decisions
and game play of each participant. This makes possible
the production of heat maps, scan paths, and other data
presentations that can aid in the understanding and
analysis of participant behaviour (see for example Figure
1).

balls’ get to a specific destination by building different
supporting structures such as, towers, bridges, or chains
(Davidson, 2009). The player is provided with a guide to
show how the movement of goo balls might aid the
construction process (the white line in Figure 3). Once a
goo ball is used for construction, it cannot generally be
‘saved’ or reused. Moreover, when a goo ball is pulled
too far away from the existing construction or, gets too
close to an obstacle, the goo ball will fall, be lost, or pop.
Sound construction principles must also be applied in the
World of Goo, as there are forces (gravity, wind, and
buoyancy) that can cause unsound structures to collapse
(Davidson, 2009). If the structure is over-engineered, not
enough goo balls are saved. If the construction is not
sound, the structure may fall. Thus, the key objective of
the game is to build effective structures using as few goo
balls as possible.

Figure 2: Magnetic construction set

Figure 1: Gaze plot data (Eye Tracking Lab)

4

Games used in the study

In this study we used a magnetic physical construction
toy and two commercial video games, World of Goo (2D
Boy, 2008) and Bad Piggies (Rovio Entertainment, 2013).
The magnetic toy was selected as it provides a real
world construction analogue that can be used to test the
transfer of some basic engineering and physics
knowledge from video play into the physical world.
When using the magnetic toy a number of magnetic balls
and plastic struts with magnetic ends can be used to
connect the struts in various two and three-dimensional
geometrical configurations such as towers (see Figure 2).
World of Goo is a physics based puzzle/construction
game (Davidson, 2009; Shute and Kim, 2012). In this
game, the player is required to help a set number of ‘goo

Figure 3: World of Goo (2D Boy, 2008).
World of Goo was chosen for this study because it is a
game that is not overly popular and the researchers
wanted a game that few participants would have prior
experience in playing. The game also suited the intended
demographic of younger children as it is non-violent, and
it does not require advanced reaction speeds. The game
potentially allows participants to learn basic physics or

17

CRPIT Volume 167 - Interactive Entertainment 2015

engineering concepts, and at the same time improve
analytical thinking skills (Anderson et al., 2009; Shute
and Kim, 2012). Importantly within this game it is
possible for players to replicate, in a virtual way, a similar
tower construction process as that used when building
with the magnetic construction set. Although the
magnetic construction toy required three-dimensional
construction principles and the constructions in World of
Goo only utilize two-dimensional construction principles.
The video game World of Goo (2D Boy, 2008)
consists of four chapters (and one epilogue); within each
chapter there are twelve levels. Each level varies in the
construction challenge and the ‘obstacles’ that the player
must avoid. In several levels the user is required to build
a tower, a bridge, a chain, or a combination of these
constructions. Obstacles may include gravity, wind, or
machinery.
The other game used in the study was Bad Piggies
(Rovio Entertainment, 2013). The premise of Bad Piggies
is to construct a vehicle to transport the Piggies to their
desired location (the egg nest). The user is provided with
a blank grid and some core components to build a
vehicle. The vehicle components include boxes, wheels,
and a form of propulsion (fans, engines, or explosive
devices) (see Figure 4). The user must construct a vehicle
from the provided components that will move the pig
over one or several obstacles to get the egg without the
vehicle falling to pieces.

Figure 4: Bad Piggies (Rovio Entertainment, 2013)

particular group was chosen because the participants
would be able to understand how to play the game, have
the necessary hand-eye coordination to play the game,
and it was expected that this demographic would not have
previously been exposed to any formal instruction in the
basic physics of tower construction.
This study was conducted in a laboratory environment
to minimize external distractions. An initial sample size
of 12 participants was chosen based on Pagulayan (2003)
who suggests that in game user research most of the data
can be obtained with ten to fifteen participants.
The children were invited to join the study through a
recruitment drive using social media that was focused on
community groups within close proximity to the lab.
Informed consent was obtained from the participants
involved, and ethics approval was obtained from the
Northeastern University Internal Review Board (IRB #
13/10/13).
All participants were offered a $40 gift certificate.
Upon arriving at the lab, the study was explained to the
parent and the child, and informed consent was obtained.
Upon completion of the study, the parents and children
were debriefed and told the purpose of this study.
The participants were divided into two equal groups to
act as a treatment group and a control group. First a
structured questionnaire was administered and then
children were asked to build a tower with the magnetic
construction toy. After this, the participants played one of
the video games, either The World of Goo or Bad
Piggies. After this they played with the magnetic toy
again. Then the participants would play the video game a
second time. Finally, the second structured questionnaire
was administered. On average participants required a total
of 45 minutes to complete the experiment.
The participants in the treatment group were asked to
play the first level of the video game World of Goo (2D
Boy, 2008) on a personal computer. In this level,
“Chapter 1 – Going Up” the user is required to build a
small tower and save four goo balls (see Figure 5). This
level was chosen because it is the introductory tutorial to
the game and therefore it was expected that participants
would be able to complete this level regardless of prior
exposure to this video game.

The video game Bad Piggies was chosen for the
control group because, although it is a problem solving
game, it does not directly involve constructing towers.
This is in contrast to the World of Goo and the
researchers wanted to examine if there might be less
direct transfer of experiences from Bad Piggies into the
cognitive problem solving skills required for real-world
tower construction.
Once again Bad Piggies is not overly popular game
and, the researchers hoped to limit prior exposure of
participants to the game. As with World of Goo Bad
Piggies is a relatively non-violent game and it does not
require advanced reaction speeds.

5

Method

This preliminary study involved a convenience sample of
healthy children aged five to eight years old. This
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Figure 5: World of Goo – Chapter 1 – Going Up
(Level 1) (2D Boy, 2008)
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Data on the number of moves taken to complete the
level, the number of goo balls saved and the time taken to
complete the level, was recorded upon successful
completion of the level. Comparisons were made between
the two replay experiences of each user.
The participants in the treatment group were exposed
to one level of the game twice. This made it possible to
measure any changes in performance, as well as any
changes to the duration of fixations on any object (a
possible indicator the participant is struggling with or is
fascinated by a particular part of the game).
By contrast, the participants in the control group
played the first level of the Bad Piggies (Rovio
Entertainment, 2013) video game on a personal computer.
As with the treatment group, participants in the control
group played the initial level of the game twice.
Before the participants were exposed to the video
games, they were asked to build a tower with the
magnetic construction set. To ensure a baseline of each
participant’s construction ability, product packaging and
construction guides were removed to eliminate any
possible guides that demonstrate the method of ideal
construction. Upon completion of the tower,
measurements of the type and number of shapes used in
the construction process were recorded. After the video
gameplay experience, the participants were asked to build
another tower with the physical construction set.
Comparisons were then made between each tower.
Further analysis was performed to compare the results of
the treatment group and the control group.

6

Results

The age of the twelve participants ranged between six and
eight years old (M = 7.08, SD 0.9, Mode 8). Sixty-seven
percent (n=8) of the participants were males, and thirtythree percent (n=4) were females. The frequency of video
game play varied amongst the participants from never
(17%, n=2) to more than six times a week (34%, n=4).
Eighty-four percent (n=10) of the participants that played
video games primarily used a PC. Seventy-five percent
(n=9) of the participants used a tablet or phone device
and/or gaming console (Xbox, PlayStation, or Wii). The
games the participants reported playing more frequently
included: Minecraft, Lego Batman, NFL Madden, Angry
Birds, Fast Math, and Fun Brain. One participant had
prior exposure to playing World of Goo, and two
participants had previously played Bad Piggies.
Table 1 shows the results of the answer to the
question, “What shape do you think is the strongest for
building a really tall tower?” The participants were also
asked to build a tall tower with the magnetic construction
set before and after they had played the video game. The
shapes used in the construction process were noted for
each tower built (Table 2).
At the conclusion of the experiments, the SMI
BeGaze™ eye tracking software (SMI: BeGaze™ Eye
Tracking Analysis Software, n.d.) was used to identify
the blinks of each participant. The duration of
endogenous blink was operationalized as being between
100 and 300 milliseconds (ms), which falls within the
minimum and maximum range identified in the literature

(Evinger, Manning, and Sibony, 1991; Guitton and
Simard, 1991; Holmqvist et al., 2011). As the SMI
RED500 is a bi-ocular device, the system identified the
closing of the eyelid in both or either eyes. As this study
was focused on blinking (the closure of both eyelids) and
not winking (the closure of one eyelid), when the
software identified that the participant had blinked with
both eyes, the data was included in the calculation. As the
duration of gameplay varied between the participants, the
data was normalized to provide a consistent standard of
comparison.

Group

Pre-Exposure
Answer

PostExposure
Answer

K-01

Treatment

Square

Triangle

K-02

Treatment

Square

Circle

K-03

Treatment

Circle

Triangle

K-04

Control

Triangle

Not Sure

K-05

Control

Square

Not Sure

K-06

Control

Square

Square

K-07

Control

Circle

Not Sure

K-08

Treatment

Square

Triangle

K-09

Control

Not sure

Not Sure

K-10

Treatment

Square

Triangle

K-11

Treatment

Square

Triangle

K-12

Control

Square

Square

Participant
Alias

Table 1: Answers to the tower construction
question
Participant
alias

Pre-exposure
construction

Post-exposure
construction

K-01

Triangles and
Squares

Triangles and
Squares

K-02

Flat sticks

Triangles

K-03

Triangles

Triangles

K-04

Flat sticks

Flat sticks

K-05

Flat sticks

Flat sticks

K-06

Stick (held up)

Sticks (held up)

K-07

Flat sticks

Flat sticks

K-08

Sticks (held up)

Triangles

K-09

Flat Sticks

Flat Sticks

K-10

Flat sticks

Flat sticks

K-11

Flat sticks

Triangles

K-12

Flat sticks

Flat sticks

Table 2: The results of the magnetic tower
construction
The percentage of endogenous blinks per participant is
shown in Figure 6. Figure 7 presents the percentage of
fixations that were above 600 ms. The data from
participant K-05 has been excluded as this participant was
uncooperative and, as a result, did not replay the same
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game twice. The data from participant K-12 was not
included as the data file was not readable.

Figure 6: Percentage of endogenous blinks

09, K-10, and K-11 all demonstrated a reduction in
fixations that were above 600 ms in the second attempt at
the game. However, participant K-03 demonstrated an
increase in the percentage of fixations that were above
600 ms.
For the percentage of fixations greater than 600 ms in
the first attempt were (M = 0.07, SD = 0.05) and the
second attempt were (M = 0.03, SD = 0.03) the two
variables were positively correlated, r(8) = 0.36, p = 0.03.
These results suggest that the percentage of fixations
above 600 ms in the first attempt of the game had an
effect on the percentage of fixations above 600 ms in the
second attempt at the game.
There are indicators that implicit knowledge acquired
through the video game is gained through gameplay
experience. This is evident through the results of the preand post-questionnaire. Furthermore, there is evidence
that there is a link between the treatment and the
construction of the magnetic tower. As detailed in Table
2, the majority of participants in the treatment group used
more sound construction principles in making the
magnetic tower than those in the control group.

8

Figure 7: Percentage of fixations above 600 ms

7

Discussion

The data from the SMI RED500 eye tracker made it
possible to compare the differences in the metrics
collected from each game play experience. This data
provided insight into any improvement in the user's
understanding of the game.
Analysing the changes in endogenous eye blinks (see
Figure 6) it is possible to identify that the participants K02, K-03, K-04, K-06, K-07, K-08, K-09, and K-11 all
demonstrated a reduction in the percentage of
endogenous blinks in the second attempt at the game.
However, participant K-10 demonstrated a marginal
increase in the percentage of endogenous blinks in the
second attempt at the game.
For the percentage of blinks between 100 and 300 ms
in the first attempt (M = 0.65, SD = 0.11) and the second
attempt (M = 0.48, SD = 0.18) the two variables were
strongly correlated, r(9) = 0.71, p = 0.002. These results
suggest that the percentage of blinks in the first attempt at
the game do have an effect on the percentage of blinks in
the second attempt at the game. The eye gaze data from
the eye tracker also demonstrates a noteworthy difference
between the first and second game-play experience.
Figure 7 presents the percentage of fixations that were
above 600 ms. From this data, it is possible to identify
that participants K-01, K-02, K-04, K-06, K-07, K-08, K-
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Conclusion

The research in this study examined the efficacy of using
commercial video games as a tool to facilitate learning
and improve problem-solving skills in young children.
The children in this study were either just about to start
their formal education or had experienced one or two
years. The children in the treatment group, those that
played the World of Goo, demonstrated clear advances in
their knowledge of basic construction methods.
Analysing the recorded gameplay showed evidence of
learning. Furthermore, by observing the construction
methods used in the out-of-game construction task it was
apparent that these skills were transferred out of the
game.
The eye-tracking methods used in the study allowed
the accurate measurement of both endogenous eye blinks
and fixations. Both these indicators of cognition and
problem-solving decreased in the second attempts at
playing the game suggesting that the participants did
indeed learn to play the game. Furthermore, the results of
the answers to the pre- and post-questionnaires supported
the finding that participants in the control group obtained
an understanding of basic construction methods. The
results of the construction methods used in building the
magnetic towers further suggests that the learning that
was obtained by playing the video game was identifiable
and transferable to an out-of-game environment.
The experimental design ensured that there was no
additional intervention. This experiment involved the
participants answering certain questions prior to
beginning, and then they were asked to build the
magnetic tower and subsequently given the video game to
play. Immediately after the first attempt at the game, the
participants were given the magnetic toy to play with the
second time. Upon completing this task, the participants
were then asked the post-exposure questions. This entire
process took on average 45 minutes to complete.
Therefore, it is possible to conclude that the treatment had
a direct and positive effect on the out-of-game tests.
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Situated cognition (Gee, 1997; Kirshner and Whitson,
1997) or situated learning (Collins, 1988), is the practice
of exposing learners to environments that reflect,
simulate, or provide ‘real life’ experience. According to
Collins (1998), the benefits of situated learning are that
students can learn within representative contexts, and
there is the potential for increased invention. The
implications of that knowledge can, therefore, be
identified. Within the video games studied in this
research, the learning was situated through either building
a virtual or real tower or a basic vehicle. The video games
that were studied provided the context and immediate
feedback to the participant. If the participant chose the
incorrect answer, the solution would not work. This
immediate feedback is typically not possible in a
traditional classroom environment (Collins, 1998). This
immediate feedback is a valuable part of the learning
experience (Collins, 1998; Gee, 2003). If the feedback is
immediate, the learner can quickly reflect on that
experience and try other possible solutions. This process
was evident in participant K-01. The participant
attempted to place the goo ball on the pipe several times.
Each time, these attempts were unsuccessful, so they tried
a different pipe.
Due to the limited sample size used in this research,
future work would include a larger number of students
within the same demographic. An increase in sample size
would help the findings from the study to be generalised.
Regardless, the outcomes of this study provide a
contribution to the further understanding of the learning
that transpires while playing video games. Furthermore,
these outcomes provide additional support for the
adoption of video game technologies by educators.
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Abstract
In this paper, we offer a distinction between comedy and
humour. This distinction is employed to examine the
intentional, scripted comedy and the context-driven, ludic
emergence of humour in the game Portal. The game is
examined, through content analysis of the game‟s
transcript, using Berger‟s categories and techniques of
comedy and Apter and Martin‟s Reversal Theory of
Humour. The results of this pairing of theoretical
approaches suggest there is an oscillation in the affective
state of the player between the telic and paratelic states
defined in Reversal Theory. These shifts in affective state
contribute to the engagement of the game play. The
highly engaged autotelic state in which the player is fully
immersed in the game environment, named Flow by
Csikszentmihalyi, occurs in both the goal-oriented telic
state and the playful paratelic state. Breaking down the
perception of the telic and paratelic states as being a
binary opposition allows for a fuller understanding of
affective states, engagement and Flow.
Keywords: Comedy, Humour, Engagement, Flow,
Games, Cake, Affective States

1

Introduction



The appearance of humour in games is not uncommon;
from the so called „Golden Age‟ of adventure games in
the early 1990‟s with the first two Monkey Island games
(LucasArts 1990, 1991) and Day of the Tentacle
(LucasArts 1993), to the most recent addition to the
Grand Theft Auto (GTA) series, GTA V (Rockstar North
2013), humorous characters, events, gameplay and
storylines have played their part in providing engaging
game experiences. This paper examines the production
of comedy and humour in the game Portal (Valve
Corporation 2007a). Portal was selected as the casestudy, rather than more recent games including its sequel,
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Portal 2, because it has been widely considered an
exemplar of the use comedy in game design and it has
influenced popular culture and more recent games
(Grönroos 2013; McNamee 2011).
After offering a distinction between comedy and
humour the paper maps the techniques of comedy
employed in the game‟s script and the moments of
humour that emerge from the game play. The content
analysis of the transcript uses the categories and
techniques of comedy proposed by Berger as a coding
device (Berger 1997, p. 3). The humour of the game play
is explored using Apter and Martin‟s Reversal Theory of
Humour (Apter 1982; Martin 2007) which posits the
goal-oriented telic state the playful paratelic state. Using
these two theoretical approaches allows for analysis of
the intentional, scripted development of comedy and
context-driven, ludic emergence of humour.
The concept of Flow, the autotelic state, as developed
by Mihaly Csikszentmihalyi describes the interplay of
skills and challenges as part of an individual‟s intrinsic
motivation to perform a task. The state of Flow is
described as “a very positive condition; people should
feel happy, strong, concentrated and motivated”
(Csikszentmihalyi & Csikszentmihalyi 1988, p. 260).
Recent studies have argued that there is a complex set of
relationships between the telic, paratelic and autotelic
states and that the autotelic state is just as readily
achieved from either the telic or paratelic state (Houge
Mackenzie, Hodge & Boyes 2011, p. 522). The analysis
of Portal reveals that the autotelic experience of
engagement is supported by both the telic, goal-oriented
game play and the playful, process-oriented, paratelic
elements of humour.

2

Humour Theory and Comedy

Raskin (1985) describes the breadth and diversity of
humour theory by noting the “terminological chaos
created by an abundance and competition of such similar
and adjacent terms as humor, laughter, the comic, the
ludicrous, the funny, joke, wit”. Research in the domain
of humour theory largely falls under three broad
categories: humour, comedy and laughter. Of these,
laughter is by far the most diverse area of study because
laughter results from an extensive range of causes, the
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humorous being just one. Even when comedy is defined
as a genre as there is little agreement as to the necessary
elements of the form. Bentley (2012) illustrates this
observing that “in the teeth of logicians and
lexicographers one is content to read comedies without
knowing exactly what comedy is”.
For these reasons, working definitions are necessary to
draw out the distinction between humour and comedy.
Towards this end, the Oxford English Dictionary defines
humour as:
7a. That quality of action, speech, or writing, which
excites amusement; oddity, jocularity, facetiousness,
comicality, fun.
7b. The faculty of perceiving what is ludicrous or
amusing, or of expressing it in speech, writing, or
other composition; jocose imagination or treatment of
a subject (2013b).
Whereas the same dictionary defines comedy as:
1. A stage-play of a light and amusing character, with
a happy conclusion to its plot.
2a. That branch of the drama which adopts a
humorous or familiar style, and depicts laughable
characters and incidents (2013a).
The Macquarie Dictionary defines humour in a similar
fashion (2009b, p. 818), but its definition of comedy
makes explicit the concept that comedy, as a genre of
drama, is demarcated as “that branch of the drama which
concerns itself with this form of composition” (2009a, p.
345). A comedy is a composition; a purposefully
constructed medium that utilizes recognizable forms and
features.
By comparing these definitions, a distinction between
humour and comedy is offered. Humour is the ability to

perceive or express the intentional or unintentional comic
elements of life. Comedy is an intentionally structured
cultural product that employs particular forms and
conventions to create the affect of amusement in an
audience.

2.1

Techniques of Comedy

Author Asa Berger‟s The Art of Comedy Writing (1997)
contains a definitive list of comedic techniques that he
developed whilst teaching creative writing classes.
“These techniques tell what makes people laugh. They do
not tell us why people laugh or find something humorous.
That is a subject about which there is a great deal of
controversy…” (Berger 1997, p. 4). Berger manages to
combine what makes people laugh with techniques that
describe how to make people laugh. He argues that there
are forty-five techniques (see Table 1.) that fit under
“four basic categories: 1. humor involving identity; 2.
humor involving language; 3. humor involving logic (and
a fourth category that I‟m not completely satisfied with);
4. humor involving action or visual phenomena” (Berger
1997, p. 3).
Berger argues there are forty-five techniques (no
fewer, no more) that comedy writers and all humorists
have used, do use, and must use. This paper examines the
game Portal as a case study to ascertain if there is
evidence of Berger‟s techniques being used to develop
the comedy in the game.

2.2

Humour Theory – an overview

Henri Bergson (1911) provides a fundamental theoretical
proposition by outlining a “new law” of comedy,
whereby “We laugh every time a person gives us the
impression of being a thing” (1911, p. 58). Central to this
proposition is the idea that there is an incongruity

LANGUAGE

LOGIC

IDENTITY

ACTION

Allusion

Absurdity

Before/After

Chase

Bombast

Accident

Burlesque

Slapstick

Definition

Analogy

Caricature

Speed

Exaggeration

Catalogue

Eccentricity

Facetiousness

Coincidence

Embarrassment

Insults

Comparison

Exposure

Infantilism

Disappointment

Grotesque

Irony

Ignorance

Imitation

Misunderstanding

Mistakes

Impersonation

Over literalness

Repetition

Mimicry

Puns, Wordplay

Reversal

Parody

Repartee

Rigidity

Scale

Ridicule

Theme/Variation

Stereotype

Sarcasm

Unmasking

Satire
Table 1 – Berger's Categories and Techniques.
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between the „human‟ and the „non-human‟. Incongruity,
or “reciprocal interference” (Bergson 1911, p. 96) occurs
when the mechanical is “encrusted” (p. 37) on the human
and, crucial for this study, when the human is encrusted
on the mechanical. Incongruity, with or without
resolution, has been seen as a cornerstone concept in
many humour theories (cf. Morreall 2009; Raskin 2008;
Ritchie 2004). By examining the game Portal and its
central character of GLaDOS (Genetic Lifeform and Disk
Operating System) this paper also explores the question
of whether Bergson‟s “new law” may be inverted: Will
we laugh when a mechanical agent gives us the
impression of being a person?
Attardo (1994) offers a mapping of humour theories
under the three broad headings (p. 47). This organisation
of theories, following Raskin‟s “tripartite classification”
(1985, pp. 30-40), provides an overview of the domain of
humour studies (see Table 2.).
This tripartite classification visually suggests these
groups are somehow mutually exclusive. This grouping
of theories is, however, more accurately analysed as
offering different perspectives on the phenomena of
humour. Raskin argues, “incongruity-based theories
make a statement about the stimulus; the superiority
theories characterize the relations or attitudes between
the speaker and the hearer; and the release/relief
theories comment on the feelings and psychology of the
hearer only” (Raskin 1985, p. 40, emphasis in original).
While theories may not be mutually exclusive in the
absence of a theory that explicitly relates to the
intentional production of comedy, they prove useful only
in analysis of humour.
Incongruity

Hostility

Release

Contrast
Incongruity /
resolution

Aggression
Superiority
Triumph
Derision
Disparagement

Sublimation
Liberation
Economy

Table 2 — A mapping of humour theories.
Reversal Theory, a theory which sits uncomfortably
under the classification of „Incongruity‟, was originally
developed as a psychological theory of motivation (Apter
1982). It was subsequently developed as a theory of
humour (Apter & Desselles 2012; Martin 2007). For all
that the theory does posit the necessity for incongruity to
exist to produce the affect of humour, incongruity is only
one of the contributing elements. Further, the theory does
not overtly deal with the issue of whether incongruity
requires resolution. There are three essential elements of
the theory:
1. humor occurs when an observer is in a playful
state of mind;
2. the observer perceives the same identity (person,
object, statement, event) as having two incompatible
attributes (meanings, qualities); and,

3. one of those meanings or qualities diminishes that
identity (Apter & Desselles 2012).
The first element is that the observer must be “in a
playful state of mind”. Apter argues that they must to
some degree be cut off from reality in a “protective
frame”(Apter & Desselles 2012). The protection allows
them to act with no fear of serious consequences. This
state of mind is known in Reversal Theory as the
“paratelic state” (Apter 1982; Apter & Desselles 2012;
Martin 2007). The absence of the playful state of mind is
termed the “telic state”. This is the serious, goal oriented
state of mind in which a comic situation could be
perceived as irritating, threatening or offensive. “In other
words, in the paratelic state the arousal from a joke or
other comic situation will be felt as pleasurable
stimulation, as a kind of excitement. In the telic state it
will, in contrast, generate some kind of unpleasant
emotion, such as anxiety or anger” (Apter & Desselles
2012).
Apter‟s Reversal Theory of humour “proposes that
humor involves the perception of a cognitive synergy
(i.e., two concurrent but contradictory interpretations of
the same object), in which the second interpretation of an
object involves a diminishment relative to the first…”
(Martin 2007, p. 77). The two critical elements of this
description of the theory are the concepts of „cognitive
synergy‟ and „diminishment‟. Apter uses the term
„cognitive synergy‟ to “describe a cognitive process in
which two contradictory ideas or concepts about the same
object are held in one‟s mind at the same time” (Martin
2007). Frequently in art, science and humour the
creativity of the activity is described as the ability to
combine incongruous or seemingly unrelated ideas in a
single object (De Mey 2005). For Apter (1982), the
difference between art and humour is found in
relationship between the two elements of the cognitive
synergy. In humour, one of the elements is in some
manner diminished or devalued, whereas in art, one of the
elements of the cognitive synergy is elevated in value
relative to the other. The cognitive synergy is, in a
manner, resolved. However, the theory doesn‟t overtly
explain if this resolution is the necessary condition for the
production of the affect of humour.
This theory suggests that the “trick of creating humor”
is to balance the demands of obtaining high levels of
arousal while supporting the protective frame that in turn
supports the paratelic state. The concept of framing has a
long history in sociology of organizational behaviour as
exemplified by the work of Goffman (Goffman 1986).
Likewise, within the context of computer games, Adams
discusses the concept of the pretended reality, or the
„magic circle‟ as a “boundary that divides ideas and
activities that are meaningful in the game from those that
are meaningful in the real world” (Adams 2013). The
magic circle is a boundary that a player chooses to cross,
in essence exiting the real world and entering the reality
of the game; this game reality may have similarities with
the real world, most commonly in the workings of the
world (physics, social interactions and environments),
however the game reality and its quirks are accepted as
the norm in the game context. This shift from real world
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to game world is analogous to Apter‟s setting up of a
protective frame to allow for a paratelic state.
The metaphor of the „magic circle‟ has been widely
critiqued as being too binary in nature, setting up an
artificial divide based on unsubstantiated distinctions
between play and work (Stenros 2012). For this reason it
is preferable to adapt the „magic circle‟ metaphor to talk
of the distinction between the telic and paratelic states
rather than the „real‟ and „unreal‟ worlds. If it is true that
the „trick‟ of creating humour is to support a paratelic
state within a protective frame, then an examination of
Portal should reveal how this “trick”, or technique, has
been used to develop the humour and comedy found in
the game.

3

Portal – a case study

Portal is a first person, puzzle-platformer by Valve
(Valve Corporation 2007a). It was originally released in
2007 as part of The Orange Box, a collection of five
games powered by Valve‟s Source Engine (Valve
Corporation 2007b); of the five games, Portal was
considered a surprise favourite, not in short due to its
unique gameplay and witty writing (CBS Interactive Inc.
2008; Watters 2008). The concept for Portal originates
from Narbacular Drop (DigiPen Institute of Technology
2006), a student project from the DigiPen Institute of
Technology, wherein the player is tasked with helping a
princess escape a sentient dungeon by means of movable
portals. Following a demonstration to Valve
representatives, the students responsible for Narbacular
Drop were employed by Valve and adapted its concept to
Portal. As a result of the critical acclaim that Portal
received Valve developed and released a sequel, Portal 2
(Valve Corporation 2011) in 2011. Portal 2 continued the
story of Portal‟s characters, reusing and expanding upon
its gameplay and comedic elements. However, this paper
focuses on the original Portal game as it has been widely
considered an exemplar of the use comedy which has
influenced popular culture and future games (Grönroos
2013; McNamee 2011).
The game of Portal is set at the Aperture Science
Testing Facility, featuring an increasingly complex series
of „Test Chambers‟. Progression through the Test
Chambers is based around the titular concept of
manipulation of and movement between two linked
portals, created by using the Aperture Science Handheld
Portal Device (Valve Corporation 2007a). The use of
interconnected portals presents a series of challenges
based on twists of spatial awareness, puzzle solving, and
physics manipulation. This adventure through the testing
facility features two central characters; Chel, the mostly
silent protagonist of the game who is only ever seen
through portals placed in the same room; and GLaDOS
(Genetic Lifeform and Disk Operating System), the
Artificial Intelligence antagonist in charge of the
Aperture Science Testing Facility, and the main source of
dialogue.
The player traverses test chambers under the watchful
eye of GLaDOS, whose commentary on the player's
progress is the source of much of the comedic elements in
the game. The gameplay of Portal on PC follows the
conventions of first-person shooters; movement forward,
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backwards and sideways via the WASD keys, horizontal
and vertical rotation of the view via the mouse, jumping
via the spacebar, shooting the portal device using the two
mouse buttons, and interacting with movable objects
using the E key.
The initial chambers of Portal introduce the player to
movement and manipulation of objects, and the key
portal concept. GLaDOS's opening of a portal to permit
leaving their glass walled cell acts as the player‟s first
introduction to the non-Euclidean nature of portals; it is
also through this portal that the player is shown their
character, Chel, for the first time, and the only time in the
game when such a perspective is forced.
The player quickly gains the use of the Portal device,
allowing them to open a single portal that will link with
an existing portal in the test chamber. The player soon
learns through experimentation that portals can only be
created on concrete wall panels, serving as a subtle visual
guide through levels. Within the first chambers, the
player is introduced to interaction mechanics, such as the
Aperture Science Weighted Storage Cube to solve the
first puzzle, placing the Cube on the Aperture Science
Heavy Duty Super-Colliding Super-Button (Valve
Corporation 2007a). The cube on button mechanic is
repeated throughout the game as one of many means of
progressing to the exit of each chamber. Successive test
chambers increase the complexity of this mechanic by
adding challenges such as sequence and timing puzzles.
Adding danger to this process, the game introduces the
Aperture Science High Energy Pellet (Valve Corporation
2007a), a deadly projectile, unaffected by gravity, that is
used to power doors, lifts or platforms when placed in an
appropriate receptacle.
Once the player gains access to the Portal device
upgrade, allowing placement of both portals, they are able
to enact more complex portal mechanics, primarily the
use of momentum for traversal or, as the narrative
develops, bypassing barriers. Controlling where the two
portals are placed allows the player to experiment with
often disorienting movement techniques. One of which
involves creating loops that allow the player to reach
terminal velocity (falling infinitely), the momentum of
which is then used (often through trial and error) to
launch the player across the room, reaching the
previously inaccessible exit. As the narrative develops,
and the difficulty of test chambers and environments
increase, the puzzles involve using the portals to
maneuver with or around environmental hazards,
platforms, machinery, cubes, buttons, high energy pellets
and doors.
The following sections will present an analysis of
Portal that suggests that comedy techniques were
deliberately employed in its construction and that the
perspective shifting nature of the game play is analogous
to the shift from the telic to paratelic state of the player.

3.1

Comedy Techniques

A content analysis of the Portal script (Ayelis 2009) was
undertaken using two techniques. First, the text of the
script was processed using Leximancer to reveal the key
words used in the script, their relative frequency and their
relationships. Second, the script was examined using
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Berger‟s list of the forty-five techniques of comedy. This
second analysis, conducted using a player generated
transcript of the dialogue (Ayelis 2009), revealed the
need to differentiate between the comedy of the character
GlaDOS and the comedy of the game environment and
play.
The concept map generated from a Leximancer
analysis of the Portal script (see Figure 1) groups the
majority of terms around the Aperture Science Testing
Facility. The outlying concept groups, such as „cake‟,
represent topics that appear tangential to the main thrust
of the script. Terms that have the highest frequency are in
the central pink circle. These terms are all related to the
testing environment (chamber, test, testing, record etc.)
whereas the more outlying terms are related to the player
(reward, cake, alone, alive, safe, die etc.). The most
outlying circle is related specifically to the game
characters called turrets. These characters feature strongly
in the concept potentially because they have a
surprisingly rich and frequently repeated dialogue. This
suggests that the analysis of the script needs to examine
the game characters, specifically GLaDOS, and the game
environment as separate but related comic entities.
GlaDOS is, using Dormann and Boutet‟s Comic
Character Patterns, a Comic Sociopath; “A character that
lacks moral judgment and is without sensitivity to the
emotions of others, but is designed in a humoristic way”
(Dormann & Boutet 2013). The comedy of GLaDOS‟
performance as a sociopath is generated using techniques
that fall under the categories of Language, Logic and
Identity.

GLaDOS occasionally makes allusions to world
outside the game universe. At the conclusion of the third
puzzle she says, “Please proceed to the chamber-lock.
Mind the gap” (Ayelis 2009). This is an allusion to the
disembodied warning announcement played in London
underground railway stations. This statement is a comical
allusion to the fact that the railway announcement voice
really doesn‟t care if you mind the gap or not. This is an
early hint that GLaDOS also does not care about the
player‟s safety. She also, in song over the game credits,
makes a disparaging allusion to Black Mesa, a rival
company to Aperture in the Half Life (Valve Corporation
1998) universe in which Portal is situated.
“Maybe you'll find someone else
To help you.
Maybe Black Mesa...
THAT WAS A JOKE HAHA! FAT CHANCE!”
(Ayelis 2009)
This particular allusion is a form of in-joke, a joke
intended for an audience with a particular knowledge of
the games industry.
Befitting the insensitivity of her character GLaDOS is
prone to over-explain and unnecessarily define elements
of the game universe. In the first challenge she says,
“Please place the Weighted Storage Cube on the 1500
megawatt Aperture Science Heavy Duty Super-colliding
Super-button” (Ayelis 2009). Likewise in the following
challenge she says, “Very good. You are now in
possession of the Aperture Science Handheld Portal
Device. With it, you can create your own portals. These

Figure 1 - Leximancer Concept map of the Portal Script
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inter-dimensional gates have proven to be completely
safe. The device, however, has not. Do not touch the
operational end of the device. Do not look directly at the
operational end of the device. Do not submerge the
device in liquid, even partially. Most importantly, under
no circumstances should you..." (Ayelis 2009). This use
of definition helps develop the character of GLaDOS but
it also develops the tone of the relationship between
GLaDOS and the player. The failure to complete the
instruction hints at the mounting madness of the
sociopath.
In the sixth challenge GLaDOS facetiously praises the
player, “Unbelievable! You, <SUBJECT NAME HERE>,
must be the pride of <SUBJECT HOMETOWN HERE>"
(Ayelis 2009). Utilising the structure of a form letter
underscores her attitude toward the player. As the game
develops these facetious, mild insults become overt
insults; insults aimed directly at the player. After
challenge nineteen when the player has completed all of
the „testing‟ stages and is roaming the Aperture Science
facility, she says, “This is your fault. It didn‟t have to be
like this. You're not a good person. You know that, right?
Good people don't end up here” (Ayelis 2009). In the
early stages of the game GLaDOS talks, in the third
person, about the testing, the equipment and the facility.
Once the testing is complete she uses second person to
directly address the player to deliver long-winded, overexplained insults. “I have your brain scanned and
permanently backed up in case something terrible
happens to you, which it's just about to. Don't believe
me? Here, I'll put you on... 'Hellooooo.' That's you! That's
how dumb you sound! You've been wrong about every
single thing you've ever done, including this thing. You're
not smart. You're not a scientist. You're not a doctor.
You're not even a full-time employee. Where did your
life go so wrong?" (Ayelis 2009).
This use of second person voice develops steadily
through the game play. A promise made at the being of
the game is that there will be cake when the testing is
complete; however, in the twelfth challenge the player
gets the first direct clue that GLaDOS cannot be trusted.
“As part of a previously mentioned required test protocol,
we can no longer lie to you. When the testing is over, you
will be... Missed” (Ayelis 2009). This is an example of
ironic under-statement. As facetiousness developed into
insult, irony develops into sarcasm. Berger argues that
where insults are direct, sarcasm is oblique (Berger
1997). GLaDOS, in the final section of the game, refers
to the player‟s “Personnel File” to provide a description
of the player, “‟Unlikable. Liked by no one. A bitter
unlikable loner whose passing shall not be mourned.'
SHALL NOT BE MOURNED. That's exactly what it
says. Very formal. Very official. It also says you were
adopted. So that's funny too” (Ayelis 2009). By
employing the device of the personnel file GLaDOS is
deflecting the responsibility for the insult. Further,
indulging in the childish taunt of „you‟re adopted‟
highlights her sociopath character. Of the language-based
techniques described by Berger GLaDOS directly uses
Allusion, Definition, Facetiousness, Insults and Irony.
The distinction between these, and the choice of the
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examples given, is somewhat arbitrary as all of these
techniques can be employed in concert.
Of the logic-based techniques GLaDOS uses
Catalogue, Repetition, Reversal and Unmasking.
Catalogue is related to language technique of Definition,
however, Catalogue is used to comically link cause and
effect. In the second challenge the player is told, “You're
doing very well. Please be advised that a noticeable taste
of blood is not part of any test protocol, but is an
unintended side effect of the Aperture Science Material
Emancipation Grille, which may, in semi-rare cases,
emancipate dental fillings, crowns, tooth enamel, and
teeth” (Ayelis 2009). The word “emancipated” is,
obviously, a euphemism for a harsher reality, as is the
double-speak of “semi-rare”. This technique is used to
parody workplace safety instructions.
GLaDOS repeats particular instructions, frequently in
groups of three, just to comically reverse the logic of the
situation. In the second challenge she says, “For your
own safety, do not destroy Vital Testing Apparatus.
Certain objects may be vital to your success. Do not
destroy Vital Testing Apparatus. At the Enrichment
Center we promise never to value your safety above your
unique ideas and creativity. However, do not destroy
Vital Testing Apparatus” [emphasis added] (Ayelis
2009). This is immediately followed with, “Vital Testing
Apparatus destroyed”. The player did nothing to create
the reversal it is simply the untrustworthy nature of the
game universe.
Part of GLaDOS character as a comic sociopath
requires her to project a persona that pretends, at least
initially, to care for the player. This leads inevitably to
moments of unmasking. In the final conflict of the game
the player has the opportunity to dismantle GLaDOS and
to destroy the components. After one of these moments
GLaDOS says, “You are kidding me! Did you just stuff
that Aperture-Science-Thing-We-Don't-Know-What-ItDoes into an Aperture-Science-Emergency-IntelligenceIncinerator? That has got to be the dumbest thing thatWhoa, Whoa, WHOAAA... Heh heh heh heh... Good
news. I figured out what that thing you just incinerated
did. It was a Morality Core they installed after I flooded
the enrichment center with a deadly neurotoxin to make
me stop flooding the enrichment center with a deadly
neurotoxin. So get comfortable while I warm up the
Neurotoxin Emitters”. This quote exemplifies many of
the techniques of language and logic already covered but,
most importantly, through unmasking it sets up the game
play logic for this final conflict.
This unmasking talks to the „real‟ identity of
GLaDOS. However, GLaDOS, whilst maintaining her
own identity, employs techniques that Berger lists under
the category of Identity: Mimicry and Scale. Mimicry
uses many of the language-based techniques and is often
used to deride the player. “Didn't we have some fun,
though? Remember when the platform was sliding into
the fire pit and I said 'Goodbye' and you were like
'NNOO WWAAYY‟, and then I was all „We pretended
we were going to murder you‟. That was great” (Ayelis
2009). The mimicry here casts the player as a juvenile
who is wont to use „like‟ and similar language structures.
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Much of what GLaDOS says in the early stages of the
game obliquely insults the player. As argued earlier, the
directness of the insults increases as the game progresses.
In the eleventh challenge the player wins an upgrade to
the portal-making device. Here GLaDOS uses the
technique of scale. “The device has been modified so that
it can now manufacture two linked portals at once. As
part of an optional test protocol, we are pleased to present
an amusing fact. The device is now more valuable than
the organs and combined incomes of everyone in
<SUBJECT HOMETOWN HERE>” (Ayelis 2009). This
techniques toys the concept of scale in two ways. First,
value as a scale, this suggests that there is a valid
equivalency between the value of human organs and
income. Second is the scale of the universe outside of the
game universe. Here the scale of the „real‟ world is
reduced to fit into the scale of the game universe. This is
particularly fitting for the comic sociopath character of
GLaDOS.
All of the twelve techniques so far identified are found
in the dialogue of GLaDOS, however, the game universe
itself presents evidence of a further seven techniques:
Satire, Absurdity, Before/After and three techniques of
Action; Chase, Slapstick and Speed.
The game, as a universe, is deep satirical. Painted on
the walls of the Enrichment Center is the line, “The cake
is a lie”. This has become an Internet meme that
expresses a sense of disillusionment with the promises of
reward for behaving in a socially acceptable manner and
in the value of the reward itself (McCoral 2010). For
comic effect the game engages with Durkheim‟s theory of
Anomie and Merton‟s Strain Theory which both examine
the behaviours that emerge when the „means‟ to an „end‟
is somehow restricted (Agnew & Passas 1997). The cake
is a lie, however, the player continues to play by
substituting their own goals and rewards and by adopting
behaviours that work for them rather than the system.
The absurdity of the game universe is exemplified by
the existence of a radio that is permanently set to 85.2FM
and only plays an instrumental muzak track. Not only is
the frequency unusual (FM frequencies traditionally end
in an odd digit) but also the radio appears in multiple
challenges for no apparent reason. Frequently the elevator
music is heard before the radio is actually found. The
object itself lends nothing to the actual game play so its
existence must say something about the „playful‟ nature
of the game universe and its designers. The radio is also a
game within a game that subverts the ongoing goaloriented play by offering a diversion – find that radio.
The game caricatures and satires many aspects of real
life such as safety warnings and information screens. At
the beginning of each challenge a board displays the
possible dangers ahead and graphically promises „cake‟.
Icons comically representing the hazards represent bizarre
warnings that only make sense in the game universe but
reference real world alternatives. In a larger sense the
game is a caricature of intelligence testing.
The game also toys with the identity of the player. It is
possible for the player to look through a portal and watch
themselves undertaking the maneuver they are about to
do. There is a cognitive dissonance in this possibility, a

comic incongruity that allows the first person player to
see themselves as second person actors in the game.
Again, this is a diversion from the goal of the game. The
players are tempted to try to „catch up‟ with themselves.
The gender of the player may also come as a surprise for
some players.
Much of the comedy of the game comes directly from
the physics of the game universe, the category Berger
calls Action. The techniques of Chase, Slapstick and
Speed are used to great effect. “Energy Pellets”, that can
kill the player, move in predictable paths and can literally
chase the player. However, in the game universe portals
operate in a non-Euclidean manner completely disrupting
the logical link between up and down and left and right.
The Energy Pellets may appear from an unexpected
direction. This surprise has some comic value but the far
greater surprise for the player is the recognition, usually
after the fact, that the path of the pellet exactly followed
the non-Euclidean logic of the player‟s placement of
portals. The surprise is one of unexpected consequences.
The techniques of Slapstick and Speed follow a similar
logic. It is possible for a player to set up a situation where
they infinitely fall through a series of portals gaining
greater and greater speed. At moments in the game it is
actually necessary to meet a challenge to engage in this
kind of impossibility.

3.2

Humour Techniques

Apter‟s Reversal Theory suggests that the “trick of
creating humor” is to balance the demands of obtaining
high levels of arousal while supporting the protective
frame that in turn supports the paratelic state.
Some of the comedy arises from the interaction of the
game play, the skill of the player and the logic of the
game universe. This combination of elements is intended
to trigger the affect of humour, however, the ludic
(unscripted) nature of the experience means that the
comedy emerges out of situations that the game designers
did not fully plan (Frasca 2003; Sweetser & Wiles 2005).
For example, the graffiti on the walls of the Portal
game space may initially appear to the player simply as
set dressing. As the game progresses the words, “The
cake is a lie,” repeated in a list, are written in a form that
suggests another player reached this point in the past.
Together with “Help”, “Hello? May I help you?”, prisonlike tally marks and smudged handprints these words
stand as a warning. At advanced levels of the game,
where the problems to be solved become increasingly
complex and frustrating, the words comically mirror the
player‟s feelings. Further, these words, this Internet
meme, have taken on a meaning greater than the initial
purpose. This is an example of humour rather than
comedy as the humour has emerged from the interaction
of the player and the space rather than being constructed
as comedy. The player constructs their unique meaning in
the context of their game play.
Success in the Portal universe requires the player to
take on the logic and physics of the game. This has two
crucial outcomes. First, the player is immersed in game
play that includes a subversion of real world physics that
allows the players to move objects in an impossible
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manner and to watch themselves in action. Second, they
player must take on a goal that is not explicitly stated.
Any goal that is promised, for example the cake, is a lie.
The player must reinvent both the means and the ends.
For humour to work, according to Apter and Martin,
the player must be in a playful state of mind, the player
observes an object/event/identity as having two
incompatible or incongruous attributes, and one of the
attributes is diminished in meaning. It is tempting to
assume that a player playing a game is already in a
playful state of mind. However, the goal seeking nature
of game play may well remove this possibility. A player
may well be in a telic state, a serious goal oriented frame
of mind. To move the player to the paratelic state and to
protect them in that state requires the game to reward the
player for acting in a paratelic manner. The game
achieves this by allowing the player to „accidentally‟
succeed. This occurs when the player stumbles upon the
solution by attempting a maneuver that has unintended,
and often humorous, positive consequences or by dumb
luck, the surprise of which also generates humour.
The relationship between the player, the logic and
physics of the game universe, and their ability to literally
see themselves in action presents multiple incompatible
and incongruous attributes. The perspective shifting
nature of the game play is analogous to the shifting from
the telic to paratelic state. These states of mind are
transitory in nature. The player needs to have a goal to
proceed through the game, otherwise they simply would
not engage in the challenges. However, the game through
the techniques of comedy entices the player to engage in
an oscillation between the telic and paratelic manner.
For humour to develop out of these interactions with
the game universe some attribute must be in some manner
diminished. As argued earlier Portal is a deeply satirical
game that diminishes and questions the value of goal
seeking as an activity. It caricatures testing, enrichment
and improvement. The „cake‟ meme carries the meaning
that the offer of a reward as motivation for action is
fallacious. To win when playing Portal the player needs
to accept that playing to win within the proscribed means
is a bogus strategy connected to an equally bogus reward,
cake.

4

Engagement, Engrossment and Flow

This analysis has shown that Portal is an environment
laced with constructed comedy, emergent humour and a
narrative designed to satirise goal-seeking behaviour. The
question is now, how do these elements contribute to
engagement?
Within the Oxford English Dictionary, the term
“engagement” stems from the verb “engage”, within
multiple contexts meaning to bind, attach, or entangle,
often within a voluntary action (Oxford English
Dictionary 2014). Engagement refers to the action of
being engaged; in the context of video games this concept
is the subject of much debate, and often used in the
absence of a standard definition. The term “immersion” is
also used often in game research literature, and is
inextricably linked with engagement. The definition of
immersion refers to the “dipping or plunging into liquid...
and transference into other things“ (Oxford English
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Dictionary 2014); in the context of video games,
immersion is implied to refer to becoming absorbed in the
game as though the player were in the game. These two
concepts of engagement and immersion, though linked,
are quite different. Douglas and Hargadon (2001) indicate
that this key distinction between engagement and
immersion lies within how content is experienced.
Put simply, immersion is a process through which one
becomes drawn into, or deeply involved in the material or
story, whereas engagement implies a more active
participation with the material. The active engagement
with material, whether solving puzzles, understanding
concepts or overcoming challenges (Douglas & Hargadon
2001; Woo 2011) has quite clear links with user
interaction with video games. Though there is some
disparity in the interactions between engagement and
interaction, as one could be seen as linked with and
leading to the other, the immersive and engaging
capabilities of video games can lead the audience
member/s to experience what Mihaly Csikszentmihalyi
(1990) coined as the „Flow‟ state (Douglas & Hargadon
2001).
Csikszentmihalyi describes nine attributes of the Flow
experience:
1. There are clear goals every step of the way.
2. There is immediate feedback to one‟s actions.
3. There is a balance between challenges and skills.
4. Action and awareness are merged.
5. Distractions are excluded from consciousness.
6. There is no worry of failure.
7. Self-consciousness disappears.
8. The sense of time is distorted.
9. The activity becomes autotelic (it becomes an
end in itself) (Csikszentmihalyi 1997a, pp. 1113).
It is generally agreed upon that the concept of Flow
(Csikszentmihalyi 1990) is an identifiable and key
element in the concepts of engagement and immersion.
The Flow state is referred to in common vernacular as the
feeling of being “in the zone”, with a limited awareness
of one‟s surroundings as attention is given entirely to the
focus of the activity. The Flow state is an autotelic
(intrinsically rewarding) state of extreme concentration or
absorbed focus that can lead to being unaware of the
passage of time. Achieving the Flow state, combined with
challenge, progression, and skill, can result in an optimal
experience (Cox et al. 2012; Csikszentmihalyi 1990;
Jennett et al. 2008). These optimal experiences are
considered fun, and intrinsically motivating, when
balance is achieved between the challenge of the game
and the skill of the player (IJsselsteijn et al. 2007).
Though Flow is presented as a continuum of experiences,
it is considered by some to be binary in nature; one can
either be in the zone, or not in the zone (Cox et al. 2012,
p. 79).
In Douglas and Hargadon‟s analysis of engagement,
immersion and Flow (2001), and Cox and colleagues‟
(Cox et al. 2012; Jennett et al. 2008) concept of the three
stages of immersion, itself a continuum of experiences:
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the first stage is Engagement; the second stage
engrossment; and the final stage total immersion, or the
aforementioned Flow state.
The conception of the autotelic experience as selfrewarding and fun has been used to argue that the
autotelic state is more closely related to the paratelic state
than the telic state (Houge Mackenzie, Hodge & Boyes
2011, p. 523). The Flow state requires a balance to be
struck between the challenge of a task and the skill of the
performer: too little challenge or too much skill results in
boredom; too little skill or too much challenge results in
anxiety. It is this anxiety that destroys the „magic circle‟.
However, as Rea argues, paratelic and telic flow could be
achieved in a highly complex flow state of serious
playfulness. “This state of serious playfulness is
characterized by a „dynamic stillness.‟ It is not merely the
stillness of telic repose nor the dynamics of paratelic
excitement. Rather it is a synchronous interweaving of
stillness and dynamics” (Rea 1993, pp. 84-5).
By accepting the possibility of an autotelic state
dynamically flipping from the telic to the paratelic and
back goes some way to removing the paradox of
describing game play as a playful, goal-oriented activity.

5

Conclusion

It is evident that techniques of comedy have been
intentionally utilised throughout Portal and that, whether
intended or unintended, elements of humour emerge as a
result of both comedic technique and gameplay. Further,
it is evident that part of the comedy and humour is based
on the incongruous human/machine character of
GLaDOS which supports the conclusion that Bergson‟s
law does stand when inverted; we will laugh when a
mechanical agent gives us the impression of being a
person.
The shifts in affective states, from telic to paratelic,
can be said to be triggered by both constructed means,
through comedic techniques, or emerging through activity
with surprising consequences. The shift from the paratelic
to the telic state seems a more natural occurrence, where
the game‟s goal is brought to the forefront, in most cases
reaching an exit, prompting further action, in turn
triggering affective state shifts. This oscillation between
telic and paratelic states is analogous to finding the
balance between challenge and player ability, or the autotelic state of Flow, the optimal experience or fun
(Csikszentmihalyi 1997b); each of which are considered
intrinsically motivating. Understanding this process
through the lenses of Berger‟s forty-five comedic
techniques and Reversal Theory, in essence a theory of
motivation, can aid research into the reasons why players
play games. In case of Portal, which satirically derides
social norms and play structures, what motivates a player
to keep playing? The partial answer to this question is
that the player is seeking the autotelic affective state and
that this state can be achieved from either the telic goaloriented or the paratelic process-oriented affective state.
Accepting that Portal is highly satirical and dismissive of
traditional, goal-seeking behaviours suggests that both the
telic and the paratelic states can lead to the highly
engaged autotelic state of Flow.

6
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Abstract
There is increasing use of virtual environments to
provide scenario-based training in hazardous environments, where real-world training would be difficult,
dangerous or have ethical implications. One specific
example is fire evacuation training and the use of virtual fire drills. Virtual environments can be used to
present simulated buildings and fire hazards where
evacuation drills can be safely practised. However,
realism in the virtual environment, e.g. visual and
sound effects, and the interactions with simulated entities, e.g. fire, smoke and other building evacuees,
can impact the training experience. Also building
such complex environments can be time consuming
and error prone. One solution is the reuse of components that make up the virtual environment, in this
case, the building layouts, the interactive environment itself, and the realistic simulation of fire hazards
and fire science impact on human behaviour.
This paper describes work to extend a virtual environment development pipeline for building virtual fire
evacuation training systems. The pipeline integrates
3D building models and fire egress behaviour from
fire evacuation simulations into a game engine. The
behaviour of autonomous agents representing human
evacuees, extracted from the fire simulations, is validated against the target virtual environment. Consistent agent behaviour was found across egress time,
agent population scalability, the addition of fire hazards and in extended building complexity.
Keywords: Virtual Reality, Game Engines, Virtual
Evacuation Drills, Evacuation Model, Reuse.
1

Introduction

Fire accidents are a frequently reported disaster
across the world. For example, there are over 6,000
building fires in New South Wales, Australia, annually (Fire & Rescue NSW 2006) and 41,000 dwelling
fires in the United Kingdom in 2013 (Department for
Communities and Local Government [UK] 2013). A
contributing factor to fire-based fatalities is a lack of
evacuation knowledge or evacuation planing by individuals. People often panic in fires. This can result in
delayed evacuation time and extended exposure to fire
hazards. Therefore fire drills are a common feature in
fire evacuation exercises and training. However, conc
Copyright ⃝2015,
Australian Computer Society, Inc. This paper appeared at the 11th Australasian Conference on Interactive Entertainment (IE 2015), Sydney, Australia, January 2015.
Conferences in Research and Practice in Information Technology (CRPIT), Vol. 167, Yusuf Pisan, Keith Nesbitt and Karen
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ducting fire evacuation drills in modern buildings under realistic fire conditions can be difficult (Gwynne
et al. 1999). During fire drills, building occupants
typically exit at a leisurely pace, without having to
deal with panic inducing events such as smoke filled
corridors, fires in unexpected places or blocked fire
exits. Fire evacuation drills are either considerably
disruptive when they occur unannounced or tediously
uneventful if routinely practised (Ren et al. 2006).
Instead of disruptive and unrealistic fire drills
(Galea & Galparsoro 1994, Silva et al. 2013), virtual
fire drills can support low cost evacuation training
and provide opportunities to evaluate human evacuation behaviours (Smith & Trenholme 2009, Xi &
Smith 2014a,b). Thus virtual environment-based fire
evacuation training systems have become increasingly
popular for various settings and environments, including in hospitals (Silva et al. 2013), in campus building
(Smith & Trenholme 2009), in nuclear power stations
(Mól et al. 2008) and in aircraft (Sharma & Otunba
2012). Virtual environments have been used to develop fire evacuation training systems which benefit from high levels of graphical realism and multiple interaction methods. However, these systems often have non-player-characters (NPC) with basic behaviour as autonomous agents with realistic fire evacuation behaviour are difficult to build as they must
accurately simulate interaction with fire hazards, for
example the impact of poisonous gases, smoke, and
heat on human behaviour.
Intelligent NPCs in virtual environments and fire
simulations represent extra human agents in a scenario and require behaviours to imitate human perception and decision making in emergencies. The realism of NPC behaviours in interactive fire evacuation
training systems plays a significant role, especially
when human users are required to make evacuation
decisions. Human decision making is a sophisticated
process. In a fire emergency, real human decisions
may be influenced by current location, knowledge of
the building (e.g. the familiarity level with location
of fire stairs or exits), personal preferences (e.g. entry
points are preferred exits or evacuation paths), communication with other local individuals (e.g. family
or group members) and perception of the surrounding
environment (e.g. temperature, smoke, and/or visible
flames) (Kobes et al. 2010). However, it is challenging
to build such behaviours into NPCs.
One alternative to directly programming complex
human behaviours into virtual environment applications is to use existing fire evacuation models or
evacuation simulators to provide fire science knowledge for the human behaviours to be simulated by
NPCs during fire evacuations. Evacuation models
are normally numerical simulators developed by fire
science professionals. These simulators can calculate
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how fire spreads under environmental conditions, how
smoke and gas flow through buildings and how human agents, i.e. evacuees, would behave under such
conditions. Frequently used fire simulators include
Simulex, FDS+Evac, VISSIM, STEPS, Pathfinder
and EXODUS (for more details see (Kuligowski &
Peacock 2005, Pelechano & Malkawi 2008, Ronchi &
Kinsey 2011, Santos & Aguirre 2004)).
Besides NPC behaviours, creating realistic large
scale virtual environments is a time consuming process. Compared with traditional virtual environment
development tools, game engines enable the swift development of 3D training systems (Smith & Trenholme 2009, Trenholme & Smith 2008). This process is supported by a variety of game engine selection methods and guidelines (Anderson et al. 2013,
Marks et al. 2007, Petridis et al. 2010, Trenholme &
Smith 2008). Previous virtual fire evacuation systems are implemented in various of game engines,
such as Source Engine (Smith & Trenholme 2009),
Unreal Engine (Mól et al. 2008), Ogre3D (Rüppel &
Schatz 2011) and Unity3D, also called Unity (Silva
et al. 2013).
Another challenge is the use of 3D buildings that
form the basis for any virtual fire drills. Both game
engines and evacuation simulators support creating
3D models with built-in modelling tools. However,
for individual scenarios, duplicating the effort to build
3D buildings in both tools is a waste of resources and
is error prone. As a consequence, using an independent 3D modelling tool to create models and export
them to both the game engine and the fire simulator
is desirable. There are a variety of 3D modelling tools
that can help developers create realistic 3D building
models, such as SketchUp, 3ds Max and AutoCAD.
This paper describes work to extend a virtual environment development pipeline for building virtual
fire evacuation training systems (Xi & Smith 2014a)
and explore the consistency of agent behaviour reuse.
Section 2 will overview the pipeline to integrate 3D
building models and fire egress behaviour from fire
evacuation simulations into an example game engine.
Next, we will describe the example building that has
been used to compare the agent behaviour extracted
from the fire evacuation modeller with the agent behaviour in the game engine. The aim is to ensure
that the behaviour of autonomous agents representing human evacuees extracted from the fire simulator
is faithfully represented in the target virtual environment. Four measures will be used to validate the
imported building models and agent behaviour (Section 4). Consistent behaviour will be explored across
total evacuee egress time, agent population scalability, scenarios with fire hazards and in an extended
building with increased layout complexity. Conclusions and future work will be considered in Section 5.
2

Building Model to Game Engine Pipeline

A general pipeline was introduced by (Xi & Smith
2014a) for creating a fire evacuation training system
in a virtual environment by combining 3D building
models with human behaviours extracted from fire
evacuation simulators, all imported and rendered in
a gaming engine. Through this pipeline, developers
are able to prototype a fire science knowledge based
evacuation system from a floor plan and basic fire scenario configuration. The 3D buildings can be modelled from floor plans in general 3D modelling tools,
exported into evacuation simulators and then into a
game engine to generate the target virtual environment. The evacuation simulators use the imported
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building models to run simulations with fire science
knowledge and use this to generate agent behaviours
for the game engine. The human behaviours in this
pipeline are represented as paths that agents choose
to evacuate the fire scenario during simulations. The
aim here is to script NPC movement behaviours by
reusing evacuation paths generated from fire evacuation simulators and running the evacuation scenario
in a game engine within the same building model exported from 3D modelling tool.
There are three types of software tool involved in
this pipeline, namely, 3D modelling tools, evacuation
simulators and game engines. Figure 1 summarises
some of the available options for each tool. The bold
path illustrates the software used in the examples presented in Section 4 and will be described briefly below.
SketchUp was used as the modelling tool in the
work described here. SketchUp is a 3D modelling tool
for applications including architecture design, game
design and other types of design. It has a free version called SketchUp Make and a commercial version named SketchUp Pro. Compared with complex
CAD software, for example AutoCAD, SketchUp is
light-weight with low hardware requirements. It also
has an online repository called 3D Warehouse, which
provides a large number of free 3D models. In the
examples described in this paper the free version of
SketchUp Make was used. The aim here is to generate
a floor plan. Tools such as SketchUp enable developers to easily draw 3D building models. What is important here is that the selected tool should be able
to export 3D objects and attached textures to frequently used formats, for example, AutoCAD DWG
file (.dwg), AutoCAD DXF file (.dxf), FBX file (.fbx),
or COLLADA file (.dae) file formats.
The second step of the pipeline is the generation
of human behaviour paths. The simulation process
is the most time consuming but critical procedure
of the entire pipeline. During this procedure, the
evacuation simulator with its built-in fire science is
regarded as a “black box”. All decisions made by
agents are based on in-built professional and complex fire science knowledge. In our pipeline, the behaviours are regarded as the evacuation paths chosen
by agents. The path selection frequencies by agents
will be used to script NPC behaviours in the game
engine. For the example pipeline presented in this
paper, we used FDS+Evac to generate human behaviours as paths. Fire Dynamics Simulator (FDS) is
a computational fluid dynamics (CFD) model of firedriven fluid flow (McGrattan et al. 2013). Smokeview
(SMV) is a program used to visualise FDS outputs
(Forney 2013). FDS+Evac is the evacuation model
embedded in FDS, which is used to simulate how
human egress from a scenario under the influence of
smoke density and gases including O2 , CO and CO2
(Korhonen & Hostikka 2009). One disadvantage of
FDS+Evac is that there is no graphical user interface
(GUI), which means users have to create their fire
scenarios by writing FDS scenario source code line
by line. This is a time consuming and error prone
process when creating complex building models. An
alternative is PyroSim which is a graphical user interface for FDS developed by Thunderhead Engineering (www.thunderheadeng.com/pyrosim). PyroSim
supports importing CAD models, drawing complex
geometry objects with build-in tools, and managing
components including materials, surfaces, door/exit,
agent types and agent initial positions. In this paper,
PyroSim (FDS) with a free educational license was selected to run simulations and generate paths for NPC
scripts used in the target virtual environment.
The final step of the pipeline is the integration of
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Figure 1: 3D building to game engine pipeline summary. The bold path indicates the tools used for the
examples in this paper.
Algorithm 1 Sample Script in Game Engine
if Random N umber < 30 then
Agent choose RoomX P ath A;
else
Agent choose RoomX P ath B;
end if
the 3D building model and extracted fire-based egress
paths into the interactive environment, in this case a
fire drill simulation in a game engine (Xi & Smith
2014b). Thus the focus here is on augmenting the
game engine NPC behaviour with fire science knowledge. This procedure starts with importing 3D models and textures of the target building into the level
editor provided by the game engine. Then human
behaviour data generated from evacuation simulators
can be imported into the game engine and used as
NPC movement scripts. The NPC scripts should include path selection frequency of how often agents
choose each available path, which are generated from
evacuation simulations. The selection frequency is
implemented as a range and determined, at run-time,
by a random number. A general script is described in
Algorithm 1, which defines that the frequency for an
agent in Room X to choose “Path A” is 30 percent,
while 70 percent to choose “Path B”. This script will
be shared by all agents initiated in Room X. By altering the agent position (Room 1, Room 2, ..., Room
N), path label and selection frequency, all scripts can
be easily generated in the game engine. In this way,
the NPC decision making process is controlled by a
random generator in the game engine scripts.
There are many game engines could be used to create virtual environments (Trenholme & Smith 2008)
and for this project we have used the Unity3D engine.
Unity3D is a modern game engine that supports de-

velopment of 2D and 3D games and interactive content (Goldstone 2009). One major advantage of the
Unity engine is that it supports multiple platforms
including Macs, PCs and mobile platforms (Petridis
et al. 2010). We used the free version Unity 4.5.2
as an example engine for the case studies presented
in this paper because of its easy-to-use editor, C#
scripting support and tutorials resources, including
videos, sample projects and online documentation.
In the following section, we will describe the use
of our pipeline to generate an example fire evacuation environment with the 3D building modelled in
SketchUp, agent behaviour simulated in PyroSim and
the final visualisation of building egress in Unity.
3

Building a Fire Evacuation Environment

With the exception of a complex building test (see
Section 4.4), all the test cases presented in this paper
were based on a simple building model. The floor plan
of this test building is shown in Figure 2. The dimensions of this building are 10 m x 15 m x 3 m. There are
three exits in this building, EXIT TOP, EXIT LEFT
and EXIT BOT. The building is divided into 9 areas
where autonomous agents will be initiated, including
5 rooms and 4 corridor areas. The overall evacuation time in PyroSim can be read from Smokeview,
while evacuation time in Unity is recorded by adding
a timer controller to the Unity virtual environment.
The first three tests presented in this paper explored the pipeline mapping to the target virtual environment by evacuation time accuracy, agent number
scalability and the impact of adding fire hazards. The
major configuration differences between these three
tests are shown in Table 1 and will be detailed, as
appropriate, in the following sections.
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Table 1: Configurations details for the evacuation time and scalability tests
Evacuation Time Test
Scalability Test
Test environment
FDS+Evac
Unity
FDS+Evac
Unity
Number of agents
1
1
1/3/6/9/12/15/18
1/3/6/9/12/15/18
per area
Agent velocity
1.05 m/s
1.05 m/s
1.05 m/s
1.05 m/s
Pre-evacuation
10 s
10 s
10 s
10 s
time
Known exits
Share same Share same
Exits are unknown to all Not available in Unity3D
pre-defined
pre-defined
agents
known exits
known exits
Path
Share same Share same
Generated by FDS+Evac Randomly picked from
pre-defined
pre-defined
according to actual build- path lists generated from
fixed path
fixed path
ing involved in simulation simulations in FDS+Evac
ting the environment into rectilinear volumes called
meshes. Details of mesh definition and use are outside
the scope of this paper (see FDS User’s Guide (McGrattan et al. 2013)). Here the mesh cell size was set
to 0.333 m x 0.375 m x 3.25 m. Next, agents were populated into the environment to represent the evacuees
involved in the evacuation. FDS+Evac provides five
customizable agent types. Based on the adult type
of agent, we set the agent reaction time, which is regarded as pre-evacuation time, to a constant value of
10 seconds. In addition to reaction time, the human
walking velocity was also set to a constant value of
1.05 m/s as shown in Table 1.
The purpose of conducting the simulations in
FDS+Evac is to generate the statistics of regularized
behaviours, i.e. the paths selected by the agents during the evacuation. Paths are defined based on the
agent’s initial area to evacuation points/exits. All
agents initiated in the same area share the same set
of paths. As this building is divided into 9 areas,
there should be at least 9 sets of paths as at least
1 agent was placed in each area. However, an area
may have a set of paths, consisting of a number of
paths, which are decided by simulation results. Multiple paths may be generated from multiple simulations
based on simulation events such as fire or exit view
obstruction. For example, if an agent leaves RM2,
then passes AREA2 and AREA4, and finally egresses
through EXIT LEFT (areas and exits are labelled in
Figure 2), the path is described as:
P R2 = RM 2 → AREA2 → AREA4 → EXIT LEF T

Figure 2: Floor plan of test building.
3.1

Exporting
SketchUp

3D

Building

Model

from

The example building was modelled using SketchUp
based on a floor plan shown in Figure 2. Since the
purpose of this study is to test the accuracy of human
behaviours in Unity against the original behaviours in
FDS+Evac, high realism textures are not required for
the 3D model. In order to use this model in PyroSim
and Unity, it was exported to AutoCAD DWG file for
PyroSim via the SketchUp build-in export tool, while
the model for Unity was exported to a COLLADA
file using a third party plug-in named PlayUp (see
Figure 1).
3.2

Egress Path Generation in FDS+Evac

After importing the model, there is a need to create meshes for FDS+Evac to determine simulation
events. All FDS simulations are computed by split-
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As suggested in the FDS+Evac User’s Guide (Korhonen & Hostikka 2009), a dozen simulations should
be run to achieve a stable result. Defining the number
of simulations that are required to find all the possible unique paths is outside the scope of this paper.
In this paper, 30 simulations were conducted for each
test.
3.3

Fire Evacuation in Unity

The 3D building model that was exported as a COLLADA file from SketchUp via PlayUp plug-in and was
imported into the Unity engine. To make it possible
to identify each area, a floor was added to the original
model and relevant areas were coloured. Exits in PyroSim were replaced by assembly points and defined
as green areas in Figure 3. Since this paper is focused
on exploring and validating the pipeline, the graphical realism of virtual environment is less important.
A simple cylinder model was used to represent the
human model, e.g. the NPCs.
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During this procedure, the key task is coding the
NPC scripts representing the egress paths. Paths
were implemented using Unity scripting Application
Programming Interface (API) and are triggered by
event or threshold values. The Random.range function provided by Unity was used as a random number
generator to control the path selection when multiple
paths had been generated from an area. The scripts
were generated in C# using Algorithm 1 described in
Section 2.

• Best start position and best exit strategy (BPBE)
• Worst start position and worst exit strategy
(WPWE)
• Best start position and worst exit strategy (BPWE)
• Worst start position and best exit strategy (WPBE)
For simplicity we will assume that all agents move
concurrently, at a velocity of 1.05 m/s, do not collide with each other and all have a pre-evacuation
thinking time of 10 seconds. Thus we can define the
final egress time by the last agent to leave the building. For example, with best start position and best
exit strategy (BPBE), the slowest agent to exit will
be from RM 2 (optimally positioned at the door) to
the exit (EXIT LEFT) directly opposite (see Figure
4), with a distance of 6m to travel and an exit time
of 15.71 seconds. The worst start position and worst
exit strategy (WPWE) will be an agent placed in the
back corner of RM1 and exiting through the bottom
exit (EXIT BOT), with an exit time of 27.05 seconds.
The other benchmark routes are shown in Figure 4.

Figure 3: Imported building model in Unity.

4

Testing the Pipeline

Four tests were performed to explore the consistency
of agent behaviour as extracted from the fire evacuation modeller and integrated into the game enginebased virtual environment. The long term goal of
the project is to extend the fire evacuation virtual
environment with increasingly complex scenarios and
new interactive behaviours. Therefore it is important to determine whether the reused components, in
this case the agent behaviours in the presence of fire
hazards, has been accurately generated and imported
into the game engine. In the following tests, we have
explored examples across total evacuee egress time in
a fire-free environment, agent population scalability
and evacuee egress behaviour with fire hazards and
in an extended building with increased layout complexity.
4.1

Evacuation Time Test

During an evacuation, the most important thing is
that all the evacuees successfully evacuate from the
building and how much time the evacuees take to
egress. There are two critical questions about the
overall evacuation time: (i) it is unknown if there
is any difference in the evacuation time between the
source simulator and the target game engine, (ii) if
there is such difference, why it happens and whether
this difference is acceptable.
A realistic time should be between its optimal
and worst case situations. As described in Table
1, there was 1 evacuee for each area in both Unity
and FDS+Evac (see Figure 2) for a base line measure without NPC collisions at the doors. There are
four benchmarks of building egress that we can determine from the building model, namely (i) the optimal case time, (ii) the worst case time, (iii) the case
when agent placements are optimal in rooms/areas
but then choose the worst building exits and (iv) the
case when agent placements in rooms/areas are the
worst but they choose the best possible exits. These
combinations are summarised as:

Figure 4: Four benchmarked egress routes.
The 3D building models in FDS+Evac and Unity
have the same dimensions as they are based on the
same floor plan. What is different is that they have
different agent moving tracks and collision detection
mechanisms to deal with evacuation flow conjunctions. These differences might result in different evacuation time. Compared with the fixed initial positions
(see Figure 4), agents were placed with random initial
positions and face directions in both FDS+Evac and
Unity. The results after 30 simulations are shown in
Table 2.
The overall evacuation time in both FDS+Evac
and Unity are between the optimal and the worst situation, specifically between WPBE and BPWE (see
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Table 2: Comparison of total evacuation times (in
seconds). The results of Unity and FDS+Evac times
are averages

Table 2). This is because the agents have random positions between the best position (BP) and the worst
position (WP) and they do not always choose the best
exit in the both Unity and FDS+Evac simulations.
However, the time in Unity is approximately 3.85 seconds shorter than that in FDS+Evac. This is caused
by different walking track planning and turning mechanisms between Unity and FDS+Evac. Agents in
Unity always take the shortest path towards the destination (target), while in FDS+Evac, agents take a
longer and less optimal travel distance. As the paths
are determined by area to area movements and the
actual path is determined at run-time by the Unity
engine, this is a side-effect of more efficient path optimisation for autonomous agents in Unity. However,
both FDS+Evac and Unity have realistic evacuation
times when compared to the benchmark evacuation
times (see Table 2), while Unity has slightly better
performance due to optimised path planning functions.
4.2

Agent Population Scalability Test

Section 4.1 has shown that the evacuation time in
both Unity and FDS+Evac fall into a realistic range.
However, there were only 9 agents involved in this
test. Of more interest is exploring the performance of
the pipeline with a scenario including a larger agent
population, for example 50 agents or 100 agents. The
test presented in this section aims to demonstrate
that the pipeline is still valid with increasing numbers
of agents in the evacuation simulation. As shown in
Table 1, the number of agents placed in each area
is increased from 1 to 18, with the total number of
agents increased from 9 to 163. 30 simulations were
conducted to calculate the average evacuation time
for each number of agents.
The overall evacuation time shows a linear growth
when the number of agents in the scenario is no more
than 27 (see Figure 5). Thereafter, the evacuation
time in Unity and FDS+Evac both grow much faster,
but still linearly. However, Unity has a slower growth
rate than FDS+Evac, especially when the total number of agents is over 54. This might be because with
more agents in a scenario, more collisions are caused.
This is indicative that the agent moving performance
and collision detection in Unity are better than those
in FDS+Evac. One thing that should be noted is
that when the total number of agents reached 162,
the area per agent was very small with only 0.93 m2
(150 m2 /162), which is unlikely to happen in the real
world. Thus, it is reasonable to expect that the overall evacuation time in Unity will always shorter than
that in FDS+Evac. The same trend of time increase
between these two environments also demonstrates
that the scalability of this pipeline is consistent with
a large number of agents involved in the simulation.
4.3

Fire Hazard Test

The evacuation time and scalability test have shown
the accuracy and stability of the pipeline in a fire
free evacuation. However, without fire hazards in the
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environment, agent behaviour is determined by basic
evacuation behaviour and there is no validation that
the extracted paths are taking into account the fire
science knowledge embedded in the fire evacuation
modeller, e.g. from FDS+Evac. Our interest here
is how the agents will behave when facing a fire and
how this impacts path generation by FDS+Evac and
reuse in Unity. Thus this test explores the pipeline
when fires are added to the scenario.
Based on the same floor plan (see Figure 2), fires
were added to various locations in the test building. An example fire location is shown in Figure
6 where a fire is located in AREA3, blocking the
exit EXIT BOT. As with the previous tests, agent
behaviour was generated from 30 simulations in PyroSim and then used in Unity. The configuration of
the environment for the fire test is defined in Table 3.

Figure 6: Floor plan with an example fire location.
In this test, fires in Unity were represented as a red
cube object as shown in Figure 7. To easily observe
agent movements, we identified paths by assigning
each agent a unique colour using customizable textures provided by Unity. The agent path was represented as a stream of dots using the Unity instantiate
function. The instantiate function can create cylinder
objects by fixed intervals when NPCs moved on the
floor, thus drawing a coloured path for each agent.
Compared to the optimal evacuation paths described in Section 4.1 (also shown in Figure 8), agents
in RM3, RM4 and AREA3 chose to evacuate through
EXIT LEFT instead of the closest EXIT BOT, which
was blocked by fires (see Figure 7). In addition to
fires at EXIT BOT, agent movements were also tested
with other fire locations such as EXIT TOP (see Figure 9) and AREA 4 (see Figure 10). The results show
that agents in Unity behaved as expected when facing
fires using the paths generated from the FDS+Evac

Overall Evacuation Time (s)
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Figure 5: Increase of overall evacuation time against the total number of agents in simulations using Unity and
FDS+Evac (via PyroSim).
Table 3: Configurations details for the fire tests and
Fire Test
Test environment
FDS+Evac
Unity
Number of agents
1
1
per area
Agent velocity
1.05 m/s
1.05 m/s
Pre-evacuation time
10 s
10 s
Known exits
Exits are un- Not available in
known to all Unity3D
agents
Path
Generated
by Randomly
FDS+Evac ac- picked from path
cording to actual lists generated
building involved from simulations
in simulation
in FDS+Evac

Figure 7: Fire evacuation path in Unity with fire hazard at EXIT BOT.
simulations.
Figure 11 shows that the overall egress time in
Unity is approximately 5 seconds shorter than that in
FDS+Evac. This is similar to the results described in
Section 4.1 and as noted above this is because Unity
has better path planning and agent turning mech-

extended building complexity test
Extended Building Complexity Test
FDS+Evac
Unity
1/5/10/15
1.05 m/s
10 s
Exits are unknown
to
all
agents
Generated
by
FDS+Evac
according to actual
building involved
in simulation

1/5/10/15
1.05 m/s
10 s
Not available in
Unity3D
Randomly picked
from path lists
generated
from
simulations
in
FDS+Evac

Figure 8: Fire evacuation path in Unity (fire free).
anisms. Therefore, the simulated behaviours and
egress times indicate that the pipeline can accurately
reuse fire science knowledge from FDS+Evac to create consistent NPC behaviour in the presence of fire
hazards.
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Figure 9: Fire evacuation path in Unity with fire hazard at EXIT TOP.
Figure 12: A floor plan of an extended building with
an example fire hazard.

Figure 10: Fire evacuation path in Unity with fire
hazard at AREA4.

Figure 13: Unity model of extended building showing fire hazard location and placement of 1 agent per
room/area.

Figure 11: Comparison of total evacuation times with
fire hazards in the environment. (NB. The results of
Unity and FDS+Evac times are averages.)
4.4

Extended Building Complexity Test

Section 4.3 has shown agent behaviour when there
are fire hazards in the scenario. However, in addition to having a limited agent population, the example 3D building model used was too simple to show
the performance of pipeline under increased building
complexity. Thus we have explored the pipeline when
using a more complex building. Complexity was increased by constructing a larger, extended, floor plan
with additional connected rooms and corridor areas.
Figure 2 shows the extended building model with a
fire hazard in a middle area and Figure 13 shows the
same extended building as imported into Unity.
As described in Table 3, the maximum agent population involved in this test has increased from 162 to
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270. Compared to previously used model (see Figure
2), the new model has more agent start areas, as the
building has 10 rooms, 8 corridor areas and 4 exits
(see Figure 12). With a fire hazard present in the environment, the average evacuation time for increasing
number of agents is shown in Figure 14. The same
trend of evacuation time increase between this test
and previous agent population scalability test (see
Section 4.2) was found. The evacuation time increases
smoothly when the number of agents is no more than
90. Thereafter, the evacuation time in FDS+Evac
(PyroSim) grows much faster, while a similar increase
to the previous scalability test is found in the Unity
examples. This result further confirms that evacuation time in Unity is shorter than FDS+Evac due to
better inbuilt path planning functions for autonomous
agent navigation and collision detection and avoidance in Unity. In the scope of the current work, this
provides confidence that the increasing scale of the
scenario does not negatively impact the reused agent
behaviour in the target virtual environment.
5

Conclusions

This paper has described work to extend a virtual environment development pipeline for building virtual
fire evacuation training systems. The pipeline inte-
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Figure 14: Increase of overall evacuation time against the total number of agents in the extended building
example in Unity and FDS+Evac (via PyroSim).
grates 3D building models and fire egress behaviour
from fire evacuation simulations into a game engine.
The aim is to extract behaviour of autonomous agents
representing human evacuees from fire evacuation
simulations and integrate this into a target virtual
environment. It is important that consistent agent
behaviour is mapped to the target environment and
that, in this case, any path navigation is at least as
good as the paths used in the source simulations. In
order to explore the validity of the pipeline, four tests
on evacuation time across different environment scenarios have been conducted.
Evacuation time tests, with and without fire hazards, have shown that the overall evacuation time in
FDS+Evac and Unity are consistent. The time difference between FDS+Evac and Unity is caused by different collision detection and path planning functions.
However, the agent type used here in FDS+Evac is
modified from the default Adult type, which has a
pre-defined velocity and pre-evacuation time. Adding
more types of evacuees and changing the reaction
time, including pre-evacuation time, might significantly change the overall evacuation time. For example, in some real fire accident cases, disabled individuals and elderly individuals may cause unexpected interactions when encountered by other evacuees. The
pre-evacuation time of each evacuee may also vary
from 50s to over 300s (Lawson 2011). Thus the performance of the pipeline with complex agent types
needs further investigation.
FDS+Evac has a strong scalability that can support up to 10,000 agents in one evacuation mesh (Korhonen & Hostikka 2009). Although it is unlikely
to use such a large population in the test buildings
from this paper, it would be interesting to explore the
pipeline approach with an extremely large building
with hundreds of residents, for example, simulating
a shopping mall or sports stadium. Both scalability
tests have shown that the pipeline is stable with large
numbers of agents. Even when there were 270 agents
in the extended building, the scripted NPCs in Unity
still behaved as we expected.
Besides the accuracy and stability in fire free sce-

narios, the fire test further validated this pipeline in a
simple fire environment. Across the tests, the NPCs
in Unity escaped the building in a realistic time, when
compared to best and worst case alternatives, and
made appropriate decisions as in FDS+Evac simulation. However, we did find that agents occasionally
tried to cross fire zone leading to failed evacuation in
4 of 90 simulations (4.44%) in FDS+Evac. The failure to egress impacts the generation of the paths to
be reused in the target virtual environment. Whether
there are issues with the FDS+Evac simulation or in
the configuration of the scenarios warrants further investigation.
In summary, fire science knowledge plays an important role in virtual environment based fire evacuation training systems. Using fire evacuation simulator to support virtual environment development
is a promising method to help virtual environment
developers create realistic fire science based NPC behaviours. The pipeline described here can reduce the
development cost, boost the development process and
improve the realism of virtual environment-based fire
training systems. This paper has described work that
explores such a pipeline for consistency of behaviour,
agent scalability, building complexity and with fire
hazard examples. Future work includes testing the
pipeline against more complicated configurations, for
example various types of agents, especially disabled
individuals, children and elderly adults, since they
vary in walking speed which may result in unexpected
interactions during fire evacuations. Finally, we intend to apply the pipeline to a real campus building
with multiple floors and pre-defined fire stairs and
exits.
6

Acknowledgments

Mingze Xi is a PhD candidate and is supported by
a University of Newcastle International Postgraduate
Research Scholarship.

43

CRPIT Volume 167 - Interactive Entertainment 2015

References
Anderson, E. F., McLoughlin, L., Watson, J., Holmes,
S., Jones, P., Pallett, H. & Smith, B. (2013), Choosing the infrastructure for entertainment and serious computer games - a whiteroom benchmark for
game engine selection, in ‘5th International Conference on Games and Virtual Worlds for Serious
Applications (VS-GAMES)’, pp. 1–8.
Department for Communities and Local Government [UK] (2013), ‘Fire Statistics: Great
Britain April 2012 to March 2013’, https:
// www. gov. uk/ government/ statistics/
fire-statistics-great-britain-2012-to-2013
(Last Access: 12/11/2014).
Fire & Rescue NSW (2006), ‘Fire & Rescue
NSW Annual Statistical Report’, http: // www.
fire. nsw. gov. au/ page. php? id= 171 (Last Access: 12/11/2014).
Forney, G. P. (2013), Smokeview, A Tool for Visualizing Fire Dynamics Simulation Data Volume I:
User’s Guide, National Institute of Standards and
Technology, US Department of Commerce.
Galea, E. & Galparsoro, J. P. (1994), ‘A computerbased simulation model for the prediction of evacuation from mass-transport vehicles’, Fire Safety
Journal 22(4), 341 – 366.
Goldstone, W. (2009), Unity Game Development Essentials, Packt Publishing Ltd.
Gwynne, S., Galea, E., Owen, M., Lawrence, P. & Filippidis, L. (1999), ‘A review of the methodologies
used in the computer simulation of evacuation from
the built environment’, Building and Environment
34(6), 741 – 749.
Kobes, M., Helsloot, I., de Vries, B. & Post, J. G.
(2010), ‘Building safety and human behaviour in
fire: A literature review’, Fire Safety Journal
45(1), 1–11.
Korhonen, T. & Hostikka, S. (2009), ‘Fire dynamics
simulator with evacuation: Fds+evac: Technical
reference and user’s guide’, VTT Working Papers
(119).
Kuligowski, E. D. & Peacock, R. D. (2005), A Review
of Building Evacuation Models, National Institute
of Standards and Technology, US Department of
Commerce.
Lawson, G. (2011), Predicting Human Behaviour in
Emergencies, PhD Thesis, The University of Nottingham.
Marks, S., Windsor, J. & Wünsche, B. (2007),
Evaluation of game engines for simulated surgical
training, in ‘Proceedings of the 5th International
Conference on Computer Graphics and Interactive
Techniques in Australia and Southeast Asia’, ACM,
New York, NY, pp. 273–280.
McGrattan, K., Hostikka, S., McDermott, R., Floyd,
J., Weinschenk, C. & Overholt, K. (2013), Fire Dynamics Simulator: User’s Guide, National Institute of Standards and Technology, US Department
of Commerce and VTT Technical Research Centre
of Finland.
Mól, A., Jorge, C. & Couto, P. (2008), ‘Using a
game engine for vr simulations in evacuation planning’, IEEE Computer Graphics and Applications
28(3), 6–12.
44

Pelechano, N. & Malkawi, A. (2008), ‘Evacuation
simulation models: Challenges in modeling high
rise building evacuation with cellular automata approaches’, Automation in Construction 17(4), 377
– 385.
Petridis, P., Dunwell, I., de Freitas, S. & Panzoli, D.
(2010), An engine selection methodology for high
fidelity serious games, in ‘2nd International Conference on Games and Virtual Worlds for Serious
Applications (VS-GAMES)’, pp. 27–34.
Ren, A., Chen, C., Shi, J. & Zou, L. (2006), Application of virtual reality technology to evacuation simulation in fire disaster, in ‘Proceedings of the 2006
International Conference on Computer Graphics
and Virtual Reality’, CSREA.
Ronchi, E. & Kinsey, M. (2011), Evacuation models of the future: Insights from an online survey
on user’s experiences and needs, in J. Capote &
D. Alvear, eds, ‘Proceedings of the Advanced Research Workshop: ”Evacuation and Human Behaviour in Emergency Situations”’, Universidad de
Cantabria, pp. 145–155.
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