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FOREWORD

This volume contains the proceedings of the 6th International Conference on Computer-Human Interaction
Research and Applications (CHIRA 2022), which was held in Valletta, Malta as a hybrid event, from 27 to
28 October.

CHIRA is sponsored by the Institute for Systems and Technologies of Information, Control and Commu-
nication (INSTICC), and is held in cooperation with the ACM Special Interest Group on Management
Information Systems and the European Society for Socially Embedded Technologies (EUSSET).

The purpose of CHIRA is to bring together professionals, academics and students who are interested in the
advancement of research and practical applications of human-technology & human-computer interaction.
Different aspects of Computer-Human Interaction were covered in four parallel tracks: Human Factors
and Information Systems, Interactive Devices, Interaction Design, and Adaptive and Intelligent Systems.
Human-Computer Interaction is getting renewed interest as human-ai interaction due to the increasing suc-
cess of artificial intelligence and its applications.

In addition to paper presentations, CHIRA’s program included three invited talks delivered by internation-
ally distinguished speakers: Alan Dix (Swansea University, United Kingdom), Truth in an Age of Informa-
tion; Karen Holtzblatt (InContext Design, United States), Contextual Design: Origins, Ethics, and Diverse
Voices; and Abigail Sellen (Microsoft Research Cambridge, United Kingdom), Transforming the Future of
Work through Human-Centred Design.

CHIRA received 36 paper submissions from 17 countries, of which 17% were accepted as full papers. The
high quality of the papers received imposed difficult choices during the review process. To evaluate each
submission, a double-blind paper review was performed by the Program Committee, whose members are
highly qualified independent researchers in the CHIRA topic areas.

All presented papers will be submitted for indexation by Scopus, Google Scholar, DBLP Computer Science
Bibliography, Semantic Scholar, EI (Elsevier Engineering Village Index), and Web of Science/Conference
Proceedings Citation Index (Clarivate). A short list of papers presented at the conference will be selected for
publication of extended and revised versions in the CCIS (Communications in Computer and Information
Science) Series book by Springer. Another short list of papers will be invited for a post-conference special
issue of the Springer Nature Computer Science Journal. All papers presented at this conference will be
available at the SCITEPRESS Digital Library.

We express our thanks to all participants. First to all the authors, whose quality work is the essence of this
conference; secondly to all members of the Program Committee and auxiliary reviewers, who helped us
with their expertise and valuable time. We also deeply thank the invited speakers for excellent contributions
in sharing their knowledge and vision.

Finally, we acknowledge the professional support of the CHIRA 2022 team for all organizational processes,
especially given the needs of a hybrid event, in order to make it possible for CHIRA 2022 authors to present
their work and share ideas with colleagues in spite of the logistic difficulties.

We wish you all an inspiring conference. We hope to meet you again next year for the 7th edition of CHIRA,
details of which will soon be available at http://www.chira.scitevents.org/.

Hugo Plácido Silva
IT- Instituto de Telecomunicações, Portugal

Jean Vanderdonckt
Université Catholique de Louvain, Belgium

Andreas Holzinger
Medical University Graz, Austria
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Larry Constantine
Madeira Interactive Technologies Institute, Portugal
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Transforming the Future of Work through Human-centred Design

Abigail Sellen
Microsoft Research Cambridge, United Kingdom

Abstract: What does the future of work look like in this post-pandemic world? What would we like it to look like?
Using a large compendium of research carried out over the past two years on how work is transforming,
I will speculate on where we are heading, and discuss how human-centred design can help invent a future
more aligned with human aspiration. This includes exploring why we work, and how we measure whether
organisations are successful in empowering their workers. I will also look at some of the fundamental changes
that have occurred because of the shift to remote work, and discuss the future of work looking beyond office
workers in the Global North. I will argue that this shift to a more inclusive, global view of the future of work
is where we next need to focus our attention.

BRIEF BIOGRAPHY

Abigail Sellen is Deputy Director at Microsoft Re-
search Cambridge in the UK. She also oversees the
lab’s portfolio of research exploring the Future of
Work, taking an interdisciplinary approach to de-
signing and developing new productivity tools that
work in partnership with people. Abi has published
on many topics in HCI including: intelligible AI,
healthcare, computer input, help systems, reading, pa-
per use in offices, videoconferencing design, search,
photo use, gesture-based input, human error and com-
puter support for human memory. This includes “The
Myth of the Paperless Office” (with co-author Richard
Harper), which won an IEEE award. She is a member
of the CHI Academy and a Fellow of the ACM, the
Royal Academy of Engineering, and the Royal So-
ciety for the Arts. She is an Honorary Professor at
Lancaster University, the University of Nottingham,
and University College London. In 2020, she was
elected as an International Member of the US Na-
tional Academy of Engineering, and in 2021 she was
elected to the Royal Society.

Sellen, A.
Transforming the Future of Work through Human-centred Design.
In Proceedings of the 6th International Conference on Computer-Human Interaction Research and Applications (CHIRA 2022), page 5
ISBN: 978-989-758-609-5; ISSN: 2184-3244
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Truth in an Age of Information 

Alan Dix1,2  
1Professorial Fellow, Cardiff Metropolitan University, Wales U.K. 

2Director of the Computational Foundry, Swansea University, Wales, U.K. 
alan@hcibook.com, https://alandix.com 

Keywords: Misinformation, Argumentation, Provenance, Qualitative–quantitaive Reasoning, Fake News, Echo Chambers. 

Abstract: Many of the issues in the modern world are complex and multifaceted: migration, banking, not to mention 
climate change and Covid. Furthermore, social-media, which at first seemed to offer more reliable 'on the 
ground' citizen journalism, has instead become a seedbed of dis-information.  Trust in media has plummeted, 
just when it has become essential. This is a problem, but also an opportunity for research in HCI that can 
make a real difference in the world. The majority of work in this area, from various disciplines including data-
science, AI and HCI, is focused on combatting misinformation – fighting back against bad actors.  However, 
we should also think about doing better – helping good actors to curate, disseminate and comprehend 
information better. There is exciting work in this area, but much still to do. 

1 INTRODUCTION 

Falsehood flies, and truth comes limping after it. 
Jonathan Swift, The Examiner No. 14,  

Thursday, 9th November 1710 
 

Politicians have always been ‘economical with the 
truth’ and newspapers have toed an editorial line.  
However, never in recent times does it seem that 
confidence in our media has been lower.  From the 
Brexit battle bus in the UK to suspected Russian 
meddling in US elections, fake news to alternative 
facts – it seems impossible for the general public to 
make sense of the contradictory arguments and 
suspect evidence presented both in social media and 
traditional channels.  Even seasoned journalists and 
editors seem unable to keep up with the pace and 
complexity of news. 

These problems were highlighted during Covid 
when understanding of complex epidemiological data 
was essential for effective government policy and 
individual responses.  As well as the difficulty of 
media (and often government) in understanding and 
communicating the complexity of the situation, 
various forms of misinformation caused confusion.  
There are obvious health impacts of this 
misinformation due to taking dangerous ‘cures’ 
(Nelson, 2020) and vaccination hesitancy (Lee, 
2022a), as well as its role in encouraging violence 
against health workers (Mahase, 2022). In addition, a 

meta-review of many studies of Covid 
misinformation identified mental health impacts as 
also significant (Rocha, 2021). 

If democracy is to survive and nations coordinate 
to address global crises, we desperately need tools 
and methods to help ordinary people make sense of 
the extraordinary events around them: to sift fact from 
surmise, lies from mistakes, and reason from rhetoric.  
Similarly, journalists need the means to help them 
keep track of the surfeit of data and information so 
that the stories they tell us are rooted in solid 
evidence. 

Crucially in increasingly politically fragmented 
societies, we need to help citizens explore their 
conflicts and disagreements, not so that they will 
necessarily agree, but so that they can more clearly 
understand their differences. 

These are not easy problems and do not admit trite 
solutions.   However, there is existing work that offers 
hope: tracking the provenance of press images (ICP, 
2016), ways to expose the arguments in political 
debate (Carneiro, 2019), even using betting odds to 
track the influence of news on electoral opinion 
(Wall, 2017). 

I hope that this paper will give hope that we can 
make a difference and offer challenges for future 
research. 

Dix, A.
Truth in an Age of Information.
In Proceedings of the 6th International Conference on Computer-Human Interaction Research and Applications (CHIRA 2022), pages 7-14
ISBN: 978-989-758-609-5; ISSN: 2184-3244
Copyright © 2022 by SCITEPRESS – Science and Technology Publications, Lda. All rights reserved
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2 THE B-MOVIE CAST OF 
MISINFORMATION 

Deliberate misinformation is perhaps the most 
obvious problem we face.  There is extensive data 
science studies by academics and data journalists 
attempting to understand the extent and modes of 
spread (e.g. Albright, 2016; Vosoughi, 2018).  
Crucially false information appears to spread more 
rapidly than true information; possibly because it is 
more novel (Vosoughi, 2018).  Although there is 
considerable debate as to the sufficiency of their 
responses, both Facebook and Twitter are constantly 
adjusting algorithms and policies to attempt to 
prevent or discourage fake news (Dreyfuss, 2019; 
NPR, 2022; Twitter, 2022).  Within the HCI 
community there has been considerable work 
exploring the human aspects around the spread of 
misinformation online (Flintham, 2018, Geeng, 2020; 
Varanasi, 2022), ways to visualise it (Lee, 2022b), 
tools for end-users to help identify it (Heuer, 2022) 
and CHI workshops (Gamage, 2022; Piccolo, 2021). 

2.1 Bad Actors 

Much of the focus on misinformation is on ‘bad 
actors’: extremist organisations, ‘foreign’ powers 
interfering in elections, or simply those aiming to 
make a fast buck.   In the context of mis-information, 
‘bad’ can mean two things: 
1. They are intrinsically bad people, bad states, or 

bad media.  
2. They use bad methods and/or spread bad 

information (including misinformation and 
hateful or violent content). 
The first of these can be relative to clear criteria 

such as human rights or terrorism, but may simply 
mean those we disagree with; and, of course, the 
boundary between the two may often be unclear. 

When the two forms of ‘bad’ agree the moral 
imperative is clear, even though implementation may 
be harder.  Forced in part by government and popular 
pressure, social media platforms have extensive 
mechanisms both to attempt to suppress bad 
information and suspend accounts of those who 
promulgate it (Guardian, 2018).   

Probably the most high-profile example of the 
later was Twitter’s suspension of 
@realDonaldTrump. This was both met with 
widespread relief, but also caution due to its potential 
impact on free speech (Noor, 2021), especially given 
Twitter’s arguments for why it was suspended when 
it was (Twitter, 2021).  

Of course, sometimes bad actors may spread true 
(or even good) information. 

In some cases this is simply because few are 
altogether bad.  For example, those who believe and 
then promulgate Covid conspiracy theories; many 
will be well meaning, albeit deeply misguided, and 
some of the information may be accurate. 

However, true information can also be cynically 
used to give credence to otherwise weak or 
misleading arguments; for example a recent study of 
cross-platform misinformation (Micallef, 2022) 
found a substantial proportion of cases where a 
YouTube video with true information about Covid 
was referenced by a tweet or post that in some way 
mis-interpreted the material or used it out of context.  
In addition, many Astroturfing accounts will 
distribute accurate information as a means to create 
trust before disseminating misinformation.  It can be 
hard to distinguish these and it is not uncommon for 
politicians or other campaign groups to inadvertently 
re-tweet or quote true or at least defensible 
information that originated from very unsavoury 
groups, thus giving them credence. 

2.2 When Good Actors Spread Bad 
Information 

As we saw in the last example, those we regard as 
‘good’ actors can also sometimes spread bad 
information.   

Sometimes this is deliberate.  An extreme case is 
during war when misinformation campaigns in an 
enemy country are regarded as a normal and indeed 
relatively benign form of warfare (Shaer, 2017).  In 
peace time deliberate misinformation is likely to be 
less extreme and more often stretching or 
embroidering the truth, or selectively reporting. 

It may also be accidental.  For example, Figure 1 
shows a “Q&A” (form of fact check) on the BBC 
news web site following a claim made by Boris 
Johnson in January 2018 regarding UK contributions 
to the EU budget.  The overall thrust of the Q&A is 
correct, the net amount that was sent to the EU at that 
time was substantially less than the £350 million 
figure that Johnson claimed, but the actual figures are 
wrong, the Q&A suggested that around 2/3 of the 
gross figure was returned, when the actual figure was 
close to a half. This is probably because at some point 
a journalist lost track of which figure the half was 
referring to, but the overall effect was to create a 
substantially incorrect figure. 

CHIRA 2022 - 6th International Conference on Computer-Human Interaction Research and Applications
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Figure 1: Q&A on BBC new web site January 2018 (BBC, 
2018).  Note this Q&A pop-up is no longer in the news item; 
instead there a link to a ‘Realty Check’ page which is 
correct, but with no explicit retraction. 

In between are the subtle biases are simply 
assumptions of journalists that play out in the 
selection of which stories to report and also in the 
language used.  For example, in crime or conflict 
reporting passive language may be used (“the 
assailant was shot”, or “shells fell on”) compared with 
active language (“AAA shot BBB” or “XXX fired 
shells on”) depending on which side is doing the 
shooting or bombing. 

Personally, while I may despair or be angry at the 
misinformation from those with whom I disagree, I 
am most upset when I see poor arguments from those 
with whom I agree.  This is partly pride, wanting to 
be able to maintain a moral high ground, and partly 
pragmatic, if the arguments are poor then they can be 
refuted.  

In an age of adversarial media, any mistakes, 
misrepresentation or hyperbole can be used to 
discredit otherwise well-meaning sources and 
promote alternatives that are either ill-informed or 
malicious.  This was evident in the US during the 
2016 presidential campaign when many moderate 
Republican supporters lost faith in the reputable 
national press in favour of highly partisan local 
papers; a trend which has intensified since (Gottfried, 
2021; Meek, 2021) 

3 SEEKING TRUTH 

3.1 The Full Cast  

We have already considered the ‘B-movie’ bad/good 
guy roles, of the producers and influencers, both of 
whom can mislead whether ill-intentioned or ill-
informed.  In reality even the ‘bad’ actors may be 
those with genuinely held, albeit unfounded, beliefs 
about 5G masts or communist take-over of US 
government. Of course, those of us who would 
consider ourselves ‘good’ actors, may still distort or 

be selective in what we say albeit for the best of 
reasons.  

In addition, those who receive misinformation 
and are confused or misled by it may differ in levels 
of culpability.  It is easier to believe the things that 
make life easier, whether it is the student grasping at 
suggestions that the impact of Covid may be over 
exaggerated in order to justify a party, or the 
professional accepting climate change scepticism to 
justify buying that new fuel-hungry car. 

Of course, the purveyors of news and information 
are under pressure, and may not be wholly free in 
what they say, or may run risks if they do.  Even in 
the last year we have seen many journalists, bloggers 
and authors arrested, sanctioned, stabbed and shot. 

Perhaps more subtle is the interplay within the 
ecology of information: journalists and social media 
modify what and how they present information in 
order to match the perceived opinions and abilities of 
their readership. 

3.2 Two Paths 

The greatest effort currently appears to be focused on 
fighting back against bad actors.  This includes 
algorithms to detect and counter mis-information, 
such as Facebook’s intentions to weed out ani-
vaccination.  These are predominantly aimed at the 
bad actors.   

However, in addition we need to think about 
doing better, ways for the good actors to disseminate 
and understand information so that they are in a better 
position to evaluate sources of information and ensure 
that they do not inadvertently create bad information. 

We’ll look briefly at four areas where appropriate 
design could help us to do better: 
• echo chambers and filter bubbles 
• better argumentation 
• data and provenance 
• numeric data and qualitative–quantitaive 

reasoning 
These are not the only approaches, but I hope they 

will stimulate the reader to think of more. 

3.3 Echo Chambers and Breaking 
Filter Bubbles 

Social media was initially seen as a way to 
democratise news and information sharing and to 
allow those in the ‘long-tail’ of small interest groups 
to find like-minded people in the global internet.  
However, we now all realise that an outcome of this 
has been the creation of echo chambers, where we 
increasingly only hear views that agree with our own.  

Truth in an Age of Information
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In some ways this has always been the case, both in 
choices of friendship groups for informal 
communication and the audiences of different 
newspapers. However, social media and the 
personalisation of digital media has both intensified 
the effect and made it less obvious – you know that a 
newspaper has a particular editorial line, but do not 
necessarily recognize that web search results have 
been tuned to your existing prejudice. 

This is now a well-studied area with extensive 
work analysing social media to detect filter bubbles 
an understand the patterns of communication and 
networks that give rise to them (Terren, 2021, 
Garimella, 2018; Cinelli, 2021).  Notably, one of 
these studies (Garimella, 2018) highlighted the role 
of ‘gatekeeper’, people who consume a broad range 
of content, but then select from this to create partisan 
streams.  Perhaps more sadly, the same study notes 
that those who try to break down partisan barriers pay 
a “price of bipartisanship” in that balanced 
approaches or multiple viewpoints are not generally 
appreciated by their audiences. 

In addition, there has been work on designing 
systems that in different ways attempt to help people 
see beyond their own filter bubbles (e.g. Foth, 2016; 
Jeon, 2021), but on the whole this has been less 
successful, especially in actual deployment. Indeed, 
attempts to present opposite arguments can end up 
deepening divides if they are too different and too 
soon. 

3.4 Argumentation 

It is easy to see the flaws in arguments with which we 
disagree, we know it is wrong and can thus hunt for 
the faults – the places where our intuitions and the 
argument disagree are precisely the places where we 
are expecting holes in the reasoning.  Of course, we 
all create bad arguments.  It is very hard to notice the 
gaps in one’s own reasoning, but also the fallacious 
arguments of others when one agrees with their final 
conclusions. 

Of course, those who disagree with us will notice 
the gaps in our arguments, thus increasing their own 
confidence and leading them to discount our 
opinions! 

It is crucial therefore to have tools that both help 
the public to interrogate the arguments of politicians 
and influencers, and also to help those who are aiming 
to create solid evidence-based work (including 
academics) to ensure valid arguments. 

There is of course long-standing work on 
argumentation systems, such as IBIS (Noble, 1988) 
and work in the NLP community to automatically 

analyse arguments.  Much of this is targeted towards 
more professional audiences, but there are also steps 
to help the general public engage with media, such as 
the Deb8 system (Carneiro, 2019) developed at St 
Andrews, an accessible argumentation system that 
allows viewers of a speech or debate to 
collaboratively link assertions in the video to 
evidence from the web. 

This is an area which seems to have many 
opportunities for research and practical systems 
aimed at different audiences including the general 
public, journalists, politicians, academics, and fact 
checkers.  This could include broad advice, for 
example, ensuring that fact checkers clearly state 
their interpretation of a statement before checking it 
to avoid inadvertently debunking a strawman 
misinterpretation.  Similarly, we could imagine 
templates for arguments, for example, given an 
implication of the form “if A then B”, it is important 
to keep track of the assumptions.  In particular, while 
more formal logics and some forms of argumentation 
schemes focus on low-level argumentation, it seems 
that the tools needed perhaps need to focus on the 
higher-level argumentation, the information and 
assumptions that underly a statement, more than the 
precise logic of the inference. 

In addition, in the AI community there are now a 
variety of tools to help automatically detect possible 
bias in data or machine learning algorithms.  Maybe 
some of these could be borrowed to help human 
reasoning, for example shuffling aspects of situations 
(e.g. gender, political party or ethnicity), to help us 
assess to what extent our view is shaped by these 
factors. 

3.5 Data and Provenance 

One of the forms of misinformation is the deliberate 
or accidental use of true information or accurate data 
divorced from its context.  For the spoken word or 
text, this might be a quotation, for photographs or 
video the choice of a still, segment or even parts 
edited together that give a misleading impression.  
Indeed the potential for digital media to be 
compromised in different ways lead some to look for 
technology such as blockchains to prevent tampering, 
or the use of analogue or physical representations 
(Haliburton, 2021). 

One example of work addressing this issue was 
the FourCorners project (ICP, 2016), a collaboration 
between OpenLab Newcastle, the International 
Centre for Photography and the World Press Photo 
Foundation, which embeds provenance into 
photographs allowing interrogation such as "what are 
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the frames before and after this photograph?", "are 
there other photos at the same time and place?".  One 
can imagine similar things for textual quotes, in the 
manner of Ted Nelson’s vision of transclusion 
(Nelson, 1981), where segments quoted from one 
document retain their connection back to the original. 

This is an area I’ve worked on personally in the 
past with the Snip!t system, originally developed in 
2003 following a study of user bookmarking practice 
(Dix, 2003). Snip!t  allowed users to ‘bookmark’ 
portions of a web page and automatically kept track 
not just of the quoted text, but where it came from 
(Dix, 2010). Later work in this area by others has 
included both commercial systems such as Evernote, 
and academic research, such as Information Scraps 
(Bernstein, 2008). Currently there is an explosion of 
personal knowledge management (PKM) apps, some 
of which, such as Readwise (readwise.io) and 
Instapaper (instapaper.com), help with the process of 
annotating documents. However, these systems are 
mostly focused on retaining the context of captured 
notes and quotes; we desperately need better ways to 
retain this once the quote is embedded in another 
document or web page. 

This connection to sources is also important for 
data.  In the example from the BBC in Figure 1, the 
journalist had clearly lost track of the original data on 
UK/EU funding and so misremembered aspects.  

Can we imagine tools for journalists that would 
help them keep track of the sources for data and 
images. Indeed, it would be transformative if 
everyday office tools such as word processors and 
presentation software made it easy to keep references 
to imported images. In work with humanities and 
heritage, we have noted how file systems have barely 
altered since the 1970s (Dix, 2022) – the folder 
structures allow us to store and roughly classify, but 
there is virtually no support for talking about 
documents and about their relationships to one 
another. Semantic desktop research (Sauermann, 
2005), which seemed promising at the time, has never 
found its way into actual operating systems.   

Happily there are projects, such as Data Stories 
(2022) that are helping communities to use data to tell 
their own stories, so that the online world can allow 
open discourse and interpretation, whilst connecting 
to the underlying data on which it is based.   
Furthermore, one of the popular PKM apps Obsidian 
(obsidian.md) supports semi-structured meta-data for 
every note. 

3.6 Numeric Data and  
Qualitative–quantitaive Reasoning 

Going back to the example in figure 1, part of the 
problem here may well simply be that journalists are 
often more adept with words than numbers.  We are 
in a world where data and numerical arguments are 
critical. This was true of Covid where the 
understanding of exponential growth and 
probabilistic behaviour was crucial, but equally so for 
issues such as climate change. 

One of the arguments put forward by climate 
change sceptics, is that it is hard to believe in long-
term climate models given forecasters sometimes 
struggle to predict whether it is going to rain next 
week. This, at first sight, is not an unreasonable 
argument; although anyone who has deal with 
stochastic phenomena knows that it is often easier to 
predict long-term trends than short-term behaviour.  
Indeed, it is also relatively easy to communicate this 
– we can all say with a degree of reliability that a 
British winter will be wetter and colder than the 
summer, even though we’ll struggle to know the 
weather from day to day.  

This form of argument is not about exact 
numerical calculation, nor about abstract 
mathematics, but something else – informal reasoning 
about numerical phenomena.  Elsewhere I’ve called 
this qualitative–quantitative reasoning (Dix, 2021a, 
2021b) and seems to be a critical, but largely missing, 
aspect for universal education.  Again this is an area 
that is open for radical contributions, for example, 
iVolver (Nacenta, 2017) allows users to extract 
numerical and other data from visualisations, such as 
pie charts, in published media. My own work has 
included producing table recognisers in commercial 
intelligent internet system OnCue in the dot-com 
years (Dix, 2000) and more recently investigating 
ways to leverage some of the accessibility of 
spreadsheet-like interfaces and simple ways to allow 
users to combine their own data (Dix, 2016). 

4 CALL TO ACTION 

We are at a crucial time in a world where information 
is everywhere and yet we can struggle to see the truth 
amongst the poorly sourced, weakly argued, 
deliberately manipulated or simply irrelevant.  
However, there are clear signs of hope in work that is 
being done and also opportunities for research that 
can make a real difference.  

Of course, as academics we are also in the midst 
of a flood of scholarly publication, some more 
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scholarly than others!  There are calls for us to ‘clean 
up our own act’ too including rigour of academic 
argumentation (Basbøll, 2018) and transparency of 
data and materials (Wacharamanotham, 2020).  As 
well as being a problem we need to deal with within 
academia, it is also an opportunity to use our own 
academic community as a testbed for tools and 
techniques that could be used more widely. 
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Contextual Design: Origins, Ethics, and Diverse Voices

Karen Holtzblatt
InContext Design, United States

Abstract: Contextual Design (CD) is a user-centered requirements and design process used by teams and taught in
universities worldwide. Introduced by Karen Holtzblatt in 1991, Contextual Inquiry—the field interviewing
technique—and the other CD techniques help teams use customer data to drive product concept creation
and design. These processes were honed by working with teams developing products, business applications,
consumer goods, services, websites, apps, and more. In this talk, Karen returns to the origins of these CD
processes, revealing the ethical considerations and concern for ensuring that all voices are heard on diverse
teams that informed the process. Contextual Inquiry (CI) was a direct reaction to how experimental psychology
studies treated “subjects,” especially children. Re-framing interactions with participants to ensure a more equal
power relationship is at the core of this practice. Equal power depends on active listening and accountability on
the part of the researcher. This accountability recognizes that researchers bring their unarticulated assumptions
into the interaction and the interpretation of participants’ behavior and experience. It calls upon researchers
to share and check their interpretations with the person, promoting a co-interpretation relationship. Karen
explains how the principles of CI teach how to gather data from users—or anyone being interviewed—to
ensure that they are respected, heard, and feel understood while getting the necessary information needed
for the project. As Karen worked with product teams, ensuring that the people on the team worked well
together became a concern. The voices of the customers cannot influence the product direction if the team
does not know how to use the data. But innovation is not served if the practices of using the data do not allow
all voices to be heard and influence the design direction. Extensive research now supports the link between
developing innovative products and having a diverse team. As teams became more diverse in job roles, gender,
and ethnicity, the need to create team practices to equalize power and participation was essential. To ensure
that the voice of the customer actually influences the product, CD needed to build in practices so diverse
teams worked well together. Informed by social psychology, quality practices, and good team techniques, CD
techniques were iterated in the daily work with diverse teams. Karen walks through some of the CD practices
revealing how they were designed to support ethical and responsible interactions with users and between team
members so that all diverse voices are heard. Karen also shares how these techniques can be used for a wide
range of inquiries and process design as she has done for her latest work on retaining women in tech.
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Abstract: The role of simulation in autonomous driving is becoming increasingly important due to the need for rapid
prototyping and extensive testing. The use of physics-based simulation involves multiple benefits and advan-
tages at a reasonable cost while eliminating risks to prototypes, drivers and vulnerable road users. However,
there are two main limitations. First, the well-known reality gap which refers to the discrepancy between
reality and simulation that prevents simulated autonomous driving experience from enabling effective real-
world performance. Second, the lack of empirical knowledge about the behavior of real agents, including
backup drivers or passengers and other road users such as vehicles, pedestrians or cyclists. Agent simulation
is usually pre-programmed deterministically, randomized probabilistically or generated based on real data,
but it does not represent behaviors from real agents interacting with the specific simulated scenario. In this
paper we present a preliminary framework to enable real-time interaction between real agents and the simu-
lated environment (including autonomous vehicles) and generate synthetic sequences from simulated sensor
data from multiple views that can be used for training predictive systems that rely on behavioral models. Our
approach integrates immersive virtual reality and human motion capture systems with the CARLA simulator
for autonomous driving. We describe the proposed hardware and software architecture, and discuss about the
so-called behavioural gap or presence. We present preliminary, but promising, results that support the poten-
tial of this methodology and discuss about future steps.

1 INTRODUCTION

The recent explosion in the use of simulators for rapid
prototyping and testing of autonomous systems has
occurred primarily in the field of autonomous vehi-
cles. This is mostly due to the compelling need for
extensive validation, as real test-driving alone cannot
provide sufficient evidence for demonstrating their
safety (Kalra and Paddock, 2016). The relative ease
of generating massive data for training and testing, es-
pecially edge cases, having full control over all the
variables under study (e.g., street layout, lighting con-
ditions, traffic scenarios), makes its use very attrac-
tive. In addition, the generated data is annotated by

a https://orcid.org/0000-0002-8029-1973
b https://orcid.org/0000-0003-2433-7110
c https://orcid.org/0000-0001-8940-6434
d https://orcid.org/0000-0001-8809-2103

design including semantic information.
But the use of virtual-world data also brings with

it some challenges. The realism of the simulated sen-
sor data (i.e., radar, LiDAR, cameras) and the physi-
cal models are critical aspects to minimize the reality
gap. Advances in this area are very remarkable, and
highly realistic synthetic data has been shown to be
useful for improving different perception tasks such
as pedestrian detection (Vázquez et al., 2014), seman-
tic segmentation (Ros et al., 2016) or vehicle speed
detection (Martinez et al., 2021). However, despite
efforts to generate realistic synthetic behaviors of road
agents (e.g., to address trajectory forecasting (Weng
et al., 2021)), simulation lacks empirical knowledge
about the behavior of other road users (e.g., vehicles,
pedestrians, cyclists), including behavior and motion
prediction, communication, and human-vehicle inter-
action (Eady, 2019).

In this paper, we present a new approach to in-
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Figure 1: Overview of the presented approach. (1) CARLA-Unreal Engine is provided with the head (VR headset) and
body (motion capture system) pose. (2) The scenario is generated, including the autonomous vehicles and the digitized
pedestrian. (3) The environment is provided to the pedestrian (through VR headset). (4) Autonomous vehicle sensors perceive
the environment, including the pedestrian.

corporate real agents behaviors and interactions in
CARLA autonomous driving simulator (Dosovitskiy
et al., 2017) by using immersive virtual reality and hu-
man motion capture systems. The idea is to integrate a
subject in the simulated scenarios using CARLA and
Unreal Engine 4 (UE4), with real time feedback of
the pose of his head and body, and including posi-
tional sound, trying to generate an experience realis-
tic enough for the subject to feel physically present
in the virtual world and accept it at a subconscious
level (i.e., maximize virtual reality presence). At the
same time, the captured pose and motion of the sub-
ject is integrated into the virtual scenario by means
of an avatar, so that the simulated sensors of the au-
tonomous vehicles (i.e., radar, LiDAR, cameras) can
be aware of their presence. This is very interesting
because it allows, on the one hand, to obtain syn-
thetic sequences from multiple points of view based
on the behavior of real subjects, which can be used
to train and test predictive perception models. And
on the other hand, they also allow to address different
types of interaction studies between autonomous ve-
hicles (i.e., software in the loop) and real subjects, in-
cluding external human-machine interfaces (eHMI),
in fully controlled conditions and with total safety. To
our knowledge, this is the first attempt to integrate the
behaviors of real road agents into an autonomous ve-
hicle simulator for these purposes.

2 RELATED WORK

In the following, we summarize the most relevant
works that have proposed the use of virtual reality and

simulators for vulnerable road users (mainly pedestri-
ans and cyclists) in the context of automated driving.
Since the visual realism of simulators has improved
greatly in recent years, we focus on relatively recent
work, as the conclusions obtained with less realistic
simulators are not entirely applicable to the current
context.

Most of the previous works proposed the use of
virtual reality and simulators to study pedestrian be-
havior in scenarios where they have to interact with
an autonomous vehicle (high levels of automation
(Fernández-Llorca and Gómez, 2021)) including the
perception of distances and the intention to cross
(Doric et al., 2016), (Deb et al., 2017), (Iryo-Asano
et al., 2018), (Bhagavathula et al., 2018), (Farooq
et al., 2018), (Nuñez Velasco et al., 2019).

Additionally, these approaches have recently
been used to study the communication between au-
tonomous vehicles and pedestrians, including accep-
tance and behavioral analysis of various eHMI sys-
tems (Chang et al., 2017), (Holländer et al., 2019),
(Deb et al., 2020), (Gruenefeld et al., 2019), (Löcken
et al., 2019), (Nguyen et al., 2019). Virtual environ-
ments allow experimentation with multiple types of
eHMI systems, and with multiple types of vehicles in
a relatively straightforward fashion.

We can find similar studies for the case of cyclists,
based on simulation platforms and immersive virtual
reality (Ullmann et al., 2020), usually to analyze the
perceptions and behavior of cyclists to various envi-
ronmental variables (Xu et al., 2017), (Nuñez Velasco
et al., 2021), (Nazemi et al., 2021).

The aforementioned studies have not considered
the use of motion capture systems to integrate visual
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body feedback into the simulation. This is an im-
portant factor for two main reasons. First, a fully-
articulated visual representation of the users in the
immersive virtual environment can enhance their sub-
jective sense of feeling present in the virtual world
(Bruder et al., 2009). Second, and more important
for our purpose, the articulated representation of the
pedestrian pose (body, head, and even hands) within
the simulator allows, on the one hand, to integrate the
user within the simulated scenario and to be detected
by the sensors of the autonomous vehicles, allowing
the generation of data sequences that can be very use-
ful for training and testing predictive models. On the
other hand, it allows real-time interaction between the
autonomous vehicle and the pedestrian (i.e., software
in the loop), which can be very useful to test edge
cases.

In some studies, user-autonomous vehicle interac-
tion is not possible, as they rely on the projection of
prerecorded 360º videos (i.e., 360º video-based vir-
tual reality (Nuñez Velasco et al., 2019), (Nuñez Ve-
lasco et al., 2021)). While this approach certainly
enhances visual realism, it does not enable interac-
tion. But even with the use of simulators, we have
found only one paper (Gruenefeld et al., 2019) that
attempts some kind of interaction between the pedes-
trian and the autonomous vehicle via hand gestures
(i.e. stop gesture). However, the gesture detection
process of the autonomous vehicle in the simulator
does not seem to be related to the integration of the
user in the virtual scenario.

Finally, regarding open source autonomous driv-
ing simulators we find several options such as
CARLA (Dosovitskiy et al., 2017), AirSim (Shah
et al., 2018) or DeepDrive (DeepDrive, 2018), with
CARLA and AirSim being probably the ones that
are receiving more attention and have experienced
the largest growth in recent years. Although Air-
Sim works natively with virtual reality (originally in-
tended as flight simulator), CARLA does not support

virtual reality natively. The introduction of immersive
virtual reality with CARLA has only recently been
proposed for the driver use case (Silvera et al., 2022).
To the best of our knowledge, this is the first work
that provides a solution to integrate subjects into the
CARLA simulator using immersive virtual reality for
the vulnerable road users case, including motion cap-
ture, visual body feedback and integration of the ar-
ticulated human pose into the simulator.

3 VR IMMERSION FEATURES

This section describes the features of the immersive
virtual reality system in the CARLA simulator for
autonomous driving. Full pedestrian immersion is
achieved by making use of the functionality provided
by UE4 and external hardware, such as VR glasses
and a set of motion sensors, for behaviour and inter-
action research.

The CARLA open-source simulator is imple-
mented over UE4, which provides high rendering
quality, realistic physics and an ecosystem of inter-
operable plugins. CARLA simulates dynamic traffic
scenarios and provides an interface between the vir-
tual world created with UE4 and the road agents op-
erating within the scenario. CARLA is designed as
a server-client system to make this possible, where
the server runs the simulation and renders the scene.
Communication between the client and the server is
done via sockets.

The main features for the insertion of real agent
behaviours in the simulation are based on five points
(depicted in Fig. 2): 1) Avatar control: from the
CARLA’s blueprint library that collects the architec-
ture of all its actors and attributes, we modify the
pedestrian blueprints to create an immersive and ma-
neuverable VR interface between the person and the
virtual world; 2) Body tracking: we use a set of iner-
tial sensors and proprietary external software to cap-
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ture the subject’s motion through the real scene, and
motion perception: we integrate the avatar’s mo-
tion into the simulator via .bvh files; 3) Sound de-
sign: since CARLA is an audio-less simulator, we in-
troduce positional sound into the environment to en-
hance the immersion of the person; 4) eHMI integra-
tion: enabling the communication of state and intent
information from autonomous vehicles to address in-
teraction studies; 5) Scenario simulation: we design
traffic scenarios within CARLA client, controlling the
behaviour of vehicles and pedestrians.

3.1 Avatar Control

CARLA’s blueprints (that include sensors, static ac-
tors, vehicles and walkers) have been specifically de-
signed to be managed through the Python client API.
Vehicles are actors that incorporate special internal
components that simulate the physics of wheeled ve-
hicles and can be driven by functions that provide
driving commands (such as throttle, steering or brak-
ing). Walkers are operated in a similar way and its be-
havior can be directed by a controller. However, they
are not designed to adopt real behaviors and therefore
do not include wide range of unexpected movements
and an immersive interface.

We modify a walker blueprint to make an IK setup
(inverse kinematics) for VR (full body room-scale) to
support this. The tools available to capture the real
human movement are the following: a) Oculus Quest
2 (for head tracking and user position control), and
b) Motion controllers (for both hands tracking). Ocu-
lus Quest 2 already has a safety distance system, de-
limiting the playing area through which the performer
can move freely. The goal is to allow the performer
to move within the safety zone that s/he has estab-
lished, corresponding to a specific area of CARLA’s
scenario.

The first step to achieve immersion is to modify
the blueprint of the walker by attaching a virtual cam-
era to its head to get a first-person feeling. The camera
functions as the spectator’s vision, while the skele-
tal mesh defines the appearance the walker adopts.
The displacement and perspective of the walker are
activated, from certain minimum thresholds, with the
translation and rotation of the VR headset, which are
applied to the entire skeletal mesh. In addition, the
VR glasses and both motion controllers adapt the pose
of the neck and hand in real time.

VR immersion for pedestrians is provided by im-
plementing a head-mounted display (HMD) and cre-
ating an avatar in UE4. The subject wearing the VR
glasses and controlling the avatar has complete free-
dom of movement within the preset area where we

conduct the experiments.

3.2 Full-body Tracking

To control the avatar (i.e., to represent the movement
and pose of the subject inside the simulator), head
(VR headset) and hand (motion controllers) tracking
are not enough. Some kind of motion capture (Mo-
Cap) system is needed. There are multiple options,
including vision-based systems with multiple cam-
eras and inertial measurement units (Menolotto et al.,
2020). In our case, an inertial wireless sensor sys-
tem has been chosen, namely the Perception Neuron
Studio (PNS) motion capture system (Noitom, 2022),
as a compromise solution between accuracy and us-
ability. Each MoCap system includes a set of inertial
sensors and straps that can be put on the joints easily,
as well as a software for calibrating and capturing pre-
cise motion data. It also allows integration with other
3D rendering and animation software, such as iClone,
Blender, Unity or UE4.

3.3 Sound Design

Other techniques for total immersion, such as sound
design and real-world isolation, are other important
aspects of behavioral research. World audio is absent
in the CARLA simulator, but it is essential for inter-
action with the environment, as humans use spatial
sound cues to track the location of other actors and
predict their intentions.

We incorporate positional audio into the simula-
tor, attaching a sound to each agent participating in
the scene. Walking and talking sounds are assigned
for pedestrians, and engine sounds parameterized by
throttle and brake for vehicles. In addition, we add
environmental sounds such as birds singing, wind and
traffic sounds.

3.4 External Human-Machine
Interfaces (eHMI)

Communication between road users is an essential
factor in traffic environments. In our experiments we
include external human-machine interfaces (eHMI)
for autonomous vehicles to communicate their sta-
tus and intentions to the actual road user. The pro-
posed eHMI design consists of a light strip along the
entire front of the car, as depicted in Fig. 3. This
allows studying the influence of the interface on de-
cision making when the pedestrian’s trajectory con-
verges with the one followed by the vehicle in the vir-
tual scenario.
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Figure 3: Left: vehicle without eHMI. Right: vehicle with
eHMI activated.

3.5 Traffic Scenario Simulation

CARLA offers different options to simulate traffic
and specific traffic scenarios. We use the Traffic Man-
ager module to populate a simulation with realistic ur-
ban traffic conditions. The control of each vehicle is
carried out in a specific thread. Communication with
other layers is managed via synchronous messaging.

We can control traffic flow by setting parameters
that enforce specific behaviors. For example, cars can
be allowed to exceed speed limits, ignore traffic light
conditions, ignore pedestrians, or force lane changes.

The subject is integrated into the simulator on a
map that includes a 3D model of a city. Each map is
based on an OpenDRIVE file that describes the fully
annotated road layout. This feature allows us to de-
sign our own maps and reproduce the same traffic sce-
narios in real and virtual environments, to evaluate the
integration of real behavior in the simulator and to be
able to carry out presence studies by comparing the
results of the interaction.

3.6 Recording, Playback and Motion
Perception

When running experiments, simulation data must be
recorded and replayed for later analysis. CARLA has
a native record and playback system that serializes
the world information in each simulator tick for post-
simulation recreation. However, this is only intended
for tracking actors managed by the Python API and
does not include the subject avatar or motion sensors.

Along with the recording of the state of the
CARLA world, in our case the recording and play-
back of the actual full-body motion of the subject is
essential. In our approach we use the Axis Studio
software provided by Perception Neuron to record the
body motion during experiments where the subject
has to interact with the traffic scene in virtual reality.
The recording is then exported in a .bvh file which is
subsequently integrated into the UE4 editor.

Once the interaction is recorded, the simulation is
played back so that the simulated sensors of the au-
tonomous vehicles (i.e., radar, LiDAR, cameras) not
only perceive the avatar’s skeletal mesh and its dis-

placement, but also the specific pose of all its joints
(i.e., body language).

4 SYSTEM IMPLEMENTATION
AND RESULTS

The overall scheme of the system is depicted in Fig.
4. In the following we describe the hardware and soft-
ware configurations and present preliminary results.

4.1 Hardware Setup

The overall hardware setup is shown in Fig. 5. During
experiments, we use the Oculus Quest 2 as our head-
mounted device (HMD), created by Meta, which has
6GB RAM processor, two adjustable 1832 x 1920
lenses, 90Hz refresh rate and an internal memory of
256 GB. Quest 2 features WiFi 6, Bluetooth 5.1, and
USB Type-C connectivity, SteamVR support and 3D
speakers. For full-body tracking we use PNS pack-
aged solution with inertial trackers. The kit includes
standalone VR headset, 2 motion controllers, 17 Stu-
dio Inertial Body sensors, 14 set of straps, 1 charging
case and 1 Studio Transceiver.

To conduct the experiments, we reserved a preset
area wide enough and free of obstacles where the sub-
ject can act as a real pedestrian inside the simulator.
Quest 2 and motion controllers are connected to PC
via Oculus link or WiFi as follows:

• Wired connection: via the Oculus Link cable or
other similar high quality USB 3.

• Wireless connection: via WiFi by enabling Air
Link from the Meta application, or using Virtual
Desktop and SteamVR.

The subject puts on the straps of the appropriate
length and places the PN Studio sensors into the
bases. The transceiver is attached to the PC via USB.
After launching the build version of CARLA for Win-
dows, Quest 2 enables ”VR Preview” in the UE4 edi-
tor.

4.2 Software Setup

VR Immersion System is currently dependent on
UE4.24 and Windows 10 OS due to CARLA build,
and Quest 2 Windows-only dependencies. Using TCP
socket plugin, all the actor locations and other useful
parameters for the editor are sent from the Python API
to integrate, for example, the sound of each actor or
the eHMI of the autonomous vehicle. ”VR Preview”
launches the game on the HMD.

Insertion of Real Agents Behaviors in CARLA Autonomous Driving Simulator

27



Figure 4: System Schematics. (A) Simulator CARLA-UE4. (B) VR headset, motion controllers and PN Studio sensors. (C)
Spectator View in Virtual Reality. (D) Full-body tracking in Axis Studio.

Figure 5: Hardware setup. (i) VR headset (Quest 2): trans-
fer the image from the environment to the performer. (ii)
Motion controllers: allow control of the avatar’s hands.
(iii) PN Studio sensors: provide body tracking withstand-
ing magnetic interference. (iv) Studio Transceiver: receives
sensors data wirelessly by 2.4GHz.

Perception Neuron Studio works with Axis Studio
which supports up to 3 subjects at a time while man-
aging up to 23 sensors for the body and fingers.

4.3 Results

The safety of automated driving functions depends
highly on reliable corner cases detection. A recent re-
search work describes corner cases (CC) as data that
occur infrequently, represent a dangerous situation
and are sparse in the datasets (Daniel Bogdoll, 2021).
We aim to integrate behaviours of real subjects in the
generation of wide variety of scenarios with pedestri-

Figure 6: Simulation of Interactive traffic situations. (a)
3D world design. (b) Pedestrian matches the performer
avatar. (c) Autonomous vehicle. (d) Environment sounds
and agents sounds. (e) eHMI. (f) Traffic lights and traffic
signs.

ans involved, including CC, in order to provide train-
ing data with real-time interaction. The preliminary
scenario designed includes the interaction between a
single autonomous vehicle and a single pedestrian.
The vehicle circulates on the road when it reaches a
pedestrian crossing where the pedestrian shows clear
intentions to cross. The pedestrian receives informa-
tion on status and vehicle intentions through an eHMI
and can track its location by listening to the engine
sound. Lighting and weather conditions are favorable
(sunny day).

It is possible to spot the vehicle a few metres ahead
of the pedestrian crossing before starting the action.
When the pedestrian decides whether or not to wait
for the vehicle to come to a complete stop, s/he pays
attention to the speed and deceleration of the vehicle
before it reaches the intersection. Sensors attached to
the vehicle capture the image of the scene as shown in
Fig. 7, and detect the pedestrian as shown in LiDAR
point cloud in Fig. 8.

As a preliminary usability assessment, six real
subjects completed a 15-item presence scale consist-
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Figure 7: Cameras RGB / Depth / Segmentation.

Figure 8: LiDAR point cloud (ray-casting).

ing in five items for self-presence, five items for au-
tonomous vehicle presence and five items for environ-
mental presence. The questions raised are depicted in
Appendix A. In addition, we request subjective feed-
back about system usability and user experience.

Most of the participants felt a strong self-presence
(M=3.97, SD=0.528), fitting into the avatar’s body.
Nevertheless, some of them were skeptical of the
damage the avatar was exposed to (such as being run
over) and did not feel under any real threat. Regarding
autonomous vehicle presence (M=3.60, SD=0.657),
the engine’s sound composed the point of greatest dis-
agreement among the participants, since some found
it very useful to locate the vehicle, while others did
not even notice or found it annoying. The image of
the vehicle did not look completely clear-cut until the
vehicle was close enough to the avatar, and its stop
in front of the pedestrian cross did not feel threaten-
ing in the sense that its braking was appreciated too
conservative. The environmental presence (M=4.63,
SD=0.266) was felt very strongly by all the partici-
pants that felt really involved in an urban environment
and commented that adding other agents or more traf-
fic on the road would enhance the experience.

VR Immersion allows to integrate real participants
in interactive situations on the road and to use objec-
tive metrics (such as collisions and reaction times) in
order to measure interaction quality without real dan-
ger. CARLA enables custom traffic scenarios while
UE4 provides the immersive and interactive interface
into the same simulator.

5 CONCLUSIONS

In this paper, we have presented a preliminary frame-
work to enable real-time interaction between real
agents and the simulated environment. At this level,
more results are expected from testing interactive traf-
fic scenes with multiple real participants.

Regarding the immersive sensation, the virtual en-
vironment displayed from the glasses varies between
15 and 20 fps, showing a stable image to the per-
former that allows him/her to interact with the world
of CARLA. The wireless connection is prioritized
over the wired connection, since it allows a greater
degree of freedom of movement. The performer pose
within the virtual environment is registered by Per-
ception Neuron, generating useful sequences to train
and validate predictive models to, for example, pre-
dict future actions and trajectories of traffic agents.

The scenario shown in this paper serves as a ba-
sis for a preliminary presentation of the proposed
methodology. From here, as future work, it is in-
tended, on the one hand, to carry out a study of pres-
ence, interaction and communication with equivalent
real and virtual environments. And on the other hand,
to develop a data recording campaign with multiple
subjects, different traffic scenarios and varied envi-
ronmental conditions, in order to generate a dataset
that can be used to train action and trajectory predic-
tion models.
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Gruenefeld, U., Weiß, S., Löcken, A., Virgilio, I., Kun,
A. L., and Boll, S. (2019). Vroad: Gesture-based in-
teraction between pedestrians and automated vehicles
in virtual reality. In Proceedings of the 11th Interna-
tional Conference on Automotive User Interfaces and
Interactive Vehicular Applications: Adjunct Proceed-
ings, AutomotiveUI ’19, page 399–404.

Holländer, K., Wintersberger, P., and Butz, A. (2019).
Overtrust in external cues of automated vehicles: An
experimental investigation. In Proceedings of the
11th International Conference on Automotive User In-
terfaces and Interactive Vehicular Applications, page
211–221, New York, NY, USA. Association for Com-
puting Machinery.

Iryo-Asano, M., Hasegawa, Y., and Dias, C. (2018). Appli-
cability of virtual reality systems for evaluating pedes-
trians’ perception and behavior. Transportation Re-
search Procedia, 34:67–74.

Kalra, N. and Paddock, S. M. (2016). Driving to safety: how
many miles of driving would it take to demonstrate au-
tonomous vehicle reliability? Research report, RAND
Corporation.
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APPENDIX A

Self-presence Scale Items

To what extent did you feel that. . . (1= not at all – 5
very strongly)

1. You could move the avatar’s hands.

2. The avatar’s displacement was your own displace-
ment.

3. The avatar’s body was your own body.

4. If something happened to the avatar, it was hap-
pening to you.

5. The avatar was you.

Autonomous Vehicle Presence Scale Items

To what extent did you feel that. . . (1= not at all – 5
very strongly)

1. The vehicle was present.

2. The vehicle dynamics and its movement were nat-
ural.

3. The sound of the vehicle helped you to locate it.

4. The vehicle was aware of your presence.

5. The vehicle was real.

Environmental Presence Scale Items

To what extent did you feel that. . . (1= not at all – 5
very strongly)

1. You were really in front of a pedestrian crossing.

2. The road signs and traffic lights were real.

3. You really crossed the pedestrian crossing.

4. The urban environment seemed like the real
world.

5. It could reach out and touch the objects in the ur-
ban environment.
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31



Scale Perception in VR for Urban Scale Environments: 360° Photos
versus Full 3D Virtual Reality

Claus B. Madsen1 a, Nicolai Steinø2 b, Andrei Iuliu Lucaci1, Emil O. Sandkvist1

and Alexander Jonstrup1

1Computer Graphics Group, Aalborg University, Aalborg, Denmark
2Urban Design Group, Aalborg University, Aalborg, Denmark

{cbm, nic}@create.aau.dk

Keywords: Virtual Reality, Perception, Distance Estimation, Architectural Visualization, Depth Cues.

Abstract: The paper investigates the accuracy of scale perception in Virtual Reality (VR) for visualization of urban scale
environments. Specifically, we evaluate users’ scale estimation accuracy by subjecting them to an urban scale
environment using two different viewing modes: 360° monoscopic panoramas viewed in a VR headset, versus
a full stereoscopic 3D VR representation, also in a VR headset, allowing participants to move around. The
paper explores various aspects of this, including both ego- and exo-centric distance estimation, perception
of own height, and photographic realism of 360° modes. The main experimental result is that, somewhat
surprisingly, user distance estimation accuracy is higher in the monoscopic 360° viewing modes than in 3D
VR; in 3D VR participants on average underestimate distances by around 20%. Nevertheless, participants on
average feel significantly taller than normal in the 360° modes, whereas they feel normal height in 3D VR
mode. We conclude that more work is needed in order to properly understand the perceptual and cognitive
mechanisms behind scale perception in VR.

1 INTRODUCTION

Proposals for architectural projects in urban space
are often subject to public debate. Therefore, archi-
tects, and their clients through them, put effort into
visualizing such projects in the most favourable way.
Hence, architectural visualizations become important
artifacts of such debates. The evaluation of archi-
tectural visualisations may ultimately determine the
destiny of proposals, as they may impact decision-
making. Thus, it may be argued that they not only
influence the destiny of architectural projects, but also
the democratic processes leading to their approval or
dismissal.

With the advancements in VR in recent years, ar-
chitectural VR is rapidly becoming a feasible supple-
ment to traditional architectural visualization in the
form of still images and animations. Due to the im-
mersive nature of VR, it is potentially more persua-
sive than traditional forms of architectural visualiza-
tion. Therefore, faithful scale representation is of the
essence. To faithfully represent scale in VR, nonethe-
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less, is not an innocent endeavour. The evaluation of
scale depends on multiple factors which relate to the
design of the immersive environment – i.e. the 3D
model – which is displayed, to the display technology
itself, and, as addressed in the context of this paper,
the mode of VR representation.

In this paper, we investigate a specific aspect of
scale perception in VR. In particular, we compare
360° panoramic representations to a full 3D modelled
VR experience of the same urban scale scene. The
rationale behind the study can be formulated as this:

• VR visualization of architectural projects is be-
coming increasingly popular, and, as argued
above, it has the potential to be a powerful tool
in such contexts

• Scale perception evaluated via distance estimation
has been proved to be compromised in full 3D
VR. Test participants typically underestimate dis-
tances in VR by around 20%, according to the lit-
erature on the subject

• 360° panoramas are a relevant alternative to full
3D VR, as they are potentially more easy to gener-
ate and more flexible to use, i.e. with stand-alone
VR headsets and smartphone based systems such
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as Google Cardboard

• To our knowledge no studies exist that compare
scale perception across those two viewing modes
(360° panorama vs. 3D VR)

Figure 1: 3D model of section of pedestrian street used for
the experiment on scale perception.

Over the past decade or so, the topic of scale per-
ception or distance perception in VR has been ex-
tensively researched, and yet there are still many as-
pects that are poorly understood. Most research in-
dicates that distance perception in VR is compro-
mised. Specifically, the consensus is that distance
perception in VR is biased towards underestimation,
(Renner et al., 2013), (Interrante et al., 2006), (Loy-
ola, 2017), (Ng et al., 2016) (Peer and Ponto, 2017),
(Hornsey and Hibbard, 2021), (Jensen et al., 2020).
The literature even speaks of “distance mispercep-
tion” and “distance compression”, (Peer and Ponto,
2017). Most literature on the subject covers room
scale experiments, i.e., personal space (0m to 2m),
and the lower part of action space (2m to 30m), (Lu-
caci et al., 2022), (Renner et al., 2013). Vista space
(+30m) is still quite unexplored, but highly relevant
for urban scale architectural visualization. In this pa-
per we address the mid to upper part of action space,
by exploring scenes that extend to around 20m to 30m
from the test participant. The use of 360° visual rep-
resentation has also been compared to 3D VR solu-
tions, but primarily from an exploration and immer-
sion point of view, not from the point of view of evalu-
ation of scale perception, (Boukhris et al., 2017), (Rit-
ter and Chambers, 2021).

The main contribution of this paper is that we ex-
perimentally demonstrate that there is a significant
difference in how accurately test participants estimate
distances in the two modes. Our experiment sur-
prisingly shows that when exploring 360° panoramas,
participants can estimate distances quite accurately,
whereas, given a full 3D VR experience, participants
underestimate distances by about 20%.

2 VIEWING MODES

As mentioned, the aim of this paper is to investigate
how viewing modes influence scale perception in vir-
tual representations of small urban sub-environments,
where the key components of the environment are
well within the participant’s action space. By viewing
modes, we mean different “formats” in which the user
gets to visually experience the environment. We study
two fundamentally different viewing modes, each of
which have two “sub-modes”.

2.1 360° Photo

Figure 2: 360° photo of pedestrian street environment.

This viewing mode is included to investigate if pho-
tographic visual fidelity influences scale perception,
Figure 2. The 360° photos are shown to test partici-
pants in a Head Mounted Display (HMD). In this pa-
per all experiments are performed using Oculus Quest
2 HMDs. Both eyes are shown the same image, and
hence the experience does not provide stereoscopic
information. A Ricoh Theta Z1 360° camera was used
to capture all the 360° photos used in the tests. Each
of the 360° photos has a resolution of 6720x3360 pix-
els. Photos were taken from a height of 1.8 meters.

2.2 360° CityEngine

Figure 3: 360° visualization of pedestrian street environ-
ment rendered in CityEngine.

This viewing mode, rendered using the procedural
modeler CityEngine 2021.1, compares directly to the
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360° photo mode, although the visual aesthetics are
very close to those of the VR viewing modes (see be-
low). The 360° panoramas are presented to partici-
pants in an HMD and do not provide stereoscopic in-
formation. The 360° CityEngine panoramas are ren-
dered from a height of 1.8 meters, Figure 3.

2.3 3 DoF Unreal Engine

Figure 4: VR visualization of pedestrian street environ-
ment rendered in UnrealEngine; user is not allowed to move
around.

The 3 Degrees of Freedom (DoF) Unreal viewing
mode, Figure 4, is rendered in real-time using the
Unreal game engine. It is denoted 3 DoF, since the
test participant is experiencing the mode wearing an
HMD, but any translation done by the user does not
influence viewing position in the VR experience, i.e.
the participant only has 3 rotational degrees of free-
dom. Hence, from a mobility perspective, this mode
corresponds to the 360° modes, but offers stereo-
scopic information.

2.4 6 DoF Unreal Engine

Figure 5: VR visualization of pedestrian street environment
rendered in UnrealEngine; user is allowed to move around.

The 6 DoF Unreal viewing mode, Figure 5, is ren-
dered in real-time using the Unreal game engine. The
participant has 6 DoF, i.e. can move around freely
(within an approx. 3x3m exploration area). The mode

is experienced wearing an HMD, providing stereo-
scopic information. Teleportation is not enabled; the
participant can only move within the exploration area.

2.5 Summary of the Viewing Modes

Intuitively, we would expect test participants to strug-
gle with scale perception in the 360° modes, since
there is no binocular stereo, nor any motion parallax
from moving around. The 360° photo mode might
offer an advantage over the 360° CityEngine mode
given the photographic realism and higher density of
pictorial cues. Conversely, we would expect test par-
ticipants to perform better in the 3 DoF Unreal mode
than in the 3 DoF CityEngine; they have similar aes-
thetics and amount of pictorial cues, but the former
offers binocular stereoscopic information. Finally, the
6 DoF Unreal mode offers binocular information and
motion parallax arising from test participants’ trans-
lation motion, and thus participants should have good
conditions for scale perception.

3 SCALE PERCEPTION IN VR

Virtual Reality is most commonly experienced using
a HMD, for example the Oculus Quest 2 used for
this research. The performance of such ordinary con-
sumer HMDs is now truly amazing compared to just
a few years ago, and consumer VR is definitely be-
coming mainstream. Good as they may be, commer-
cially available HMDs suffer a wide range of chal-
lenges from a perceptual point of view, which consti-
tute a challenge in terms of allowing users to faith-
fully/realistically experience the dimensions, or sense
of scale, as it were, of virtual representations of archi-
tectural spaces, be it indoor or outdoor.

The most obvious challenges are related to sen-
sory aspects: limited field-of-view, limited image res-
olution (although very high end HMDs, such as the
Varjo VR and XR series, are now coming close to
retinal image resolution), limited dynamic range (in-
ability to realistically represent the dynamic range of
luminance levels known from the physical world), the
so called vergence/accommodation conflict (HMDs’
inability to provide a natural relationship between
where your eyes converge and where they accommo-
date), etc.

Slightly less obvious are challenges that relate
more to a perceptual level: lacking visual representa-
tion of the user’s body inside the VR experience (you
do not see yourself when looking down), lacking abil-
ity to move around across larger distances (VR track-
ing typically only supports a few meters of positional
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movement, which is insufficient for naturally moving
around in a large indoor VR scene, let alone an out-
door scene), lacking or inconsistent audio (humans’
perception of space is not only visual but also relies
heavily on audio perception of reverberation effects;
this is often overlooked in VR representations of ar-
chitectural use cases).

In essence, the challenges regarding faithful per-
ception of space, distance, scale, etc. in VR repre-
sentations are substantial. Quite specifically, current
research indicates that distance perception in VR is
compressed, i.e., users’ estimation of distances in VR
are approximately 20% lower than the same users’ es-
timation of distances in real life, (Jensen et al., 2020).
Being able to accurately estimate distances is not the
only important factor in perceiving scale, but it is ob-
viously related.

4 METHODS

In this section we describe the approaches we have
taken, and the choices we have made, towards de-
signing a way to experimentally evaluate how view-
ing mode influences accuracy of distance estimation.
First we discuss our approach to letting test partici-
pants evaluate distances in the various modes. Sub-
sequently we describe central aspects of the technical
implementation behind the experiments.

4.1 Estimating Distances in Viewing
Modes

The literature on distance estimation in VR separates
distances into ego-centric distances (distances from
one self to some location in the environment) and exo-
centric distances (distances between two environment
locations), (Renner et al., 2013). We believe both to
be equally important for the purpose of evaluating ur-
ban scale architecture in VR, and hence include both
types in our experiment (Fig. 3). The literature is also
extensive in terms of which method to apply when
getting test participants to estimate experienced dis-
tances, e.g. (Peer and Ponto, 2017). Examples of
applied methods are verbal reporting, blind walking,
throwing, etc. We opt for verbal reporting for two
main reasons: 1) it is the method that best suits having
360° viewing modes in the experiment, and 2) blind
walking, although most popular for VR research, is
not realistic for scenarios of mid to upper action space
dimension (10m or higher), as it can be challenging to
find a suitable environment for carrying out the exper-
iment.

In terms of test participant locomotion in the 6
DoF viewing mode, we opted to avoid teleportation.
Only 1-to-1 physical movement is possible for explor-
ing a local area of the virtual 3D scene, and partic-
ipants are only allowed to move within an approxi-
mately 3m by 3m area, and there is a mark on the
ground in the virtual environment, where the partic-
ipants is to return to prior to verbally reporting on
questions regarding estimated distances.

A final important thing regarding what the exper-
iment should entail, concerns test participants’ per-
ception of their own height in the different viewing
modes. As described, the two 360° modes are pre-
sented to participants as monocular experiences. This
causes perceptual confusion, especially when looking
down on the ground, as the only perceptually plausi-
ble explanation for experiencing no binocular dispar-
ity is that what is viewed must be located at infinity.
Thus, participants should subjectively feel “floating”
high above the ground. For the 3 DoF and 6 DoF VR
modes, test participants do perceive the correct stereo
disparities, but, similarly to the 360° modes, there is
no visual representation of self when looking down
(you do not see your own legs and feet). For these
reasons we included into the experiment that test par-
ticipants would be asked to verbally answer whether
they felt shorter than normal, normal height, or taller
than normal.

4.2 3D Model

The VR models for the user tests are made using a
workflow developed for the production of architec-
tural urban VR scenarios using parametric urban de-
sign to feed a VR model. This is done within a soft-
ware framework comprising open GIS data (as a basis
for the parametric generation of real-world urban en-
vironments), the CityEngine (CE) parametric urban
modeler (for the parametric generation of 3D urban
models), and the Unreal Engine (UE) game engine
(for the preparation of the final rendered VR model).

While the parametric modeling approach poten-
tially allows for model representation at different lev-
els of detail (LOD) and texture sets, for the tests pre-
sented in this paper, a consistent LOD and textur-
ing was chosen using the metaphor of two types of
cardboard (plain and corrugated) architectural scale
model. Geometrically, detailing was limited to adding
windows, doors, pitched roofs, and cornices to build-
ings. Ground surfaces were textured using the same
corrugated cardboard texture as for the buildings with
no accentuation of curbs or other 3D features of the
horizontal plane. While the 3D model represents
a real-world urban space, which, in reality, has a
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Figure 6: Top: ego-centric distance estimation is evalu-
ated by asking participants what they believe to be the dis-
tance from themselves to a feature indicated in the environ-
ment. Bottom: exo-centric distance estimation is evaluated
by asking participants what they believe to be the distance
between two indicated features in the environment. These
examples are from the 6 DoF Unreal viewing mode; the
same approach is adopted for all viewing modes.

slightly sloping ground, the model was simplified so
that buildings were projected onto a perfectly hori-
zontal plane.

Compared to a simple 3D model where buildings
are represented as simple, white boxes, the addition
of geometric (3D) architectural detailing as described
offers depth cues. While doors and building floors
(as indicated by the vertical distribution of windows)
offer scale cues which relate to the human body (hu-
man scale), niches for doors and windows generate
cast shadows and ambient occlusion for spatial feel
and depth cues. The choice of cardboard texturing
(the architectural scale model metaphor), as opposed
to more photorealistic texturing (i.e. real-world fa-
cade and pavement textures) was chosen in order to
achieve a convincing feel of the model. In order to ap-
pear convincing, real-world texturing requires a high
level of geometric detailing in terms of recesses and
protrusions in facades, doors and other building parts.
The same is true for pavements with all the geomet-
ric imperfections which they typically have in the real
world.

The assumption is, that when choosing the archi-
tectural scale model metaphor instead, the VR model
will be more convincing to the eye, as a scale model
from simple materials like plain and corrugated card-

board is not expected to have the same level of detail
as a real-world urban space. In other words, people
are more tolerant with architectural scale models –
they do not expect them to be “photo realistic” – and
thus accept less detail.

4.3 Viewing Modes

The real-world 360 Photo testing environment is cre-
ated in Unreal Engine as a map separate from the
other environments. This environment uses a self-
illuminating two-sided material wrapped on a simple
sphere object. The VR camera is placed in the origin
point of the world, with the sphere acting as the envi-
ronment. The 360° model panoramas are generated in
CityEngine and displayed using the ArcGIS 360 web-
based VR viewing platform with the Google Chrome
browser. Hence, this experimental setup is used out-
side of Unreal Engine. The 3DoF and 6DoF viewing
modes are created in Unreal Engine and are composed
of a map that contains the imported 3D model from
CityEngine and a map containing the lighting condi-
tions. In this way, the model can be re-imported or
replaced under the same dynamic lighting conditions.

4.4 Lighting

The Virtual Reality Environment (VRE) was achieved
using Unreal Engine 4.27. The default shading
method is used due to its costly yet higher render ca-
pability. Lighting in the scene is composed of a di-
rectional light of intensity 20 lux units, with a tem-
perature of 5900 kelvin. Furthermore, a Sky Light
component is used to capture further parts of the en-
vironment and apply them as light. In this compo-
nent, real-time capture is used to achieve dynamic and
specular lighting. The intensity of this component is
set to 3 units. This represents the total energy emitted
by the capture. A SkyAtmosphere component is used
to simulate the atmosphere along with the light scat-
tering associated with it. Two reflection probes are
placed in the scene to capture the reflections. These
probes are placed to cover all the areas around the
testing zone. Lastly, the Engine Scalability settings
and Material Quality Level are set to “Epic”, which is
the highest graphical setting that can yield acceptable
frame rates in VR.

4.5 Textures

The model is composed from two Physically Based
Rendering (PBR) textures. The ground texture resem-
bles corrugated cardboard whereas the building tex-
ture resembles plain cardboard. Both textures use a
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world aligning method to the origin point instead of
the classical UV coordinate method. This method al-
lows for a more precise calibration of textures in re-
gard to scale for static objects.

4.6 Navigation

Navigation through the different testing conditions is
achieved using a User Interface that can be called by
pressing the B button on the Oculus Quest’s right con-
troller. The menu appears attached to the left con-
troller and can be interfaced by both controllers.

5 EXPERIMENT DESIGN

The aim is to design an experiment to evaluate the ac-
curacy and precision of distance estimation across the
four viewing modes described above. Hence, from an
experiment design perspective, viewing mode repre-
sents the independent variable (with four conditions)
which we assume will have an influence on the de-
pendent variable, in the form of the accuracy of par-
ticipants’ estimated ego- and exo-centric distances.

The experiment comprises four different exo-
centric distance features. Each feature is made up of
two opposite building corners. On either side of these
features there are pre-determined viewpoints, Figure
7, which are used for creating the 360° panoramas,
and well as spawning points for the 3 and 6 DoF VR
modes. Each participant experiences all four viewing
modes, experiencing two features in each mode, to-
talling eight experiences. Hence, participants get to
see all features twice, but from different feature view-
points, and in different modes.

Figure 7: Overview of the urban environment modelled for
the experiment, and the location’s eight viewpoints. The
viewpoints form pairs (A and B) on either side of each exo-
centric distance feature (1-4) for test participants to esti-
mate.

As each participant experiences all modes, the ex-
periment is based on a within-subject design. To alle-

viate a potential carry-over effect between the condi-
tions, the order in which participants will be experi-
encing conditions is systematically arranged based on
the sequence shown in Figure 8.

Figure 8: Viewing location and mode order sequence: Col-
ors indicate viewing modes (red: 360° photo, yellow: 360°
CityEngine, green: 3 DoF Unreal, blue: 6 DoF Unreal),
numbers indicate locations (1 through 4), and letters indi-
cate viewing locations (a or b). The sequence repeats after
eight participants have been tested.

While the orders are not exhaustive in terms of
all of the permutations possible, they are sufficiently
“pseudo random” in the sense that within a full it-
eration of each order (1-8), each viewing location
will occur exactly twice, and across the full sequence,
each viewing mode will occur exactly twice for every
viewing location, thus offering an even distribution of
viewing locations for each participant, and an even
distribution of combinations of viewing locations and
modes across the experiment as a whole. With the
presented scheme, each viewing mode will be the first
experienced mode for one fourth of participants to
rule out bias and adaptation. Each test participant will
provide one “I feel shorter than normal, normal, taller
than normal” opinion for each of four modes, as well
as eight ego-centric distance estimates, and eight exo-
centric distance estimates.

5.1 Participants

32 participants were recruited, 22 male and 10 fe-
male with ages ranging from 20y to 32y (M=24.28y,
SD=2.63y) and heights ranging from 156cm to 195cm
(M=179.28cm, SD=9.36cm). Four of the participants
used contact lenses and five of the participants used
glasses. 27 of the participants had prior experiences
in using VR.

5.2 Procedure

Upon arrival, test participants were greeted and in-
troduced to the experiment. They were asked to
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sign a consent form allowing the data collected to be
used for analysis, and a demographics questionnaire
to enquire about relevant information such as their
height, age, possible visual impairments and experi-
ence with using VR. Subsequently, they were escorted
to the designated experiment area and equipped with
an Oculus Quest 2 HMD. The experiment would be-
gin and participants would go through each condition
until all four conditions had been tested. For each
condition, the participant would be asked the ego-
centric distance to a predetermined point on a wall
at the current viewing location followed by the exo-
centric distance between two street corners. For the 6
DoF condition specifically, the participants were sys-
tematically encouraged to move around.

6 RESULTS AND DISCUSSION

We start the analysis of the results by looking into
the test participants’ evaluation of how tall they felt in
the different modes. Getting a realistic sense of one’s
own height is very important for estimation of dis-
tances. Figure 9 clearly shows that test participants
generally felt taller than normal in the 360° modes
(the graph for 360° CityEngine mode is very similar
but not shown here), as 22 out of 32 participants in-
dicate feeling taller than normal. Conversely, 19 out
of 32 report feeling normal height in the 6 DoF Un-
real mode. The fact that 9 out of 32 participants feel
shorter than normal in the 6 DoF Unreal mode might
actually be an indication of distance compression, i.e.
that participant distance perception is biased towards
underestimation. All in all, though, the participants
generally report feeling taller than normal in the 360°
modes.

Turning towards the estimated ego- and exo-
centric distances, Figure 10 summarizes those results.
Qualitatively, merely from visual inspection of the
plots, it is clear that ego- and exo-centric distance
estimates follow the same overall pattern: distances
are perceived quite accurately in the 360° modes as
the medians of the normalized errors are very close
to zero (all are 0.0 apart from 360° CityEngine ego-
centric, where the median normalized error is -0.2,
but we cannot statistically prove a significant differ-
ence between 360° photo and 360° CityEngine modes
regarding ego-centric distances).

An ANOVA test shows that there are statistically
significant differences between the distance estimates
across modes for both ego- and exo-centric distances.
The ANOVA test was configured as a one-way test
with one independent variable (viewing mode) and
4 conditions (the 4 modes). The p-values for for

Figure 9: Top: test participants’ evaluation of their own
height in the 360° photo viewing mode. Bottom: similar
for the 6 DoF Unreal viewing mode.

the Null hypothesis (users perform equally well in
all modes) for the ego- and exo-centric cases were
0.00025 and 0.00013, respectively, indicating that
equal performance in all viewing modes is highly un-
likely.

A Tukey test was then performed to figure out
which viewing mode performances were statistically
significantly different from other viewing modes.
This Tukey test showed that the 360° CityEngine
mode performance is statistically significantly differ-
ent from either of the Unreal modes (3 or 6 DoF).
Hence participants, in this experiment, are statisti-
cally worse at estimating in 3 and 6 DoF Unreal. Or
in other terms: they perform worse in full binocular
VR than in the monocular 360° modes. The median
errors for the 3 and 6 DoF Unreal modes, combined
with ego- and exo-centric, are -0.23, -0.12, -0.29, and
-0.19, respectively. So, roughly 20% underestimation.

This is a surprising result. Why would the ab-
sence of binocular information lead to better per-
formance? Only more research and experimenta-
tion can answer this, but we may offer a few con-
jectures. Firstly, as mentioned previously, research
has consistently demonstrated 3D VR environments
to cause underestimation. So, our experiment is con-
sistent with that. And for the 360° modes, which
are experienced in the exact same HMD, partic-
ipants subconsciously experience a similar HMD-
induced effect, but the underestimation-effect might
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Figure 10: Top: ego-centric distance estimates across view-
ing modes. Bottom: exo-centric distance estimates. The
y-axis indicates normalized error. This number is computed
by subtracting the true value from the participant’s estimate,
and dividing by the true value. Hence a value of 0 means a
perfectly accurate distance estimate. A value of +1.0 corre-
sponds to overestimating the distance by 100%, and value
of -0.6 corresponds to underestimating the distance by 40%.

be offset/counter-acted by the “eerie” sense of being
very tall in the 360° modes, combined with the per-
ceptual stimuli of watching everything as being at in-
finity.

Our experiment did show some underestimation
of ego-centric distances in 360° photo mode (median
error -0.16), although not quite close enough for it to
be statistically significant. So, there is a noticeable
difference between ego- and exo-centric estimation.
We might conjecture that distance estimation in the
360° modes is a more cognitive process than a percep-
tual process due to the conflicting sensory information
and lower sense of immersion, leading participants to
rely solely on higher level cognitive estimation based
on familiarity with typical elements in the scenarios.
Perhaps this functions better for exo-centric distances.

Another interesting aspect of our experiment is
that the 360° photo and the 360° CityEngine results
are statistically very similar, even if the visual ap-
pearances/aesthetics are extremely different. Pho-
tographic realism and detail, versus stylised com-

puter graphics. This is somewhat contradicting other
research in the area, as consensus is that pictorial
cues aid distance perception, (Hornsey and Hibbard,
2021). The difference in our experiment may lie in it
being conducted in a mid to upper action space scale
scene, as opposed to other research focusing on room
scale (lower action space ranges).

7 CONCLUSIONS

The paper investigates distance perception in VR vi-
sualization of architecture at urban scale, i.e. outdoor
spaces in the 15m to 30m range. More specifically, we
investigate two different visualization modes: 360°
panoramas and full 3D VR environments, both expe-
rienced wearing an HMD (Oculus Quest 2).

It is demonstrated experimentally that test partic-
ipants systematically underestimate distances in 3D
VR, which is in alignment with the distance compres-
sion consensus in the research literature. The un-
derestimation is on the order of 20%. Conversely,
the experiment shows that participants perform exo-
centric distance estimation very accurately in the 360°
panorama mode, with a near-zero median error. Ego-
centric distances appear to be compromised towards
underestimation, but the experiment could not prove
this with statistical significance.

The experiment does clearly show that test partic-
ipants feel unusually tall when experiencing the 360°
mode. We conjecture that this effect, combined with
absence of binocular cues in the 360° mode, may
counteract the HMD-induced distance compression.
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Abstract: The overall goal of this work is to enrich training data for automated driving with so-called corner cases in
a relatively short period of time. In road traffic, corner cases are critical, rare and unusual situations that
challenge the perception by AI algorithms. For this purpose, we present the design of a test rig to generate
synthetic corner cases using a human-in-the-loop approach. For the test rig, a real-time semantic segmentation
network is trained and integrated into the driving simulation software CARLA in such a way that a human can
drive on the network’s prediction. In addition, a second person gets to see the same scene from the original
CARLA output and is supposed to intervene with the help of a second control unit as soon as the semantic
driver shows dangerous driving behavior. Interventions potentially indicate poor recognition of a critical scene
by the segmentation network and then represent a corner case. In our experiments, we show that targeted and
accelerated enrichment of training data with corner cases leads to improvements in pedestrian detection in
safety-relevant episodes in road traffic.

1 INTRODUCTION

Despite AI systems achieve impressive performance
in solving specific tasks, e.g. in automated driving,
they lack understanding of the context of safety in
traffic. In contrast, while humans are often described
as lousy drivers, as they tend to be diverted or feel fa-
tigue, humans have a fine understanding, when a traf-
fic scene could lead to a situation, where humans are
at risk.

It has been observed previously, that to increase
robustness and performance of AI algorithms a large
number of clean and diverse scenes is needed (Karpa-
thy, 2021). However, a large amount of annotated data
per se might not imply safe operation in those rare sit-
uations, where road users are exposed to a substantial
risk. In this work, we aim to present an accelerated
testing strategy that leverages human risk perception
to capture corner cases and thereby achieve perfor-
mance improvement in safety-critical scenes. In or-
der to obtain many safety-critical corner cases in a
short time, we stop training at an early stage so that
the network is sufficiently well trained. Nevertheless,
the scenes generated in this way are still useful to im-
prove fully trained networks.

For this purpose, a semantic network is trained
with synthetic images from the open-source driv-
ing simulation software CARLA (Dosovitskiy et al.,

2017). In addition, a test rig consisting of 2 control
units is connected to CARLA in such a way that the
ego vehicle can be controlled with both control units
by a human. In this process, the semantic segmenta-
tion network is integrated into CARLA in such a way
that first the original CARLA image is sent through
the network and the prediction is displayed on the
screen of one driver. The second driver, in turn, sees
the real CARLA image and is supposed to intervene
as a safety driver only if he or she feels that a situa-
tion is being wrongly assessed by the other driver. We
aim to consider situations in which the AI algorithms
lead to incorrect evaluations of the scene, which we
refer to as safety-relevant corner cases, in order to
improve performance through targeted data enrich-
ment. This is done by exchanging images from the
original dataset with the safety-critical corner cases,
thus keeping the total amount of data fixed. We show
that the semantic segmentation network that contains
safety-critical corner cases in the training data per-
forms better on similar critical situations than the net-
work that does not contain any safety-critical situa-
tions.

Our approach somehow follows the idea of ac-
tive learning, where we get feedback on the quality
of the prediction by interactively querying the scene.
However, unlike in standard active learning we do
not leave the query strategy to the learning algorithm,
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Figure 1: View of the semantic driver (top) and the safety
driver (bottom).

but make use of the human’s fine tuned sense of risk
to query safety-relevant scenes from a large amount
of street scenes, leading to enhanced performance in
safety-critical situations.

The contributions of this work can be summarized
as follows:

• An experimental setup, that could also be imple-
mented in the real world, permits testing the safety
of the AI perception separately from the full sys-
tem safety including the driving policy of an auto-
mated vehicle.

• A proof of concept for the retrieval of training data
for automated driving with a human-in-the-loop
approach that is safety-relevant.

• A proof that training on safety-relevant situations
generated during poor network performance is
beneficial for the recognition of street hazards.

Outline. Section 2 discusses related work on corner
cases, human-centered AI and human-in-the-loop. In
Section 3 we briefly describe the experimental setup
used for corner case generation and which data and
network were used for our experiments. In Section 4
we explain our strategy to generate corner cases. In
Section 5 we demonstrate the beneficial effects of
training with corner cases for safety-critical situations
in automated driving. Finally, we present our conclu-
sions and give an outlook on future directions of re-
search in Section 6.

2 RELATED WORKS

2.1 Corner Cases

Training data contains few, if any, critical, rare or un-
usual scenes, so-called corner or edge cases. In the
technical fields, the term corner case describes spe-

Figure 2: Test rig including steering wheels, pedals, seats
and screens.

cial situations that occur outside the normal operating
parameters (Chipengo et al., 2018).

According to (Bolte et al., 2019), a corner case
in the field of autonomous driving describes a ”non-
predictable relevant object/class in relevant location”.
Based on this definition, a corner case detection
framework was presented to calculate a corner case
score based on video sequences. The authors of (Bre-
itenstein et al., 2020) subsequently developed a sys-
tematization of corner cases, in which they divide cor-
ner cases into different levels and according to the de-
gree of complexity. In addition, examples were given
for each corner case level. This was also the basis
for a subsequent publication with additional exam-
ples (Breitenstein et al., 2021). Since the approach
in these references is camera-based, a categorization
of corner cases at sensor level was adapted by (Hei-
decker et al., 2021), where RADAR and LiDAR sen-
sors were also considered. Furthermore, this refer-
ence presents a toolchain for data generation and pro-
cessing for corner case detection.

Outside normal parameters also includes terms
such as anomalies, novelties, or outliers, which, ac-
cording to (Heidecker et al., 2021), correlate strongly
with the term corner case. In road traffic, the detec-
tion of new and unknown objects, anomalies or ob-
stacles, which must also be evaluated as ’outside the
operating parameters’, is essential. To measure the
performance of methods for detecting such objects,
the benchmark suite ”SegmentMeIfYouCan” was cre-
ated (Chan et al., 2021a; Chan et al., 2021b). In ad-
dition, the authors present two datasets for anomaly
and obstacle segmentation to help autonomous vehi-
cles better assess safety-critical situations.

In summary, the term ”corner case” can encom-
pass rare and unusual situations that may include
anomalies, unknown objects or outliers which are out-
side of operating parameters. Outside the operating
parameters, in the context of machine learning, means
that these situations or objects were not part of the
training data.
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Figure 3: Two human subjects can control the ego vehicle. The semantic driver moves the vehicle in compliance with traffic
rules in the virtual world and sees only the output of the semantic segmentation network. The safety driver, who sees only
the original image, assumes the role of a driving instructor and intervenes in the situation by braking or changing the steering
angle as soon as a hazardous situation occurs. Intervening in the current situation indicates poor situation recognition of the
segmentation network and represents a corner case. Triggering a corner case ends the acquisition process and a new run can
be started.

2.2 Human-centered AI

According to the Defense Advanced Research Project
Agency (DARPA), the development of AI systems is
divided into 3 waves (Defense Advanced Research
Projects Agency, 2018; Highnam, 2020). While in
the first wave patterns were recognized by humans
and linked into logical relationships (crafted knowl-
edge), statistical learning could be used in the sec-
ond wave due to improved computing power and in-
creased memory capacity.

We are currently in the third wave, which relates
to the explainability and contextual understanding of
AI. Here, the black-box approaches, which emerged
in the second wave, are to be understood so that
AI decision-making becomes comprehensible to hu-
mans. This last point is therefore also an important
one in the HCAI initiative, which aims to connect
different domains with human-centered AI (Li and
Etchemendy, 2018).

On this basis, the authors of (Xu, 2019; Xu et al.,
2022) developed an extended HCAI framework that
defines the following three different design goals for
the human-centered AI: Ethically Aligned Design that
avoid biases or unfairness of AI algorithms such that
these algorithms make decisions according to human
criteria and rules. Technology Design which consid-
ers human and machine intelligence to exploit syn-
ergies. Human Factors Design to make AI-solutions
explainable. The aim is to give humans an insight

into the decision-making process of AI algorithms, so
that trust in the current technology can be increased.
For this purpose, we have built a specially developed
test rig to incorporate human behavior into the further
development of AI in the field of autonomous driv-
ing. At the same time, we would like to use the test
rig to provide a demonstration object to illustrate AI
algorithms to society. The focus will be on allow-
ing humans to visually perceive and interact with the
decision-making of AI algorithms. In the context of
autonomous driving this would mean: driving with
the eyes of AI.

2.3 Human-in-the-Loop Approaches

As we are in the third wave of AI systems, there has
been increased interest in human-in-the-loop (HITL)
and machine learning approaches, where humans in-
teract with machines to combine human and ma-
chine intelligence to solve a given problem (Wu et al.,
2022). For this purpose simulators were used to im-
prove AI systems by means of human experience or to
study human behavior in field trials, which will now
be briefly summarized.

The use of simulators and human drivers is ap-
plied in reinforcement learning, where an agent learns
faster from human experience. For instance, the au-
thors of (Wu et al., 2021) propose a real-time Deep
Reinforcement Learning (Hug-DRL) method based
on human guidance, where a person can intervene
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Table 1: Performance measurement on two test datasets. The comparison shows that the addition of safety-critical scenes in
training also improves performance in testing with safety-critical scenes.

traindata safety-critical testdata natural distributed testdata
no. name meanpixels/scene IoUpedestrians mIoU IoUpedestrians mIoU
1 natural distribution 3583.6 0.4600 0.6954 0.4937 0.761
2 pedestrian enriched 6101.1 0.5399 0.6911 0.5586 0.7554
3 corner case enriched 6215.7 0.5683 0.7173 0.5384 0.7517

in driving situations when the agent makes mistakes.
These driving errors can be fed directly back into the
agents’ training procedure and improve the training
performance significantly. Furthermore, a method for
generating decision corner cases for connected and
automated vehicles (CAVs) for testing and evaluation
purposes is proposed in (Sun et al., 2021). For this,
the behavioral policy of background vehicles (BV) is
learned through reinforcement learning and Markov’s
decision process, which leads to a more aggressive
interaction with the CAV which forces more corner
cases under test conditions. The tests take place on
the highway and include lane changes or rear-end col-
lisions.

Human behaviors can also be analyzed using driv-
ing simulators. For example, in (Driggs-Campbell
et al., 2015) a realistic test rig including a steering
wheel and pedals for data collection was developed.
Therefore, thirteen subjects were recruited to drive on
different routes while being distracted by static or dy-
namic objects or by answering messages on their cell
phones. By adding nonlinear human behaviors and
using realistic driving data, the authors have been able
to predict human driving behavior more accurately
in testing. Another driving simulator was presented
in (Gómez et al., 2018) to develop and evaluate safety
and emergency systems. The control units are con-
nected to a generic simulator for academic robotics
which uses the Modular Open Robots Simulation En-
gine MORSE (Echeverria et al., 2011). They used an
experiment with four road users, one human driver
and three vehicles driving in pilot mode and forc-
ing two out of 36 collision situations (a lead vehi-
cle stopped and a vehicle changing lanes) defined by
the National Traffic Safety Administration (NHTSA).
The impact of a driver assistance system on the driver
was one of the factors studied.

3 EXPERIMENTAL SETUP

3.1 Driving Simulator

Targeted enrichment of training data with safety-
critical driving situations is essential to increase the
performance of AI algorithms. Since the genera-

tion of corner cases in the real world is not an op-
tion for safety reasons, generation remains in the syn-
thetic world, where specific critical driving situations
can be simulated and recorded. For this purpose, the
autonomous driving simulator CARLA (Dosovitskiy
et al., 2017) is used. It is open-source software for
data generation and/or testing of AI algorithms. It
provides various sensors to describe the scenes such
as camera, LiDAR and RADAR and delivers ground
truth data. CARLA is based on the Unreal Engine
game engine (Epic Games, 1998), which calculates
and displays the behavior of various road users while
taking physics into account, thus enabling realistic
driving. Furthermore, the world of CARLA can be
modified and adapted to one’s own use case with the
help of a Python API.

For our work, we used the API to modify the script
for manual control from the CARLA repository. In
doing so, we added another sensor, the inference sen-
sor, which evaluates the CARLA RGB images in real-
time and outputs the neural network semantic pre-
diction on the screen. An example is shown in Fig-
ure 1. By connecting a control unit including a steer-
ing wheel, pedals and a screen, to CARLA, we make
it possible to control a vehicle with ’the eyes of the
AI’ in the synthetic world of CARLA. We also con-
nected a second control unit with the same compo-
nents to the simulator, so that it is possible to control
the same vehicle with 2 different control units, see
Figure 2. The second control unit is thus operated on
the basis of CARLA clear image and can intervene
at any time. It always has priority and triggers that
the past 3 seconds of driving, which are buffered, are
written to the dataset on the hard disk. In order for the
semantic driver to follow the traffic rules in CARLA,
the script had to be modified additionally. The code
has been modified to display the current traffic light
phase in the upper right corner and the speed in the
upper center.

3.2 Test Rig

The test rig consists of the following components: a
workstation with CPU, 3x GPU Quadro RTX 8000,
2 driving seats, 2 control units (steering wheel with
pedals), one monitor for each control unit and two
monitors for the control center. The driving simula-
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Figure 4: Two examples of a corner case where the safety driver had to intervene to avoid a collision due to the poor prediction
of the semantic segmentation network.

tor software used is the open-source software CARLA
version 0.9.10.

3.3 Dataset for Initial Training and
Testing

For training, a custom dataset was generated us-
ing CARLA 0.9.10, consisting of 85 scenes with
60 frames each. In addition, there is a validation
dataset with 20 scenes. The dataset was generated
on seven maps with one fps and contains the cor-
responding semantic segmentation image in addition
to the rendered synthetic image. The maps include
the five standard maps in CARLA and two additional
maps that offer a mix of city, highway and rural driv-
ing. Various parameters can be set in CARLAmi
we focused on the number of Non-Player-Characters
(NPCs), including cars, motorcycles, bicycles and
pedestrians, and on environment parameters such as
sun position, wind and clouds. Depending on the size
of the map, the number of NPCs ranged from 50 to
150.

The clouds and wind parameters can be set in the
range between 0 and 100, with 100 being the high-
est value. The wind parameter is responsible for the
movement of tree limbs and passing clouds and was in
the range of 0 and 50. The cloud parameter describes
the cloudiness, where 0 means that there are no clouds
at all and 100 that the sky is completely covered with
clouds. We have chosen values between 0 and 30. The
altitude describes the angle of the sun in relation to the
horizon of the CARLA world, with values between
−90 (midnight) and 90 (midday). Values between 20
and 90 were used for our purpose. The other environ-
mental parameters like rain, wetness, puddles or fog
are set to zero. The parameters are chosen so that the
scenes reflect everyday situations with a natural scat-
tering of NPCs and in similar good weather. During
data generation, the movement of all NPCs was con-
trolled by CARLA.

Furthermore, 21 corner case scenes were used as
test data, each containing 30 frames. Another test
dataset containing 21 standard scenes without cor-
ner cases serves as a comparison, each containing 30
frames.

3.4 Training

To drive on the predicted semantic mask, a real-time
capable network architecture is needed. For these pur-
poses, the Fast Segmentation Convolutional Neural
Network (Fast-SCNN) model was used (Poudel et al.,
2019). It uses two branches to combine spatial de-
tails at high resolution and deep feature extraction at
lower resolution achieving a mean Intersection over
Union (mIoU) of 0.68 at 123.5 fps on the Cityscapes
dataset (Cordts et al., 2016). The network was imple-
mented in the python package PyTorch (Paszke et al.,
2019) and training was done on a NVIDIA Quadro
RTX 8000 graphics card. Sixteen of the 23 classes
available in CARLA were used for training. Cross en-
tropy was used as the loss function and ADAM as the
optimization algorithm. A polynomial decay sched-
uler was also used to gradually reduce the learning
rate.

We intentionally stopped the training after 5
epochs to increase the frequency of perception errors
for the network. The resulting network is sufficiently
well trained to recognize the road and all road users,
although objects further away are poorly recognized.
An example is shown at the top of Figure 1.

3.5 Experimental Design

Two operators conducted the driving campaign and
the duration of driving as a safety driver or seman-
tic driver was set at 50:50. Both participants had
time to familiarize themselves with the hardware and
the CARLA world before the start of the first driv-
ing campaign so that driving errors could be mini-
mized. Two driving campaigns are planned; the first
campaign will generate targeted corner cases and the
second will test whether adding the corner cases in-
cluded in campaign 1 leads to an improvement in the
perception of safety-critical situations.

4 RETRIEVAL OF CORNER
CASES

For the generation of corner cases, we consider the
following experimental setup. Two test operators
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Table 2: Corner case appearances on Fast-SCNN trained with 3 different datasets.

dataset driven distance d driven time t number CCes meandCC stddCC meantCC stdtCC

no. [km] [min] [-] [km/CC] [km/CC] [min/CC] [min/CC]

1 natural distribution 121.32 411 13 7.73 14.25 25.93 39.60
2 pedestrian enriched 163.09 500 21 7.52 10.47 23.25 28.72
3 corner case enriched 153.38 528 11 13.84 8.68 47.47 31.87

record scenes in our specially constructed test rig (see
Figure 2), where one subject (safety driver) gets to
see the original virtual image and the other (semantic
driver) the output of the semantic segmentation net-
work (see Figure 1). The test rig is equipped with
controls such as steering wheels, pedals and car seats
and connected to CARLA to simulate realistic traffic
participation.

The corner cases were generated as shown in Fig-
ure 3. For this purpose, we used a real-time seman-
tic segmentation network from Section 3.4 where vi-
sual perception was limited. We note that autonomous
vehicles according to (Favarò et al., 2017) 67619.81
km drive until an accident happens. Using a poorly
trained network as a part of our accelerated testing
strategy, we were able to generate corner cases af-
ter 3.34 km in average between interventions of the
safety driver. We note however that the efficiency of
the corner cases was evaluated using a fully trained
network. Figure 4 shows two safety-critical corner
cases where the safety driver had to intervene to pre-
vent a collision.

If the safety driver triggered the recording of a cor-
ner case the test operators label the corner case with
one of four options available (overlooking a walker
or a vehicle, disregarding traffic rules, intervening out
of boredom) and may leave a comment. Furthermore,
the kilometers driven and the duration of the ride are
notated. The operators were told to obey the traf-
fic rules and not to drive faster than 50 km/h during
the test drives. After a certain familiarization period,
driving errors decreased and sudden braking by the
semantic driver was also reduced. The reason for this
is that the network partially represents areas as ve-
hicles or pedestrians with fewer pixels. Over time, a
learning effect occurred in the drivers to hide such sit-
uations because experience showed that there was no
object there due to the previous frames.

The rides are tracked and by the intervention of
the safety driver the last 3 seconds of the scene are
saved. Subsequently, the scenes can be loaded and
images saved from the ego vehicle’s perspective using
the camera and the semantic segmentation sensor. We
collect 50 corner cases before retraining from scratch
with a mixture of original and corner case images. For
each corner case, the last 3 seconds are saved at 10
fps before the intervention by the safety driver. In to-
tal, we get 1500 new frames. When using this corner

case data for retraining, we delete the same number of
frames from the original training dataset.

We selected 50 corner cases in connection with
pedestrians. Therefore, the inclusion of corner case
scenes into the training dataset significantly increases
the average number of pixels with the pedestrian class
in the training data. To establish a fair comparison of
the efficiency of corner cases as compared to a sim-
ple upsampling of the pedestrian class, we created
a third dataset that contains approximately the same
number of pixels per scene for the pedestrian class as
the dataset with the corner cases, see Table 1.

5 EVALUATION AND RESULTS

All results in this section are averaged over 5 experi-
ments to obtain a better statistical validity. For testing
purposes, we generated 21 additional corner cases for
validation. With the same setup as before, we train
the Fast-SCNN for 200 epochs on all three datasets
and thereby obtain three networks. Table 1 shows the
evaluation of all three models on the class pedestrian
for the 21 safety-critical test corner cases. We see that
adding corner cases to the training data leads to an
improvement in pedestrian detection in safety-critical
situations, which can also be shown by an example
in Figure 5. There we see a situation with a pedes-
trian crossing the road, with a slope directly behind
him that seems to end the road at the level of the hori-
zon. Therefore, the networks that did not have corner
cases in the training data seem to have problems with
this situation, while the model with corner cases de-
tects the humans much better.

While training the network using naive upsam-
pling of pedestrians does not have any positive ef-
fect on the classe’s Intersection over Union (IoU) as
compared with the original training data, we achieve a
gain in the IoU by 2.19% when using the dataset con-
taining corner cases. In addition, the 3 models were
tested on a dataset with a natural distribution of pedes-
trians. Here it can be seen that the model trained with
corner cases does not perform as well as the model
with the same number of pedestrians. It follows that
the model performs better in critical situations, while
the models without corner cases perform less well.

Since our method for generating corner cases in
safety-critical situations provides an improvement in
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Figure 5: Evaluation on corner case test data shows that the model using corner case data in training recognizes pedestrians
better than the model trained with the natural distributed dataset or the dataset which contains more pedestrians.

detecting pedestrians in safety-critical situations, we
launched a second campaign to verify how long it
takes driving with the 3 trained networks to generate
a corner case. When conducting the second driving
campaign, the same operating parameters were set as
in the first campaign and the duration until a corner
case occurred was recorded. This includes the same
maps and weather conditions as well as the same two
drivers. However, the two drivers were not aware of
the network’s underlying training data. Table 2 shows
the duration and kilometers driven for the different
data sets, as well as the occurrence of corner cases
during these rides. We see that adding corner cases
during training also reduces the frequency until new
corner cases reappear.

We therefore demonstrated the benefits of our
method to generate corner cases, especially for safety-
critical situations. We were also able to show that
adding safety-critical corner cases recorded by inten-
tional perceptional distortions improves performance,
so future datasets should include such situations.

6 CONCLUSION

Due to the lack of explanation and transparency in the
decision-making of today’s AI algorithms, we devel-
oped an experimental setup that allows to visualize
these decisions and thus to allow a human driver to
evaluate the driving situations while driving with the
eyes of AI, and from this to extract data that includes
safety-critical driving situations. Our self-developed
test rig provides two human drivers controlling the
ego vehicle in the virtual world of CARLA. The se-
mantic driver receives the output of a semantic seg-
mentation network in real-time, based on which she
or he is supposed to navigate in the virtual world. The
second driver takes the role of the driving instructor
and intervenes in dangerous driving situations caused
by misjudgments of the AI. We consider driver inter-
ventions by the safety driver as safety-critical corner
cases which subsequently replaced part of the initial
training data. We were able to show that targeted
data enrichment with corner cases created with lim-

ited perception leads to improved pedestrian detection
in critical situations.

In addition, we take up the idea of the HAI frame-
work and continue the further development of AI by
means of human risk perception to identify situations
that are particularly important to humans, and thus
train the AI precisely where it is particularly chal-
lenged by a human perspective.

Future research projects include the use of net-
works of different quality, changing the weather pa-
rameters and provoking accident scenarios so that the
number of corner cases can be artificially increased
in test operation. In addition, multi-screen driving
should be expanded to increase the field of view
(FOV) for a more realistic driving experience. The in-
tervention of the safety driver in the driving situation
will also be observed. To this end, criteria for mea-
suring human-machine interaction (HMI) will be de-
veloped to track, for example, latency, attention, and
intervention due to boredom of the drivers. In addi-
tion, contextual and personal factors of human drivers
will be investigated to assess uncertainty or anxiety
while driving.
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Abstract: The objective of this study is to enhance a Technology Acceptance Model (TAM) with an Artificial Neural 
Network (ANN) approach in order to obtain substantially accurate results when compared to Structural 
Equation Modeling (SEM). This study looked at another paper that created a TAM dedicated to activity 
trackers (AT) obtained via SEM from a questionnaire to 247 participants. This study uses the constructs of 
that paper in an ANN as the input units and the Root Mean Square of Errors to indicate that the ANN method 
achieves high prediction accuracy. The results provide conclusive evidence that Perceived Usefulness is the 
most significant factor affecting AT acceptance. Perceived Ease of Use and Image affect acceptance, however 
their impact is much lower. Hedonic Motivation and Habit were found to have a significant relationship with 
TAM while Self-Efficacy showed mixed results. This confirmation can be useful for future designs of activity 
trackers. 

1 INTRODUCTION 

Wearable devices such as activity trackers have 
become important in monitoring health behavior, for 
recreation, and socialization, and thus are a viable and 
significant research topic in Human Computer 
Interaction. Confirming this trend is the International 
Data Corporation in a press release, stating that 
worldwide shipments of wearables grew 9.9% 
throughout the third quarter of 2021 reaching 138.4 
million units (IDC 2021). The improvement and the 
commercialization of activity trackers have helped 
many users to reach the recommended goal of ten 
thousand steps per day in order to maintain or 
improve their health (Akers 2012). However, a study 
on the acceptance of a particular activity tracker 
device discovered that half of the users stop using the 
device after two weeks (Shih 2015). 

One possibility, to help solve design issues that 
lead to loss of interest or decrease od device usage, is 
the use of models. Even though some researchers 
think of them as excessively theoretical. In fact, 
researchers working with interfaces who had often 
been skeptical, started to acknowledge that models 

 
a  https://orcid.org/0000-0003-4333-7140 
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could be helpful in the design of interfaces (Myers 
2000). Since Li et al.’s seminal work, researchers 
have been trying to describe the use of trackers 
through a model (Li 2010). Li et al. presented a model 
with five iterative stages: preparation, collection, 
integration, reflection, and action; later the model was 
refined by these authors. Also, Epstein et al. looked at 
that model and expanded on it by including the lapses 
and interruptions of tracking, and highlighting the 
intricacy of integration, collection and reflection 
(Epstein 2015). Narrowing the scrutiny, Sol and 
Baras obtained a model dedicated to activity trackers 
use (Sol 2016) that is used in this paper. The most 
important advantage of this model is that it is 
quantitative. It was obtained by expanding the 
Technology Acceptance Model (TAM), with health 
oriented, data control, and other constructs. TAM 
assumes that user acceptance can be described by two 
ideas: Perceived Usefulness (PU), and Perceived Ease 
of Use (PEoU) which determine Intention to Use 
through Attitude (Davis 1989). 

A TAM based model for activity trackers, as most 
of the research on technology acceptance models is 
done simply with Structural Equation Modeling 
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(SEM) methods, or other models, for example, the 
Ubiquitous Computing Acceptance Model 
(Spiekermann 2007), and the Health Information 
Technology Acceptance Model (Kim 2013). SEM is 
a sophisticated multivariate technique that can be 
used to scrutinize multiple dependence associations 
between variables simultaneously. It is useful for 
hypothesis specification and testing, can suggest 
novel hypotheses that were not considered initially. 
Nevertheless, SEM may lead frequently to an 
oversimplification of the complexities involved as it 
is simply detecting linear relationships (Ringle 2012). 
To address this issue, undertaking a second step using 
an Artificial Neural Network (ANN) allows for 
further scrutiny and examination. 

An ANN is “a massively parallel distributed 
processor made up of simple processing units, which 
have a neural propensity for storing experimental 
knowledge and making it available for use” (Haykin 
2004). Contrary to SEM an ANN is not suitable for 
hypotheses testing, but further to linear relationships 
can also deal with non-liner relationships. Moreover, 
an ANN has the capability to assess non-
compensatory processes (Svozil 1997). Additionally, 
an ANN is more robust and can offer greater 
prediction accuracy than linear models (Tan 2014). 
This study uses the constructs of the TAM based 
model for activity trackers as the input units of an 
ANN in order to obtain a more accurate view of the 
acceptance and use of these devices. 
In the following sections, we contextualize the study 
with the literature review, and present the model. 
Next, we describe the methodology, and discuss the 
results of ANN analysis. Finally, we conclude, and 
envision the possibility of future research. 

2 LITERATURE REVIEW 

In this section we primarily review the literature 
related to activity trackers. We also look into 
Artificial Neural Networks research to understand its 
relations, importance and classifications. The 
acceptance and use of activity trackers is due to many 
reasons and motives, several of which seem to clash. 
Users may begin tracking their activity since they 
have a certain goal in mind (Epstein 2015). Still, there 
are users who start to use activity trackers with no 
goal in mind and use the device to help them set an 
objective. This objective becomes clearer as the usage 
changes after transitioning from the discovery phase 
to the maintenance phase of pondering (Li 2010). 
Other users start tracking merely moved by concern 
and curiosity of the quantitative data (Lindqvist 

2011). Nonetheless, goal seating is just one notion to 
help and persuade health-related behavior change.  

For example, when the user wants to implement a 
habit in daily life, one of the best ways is for the 
activity tracker to help implementing routines (Lazar 
2015). 

An egocentric perspective for these devices 
(Elsden 2015) can be looked at as a form of hedonic 
motivation, as is individual encouragement (Patel 
2015), the acknowledgement of effort (Kim 2016), 
and giving credit (Consolvo 2006). 
When looking at image one can look into the lifestyle 
of the user (Consolvo 2006) or to the aesthetics and 
form of the devices (Harrison 2015). Other notions 
embrace social comparison (Harrison 2015), social 
competition and collaboration (Patel 2015). 

Users manage to change their goals, habits, and 
devices; however, the applications or dashboards are 
ill equipped to allocate this change. For tracking, 
users tend to change devices often or even use several 
devices in parallel, which leads to complications in 
measuring and associating data (Rooksby 2014). This 
issue has many impacts as it increases the difficulty 
to provide a tailored efficacy evaluation (Klasnja 
2011) that is important for the users’ self-efficacy. 

When one approaches to data control the 
information that activity trackers are gathering can be 
extremely sensitive (Lupton 2017) and the risk of 
third-party recording is real (Elsden 2015).  
 When looking at how to improve the usefulness of 
activity trackers different researchers produced 
several design ideas, one of which was the facilitating 
of micro-plans (Gouveia 2018), another was to give 
meaningfulness in context (Rooksby 2014), yet 
another was to provide a wide variety of adjustable 
goals (Clawson 2015), or to appeal to identity (Lazar 
2015), and another was the idea of adherence (Tang 
2018). 

The idea that the devices have to “speak“ the 
language of the users (Lazar 2015) because users are 
not data scientists (Rooksby 2014), and the need for 
devices to remind them (Shih 2015) are ways to 
improve the usability of activity trackers. 
Nevertheless, these devices are still being used in a 
rather limited manner (Didziokaite 2017). 

Numerous statistical techniques are parametric, 
such as SEM and Multiple Regression Analysis 
(MRA), requiring a great statistic background, while 
artificial neural networks are non-parametric models, 
which can provide higher prediction accuracy (Tan 
2014). An ANN uses a considerable interconnection 
of simple computing units called neurons or nodes as 
inputs, hidden, and outputs layers with connection 
values called synaptic weights that are adaptable via 
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an iterative process. A classic ANN consists of 
several layers: one input layer, one or more hidden 
layers and one output layer (Negnevitsky 2011). In 
ANNs for technology acceptance typically only one 
hidden layer is used (Tan 2014). There are several 
types of ANNs, but the most common is feed forward 
back propagation multilayer perceptron (BPFF). In 
this kind of network, belonging to supervised learning 
ANNs, the knowledge stored in the network by 
iteratively subjecting it to patterns of known inputs 
and outputs (Negnevitsky 2011). The difference 
between desired and actual output, is calculated and 
propagated back, in order to change the synaptic 
weights and by doing so minimize the estimation 
error (Haykin 2004). 

A node uses a function f defined as a weighted 
sum of its inputs based on equation 1 where the w are 
the weights, and the x are the inputs, the bias is b and 
the output is Z (Haykin 2004). 𝑍 = 𝑓(𝑤ଵ𝑥ଵ + 𝑤ଶ𝑥ଶ  + 𝑏) (1)

There are many activation functions for the output 
layer, however Sigmoid, shown in equation 2, is 
generally used in a technology acceptance context 
(Tan 2014). 𝑆𝑖𝑔𝑚𝑜𝑖𝑑(𝑥) = 11 + 𝑒ି௫ (2)

The root mean square of errors (RMSE) is used to 
predict accuracy and is calculated using equation 3 
and 4 (Tan 2014), where SSE is the sum of squared 
error, and MSE is the mean squared prediction error. 𝑀𝑆𝐸 = 𝑆𝑆𝐸𝑛  (3)

𝑅𝑀𝑆𝐸 = √𝑀𝑆𝐸 (4)

3 MODEL OBTAINED VIA SEM 

In order to obtain the model for activity tracking use, 
via Structural Equation Modeling, the paper targets a 
population of actual activity trackers users. These 
users were recruited from social media and on a micro 
work site. A survey with 80 questions adapted from 
prior research was deployed. The items of the survey 
were considered using a seven-point Likert scale, 
amid between “Strongly Disagree” and “Strongly 
Agree.” Specifically, the strength and significance of 
direct effect of nineteen independent variables on 
behavioral intention were determined. From a total of 
17 tested relationships, 11 were statistically 
significant. 

There were a total of 247 users, mostly from 
Western Europe and North America, that completed 
 

Table 1: Definitions of the constructs present in the model. 

 Definition 
Perceived Susceptibility of 

Disease 
“The perception of the likelihood of experiencing a condition that would 

adversely affect one's health” (Jayanti 1998) 
Perceived Severity of 

Disease 
“The beliefs a person holds concerning the effects a given disease or 

condition would have on one's state of affairs” (Hochbaum 1952) 
Habit “The extent to which people tend to perform behaviors automatically 

because of learning” (Limayem, 2007) 
Health Consciousness “The degree to which health concerns are integrated into a person’s daily 

activities” (Jayanti, 1998) 
Hedonic Motivation “The fun or pleasure derived from using a technology, and it has been 

shown to play an important role in determining technology acceptance 
and use” (Brown, 2005) 

Image “The degree to which use of an innovation is perceived to enhance one’s 
image or status in one’s social system” (Moore, 1991) 

Self-Efficacy “The judgment of one’s ability to use a technology (e.g., computer) to 
accomplish a particular job or task” (Compeau 1995) 

Perceived Data Control “The degree to which a person feels they have control over the use of, 
and access to, the data collected” (Lindqvist 2011) 

Perceived Usefulness “The degree to which a person believes that using a particular system 
would enhance his or her job performance” (Davis 1989) 

Perceived Ease of Use “The degree to which a person believes that using a particular system 
would be free of effort” (Davis 1989) 
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the survey, from these 144 were male (58.3 percent) 
and 103 were female (41.7 percent). The average age 
was 33 with a standard deviation of 10.6. 

The sample size of 247 has exceeded the 
recommended minimum sample size of 111 obtained 
from G*Power with an effect size of 0.3, an alpha 
level of 0.05 and a power of 0.95 (Faul 2009). In 
Table 1 we display the definitions of the constructs 
that make up the model. 

The previously found model was obtained using 
maximum likelihood parameter estimation. 
Descriptive statistics, and Exploratory Factor 
Analysis were conducted using IBM SPSS version 
23. The structural equation model was built-in with 
maximum likelihood estimation routines in IBM 
SPSS Amos 23. 

The Kurtosis analysis found normality issues, 
with values higher that 2, in item 2 of the construct 
Perceived Usefulness, item 2 of the construct 
Perceived Ease of Use, item 1 of the construct 
Intention to Use, and in all items of the construct 
Behavioral Intention. However, these constructs 
passed in the Exploratory Factor Analysis. In Figure 
1 we show the path diagram of the activity tracker 
acceptance model with the respective path 
coefficients. 

4 METHODOLOGY 

In this work, an Artificial Neural Network is applied 
to analyze, complement and verify the SEM approach 
and measure the effectiveness of the constructs that 
prevailed for the acceptance of activity trackers. 

We used a Multilayer Perceptron (MLP) back 
propagation feed-forward (BPFF) method. The MLP 
is the most used and widespread ANN method 
(Liébana-Cabanillas 2017). The ANN contains three 
layers: the input layer, the hidden layer, and the 
output layer. In this work, the ANN is created using 
SPSS 24. The model obtained from SEM is divided 
into four ANN models with one output variable. 
Model A has the output as the construct Health 
Consciousness and has three inputs Perceived 
Susceptibility to Disease, Perceived Severity to 
Disease, and Habit. Model B has the output as the 
construct Perceived Usefulness and has five inputs 
Health Consciousness, Hedonic Motivation, Image, 
Self-Efficacy, Perceived Ease of Use. Model C has 
the output as the construct Perceived Ease of Use and 
has three inputs Image, Self-Efficacy, and Perceived 
Data Control. Model D has the output as the construct 
Behavioral Intention to Use (BIU)/ Acceptance and 
has three inputs Perceived Usefulness, Image, 
Perceived Ease of Use. The four models ANN are 
shown in Figure 2. The nodes (hidden neurons) are  
 

 
Figure 1: Path Diagram of the Activity Trackers Acceptance Model obtained via SEM with respective path coefficients (Sol 
2016). 
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automatically generated by SPSS and the activation 
function used for both hidden and output layers was 
Sigmoid Function. We assigned 90 % of the samples 
to the training procedure and the remaining 10% were 
used for the testing procedure. To avoid the risk of 
over-fitting, we employed a ten-fold cross-validating 
process. The root mean square of errors (RMSE) was 
used to assure the predictive accuracy of the four 
ANNs. The next section analyzes the results of the 
ANN. 

5 ARTIFICIAL NEURAL 
NETWORK RESULTS 

An ANN is helpful in discovering both linear and 
non-linear relationships without requiring any 
distribution assumptions like linearity, normality, or 
homoscedasticity as in Structural Equation Modeling 
(Leong 2013). By doing so, an ANN can provide 
higher prediction accuracy (Tan 2014). 

Table 2: RMSE values of ten artificial neural networks. 

 Model A Model B Model C Model D 
Input 

Neuron 
Perceived 

Susceptibility to 
Disease (PSusD), 

Perceived Severity to 
Disease (PSevD), Habit 

HC, Hedonic 
Motivation (HM), 

Image, Self-Efficacy, 
Perceived Ease of Use 

Image (I), Self-
Efficacy (SE), 
Perceived Data 
Control (PDC) 

Perceived 
Usefulness, Image, 
Perceived Ease of 

Use 

Output 
Neuron 

Health Consciousness 
(HC) 

Perceived Usefulness 
(PU) 

Perceived Ease of 
Use (PEoU) 

Behavioral 
Intention to Use 

(BIU)/ Acceptance 
 Training Testing Training Testing Training Testing Training Testing 

ANN 1 0.114 0.134 0.072 0.073 0.104 0.096 0.075 0.057 
ANN 2 0.117 0.107 0.077 0.077 0.101 0.099 0.072 0.058 
ANN 3 0.118 0.116 0.083 0.055 0.100 0.120 0.072 0.067 
ANN 4 0.119 0.106 0.076 0.056 0.104 0.094 0.074 0.076 
ANN 5 0.119 0.104 0.078 0.077 0.105 0.102 0.087 0.054 
ANN 6 0.115 0.129 0.087 0.072 0.102 0.104 0.073 0.071 
ANN 7 0.117 0.080 0.080 0.063 0.105 0.159 0.071 0.062 
ANN 8 0.116 0.107 0.079 0.049 0.111 0.130 0.079 0.053 
ANN 9 0.130 0.108 0.073 0.066 0.100 0.114 0.069 0.083 

ANN 10 0.117 0.072 0.069 0.067 0.103 0.079 0.078 0.057 
Mean 
RMSE 0.118 0.106 0.077 0.066 0.103 0.110 0.075 0.064 

Standard 
Deviation 0.005 0.019 0.005 0.010 0.003 0.022 0.005 0.010 

Table 3: Neural network sensitivity analysis. 

 Model A Model B Model C Model D 

Output Health Consciousness (HC) Perceived Usefulness (PU) Perceived Ease of Use 
(PEoU)

Behavioral Intention to 
Use (BIU)/ Acceptance

 Relative Importance Relative Importance Relative Importance Relative Importance
ANN PSusD PSevD H HC HM I SE PEoU I SE PDC PU I PEoU

1 0.324 0.240 0.437 0.040 0.671 0.065 0.113 0.112 0.301 0.429 0.270 0.730 0.218 0.052
2 0.326 0.256 0.417 0.070 0.603 0.050 0.123 0.154 0.352 0.356 0.291 0.731 0.166 0.103
3 0.298 0.238 0.464 0.237 0.514 0.025 0.097 0.127 0.358 0.306 0.336 0.690 0.174 0.136
4 0.350 0.161 0.488 0.062 0.603 0.035 0.071 0.229 0.411 0.331 0.258 0.651 0.213 0.136
5 0.298 0.248 0.454 0.091 0.584 0.023 0.052 0.250 0.311 0.423 0.266 0.360 0.188 0.453
6 0.379 0.251 0.370 0.168 0.367 0.033 0.170 0.264 0.324 0.419 0.257 0.694 0.149 0.157
7 0.315 0.217 0.467 0.060 0.567 0.096 0.117 0.161 0.335 0.376 0.289 0.754 0.193 0.053
8 0.311 0.252 0.437 0.039 0.601 0.041 0.029 0.289 0.237 0.503 0.260 0.579 0.174 0.247
9 0.223 0.106 0.671 0.023 0.651 0.018 0.102 0.205 0.304 0.299 0.397 0.723 0.195 0.082
10 0.255 0.275 0.470 0.049 0.604 0.054 0.146 0.146 0.380 0.353 0.267 0.525 0.405 0.070

Average 0.308 0.224 0.468 0.084 0.577 0.044 0.102 0.194 0.331 0.380 0.289 0.644 0.208 0.149
Average 68% 50% 99.8% 16.4% 100% 7.7% 18.9% 35.2% 83.3% 93.4% 72.5% 97.9% 33.3% 25.9%
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As shown in Table 2, the RMSE values for the 
training data and the testing data are low, representing 
a higher predictive accuracy and better data fit. 

In Table 3, we show the results of the sensitivity 
analysis that assessed the strength of the predictive 
power of each of the input neurons. In order to have 
the normalized importance of these neurons in 
percentage we divided the relative importance by the 
maximum importance. 

Habit (H) was found to be the key determinant in 
predicting Health Consciousness (HC) followed by 
Perceived Susceptibility to Disease (PSusD) and 
lastly Perceived Severity to Disease (PSevD) in  
model A. In model B, the order of importance towards 
Perceived Usefulness (PU) in descending order is 
Hedonic Motivation (HM), followed by Perceived 
Ease of Use (PEoU) and Self-Efficacy (SE) and the 
least important were Health Consciousness (HC) and 
Image (I). For model C, Self-Efficacy (SE) is the most 
prominent predictor for Perceived Ease of Use  
 

 
Figure 2: Neural Network between Perceived Susceptibility 
to Disease, Perceived Severity to Disease, and Habit with 
Health Consciousness. 

 
Figure 3: Artificial Neural Network between Health 
Consciousness, Hedonic Motivation, Image, Self-Efficacy, 
and Perceived Ease of Use with Perceived Usefulness. 

(PEoU), followed by Image (I) and lastly Perceived 
Data Control (PDC). Finally, Perceived Usefulness 
(PU) constituted the most effective in term of 
predicting Behavioral Intention to Use (BIU)/ 
Acceptance, followed by Image (I) and lastly 
Perceived Ease of Use (PEoU). 

All constructs in all ten ANNs for each model had 
at least one non-zero synaptic weight connected to the 
hidden neurons which validates the relevance of the 
constructs as variables as Figures 2 to 5 show. 

 
Figure 4: Artificial Neural Network between Image, Self-
Efficacy, and Perceived Data Control with Perceived Ease 
of Use. 

 
Figure 5: Artificial Neural Network between Perceived 
Usefulness, Image, and Perceived Ease of Use with 
Behavioral Intention to Use / Acceptance. 

6 DISCUSSION 

The Technology Acceptance Model (TAM) is based 
on many theories and grounded in many studies. In 
this work, the determinants of activity trackers use 
include TAM constructs and other constructs such as 
Image, Hedonic Motivation, Habit and Self-Efficacy. 
The results show that the research model studied in 
this work is acceptable. Next, we discuss the findings 
in more detail. 
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6.1 Relationships between Perceived 
Susceptibility to Disease, Perceived 
Severity to Disease, and Habit with 
Health Consciousness 

As shown in Table 4, the construct Habit showed a 
significant relationship with Health Consciousness 
with a path coefficient of 0.451 obtained during the 
Structural Equation Modeling and has the highest 
normalized importance according to the Model A of 
the Artificial Neural Network analysis. While to our 
knowledge this relation is not found in the literature, 
the fact that both approaches ranked Habit in first 
place makes one ponder that a Health Conscious 
person has health habits. 

The findings in this study also show that the 
construct Perceived Severity to Disease with 50% 
normalized importance is positively related to Health 
Consciousness. Looking at this result one might 
consider that if a person is Health Conscious, then 
that person should have a high degree of awareness of 
disease and related issues. Nevertheless, the construct 
Perceived Susceptibility of Disease showed mixed 
results within the two approaches. 

6.2 Relationships between Health 
Consciousness, Hedonic 
Motivation, Image, Self-Efficacy, 
and Perceived Ease of Use with 
Perceived Usefulness 

During to the SEM the path coefficient between 
Hedonic Motivation and Perceived Usefulness is 
0.515, which is a significant positive correlation with 
the highest normalized importance given by model B 
of the ANN. For many studies, the perception of 
Hedonic Motivation has been viewed as egocentric 
(Elsden 2015) and an important issue for individual 
encouragement (Patel 2015), provide motivation 
(Lazar 2015), acknowledgement of effort (Kim 2016) 
or giving credit (Consolvo 2016). 

The construct Perceived Ease of Use was 
promoted by the ANN when compared to SEM 
approach, however, the normalized importance was 
only 35.2%. This result is in line with previous work 
that demanded for reminders to be added to the 
devices (Shih 2015). 

Table 4: Comparison between SEM and ANN analysis (output: Health Consciousness). 

 SEM Path SEM 
Ranking 

ANN normalized 
relative importance  

ANN 
Ranking 

Rank 
Matched? 

Perceived Susceptibility to 
Disease 

-0.114 3 68% 2 No 

Perceived Severity of 
Disease 

0.283 2 50% 3 No 

Habit 0.451 1 99.8% 1 Yes 

Table 5: Comparison between SEM and ANN analysis (output: Perceived Usefulness). 

 SEM Path SEM 
Ranking 

ANN normalized 
relative importance  

ANN 
Ranking 

Rank 
Matched? 

Health Consciousness 0.372 2 16.4% 4 No 
Hedonic Motivation 0.515 1 100% 1 Yes 

Image -0.013 3 7.7% 5 No 
Self-Efficacy -0.060 4 18.9% 3 No 

Perceived Ease of Use -0.110 5 35.2% 2 No 

Table 6: Comparison between SEM and ANN analysis (output: Perceived Ease of Use). 

 SEM Path SEM 
Ranking 

ANN normalized 
relative importance  

ANN 
Ranking 

Rank 
Matched?  

Image 0.146 1 83.3% 2 No 
Self-Efficacy -0.067 2 93.4% 1 No 

Perceived Data Control -0.115 3 72.5% 3 Yes 
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Table 7: Comparison between SEM and ANN analysis (output: Behavioral Intention to Use / Acceptance). 

 SEM Path SEM 
Ranking 

ANN normalized 
relative importance  

ANN 
Ranking 

Rank 
Matched? 

Perceived Usefulness 0.492 1 97.9% 1 Yes 
Image 0.207 2 33.3% 2 Yes 

Perceived Ease of Use -0.115 3 25.9% 3 Yes 
 

Regarding the construct Sell-Efficacy, the weak 
influence is corroborated by model B of the ANN. To 
some extent, this result is partially contradicted by 
earlier studies that ask for a tailored efficacy 
evaluation (Klasnja 2011). 

The ANN demoted Health Consciousness giving 
a low normalized importance that shows a weak 
influence in Perceived Usefulness. 

Since the normalized importance for Image is less 
than 10%, we may conclude that the effect of Image 
in Perceived Usefulness is very small in comparison 
to Hedonic Motivation. This result seems to 
contradict past research (Harrison 2015) however one 
should keep in mind that here we are relating Image 
to Perceived Usefulness. 

6.3 Relationships between Image,  
Self-Efficacy, and Perceived Data 
Control with Perceived Ease of Use 

The construct Image showed a significant 
relationship with Perceived Ease of Use obtained 
during the SEM and even though it does not have the 
highest normalized importance it is a high value 
according to Model A of the Artificial Neural 
Networks analysis. This finding of this research is 
compatible with the findings of existing studies that 
state that Image is present as a component of social 
tracking (Rooksby 2014) and that it exists as both 
social competition and social comparison (Patel 
2015). 

The ANN came to empower Self-Efficacy as a 
relevant construct in its relationship with Perceived 
Ease of Use opposing a path coefficient of -0.067 that 
SEM found. The ANN result corroborates with 
previous research that demanded for good inter-
device reliability (Dontje 2015). Nevertheless, one 
has to take into consideration that an ANN measure 
with high predictive accuracy has both a linear and 
non-linear relationship among variables.  

During the SEM the path coefficient between 
Perceived Data Control and Perceived Ease of Use is 
-0.115, which is in accordance with the lowest 
normalized importance ranking but a high value of 
72.5% given by model B of the ANN. To some extent, 
this result is partially supported by earlier studies 

which emphasize that the personal information 
collected by self-tracking can be highly sensitive 
(Lupton 2017). 

One should note that these results are influenced 
by the fact that in Model C the Average RMSE value 
of the testing is higher than the Average RMSE for 
training. 

6.4 Relationships between Perceived 
Usefulness, Image, and Perceived 
Ease of Use with Behavioral 
Intention to Use / Acceptance 

Perceived Usefulness with the highest normalized 
importance (97.9%) given by Model D of the 
Artificial Neural Networks approach was found in the 
Structural Equation Modeling to have a significant 
relationship in predicting Behavioral Intention to Use 
/ Acceptance. This finding supports prior research, as 
the suggestions for the designers of activity trackers 
to facilitate micro-plans (Gouveia 2018), add a wide 
variety of adjustable goals (Clawson 2015), and have 
adjustable tracking goals (Epstein 2015). 

The construct Image shows a significant influence 
in predicting Acceptance in both approaches. The 
finding of this research is compatible with the 
findings of existing studies as the influence of activity 
trackers on lifestyle (Consolvo 2006) and the 
importance of aesthetics and form (Harrison 2015). 

Concerning the SEM, the path coefficient from 
Perceived Ease of use to Acceptance is -0.115, 
nevertheless the normalized importance given by 
model D of the ANN was 25.9%. This result is in line 
with previous work which points out that people are 
using activity trackers in a rather limited manner 
(Didziokaite 2017). 

7 CONCLUSIONS 

This research aimed to study beliefs and behavioral 
variables that impact the acceptance and use of 
activity trackers. It looked to an established 
technology acceptance model dedicated to activity 
trackers that was obtained via Structural Equation 

CHIRA 2022 - 6th International Conference on Computer-Human Interaction Research and Applications

56



Modeling. These constructs of the model are used in 
an Artificial Neural Network as the input units of four 
ANN. The Root Mean Square of Errors with the 
highest value of 0.118 indicates that the ANN method 
achieves high prediction accuracy.  

The constructs of the model were divided in four 
ANNs. Model A had as inputs the constructs: 
Perceived Susceptibility to Disease, Perceived 
Severity to Disease, and Habit, while the output was 
the construct Health Consciousness. Model B had as 
inputs Hedonic Motivation, Image, Self-Efficacy, 
Health Consciousness, and Perceived Ease of Use, 
while the output was Perceived Usefulness. Model C 
had as inputs Image, Self-Efficacy, and Perceived 
Data Control, while the output was Perceived Ease of 
Use. Model D had as inputs Perceived Usefulness, 
Image, and Perceived Ease of Use, while the output 
was Behavioral Intention to Use (BIU) / Acceptance. 

When comparing the results of SEM and ANN 
analysis, the main disparity lies in the strength of the 
effect of the construct Self-Efficacy with regards to 
Perceived Ease of Use. The ANN analysis increases 
the importance of Self-Efficacy in the Perceived Ease 
of Use of activity trackers. Even though with a lower 
impact, the ANN also increases the importance of 
Perceived Susceptibility of Disease when related to 
Health Consciousness. On the other hand, it also 
decreases, with a not so high impact the importance 
of Health Consciousness in Perceived Usefulness. 

The ANN were able to emphasize the strengths 
and weaknesses of the model obtained via SEM. 
Furthermore, this research shows the relevance of the 
two-stage approach integrating SEM and ANN 
techniques to fine-tune this technology acceptance 
models and to present valuable information that can 
be utilized to increase the acceptance and usability of 
activity trackers as well as to enhance device designs. 
This research is restricted in the sense that it would be 
interesting to include control variables such as age 
and gender and compare the results. Also, it used a 
cross-sectional approach to obtain the responses of 
the activity trackers users at one point in time. Hence, 
in a future study one may repeat the questionnaire to 
the same users in a longitudinal approach to examine 
the temporal effects. 
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Abstract: Flow lies at the heart of the interaction between players and video games. It is usually regarded as the op-
timal experience blooming in the fragile equilibrium that floats between boredom and anxiety. Under such
circumstances, stress assessment can be a crucial experiential marker. In this preliminary study, we propose
a computational approach to characterise the stress level of video game players, suitable to be exploited in
the development of adaptive video games while enhancing players’ experience. To such purpose, a Virtual
Reality (VR)-based video game has been created to gather data from participants. The information collected
includes both physiological data and motion behavioural data (from game controllers), as well as the subjects’
self-reports of perceived stress. Behavioural data are specifically considered in the work presented here. We
characterize the stress level evolution in terms of state-space dynamics, which is suitable for either discrete
(classification) and continuous stress level assessment. Different experiments have been performed and results
so far obtained are encouraging. In particular, along the stress vs. no-stress classification test, an accuracy of
up to 84.4% is achieved by using VR-based data.

1 INTRODUCTION

The creation of player-centered technologies, putting
players and their objectives at the center of the de-
sign and development process, is heavily emphasized
in the current video game research realm. Due to their
interactive nature, games have a significant potential
to elicit in players a variety of cognitive, affective, and
behavioral reactions. In such perspective, entertain-
ment and engagement play an essential role and are
often related to the Csikszentmihalyi’s ‘Flow theory’
(Csikszentmihalyi and Csikzentmihaly, 1990). Flow
is a state of elevated concentration and enjoyment, in
which a person is neither anxious nor bored, but com-
pletely absorbed in the game.

As such, flow is related to the stress level experi-
enced by the player. Indeed, according to flow theory,
a lack of stress can lead to boredom and loss of mo-
tivation, while too much stress can cause the player

a https://orcid.org/0000-0002-7975-8724
b https://orcid.org/0000-0002-5572-0924
c https://orcid.org/0000-0002-0925-3448
d https://orcid.org/0000-0001-8167-7870

to suffer from anxiety. Both of them can kill the en-
joyment of the gaming experience. It is worth not-
ing that video games do not generate stress per se;
rather, it is the player’s own interaction with the game
that results in a more or less stressful personal expe-
rience, depending on the challenge level of the game,
the skill level of the player and game genre prefer-
ences (Fullerton, 2014; Schell, 2008).

On the other hand, the expectancy of the players
and its fulfillment or failure not only are ingredients
triggering a stress response, but also contribute to the
players’ affective state (Lebois et al., 2016). Play-
ers are constantly demanding more immersive expe-
riences, and players’ emotional involvement can be
seen as a sign of a high level of immersion in the
game. Affective-based interaction can increase player
engagement, and the emotion-driven game adaptation
helps with the personalization of the playing expe-
rience, allowing for the fulfillment of each player’s
unique demands (Yannakakis and Togelius, 2018).

Eventually, stress response and emotional involve-
ment dynamics together contribute in modulating be-
havioural and physiological response along the gam-
ing session. Yet, there are few examples of how emo-
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tion recognition systems can be used in video games.
The hypothesis that the players’ arousal is corre-

lated with the pressure applied to the buttons of the
game pad has been investigated by Sykes and Brown
(2003). With this aim, they created a video game
similar to the classic arcade game Space Invaders,
with three difficulty levels (easy, medium, hard). The
pressure used by players during a game session was
recorded and compared across the three levels. Ac-
cording to the study’s findings, players push the game
pad buttons far harder as the difficulty level rises.

Hiramon (Frommel et al., 2018) is another good
example of technique for players’ emotional state de-
tection involving their input on game controllers. Hi-
ramon is a serious game which aims at teaching play-
ers to write Japanese hiragana characters. Players
are first shown how characters are written and are re-
quired to replicate them (learning period). Then, play-
ers are challenged by enemies to write specific char-
acters randomly chosen from those that they have al-
ready learned (fight period). During the game, input
parameters on a graphic tablet and in-game perfor-
mance are collected. Self-reports of emotions were
also gathered via a questionnaire after each fight of
the game, in order to train an ML model to predict
levels of valence, arousal, and dominance for a clas-
sification problem, with an accuracy of up to 74%.

We aim at overcoming the limitations of the pre-
sented works by exploiting new technologies, which
provide more opportunities for interaction, and by
considering the evolution of the stress level in terms
of state-space dynamics.

The main goal of the work presented here is to
develop a method for improving the game-play ex-
perience by exploiting a computational approach to
seamlessly assess players’ level of stress while play-
ing, the latter being inferred from motion behavioural
data collected from game controllers.

To this purpose, the game used for the experiment
has been developed for a Virtual Reality (VR) envi-
ronment, due to its high level of immersion and re-
alism. Immersive technologies like VR can help to
arouse a sense of presence in the game, enhancing
players’ fun and involvement and eliciting stronger
emotional reactions (Pallavicini et al., 2018b; Marı́n-
Morales et al., 2020).

The paper is organized as follows. Section 2 de-
scribes the methods with a focus on the design of the
game and its elements. Section 3 details the experi-
mental setting used to collect the users’ data. Section
4 illustrates the analyses carried out using the col-
lected data, Section 5 focuses on the learning mod-
els used to build the stress assessment system. Sec-
tion 6, presents and discusses the results achieved so

far; eventually, in Section 7, some preliminary con-
clusions are drawn.

2 METHODS

Input data from controllers, coupled with players’
self-assessment, are used to infer the stress level.
Self-assessment annotations correspond to their per-
ceived stress, used as labels of the generated dataset.
For some subjects, self-reported valence and arousal
levels were also collected. The survey of Klein-
smith and Bianchi-Berthouze (2012) and of Karg
et al. (2013) are significant reviews concerning the
affective body expression perception and recognition.
They showed that the body is a valid modality for rec-
ognizing affect. Body movements were analyzed and
used to identify emotion-specific features in order to
recognize basic emotions (Ahmed et al., 2019)

The motion behavioural data were taken from the
Oculus Quest 21 devices; jointly, physiological sig-
nals were recorded via the Empatica E42 wristband,
to be exploited in future analyses.

2.1 Game Design

The video game3, developed in Unity Engine
2020.3.19.f1, is a first-person horror survival game
for a VR environment (Figure 1). The game is set
on an abandoned space station and the players’ goal
is to escape from the station, facing enemies in a
hostile environment, surviving with few resources.
The horror survival sub-genre was chosen because it
has been proven excellent at evoking players’ intense
emotions, particularly stress (Vachiratamporn et al.,
2013).

Some stressors, such as the presence of monstrous
enemies, scary sounds and disturbing music, the lack
of visibility due to the poor lighting, and the scarcity
of resources, were accurately created to enhance a
stressful affective state in the players. Lebois et al.
(2016) argue that when typical features of stressful
situations are present, people categorize events and
situations as stressful. Under such circumstances, the
most typical features associated with a situation per-
ceived as stressful are: (a) the situation violates per-
sonal expectations, there is a discrepancy between the

1https://store.facebook.com/it/quest/products/quest-2/
2http://www.empatica.com/research/e4/
3A demonstration of the recorded gameplay

can be found at https://drive.google.com/file/d/
1K-DNeWl4NNvwgorEw9AEHh 0EnwJIS50/view?
usp=sharing
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Figure 1: Screen of the video game developed for the ex-
periment.

individual’s expectation and the actual situation (Hig-
gins, 1989); (b) the situation or event threatens the
well-being of self (Lazarus, 1993); (c) the subject’s
personal resources available for coping with the sit-
uation are not sufficient (Lazarus, 1993). When the
core stress conditions are met, they produce different
responses of negative emotions and physiological re-
actions. An individual may experience anxiety, fear,
sadness, danger, or even a combination of these cate-
gorical emotions during a stressful situation. Subse-
quently, physiological changes occur in the cardiovas-
cular, endocrine, respiratory, and autonomic systems.
Stress perception is thus the result of assigning a situ-
ation to the category of a stressful experience.

The two types of enemies designed for the game
are described in Table 1. Both of them have a body
composed by black slime and a big red eye.

All the designed elements were placed on the
game map to create different phases, each one with
the aim of inducing a different stressful experience.
The structure of the map is linear: six rooms were de-
signed and divided into four stress phases (baseline,
low stress, medium stress, and high stress), arranged
so that the amount of generated stress gradually in-
creases from the first phase to the last one. The stress
phases are organized as follows.

• Baseline Phase: a little room with a terminal intro-
ducing the players to the game world. The players
are asked to put their right hand on a panel and re-
main still for 15 seconds. This expedient is used
to collect baseline data from users.

• Low Stress Phase: the astronaut’s room where the
players are safe. The oxygen does not drop and no
enemy can be sound. The light allows the players
to see quite everything, and some far noises can
be heard. All the items necessary to advance in

Table 1: The two types of enemies with their description.

DESCRIPTION

Creatures similar to a frog
with a big eye at the cen-
ter of the head. They move
quickly and attack jumping
towards the player, but they
are not really strong.

Humanoid-shaped creatures
with an eye protruding from
their torso. They are not
very agile and hit the player
by waving their arms. If
stabbed in the eye, they re-
main stunned for a few sec-
onds and stop moving.

the game (a gun, a knife, and ammunition) can be
found here.

• Medium Stress Phase: composed of two rooms
and two corridors, here the enemies are intro-
duced. The light starts to lower, and many scary
sounds come from everywhere.

• High Stress Phase: the last two rooms with a to-
tal of five enemies scattered around the areas, in
the rooms and corridors that connect them. Ap-
proaching the first room, an alarm starts to bother
the players. The oxygen runs out, and the charac-
ter begins to gasp quickly. Here, it is practically
impossible to see without using a flashlight. The
final room is the one in which there is the great-
est concentration of enemies, and it is where the
players find the escape pod.

The game session of the test is brief, lasting approx-
imately 5-10 minutes, during which all the game el-
ements and events are presented in the same way to
all players, making the experiment more controllable.
This also allows a comparison between the data ac-
quired from each different subject.

3 EXPERIMENTAL SETTING

This section covers the experimental process, provid-
ing details on the subjects, the data acquisition during
the game session, and the self-reports.

Before starting the experiment, a pilot test phase
was conducted. This was necessary to understand if
there was something to modify in order to accomplish
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the research goal, to check the validity of the collected
data in relation to both the temporal duration of the
game session and designed stress phases in the game.
It was especially useful to adjust the baseline phase.

The experiment lasted, at most, 30 minutes for the
participants who just annotated the stress values: 5-10
minutes for the early questionnaires, 5-10 minutes for
the game session, and 5-10 minutes for the labeling
phase (see Section 3.3, for details). For the partici-
pants who also self-assessed valence and arousal val-
ues, the experiment had a total duration of about 50
minutes.

3.1 Participants

A total of 16 volunteer students participated in the ex-
periment. Volunteers did not receive any payment or
credit for their collaboration. All of them reported
having no anxiety disorders and no neurological al-
terations. Prior to the study, participants read and
signed a consent form because biometric and demo-
graphic, personal data were handled. Before starting
the game session, participants were required to com-
plete two questionnaires: the Perceived Stress Scale
(PSS) questionnaire (Cohen et al., 1983) and a demo-
graphic questionnaire.

The first one is a standard psychological instru-
ment for measuring perceived stress and refers to feel-
ings and thoughts during the last month. From the
PSS, it resulted that all the participants felt moder-
ately stressed in their life before starting the experi-
ment.

The second questionnaire, which was designed
specifically for this work, refers to demographic and
static data about the participants. The answers indi-
cate that 15 males and 1 female in the range of 22
and 29 years, with a mean age of 24.68, took part in
the experiment. The majority of the subjects claimed
to spend, on average, around 11-20 hours per week
playing video games; two participants only declared
they never play video games. The most popular game
genres were action and adventure. Only two partici-
pants reported they like horror games. Finally, half of
the participants reported that they had never experi-
enced VR environments before the test, whilst, three
participants declared they often play VR games.

3.2 Data Acquisition

After completing the two questionnaires, each partic-
ipant was equipped with the sensors. First, they wore
the E4 on their non-dominant hand, to minimize the
movement artifacts. Then, they put on the headset
and its controllers, and instructions about the buttons

needed to play were given. During the game session,
participants were standing and could rotate freely on
themselves.

Once this preparation phase was completed, the
game, during which all the data were collected, was
started. When the participants reached the end of the
game, all the devices were removed. A problem that
can arise when using VR devices is the motion sick-
ness, which is a feeling of disorientation or nausea.
All of them, even the novices, declared that they did
not suffer from motion sickness.

3.3 Self-assessment

In order to validate the experimental protocol and to
label the data, self-reports of each participant were
collected. Indeed, asking the participants directly
about their perceived experience is the most direct
way to record their inner state.

Self-reports were collected by exploiting DANTE4

(Dimensional ANnotation Tool for Emotions).
DANTE is a web-based annotation tool helpful for
studying affective responses in presence of a stimulus
(Boccignone et al., 2017). It provides an interactive
version of the Self-Assessment Manikin (SAM)
questionnaire (Bradley and Lang, 1994), and allows
for continuous annotation of valence and arousal by
moving a slider on a scale with values ranging from
-1 to 1 and a step of 0.001.

Specifically for this work, DANTE was extended
by adding a stress slider in order to allow participants
for the annotation of their own perceived stress level.
Such slider represents the continuous extension of a
perceived stress Likert scale (visualised in the form
of a color bar, cfr. Figure. 2), spanning a range from
low (-1) to high (1) stress level.

Figure 2: Self-assessment of stress using DANTE.

4https://github.com/phuselab/DANTE
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The gameplay of each participant was recorded
during the game session and the stress label sequence
or targets over time {lt}T

t=1 were collected from all
participants, while seeing their own gameplay video.

Seven participants were also asked to evaluate in
real-time their subjective emotional experiences in the
2-dimensional affective space, defined by valence and
arousal dimensions, In our context, the valence di-
mension indicates how pleasurable the gaming ex-
perience was and (negative to positive), while the
arousal dimension denotes how arousing the gaming
experience was (low to high).

4 DATA ANALYSIS

The acquired data had to be carefully scrutinized be-
fore confronting with the stress level assessment pro-
cess. Pre-processing, feature extraction, data analysis,
and feature selection are the traditional steps consid-
ered in the following.

In this paper, we focus on the data related to the
Quest 2 headset and controllers, since, in the pilot test
phase, they proved to be particularly significant for
the achievement of the initial purpose. The Quest 2
data concern movement and behavioral information.
They represent both the players’ action in the video
game (which keys are pressed and how hard) as well
as the players’ movements (basically, their rotation
with velocities and accelerations) in the real world.
The data were sampled at 64 Hz.

4.1 Preprocessing

The raw data were pre-processed in order to check
missing values, noisy data, and other inconsistencies.

The Quest 2 data and the self-assessed stress la-
bels were first synchronized using the start and end
timestamps of the experiment. The timestamps were
also saved after each stress phase to make it possible
to separate the data related to different stress levels.

Then, the data were standardized using the base-
line signal, with the Z-score (or standard score)
method, first participant-wise and then using the
whole subjects’ data. Using the baseline to standard-
ize data provides a common reference for further pro-
cessing of each feature.

4.2 Feature Extraction

All signals were segmented using a sliding window
with a size of 6 seconds and a shift of 1 second. Since
the system was designed to be used in real-time dur-

ing the game session and require a fast response to
identify stress, a small window size was chosen.

There is a limited literature on the feature extrac-
tion process for the data gathered from Quest 2. Thus,
we selected the most significant statistical features for
all the data obtained from head and left/right hands:
mean, standard deviation, minimum and maximum
values are used, as well as the average number of
times the buttons were pressed within the designated
time period. The features extracted for each category
of data are shown in Table 2.

Table 2: List of the features extracted from the data col-
lected from Quest 2. Abbreviations: h = head, lh = left
hand, rh = right hand, vel = velocity, acc = acceleration, ang
= angular, press = pressure, pos = position, std = standard
deviation, # = number.

Data Feature Description
h vel
h ang vel
h acc
h ang acc
lh/rh vel
lh/rh ang vel
lh/rh acc
lh/rh ang acc
lh/rh grip press
lh/rh trigger press
lh/rh thumbstick pos x
lh/rh thumbstick pos y

µ
σ
min
max

mean
std
min value
max value

lh/rh grip pressed
lh/rh trigger pressed

µ#press mean of the
# of times
the button
is pressed

After the extraction step, the features were nor-
malized by scaling and translating them in the range
between 0 and 1.

4.3 Statistical Analysis

A preliminar statistical analysis was conducted on
the features that were extracted. This task was com-
pleted using Autorank5 (Herbold, 2020). Autorank
is a Python package used to automatically compare
paired populations. The package analyzes the distri-
bution of the data and automatically decides which
tests to perform. The first populations compared co-
incide with the stress phases. The means of all the
extracted features from the Quest 2 data were used.
Each subject’s data was first analyzed individually,
and all the subjects’ data were then combined to per-
form the analysis. This analysis produced no useful

5https://github.com/sherbold/autorank
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findings. We surmise that this outcome might be due
to the fact that the stress experienced during a certain
game phase is not continuous throughout it. So, when
comparing the complete temporal sequence of one
phase with another, no relevant differences are likely
to emerge. Then, samples were drawn from subjects
with different VR-experience level (experienced and
non-experienced). This value was extracted from the
demographic questionnaire. To carry out the compar-
ison, an analysis for each stress level was carried out.
Even in this case, no statistically significant differ-
ences emerged, most likely because of the gap be-
tween more experienced and less experienced sub-
jects is not very great.

Subsequently, data were analyzed by comparing
their correlations. Pearson correlation was used. Cor-
relation matrices were computed first for every sin-
gle subject, and then combining the subjects’ data to-
gether, first dividing the stress phases and then us-
ing them together. According to the analyses car-
ried out by differentiating the four designed levels
of stress, it appears that, in general, all the features
correlate better with the perceived stress level in the
baseline phase and the high stress phase. Even using
the stress phases together, a good level of correlation
emerged with some of the features. In the last study,
participants who assessed their emotional state using
valence and arousal in addition to stress were used.
Their data were separated from those of the other par-
ticipants to examine the correlation between valence
and arousal levels and self-reported stress level. In
all cases, the arousal level correlates positively with
the stress level. By contrast, the correlation between
valence and stress level can be either positive or neg-
ative, depending on whether the subject enjoys or not
the horror games. A good degree of correlation re-
sults between the features and the valence level and,
even more markedly, between the features and arousal
level, which raises the possibility of further analyses.

4.4 Feature Selection

The final step in processing the extracted features in-
volved selecting the most relevant ones. In this work,
a filter approach was used. Since the relationship (i.e.
the correlation) between each numerical feature as in-
put and the target label (the stress level) had been cal-
culated, it could be used to select the most informative
subset of the original features. Univariate feature se-
lection was performed. The p-values and the F-scores
were computed. The features with a p-value less than
0.05 and the higher score were selected. In the Tab.3,
all the features selected to be used as the input of the
learning models are shown.

5 MODEL-BASED STRESS
ASSESSMENT

We assume a State Space Model (SSM) for stress
level dynamics. Namely, we use a partially observed
Markov model, in which the hidden state st is a
random variable that evolves over time according to
a Markov process and each hidden state generates
some behavioural observations, the random vector yt
at each time step (in what follows to avoid cumber-
some notation we do not distinguish, unless needed,
between a RV X and its realization X = x). In brief, a
general SSM defines the joint distribution

P(y1:T ,s1:T ) = P(s1)
T

∏
t=1

P(yt | st)P(st | st1), (1)

where P(st | st1) is the state transition model and P(yt |
st ) is the behavioural observation model.

Here we are interested in exploiting the SSM to
perform posterior inference about the hidden states
or stress level state estimation. In particular, it can
be used either for online inference, by inferring the
probability of the hidden state st at current time t < T
via the filtering posterior distribution P(st |y1:t), or to
estimate st , at any time t ∈ [1,T ], given the full se-
quence of observations, via the smoothing distribu-
tion P(st |y1:T ).

Further, the SSM is a suitable approach since it
allows characterising stress level st either as a discrete
RV or a continuous RV. The former can be exploited
to segment/classify the behavioural observations into
a finite set of stress states; the latter can be used in the
service of continuously tracking stress level dynamics
over time.

For the simulations reported in the present work
we adopted the Hidden Markov Model (HMM, see
Bishop, 2006 for a review) and a variant of the
Kalman Filter (KF), the Discriminative Kalman Fil-
ter (DKF, Burkhart et al., 2020) as implementation
models of the discrete and the continuous SSM, re-
spectively.

It is worth noting, that, in principle, more complex
implementation models (e.g., resorting to deep neural
nets-based models, Girin et al., 2021) could be used,
provided that, different from here, a sufficiently large
dataset is available.

5.1 Simulation Details

5.1.1 Discrete Characterization of Stress
Dynamics

HMM is an extensively used technique to model tem-
poral information (Bishop, 2006), in particular for
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Table 3: List of the features. The ones selected to be given as input to the learning models are checked with a ✗. Abbreviations:
vel = velocity, acc = acceleration, ang = angular, press = pressure, pos = position, # = number.

TYPE DATA FEATURE
µ σ min max µ#press

head

vel ✗ ✗ ✗ ✗
ang vel ✗ ✗ ✗ ✗
acc ✗ ✗ ✗ ✗
ang acc ✗ ✗ ✗ ✗

left
hand

vel ✗ ✗ ✗ ✗
ang vel ✗ ✗
acc ✗ ✗ ✗ ✗
ang acc ✗ ✗ ✗ ✗
grip press ✗ ✗ ✗ ✗
trigger press ✗ ✗ ✗
thumbstick pos x ✗ ✗ ✗ ✗
thumbstick pos y ✗ ✗ ✗ ✗
grip pressed ✗
trigger pressed ✗

right
hand

velocity ✗ ✗ ✗ ✗
ang vel ✗ ✗ ✗ ✗
acc ✗ ✗ ✗ ✗
ang acc ✗ ✗ ✗ ✗
grip press ✗ ✗ ✗
trigger press ✗ ✗ ✗ ✗
thumbstick pos x ✗
thumbstick pos y
grip pressed ✗
trigger pressed ✗

speech recognition or facial expressions recognition
applications, and it has been used before in video
games by Mishra and Ratnaparkhi (2018) for real-
time recognition of players’ emotions.

Here, we exploited the HMM implementation pro-
vided by the hmmlearn6 library; the behavioural ob-
servation distribution was assumed to be continuous
and Gaussian, P(yt | st = j) = N (yt | µ j,Σ j), µ j,Σ j
being the mean and covariance, respectively, of the
observation yt conditioned on the j-th state.

In the discrete setting, the stress assessment via
HMM can be conceived in broad terms as that of solv-
ing a classification problem.

To this end, experiments were conducted with dif-
ferent number of discrete states (classes). First, a bi-
nary stress vs no-stress classification was performed.
Next, three classes, i.e. no-stress vs low stress vs high
stress, were used. Finally, a multiclass problem was
solved, with the classes identifying the stress phases
of the game partition.

In order to employ the HMM for classification
purposes, label values where discretized into different
levels and a separate model was built for each class
and trained on the class samples, separating each sub-

6https://github.com/hmmlearn/hmmlearn

ject’s sequence of observation to preserve the tempo-
ral information.

Leave-One-Out Cross-Validation (LOOCV) was
applied. The learning was performed once for each
subject, using the selected subject as a test set and all
the others as a training set. Then, the estimate of the
performance of each model was computed by averag-
ing the scores over all the trials.

The training process was repeated as many times
as the number of subjects. Each model was trained us-
ing the forward-backward algorithm. The parameters
were initialized randomly.

After training, each test sequence was scored in
relation to each model. The log-likelihood of the
sequence given as input was returned with respect
to the model in use. The test set was then classified
in the class of the model returning the highest
log-likelihood result. The overall accuracy was then
calculated by comparing the predicted stress labels to
the actual stress labels. This accuracy was given as
the average of the accuracy of all the models trained
across all LOOCV iterations.
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5.1.2 Continuous Characterization of Stress
Dynamics

The DKF is a novel filtering method that provides
a fast, analytic approximation for models with lin-
ear, gaussian dynamics but nonlinear, nongaussian
observations. For continuous SSMs, the conditional
distribution P(st | y1:t) can be expressed recursively
using Bayes’ rule, P(st | y1:t) =

P(yt |st )P(st |y1:t−1)
P(yt |y1:t−1)

,
together with the Chapman-Kolmogorov equation,
P(st | y1:t−1) =

∫
P(st | st−1)P(st−1 | y1:t−1)dst−1. The

standard KF models the densities P(st | st−1) and
P(yt | st) as linear and gaussian so that the poste-
rior P(st | y1:t) is also Gaussian and efficiently com-
putable. The DKF is based on the key approximation
for the likelihood

P(yt | st)=P(yt)
P(st | yt)

P(st)
≈ k(yt)

N (st | f (yt),Q(yt))

N (st | 0,S)
(2)

where k(·) is a normalizing constant, f (·),Q(·)
the conditional mean and covariance of st , respec-
tively. The advantage of such approximation is that
f (·),Q(·), and S are easier to learn from training data
than the full conditional density (see Burkhart et al.,
2020 for details). In particular, the conditional mean
f can be learned using a number of regression meth-
ods; here we adopted a neural network regression
(Burkhart et al., 2020).

Before DKF training, the signals were smoothed
by applying the Savitzky-Golay filter (Savitzky and
Golay, 1964). To evaluate the performance of the
model, the normalized Root Mean Squared Error
(nRMSE) was calculated. DKF was trained as many
times as the number of LOOCV iterations, and the
average of all the computed nRMSE values for each
iteration was used to determine the overall nRMSE
value.

6 RESULTS AND DISCUSSION

Results of the evaluation of the models are presented
in this section, along with a discussion on the impor-
tance of each individual device. Only the stress labels
were taken into account for the evaluation, and differ-
ent tests were run for each model.

6.1 Discrete SSM Performance

In order to evaluate the results of in terms of clas-
sification, confusion matrices and accuracy scores
were reported. Based on the affective states designed
for the different game phases, different classification
tasks were distinguished:

1. using baseline, low stress, medium stress, and
high stress as classes, a four-class problem was
defined;

2. using baseline, low stress, and high stress as
classes, a three-class problem was defined;

3. using the baseline condition acting as the no-stress
class and the other states acting as the stress class,
a binary problem was defined.

Each setup defined by the classification prob-
lem was run sixteen times (the number of folds in
LOOCV), and the accuracy measures are averaged
over all runs of the repeated LOOCV.

As it can be seen in Figure 3a, the first classifi-
cation task revealed that the collected VR-based data
perform better for the high stress condition. The
features have difficulties, in fact, in distinguishing
between different stress levels, particularly the low
stress state.

Figure 3b shows the results of the second classi-
fication problem. The model proved to be valid at
recognizing the data in the high stress class and quite
good at recognizing the baseline data. In this case, a
great deal of the low stress data is incorrectly classi-
fied as high stress.

The third classification task is the one that led to
the best results, which are shown in the confusion ma-
trix illustrated in Figure 3c. The algorithm proves to
be able to discriminate between the two classes, the
best score is achieved with the baseline class.

In Table 4, the accuracy scores for all the de-
scribed classification tasks are reported.

The binary problem was the one in which the
model performed better, reaching the accuracy of
84.4%. Overall, results provided evidence that dis-
crete SSMs were good at distinguishing between a
state of stress and a state of baseline, but they could
hardly classify different stress levels.

Table 4: Accuracy scores of the model for all the classifica-
tion tasks.

Accuracy score
Four-class Three-class Two-class
50.0 56.2 84.4

6.2 Continuous SSM Performance

As a preliminary qualitative evaluation, the actual
label curve {lt}T

t=1, defining the self-assessed stress
level, and the predicted stress curve were also plot-
ted and compared with the purpose of visualizing and
scrutinizing the results.

The two curves were plotted for each fold of
LOOCV procedure, hence for each test subject. Fig-
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(a) Confusion matrix of the four-class problem.

(b) Confusion matrix of the three-class problem.

(c) Confusion matrix of the two-class problem.

Figure 3: Confusion matrices of all the classification tasks
using VR-based features.

ure 4 shows one typical example of the inferred latent
stress level dynamics, which refers to the trial involv-

ing subject 13 as the test and all the other subjects as
training set. The red line indicates the inferred stress
curve, whilst the blue line represents the actual label
curve {lt}T

t=1. Even though the model was able to
identify the general trend of the stress level dynam-
ics, these results suggest that the continuous SSM is
not accurate enough, at least in the current experimen-
tal setting, to make the model fully reliable for game
control purposes.

A quantitative evaluation was thus performed in
terms of the nRMSE values obtained by comparing
the target (self-assessment) and estimated perceived
stress curves. The computed nRMSE values are re-
ported in Table 5. The three different input types are
compared, nRMSE was calculated for each iteration
of LOOCV process using each subject as test set in
turn, and then the nRMSE average with respect to all
the iterations was computed.

Table 5: The nRMSE values computed for each trial in
which the DKF model was run. Subject column indicates
the subject who was left out during LOOCV iteration, and
AVG is the average value across all trials.

subject nRMSE
01 0.44
02 0.39
03 0.59
04 0.42
05 0.61
06 0.49
07 0.89
08 0.57
09 0.60
10 0.73
11 0.50
12 0.45
13 0.43
14 0.44
15 1.0
16 0.80
AVG 0.57

6.3 Discussion

The VR-based data provide quite generalizable mea-
sures: behavioral and movement data, such as con-
trollers and head velocities, which keys are pressed
and at what pressure level, are indicative of the users’
emotional states. Information gathered from Quest 2
devices proved to be useful to identify the perceived
stress level of the players. This suggests that, in the
context of video games, the VR-based features can
offer a rich understanding of the affective states. The
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Figure 4: Curves of the actual stress labels and the stress labels predicted by DKF for the VR-based features, using subject 13
as test set.

analyzed context, in fact, differs from any other real
context, and players’ mental states are strongly re-
lated to game events and actions they can do.

7 CONCLUSION

The present work aimed at a preliminary investiga-
tion concerning the assessment of players’ perceived
stress level in VR-based video games. The developed
systems can in principle be applied to video games of
the same genre, with the same structure and elements
as the one developed in this project: a survival hor-
ror video game with a baseline phase for calibration
and stress elements established on the features of per-
ceived stress defined by Lebois et al. (2016).

When comparing how the utilized algorithms per-
formed on the various tasks, it becomes apparent that
the binary state discrete model produced the highest
accuracy scores. The achieved classification accura-
cies are up to 84.4% using the VR-based data.

In conclusion, the results obtained are encourag-
ing and this preliminary study can be useful as a start-
ing point for future research. Further work is required
to gather more data from a major number of subjects,
and to take the questionnaires into account. Question-
naire answers were not included in the development
of the presented model. Training the models using
different classes of players who have the same pro-
file (Yannakakis and Togelius, 2018) would result in
a more personalized experience.

The potential benefits of the explored approach
are twofold: a system incorporating a stress-

dependent control can adapt the content of the game
in response to the players’ experiential state; stress
level modelling/inference can help in developing new
game mechanics relying on such index to provide a
customized experience for players.

Video games are increasingly being used in the
field of mental health (Colder Carras et al., 2018;
Pallavicini et al., 2018a). The enjoyment and intrinsic
motivation often associated with video games make
them a powerful and attractive tool to provide psycho-
logical support to people. According to studies, video
games can help individuals cope with their stressful
life experiences (Pallavicini et al., 2021; Maarsingh
et al., 2019). A stress-based serious game that incor-
porates biofeedback techniques into the game could
assist people with stress to handle their emotional and
physiological responses to stressors, improving their
abilities in everyday life and their mental health.

Ongoing research is focused on two aspects. The
first concerns the integration of physiological infor-
mation (electrodermal activity) with behavioural data
for stress level assessment. This aspect paves the
way to consider the relationship between the stress
response and the affective state of the user.

The second, more generally, relates to the use of
stress/affective assessment for the development of af-
fective feedback-based video games. In this perspec-
tive, feedback from players’ affective states (Bersak
et al., 2001) is incorporated into the development
of new game content and mechanics, manipulating
gameplay so to keep the players in the flow state.
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M. (2020). Emotion recognition in immersive virtual
reality: From statistics to affective computing. Sen-
sors, 20(18):5163.

Mishra, P. and Ratnaparkhi, S. (2018). Hmm based emotion
detection in games. In 2018 3rd International Con-
ference for Convergence in Technology (I2CT), pages
1–4. IEEE.

Pallavicini, F., Ferrari, A., and Mantovani, F. (2018a).
Video games for well-being: A systematic review on
the application of computer games for cognitive and
emotional training in the adult population. Frontiers
in psychology, 9:2127.

Pallavicini, F., Ferrari, A., Pepe, A., Garcea, G., Zanacchi,
A., and Mantovani, F. (2018b). Effectiveness of vir-
tual reality survival horror games for the emotional
elicitation: Preliminary insights using resident evil 7:
Biohazard. In International Conference on Universal
Access in Human-Computer Interaction, pages 87–
101. Springer.

Pallavicini, F., Pepe, A., Mantovani, F., et al. (2021). Com-
mercial off-the-shelf video games for reducing stress
and anxiety: systematic review. JMIR mental health,
8(8):e28150.

Savitzky, A. and Golay, M. J. (1964). Smoothing and dif-
ferentiation of data by simplified least squares proce-
dures. Analytical chemistry, 36(8):1627–1639.

Schell, J. (2008). The Art of Game Design: A book of lenses.
CRC press.

Sykes, J. and Brown, S. (2003). Affective gaming: mea-
suring emotion through the gamepad. In CHI’03 ex-
tended abstracts on Human factors in computing sys-
tems, pages 732–733.

Vachiratamporn, V., Legaspi, R., Moriyama, K., and Nu-
mao, M. (2013). Towards the design of affective sur-
vival horror games: An investigation on player af-
fect. In 2013 Humaine Association Conference on Af-
fective Computing and Intelligent Interaction, pages
576–581. IEEE.

Yannakakis, G. N. and Togelius, J. (2018). Artificial intelli-
gence and games, volume 2. Springer.

Between the Buttons: Stress Assessment in Video Games using Players’ Behavioural Data

69



Augmented Reality-based Visualization of the Reach of a Collaborative
Robot

Fabio Schwarz1, Maxim Feinleb1 and Gerrit Meixner2 a

1Robotic Testing and System Engineering, Festo SE & Co. KG, Ruiter Straße 82, Esslingen, Germany
2UniTyLab, Heilbronn University, Max-Planck-Str. 39, Heilbronn, Germany

fasc@hotmail.de, maxim.feinleb@festo.com, gerrit.meixner@hs-heilbronn.de

Keywords: Augmented Reality, Collaborative Robot, Unity3D, Robot, Cobot.

Abstract: With increasing globalization and higher competition on the one hand, and the same high level of personnel
costs on the other, the pressure on companies to rely more on automation is growing. At the same time, with
increasing individualization and complexity of products, batch sizes are shrinking, making versatile production
machines with quick production changes and easy set-up processes necessary. In order to still cope with the
complexity and at the same time use the human worker only for responsible tasks, robots have to take over the
tedious tasks and work together with the human worker at the same time. To enable this working condition,
the collaborative robots need to be set up and installed at the human’s working place first. This increases the
safety requirements and leads to a large installation effort. To tackle these problems, improve the set-up and
to simplify the collaborative work of the robot and the human worker, an augmented reality application is
presented that helps by visualizing the reach of the robot. The proposed solution uses Unity3D to create an
augmented reality application which recognizes the robot with the help of ArUCO markers. Once recognized,
the reach of the robot is shown in the application in such way that the human worker is able to see the reach
of the robot.

1 INTRODUCTION

With the change of industry to an ”Industry 4.0”
and increasing globalization the ever-growing need
for collaborative robots increases (Galin and Meshch-
eryakov, 2019). These robots help to tackle the higher
competition in the market by automating production
steps. This will help workers in manufacturing prod-
ucts on mass or more individualized products with
smaller batch sizes. They can either be installed as
a third arm, to hand the worker parts for assembly,
or work autonomously in supplying chains. They are
small and outfitted with sensors to perceive their sur-
roundings and not to collide with humans, but also
’see’ what they can grip and where to move. Because
of this versatility, they need to be set up for each spe-
cific task. They need to be placed in such way that
they can access all the instruments and parts they need
to complete their task. They also must not interfere
with the already existing machines and must not in-
terrupt a worker in his workflow (Kopp et al., 2021).

To improve the collaboration between robot and

a https://orcid.org/0000-0001-9550-7418

worker, the worker must be able to have a way to com-
municate with the robot or at least understand what
the robot is working on at any moment in time. To
come closer to a solution, this paper describes how to
create an augmented reality (AR) application which
will show the worker the reach of the robot.

2 STATE OF THE ART

AR gained a lot of traction in the last few years not
only in pop culture but also in the industry. This vali-
dates a forecast given by Shao-Ning Chang and Wei-
Lun Chen (Chang and Chen, 2017) in 2015 where
they predicted an 450% increase in AR and virtual re-
ality (VR) users. They contributed this to the growth
of the ecosystem of AR and VR that enabled more
uses with these devices. Furthermore, the new devices
come with improved sensors, which also improve the
AR and VR experience. They also claim that this
increase will mainly happen because the industry is
interested in these technologies. For the consumer
market, the authors claim that there is a chicken-egg-
problem between manufacturers building devices and
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developers building applications. Either of them waits
for the other to saturate the market which in turn stops
the general progress in the consumer market. Accord-
ing to the authors the industry must step in to cre-
ate a need for AR applications and devices such that
progress can still be made.

Many AR approaches in industry fall into the
teaching /supporting area, where they support the
worker in his task or simplify teaching of new tasks.
Mourtzis et al. (Mourtzis et al., 2018) simplifies
the teaching of new designers by simplifying the de-
signing process with the help of AR. Furthermore,
Mourtzis et al. (Mourtzis et al., 2017) shows a re-
mote support system where they improve the main-
tenance procedure. A similar approach is also de-
scribed by Peng Wang et al. (Wang et al., 2019) where
they describe how a remote expert can teach a lo-
cal worker through spatial augmented reality (SAR)
which projects information directly on the surfaces
around the worker. A further solution is described by
Volker Paelke (Paelke, 2014) where the author sup-
ports workers with visual aid in a simplified produc-
tion environment that synchronizes the work of the
machines and the workers.

Using AR as shown by Dimitris Mourtzis et al.
(Mourtzis et al., 2018) improves the teaching of new
designers and also helps professionals. The authors
create an application which allows designers to view
a product through a head mounted AR device. De-
signers can manipulate the product design with their
gestures while it is shown in real time, with the prod-
uct designs’ size adjusted to its surroundings. The ap-
plication helps new designers to rule out mistakes that
would otherwise emerge later in the designing pro-
cess. It also enables the designers to discuss their de-
signs in group sessions, so it simplifies pointing out
flaws to their colleagues. The proposed approach of
the authors is working as follows:
1. The requirements of the new product are defined

2. A prototype is designed

3. The prototype is viewed in AR by the designing
group

4. If a flaw is found the designers go back to 2)

5. If product is production ready the designers can
proceed to the next production steps

Through the help of AR, the design process is made
more accessible to newcomers, but also helps profes-
sionals by simplifying the design process in general.
It shortens design time and designers become more
aware which challenges they will face in the final as-
sembly.

In a second paper the same authors show a
maintenance-as-a-service approach (Mourtzis et al.,

2017). The authors create a system that lets onsite
technicians get remote support for broken machines.
After a malfunction report is filed to the cloud service
by an onsite technician, the manufacturer generates
an AR scene which is sent back to the onsite tech-
nician. The AR scene is mostly auto-generated and
only little help is required from the manufacturer. Al-
ready existing scenes are reused, and a scene shows a
step-by-step walk through of the repair. This enables
the onsite technician to handle the repair without the
need of a manufacturer to send experts to the site.
Since the systems depends on a cloud infrastructure,
the maintenance service is always accessible. The au-
thors claim to reduce the maintenance cost by this ap-
proach and better integrate maintenance solutions into
the product-as-a-service market.

Similar to the aforementioned solution, Peng
Wang et al. (Wang et al., 2019) describe a mixed
reality (MR) approach to teaching. Here, a remote
expert shows in VR how to assemble a product to a
local worker. The worker will apply this knowledge
which is shown to him through spatial augmented re-
ality, and he reproduces these steps to build the phys-
ical product. The authors also implemented a two-
way feedback by sharing the video stream of the local
worker to the remote expert, so the remote expert is
able to modify or repeat steps if necessary. The goal
of this research is to determine whether the remote
expert is more comfortable using a controller or his
hands / gestures to manipulate objects in AR. The au-
thors conclude that a gesture-based system is gener-
ally more accepted than a controller-based system.

While these papers focus on knowledge transfer
with the help of AR, there are solutions for helping
the workers actively in their daily working routine as
well. Volker Paelke shows an application which sup-
ports the worker in a simulated production environ-
ment (Paelke, 2014). His solution is integrated into a
modular production system and offers the worker vi-
sual hints through a head-mounted-display. The tasks
performed by the worker vary depending on the pro-
duction steps of the machines ahead of the worker’s
station. These steps are considered when providing
visual support to the worker. The worker then per-
forms the required build task. The author compares
different visualization methods, from text-only to vi-
sual cues, like concentric circles. While the author
cannot establish which method of user guidance is
best, he states the results to be very promising in gen-
eral. The feedback received from the test subjects is
very positive.

In the following paragraphs, this paper will de-
scribe an approach (similar like (Paelke, 2014)) for
helping the worker through visual guidance in his

Augmented Reality-based Visualization of the Reach of a Collaborative Robot

71



Figure 1: Flow chart of application.

work with, and around, a collaborative robot. Our
approach shows the worker information for his task.
This will help to optimize the worker’s safety.

The next section explains how the robot is recog-
nized from the AR device and how the AR application
is created. The subsequent section explains the gener-
ation of the sphere representing the reach of the robot.
Finally, this paper gives a conclusion and further con-
siderations on future extension to the presented ap-
proach.

3 APPROACH

In this section, the specifics of the approach are pre-
sented and discussed in detail. Figure 1 shows the
simplified sequence diagram of the AR application.
As soon as the application is started, it is scanning
the received camera image for markers. Once one or
more markers are found, it calculates the rotation of
these markers and infers the position of the robot base
from them. Afterwards, it updates the position of the
reach sphere accordingly.

3.1 Foundation

Unity3D is a game engine mainly used to create video
games. Since Unity3D supports development of AR
and VR applications, it is selected for the purpose of
this paper. Unity3D supports building AR applica-
tions for IOS, Android and Microsoft HoloLens. An
Android tablet (Samsung Galaxy Tab S6 Lite) and an
Android smartphone (Samsung Galaxy S20) are used
exemplary throughout this paper.

3.2 Recognition Approaches

With the foundation set, the first step is to recognize
the robot in the camera image of the tablet. Three
recognition methods are evaluated for the robot recog-
nition:

1. Recognition with artificial intelligence (AI)

2. Recognition through image recognition algo-
rithms

3. Recognition with markers

The first method, an AI based approach, is ruled out
because the necessary information for visualizing the
reach of the robot cannot be extracted from the image.
An artificial neural network must be trained thousands
of epochs with millions of images, to be fitted to the
purpose of recognizing the robot. The artificial neu-
ral network is then able to detect objects in the image
and is providing either a bounding box around the ob-
ject in the image or a segmentation pattern which only
gives the pixels of the found object. Thus, informa-
tion of the pose of the robot and the distance to the
camera must be inferred by subsequent steps in the
image processing pipeline. A single unified approach
is subject to further research.

The second approach, recognizing the robot
through image recognition algorithms, is also ruled
out. Using recognition algorithms to detect salient
features on the robot cover would recognize the robot,
but there is also no further information about the robot
pose and distance to the camera.

The third approach is the recognition with the help
of markers (e.g., ArUCO markers). These are the
work of Romero-Ramirez et al. (Romero-Ramirez
et al., 2018) and Garrido-Jurado et al. (Garrido-
Jurado et al., 2015). The authors show in their work
how to generate and detect the markers with low effort
and high precision. They claim to recognize the mark-
ers reliably in a 4k video stream with 1000 FPS even
when the markers are printed on normal paper. For the
recognition of the markers the OpenCV library (Brad-
ski, 2000) is used with its ArUCO marker detection
algorithms. This implementation is selected because
of the high precision and speed that is also achieved
on mobile devices.

3.3 Marker Recognition

OpenCV provides methods to recognize ArUCO
markers in images. These methods are integrated into
the Unity3D application as a dynamic-link library.
The library is responsible for detecting markers in
camera images and returning its encoded ID, its nor-
mal vector and the coordinates of the marker corners.
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Figure 2: Conversion of the binocular disparity.

C#’s invoking and marshalling mechanisms are used
to call the methods of the library.

The process of recognition of these markers works
as follows: First, the image is turned to gray scale.
Color is not necessary for this process. Then square
structures are searched in the image. These are possi-
ble candidates for the markers, since the markers are
squares as well. Once the candidates are found, they
are further examined to figure out, if they contain an
encoded ID and thus are valid markers. The valid
markers are then returned, with their corresponding
recognized data, to the Unity3D application.

3.4 Distance Estimation

OpenCV returns the (x,y) coordinates of the mark-
ers corners in the image. To add a 3D component
to this information, the distance of the marker to the
camera must be calculated. Most of the so-called 3D
cameras use a similar approach to the binocular dis-
parity, as described by Asra Aslam and Mohammad
Samar Ansari (Aslam and Ansari, 2019). The au-
thors describe how to calculate the distance to an ob-
ject by taking two images from two cameras. These
two cameras are placed with a fixed and known dis-
tance T from each other. Both cameras use the same
focal length f and photograph the same scene. Now
the pixels on each image are compared and the pixel-
wise distance between pixels showing the same object
is computed. Using equation (1) the distance is then
calculated.

z =
f ·T

|xl − xr|
(1)

A typical Android tablet only possesses one camera.
To calculate the distance with one camera, the binoc-
ular disparity approach must be altered. Using one
camera, the size of the object must be known. This
is given, since the markers have a fixed and known
size S. Also, the focal length f must be known. This
value is provided by Unity3D. Calculating the pixel-
offset between the provided corners of a marker deliv-
ers the third value necessary to calculate the distance
with only one camera. This is also shown in figure 2.
Using equation (2), it delivers the distance z′.

z′ =
f ·S

|pl − pr|
(2)

With this equation, the distance to a marker is calcu-
lated once a marker is found by OpenCV. The appli-
cation now has the location of a marker in the image
and also the distance to the marker from the camera.
With these, the marker is located in world coordinates
and an object is placed at its location in Unity3D’s co-
ordinate system. Since the markers placements on the
robot is known, the position of the robot is extrapo-
lated from the marker position.

As soon as a position of the robot is located,
Unity3D keeps its relative position to the robots’ sur-
roundings. This is done by tracking the tablet move-
ments with the help of gyro sensors and inertial mea-
surement units. This allows the application to only
update the robot position on a successful measure-
ment, while still keeping the objects at the correct
place when a worker is moving around.

3.4.1 Recognition Accuracy

The analysis of the accuracy of the distance measure-
ment approach described above is shown in figure
3. It shows the deviation of the measured distance
from the actual distance in percent. While the color
strength indicates the horizontal angle to the marker,
the different colors and line markers indicate the ver-
tical angle to the marker. The stronger the color, the
more perpendicular the angle to the marker. Measure-
ments are taken from 25°, 50°, 75° and 90° for vertical
and horizontal angles respectively. 90° corresponds to
the camera being orthogonal to the marker, while 25°
is the sharpest angle. The vertical angle corresponds
to moving the AR device up and down, and the hor-
izontal angle corresponds to left and right movement
of the AR device. During the measurements the cam-
era is pointed directly at the marker. The aim for this
measurement is to cover one eighth of a sphere, as
the results can be mirrored to the other seven eighths
of the sphere. Every measurement is also carried out
for six different distances. The distances tested range
from 50 cm to 300 cm.
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Figure 3: Deviation of the distance measured by the app in percent.

To estimate the distance, each position is tested
three times and the average is taken. A test for one
position is carried out by placing the AR device at the
given angles to a marker fixed at a wall and with a
given distance. The distance to the marker is mea-
sured directly between camera and marker, while the
angles are measured from the wall to the AR device
camera.

As expected, the figure shows that a perpendicular
viewing angle of the marker works best for distance
estimation, since it results in the smallest deviation
for every tested distance. Decreasing the horizontal
viewing angle increases the deviation. The accuracy
loss is even bigger for decreasing the vertical angle.

This deviation happens due to a difference in the
actual marker size and the projected marker size in the
image. To correct this difference the viewing angle
needs to be accounted for.

3.5 Viewing Angle Corrections

The projected marker is smaller in the image when
the cameras’ normal vector n⃗c is not perpendicular to
the marker. This happens due to rotation of the AR
device. Under those circumstances the measurements
become inaccurate when using the fixed marker size
S.

The provided normal vector n⃗m of the marker

Figure 4: Marker changing size in image.

is used to counteract bad measurements on non-
perpendicular angles of n⃗c to the marker. Knowing
the relative rotation θ between n⃗c and n⃗m allows to
calculate the projected size of the marker. Figure 4
shows the difference in size of the projected markers
when the camera is rotated. Furthermore, it shows the
correlation between the length of the projected mark-
ers and a right-angled triangle. This correlation al-
lows to use the Pythagorean theorem in equation (3)
to calculate the smaller projected marker length S′.

S′ = cos(θ) ·S (3)

Using S′ in equation (2) will result in calculating the
correct distance of a marker to the camera. Even if the
marker is rotated and the camera forward vector n⃗c is
not orthogonal to the marker.
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Figure 5: Comparison of the result without (top part) and with (bottom part) Depth API.

3.6 Exponentially Weighted Moving
Average

To give the worker a smooth experience, larger dif-
ferences in between frames need to be evened out.
OpenCV delivers the rotation of the marker, which is
not always the same, for consecutive frames without
moving the camera. This results in a shaky move-
ment of the virtual object representing the reach of
the robot. To get improved results, an exponen-
tially weighted moving average (EWMA) is used. By
weighing the newly calculated position and rotation
values against the already provided ones, the shaky
behaviour gets smoothed out. How to calculate the
EWMA is show in equation (4).

EWMAt = α · rt +(1−α) ·EWMAt−1 (4)

The EWMA is a recursive function which is usually
used in finance. The α is the weight with which each
old value is reduced before adding it to the average.

By using this equation for location and rotation val-
ues, the application filters out single bad measure-
ments, but is still able adapt to changes that persist
over a longer period of time by overriding the old val-
ues with each new measurement and thus changing
the average to be at the changed value.

3.7 Visualize the Reach

To visualize the reach of the robot, the reach must
be known. Therefore, the robot is simulated to reach
every possible position and the outer most position of
the tool head is marked. The created point cloud gives
an outer limit as to what the robot can reach. With
this point cloud, a 3D object can be modeled which is
representative of the robot reach and shown in figure
6. This model is loaded into Unity3D. Whenever the
robot is recognized successfully, this model is posi-
tioned around the robot base and shows the user the
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Figure 6: On the left a section analysis of the sphere object. In the middle single color approach to displaying the sphere. On
the right a mesh approach to displaying the sphere.

maximum reach.
The first approach to show the reach sphere in a

single color (figure 6 mid part, though the approach
was done with the sphere being transparent) was dis-
carded as it was not possible to understand where the
border of the reach of the robot is. Thus, in the chosen
approach, a mesh texture is displayed on the sphere
(figure 6 right part). This requires the sphere object
to be hollow, to also render a texture on the inside of
the sphere (figure 6 left part). The coloring shows the
worker from which side the sphere is viewed. Darker
blue for the outside and lighter blue for the inside of
the sphere. This enables the worker to distinguish
the reach borders and improves understanding of the
reach of the robot. Furthermore, a red scan line is
added. This line moves up and down on the sphere. It
is used as a moving element that helps to better differ-
entiate between the outside and inside of the sphere.

4 OCCLUSION DETECTION

Occlusion detection enables the application to detect
if virtual objects are hidden behind real world objects.
In doing so it allows the application to disable render-
ing for hidden virtual objects. Unity3D supports oc-
clusion detection by using device dependent APIs for
depth estimation.

Depth estimation is enabled when a device has
appropriate sensors (iPad: Lidar sensor) or power-
ful enough hardware to create a depth map through
image analysis in conjunction with motion sensor in-
put (modern Android devices (Google, 2022)). Once,
Unity3D detects that depth mapping is available, it
will automatically toggle the occlusion detection fea-
ture. This causes the application to pay attention to
the generated depth map for each frame and render
the virtual objects accordingly. If a virtual object is
hidden behind a real world object then only its visible
part is rendered.

Figure 5 is a comparison between what the worker
sees with occlusion detection disabled vs. enabled.
The top row shows the application with occlusion
detection disabled, while the bottom row shows the
application with occlusion detection enabled. The
zoomed in view on the right enlarges the monitor of
the image on the left. In the top, it is visible that the
sphere is rendered even though it is overlapping with
the monitor. Since occlusion detection is disabled, the
application does not know that the monitor is collid-
ing with the sphere and thus is not hiding the sphere
object. With occlusion detection enabled in the bot-
tom row, the monitor hides the sphere where it is col-
liding with the monitor. The effect of partially render-
ing the sphere improves the immersion of the worker,
since this is the anticipated effect. It also improves
understanding of the spheres’ position in relation to
the real world objects.

Occlusion detection improves immersion as it en-
ables the application to integrate the virtual objects
better into the scene with respect to the real world en-
vironment.

5 CONCLUSIONS

Visualizing the reach of a robot as proposed in this
paper not only improves the set-up procedure of a new
robot, but also helps the worker in his daily tasks with,
and around, the robot.

Visualizing the robot reach during set-up simpli-
fies the positioning of the robot. The robot needs to
reach all of its tools and work pieces, and by enabling
the setup worker to see the reach, it is possible to con-
figure the robot position without powering the robot
up. This also speeds up the set-up process by reducing
the number of reach test that need to be done to con-
firm if the robot is able to reach everything he needs
to reach.

Furthermore, the application also supports the
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worker while working around the robot. It enables
the worker to understand what the robot can reach.
This understanding also improves the safety of the
worker. The worker is able to see where the robot can
reach and thus reduce accidents when working with
the robot.

The quantity of these results are subject of further
research.

Further improvements to the application to in-
crease the support for the worker could be imagined.
The depth map could be used to also show areas
where the robot is possibly colliding with objects in-
side its reach sphere. The visualization of these areas
could improve the programming process of the robot
by showing the worker which areas to avoid during
program execution. The application could also show
the worker information for the ports on the backside
of the robot. This will improve understanding of the
ports and their corresponding functions.
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Abstract: Digital media can facilitate collaborative processes among local agents, value endogenous resources, and 
promote assets associated with territory. This article presents the results of a study concerning the 
development and validation of a mobile app for promoting the relationship among agents of the Portuguese 
Centro region’s communities/entities. This paper focuses on the results of a heuristic evaluation of the mobile 
app carried out with two groups of experts in Digital Technologies, Tourism, Health, and Well-Being, besides 
providing an overview of the mobile app that was developed and a theoretical background regarding 
community-led innovation, usability, and heuristics. For the CeNTER app prototype evaluation itself, the use 
of Nielsen's heuristics, a MATCH-MED scale, together with a Think-Aloud Protocol allowed us to improve 
its usability. This article contributes to a reflection about the evaluation of mobile apps in the scope of 
territorial-based innovation initiatives, engaging its stakeholders in the process.  

1 INTRODUCTION 

Community-led initiatives have great potential in the 
development of cultural, tourism, and environmental 
projects, enabling valuing endogenous resources and 
promoting innovation in the territory. Digital 
technologies can be particularly useful in community-
led initiatives, allowing to recreate a "virtual 
proximity" between the different actors involved in 
the territory's development process (Martínez-Rolán 
et al., 2019). They can offer several advantages to 
community-led initiatives, as, for example, 
facilitating innovation, because of access to 
information and experiences; sharing practices, 
leading to knowledge co-creation and the emergence 
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of new ideas; and enabling their members to improve 
their practices through a continuous engagement in a 
meaningful participatory environment (Saint-Onge & 
Wallace, 2012; Snyder & Wenger, 2010). 

However, several studies indicate that 
community-led initiatives face several challenges, 
especially in rural areas (Brown & Nylander, 2009; 
Marré & Weber, 2010). These challenges are related 
to the fact that local participants, namely elderly 
people, have difficulties accessing the Internet, 
present limited digital skills, and lack access to 
technological equipment. To overcome these 
challenges, new political measures are required to 
empower local communities to the social, cultural, 
and economic valorisation of territories.  
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This study was developed under the CeNTER 
Program, which has as one of its objectives to 
understand the active role those digital technologies 
can play in the process of territorial innovation (Silva 
et al., 2021). In this context, a digital platform (mobile 
app) is being designed, whose primary focus is to 
promote collaboration between the various agents 
involved in territorial-based innovation processes. 
The CeNTER mobile app intends to be a tool that 
encourages internal and external interactions and 
facilitates communication and collaboration 
processes, to strengthen existing mediation strategies 
and stimulate the creation of new ones, as well as new 
ideas/activities (Tymoshchuk et al., 2019). However, 
the design of a mobile app for community mediation 
is still a great challenge due to the variety of 
initiatives and the diversity of stakeholders (public 
institutions, companies, and communities) involved 
in territorial-based innovation processes.  

This paper presents the results of a heuristic 
evaluation of the CeNTER app prototype, which will 
provide the development cycle with crucial usability 
data, required to converge to a final solution that will 
offer a coherent and effective experience about the 
distinguishing features of this app to its users. The 
study is supported by a User-Centered Design 
approach, which focuses on satisfying the user desires 
and needs (Hartson & Pyla, 2012). Also, it is framed 
by the User Experience (UX) theoretical basis, 
guiding the prototype evaluation in the CeNTER 
Program scope, which will crucial the development 
of the CeNTER mobile app.   

2 BACKGROUND 

2.1 Territorial Innovation 

Innovation can be translated as the systematization of 
knowledge shared between actors in the spaces in 
new products and services. Systematized knowledge, 
when interacting with the social, historical, and 
cultural constructs for which they are intended, 
change the behaviour of social groups in a systemic 
way, enabling the development by promoting 
territorial innovation (Ferreira, 2020). In 
geographically close groups, these historical-socio-
cultural constructs are perceived in a systemic way, 
which characterizes the territories (Keating, 2020).  
Territorial innovation is a complex process that 
results from an intentional collective action promoted 
by a set of actors and organizations (companies, 
universities, local government bodies, communities) 
that interact to develop innovation (Morgan, 1997). 

So, the initiatives led by groups coordinated from the 
bottom up respond to the development needs of 
territories, as they address ecological, social, 
economic, and political problems of global resonance 
(Seyfang & Smith, 2007, p. 585). 

Furthermore, the sharing of information to solve 
local problems has become more effective as a result 
of the integration provided by the dissemination of 
information and telecommunication technologies, 
especially mobile apps (Diniz et al., 2019), further 
enhancing the importance of mobile apps in the 
territorial-based innovation domain. These digital 
solutions must meet the community's needs to foster 
the local economy. To ensure that a product meets 
users' needs, such mobile digital solutions must be 
developed under the User Experience (UX) 
theoretical basis, which is crucial to gather relevant 
information regarding the interaction with the 
product. 

2.2 User Experience 

An experience is a complex event, which is created in 
the mind of the user and is influenced by many 
factors, being a completely personal issue (Knight, 
2019). Therefore, User experience is subjective and is 
related to how the user feels regarding a created 
product. Further, the current concept of UX is strictly 
related to emotional results that emerged from the 
user when interacting with a product, such as pride, 
joy, and fun (Bernhaupt & Pirker, 2013). Therefore, 
creating an experience is not just about how the 
product is designed, which structures were 
implemented or whether state-of-the-art technology 
is used (Knight, 2019). It is also about how the 
specific product can help the user to accomplish their 
tasks successfully and how the user feels when 
getting involved with the product. 

UX is composed of three factors: usability, 
usefulness, and emotional impact, and generates a 
memory related to the product interaction. Emotional 
impact is the affective component of the user 
experience, focusing on the system as a means that 
affects the user's feelings. Usefulness focuses on the 
use of a system to achieve goals and accomplish 
specific tasks. Usability is constituted by 
effectiveness, efficiency, ease-of-use, learnability, 
and the user satisfaction, being the practical 
component of user experience (Hartson & Pyla, 
2012).  

The usability factor contributes to the elaboration 
of a product that is easy to use and is pivotal in 
creating digital products since it provides products 
with a low level of difficulty, reducing the platform's 
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disuse (Partridge, 2017). Since ensuring high 
usability for a mobile app is of great importance, as a 
predictor of its acceptance and of its success, is 
crucial in all phases of app testing (Muchagata & 
Ferreira, 2019), including early testing with experts. 

2.3 Usability 

Usability is an essential concept in developing digital 
interfaces, focusing on users and contexts of use, and 
ensuring they can achieve their goals with efficiency, 
effectiveness, and satisfaction. The usability concept 
was defined by Nielsen (2012) as an attribute with 
qualitative nature that assesses the ease of use of user 
interfaces. Usability directly relates to methods for 
enhancing this attribute during the design process 
phase that includes the following five main 
components: (1) the ability to learn - the ease with 
which users complete basic tasks during the primary 
interaction with the interface; (2) efficiency - the 
speed with which users reach their goals after they 
have learned to interact with the platform; (3) 
memory - the easiness with which users interact with 
the interface after a period without using it; (4) errors 
- the number of errors that are made by the user and 
the ease with which it is possible to correct them; (5) 
satisfaction - a component related to the desire and 
pleasure expressed by the user during and after the 
interaction with a specific product (Nielsen, 2012). 

Due to several specificities related to the small 
screen, storage capacity, and energy consumption of 
mobile phones, it is essential that these apps meet a 
set of basic requirements, such as: being easy to use, 
being flexible, having a simple and intuitive interface, 
allowing the user to easily adapt to different contexts 
of usage, etc. (Feijó et al., 2013; Kumar & Mohite, 
2018).  

In this sense, usability evaluation of mobile apps 
is a mandatory process to ensure that such apps are 
practical, effective, and easy to use (Kumar & 
Mohite, 2018). Usability evaluation is the generic 
designation for a set of methods aiming at interface 
inspection. The final objective is to identify usability 
issues, through the indication of the severities’ level 
of each issue (Nielsen, 1994). These methods include 
heuristic evaluation, cognitive pathway, consistency, 
pattern inspection, among others. One of the 
commonly available and employed methods for 
assessing and improving interfaces is heuristic 
evaluation (Nielsen, 1994). 

 
 
 

2.4 Heuristic Evaluation 

Nielsen's heuristics (1994) is a systematic evaluation 
method allowing the identification of problems in 
user interface design that involves interface analysis. 
As the author states, heuristic evaluation requires 
fewer resources than other methods to detect usability 
issues. As Nielsen (1994) states, “basically, a set of 
evaluators inspects the interface with respect to a 
small set of fairly broad principles, which are referred 
to as the ‘heuristics” (p. 152).  

This specific method is based on a 10 “heuristic” 
items checklist, which can be used in interface 
specifications, prototypes, or complete systems. 
Nielsen's 10 heuristics include the following 
guidelines (Nielsen, 1994): (1) Visibility of the 
system; (2) Match between system and real-world; (3) 
User control and freedom; (4) Consistency and 
standards; (5) Error prevention; (6) Minimise the 
user’s memory load; (7) Efficiency of use and 
performance; (8) Aesthetic and minimalist design; (9) 
Help and documentation; (10) Help users identify, 
analyse, and improve from errors. 

According to Nielsen and Landauer (1993), 
between three to five evaluators are recommended to 
perform a heuristic evaluation, which can identify 
around 75% to 95% of the problems, considering that 
an individual evaluator usually finds around 35% of 
them. 

2.4.1 MATCH-MED Scale 

Testing the usability of mobile apps can be done using 
several sets of checklists and protocols available to 
carry out heuristic evaluations. However, the vast 
majority of these scales are geared towards generic 
systems, demanding adaptations to fulfil specific 
requirements of mobile apps (Hashim & Isse, 2019; 
Inostroza et al., 2016). Considering that the CeNTER 
application is aimed at Tourism, Health, and Well-
being clusters, a set of MATCH-MED usability 
heuristics was used.  

The MATCH-MED scale aims to evaluate the 
usability of mHealth systems on smartphones and was 
developed based on Nielsen's generic heuristics, with 
the addition of three heuristics specifical for mobile 
devices (Lacerda et al., 2015; Salazar et al., 2012), 
which consist of: (1) Minimization of human-
computer interaction: Considering that typing on 
mobile touch screen keyboards is more error-prone 
than on conventional keyboards, it is essential to 
minimise user interaction with the mobile app; (2) 
Physical interaction and ergonomics: Given the 
limited screen size of a mobile device, the action 
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controls must present suitable sizes and minimal 
distance from each other, ensuring the user does not 
press a button by mistake; (3) Readability and Quick 
View: Considering that mobile apps are generally 
used in dynamic contexts, it is essential to ensure 
quick access to system information by the user (e.g., 
at a glance).  

According to Zhang and Adipat (2005), a 
comprehensive usability study for a mobile 
application should assess a variety of issues such as 
interface design, ease of use, and perceived attitude 
by the user and measures related to the application's 
performance. 

3 THE CENTER PROTOTYPE 

The team researchers developed a CeNTER mobile 
application prototype based on an in-depth study 
under this project. That research included a 
systematic review of the literature, a benchmarking of 
the communities' digital platforms, a series of 
interviews with local stakeholders, and two focus 
groups with representatives of community-led 
initiatives (Oliveira et al., 2021). The results of these 
methodological procedures made it possible to 
identify the main difficulties found on community-led 
initiatives and led to the proposed digital solution that 
aimed to fill these gaps. 

The researchers chose a card-based user interface 
design that is both simple and innovative in 
appearance. This type of interface design tries to 
provide information in a readable format, easy to 
navigate, allowing an overview of the application's 
content and quick access to all categories (Seifi, 
2015). Considering the requirements and 
functionalities defined as important in the proposed 
digital solution, the medium-fidelity prototype was 
developed with the support of “Principle” software, 
an interactive user interface, and animation design 
software.  

The prototype’s content evaluated by experts was 
organised according to the categories defined by the 
team as being essential in the mobile application: 
Initiatives; Events; Entities; Volunteers; Resources 
and Highlights. These categories were defined during 
the Focus Group sessions with the local initiatives, 
through a User-Centered Design approach. In the 
CeNTER app context, these categories are called 
"Tabs" and represent the main relevant elements in 
the community dynamics. Such “Tabs” are organised 
in horizontal lines on the screen and have secondary 
content that is modified according to the preferences 

defined by the user in the app settings (Branco et al., 
2021). 

By touching each one of the Tabs, a vertical 
opening occurs on the screen, where it is possible to 
view suggestions (of local Initiatives, for example) 
through cards displayed on the screen. Each card 
presents a single content and appears ordered in a 
carousel layout.  

 
Figure 1: Home screen of the version of the medium-
fidelity prototype “CeNTER” evaluated by experts. 

4 METHODOLOGY 

The evaluation process for the CeNTER mobile 
application prototype is outlined according to an 
iterative design methodology (Lorenz et.al., 2010). It 
provides for the initial testing of app mockups with 
team members, evaluating medium-fidelity 
prototypes by experts and laboratory tests with end-
users.  This article presents the second stage of 
evaluation of the prototype, which consisted of 
heuristic evaluation by experts to detect and correct 
issues related to the prototype's usability.  

Through dissemination seminars, organized by 
the CeNTER team, it was possible to recruit local 
stakeholders to actively participate in the project as 
experts. To accomplish the assessment, two panels of 
experts were organized according to the evaluators’ 
expertise. In this sense, the first group consisted of 
five experts in the field of digital technologies, having 
deep knowledge and experience in developing 
interfaces. The second group consisted of five experts 
in the fields of Tourism, Health, and Well-being, who 
have knowledge of their specific domain and 
involvement in local community projects.  

To determine the severity of usability issues for 
this study, a heuristic checklist was developed to 
evaluate the application prototype, based mainly on 
Nielsen's 10 heuristics (1994). Besides that, three 
heuristics of MATCH-MED scale (Salgado et al., 
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2019) were added to allow the evaluation of mobile 
apps in health and well-being areas. It is important to 
note that the researchers chose to add these items on 
the MATCH-MED scale since Nielson's heuristics do 
not consider specific characteristics and limitations of 
mobile devices (Hashim & Isse, 2019), as it was 
pointed out before. 

A total of 44 items were identified in this 
checklist, which was employed to evaluate the 
prototype usability. The heuristic evaluation process 
took place in three stages, according to the proposal 
of Nielsen (1994): (i) preparation phase, in which the 
prototype screens for evaluation and the list of 
heuristics were defined and organised; (ii) evaluation 
phase, which consisted of collecting data from each 
expert, individually. The evaluators tested the 
prototype by identifying the guidelines that were 
violated and the degree of severity of the problem.  

In addition, the Think-Aloud Protocol (Jaspers, 
2009) was also employed to obtain immediate 
feedback from experts about their experience of 
interacting with the prototype. The application of this 
method allowed the qualitative evaluation of the 
prototype based on the experts' verbal comments.  

The tests took place at the facilities of the 
University of Aveiro, with the first group on October 
28-31, 2019, and the second group on November 11-
29, 2019. In total, 78 screens of the developed 
application prototype were evaluated. This evaluation 
consisted of two phases: in the first phase, the experts 
freely explored the prototype and commented on their 
doubts about the CeNTER program, and in the 
second, the experts filled a table of design-oriented 
heuristics for mobile phone interfaces and apps. A 
User-Centered Design approach was used as an 
interactive design process to get users feedbacks 
and their needs in each phase of design evaluation 
process. 

5 RESULTS AND DISCUSSION 

This section presents the results obtained from the 
usability test, through a heuristic evaluation, of the 
CeNTER application prototype with the two groups 
of experts (five users in each group). To consolidate 
the heuristic validation results performed by both 
groups, a grid was created for each group to gather all 
of the obtained results.  

A total of 174 usability problems were identified. 
After eliminating the duplicate issues, 155 unique 
usability problems remained. Table 1 shows the 
number of problems identified by each group of 

evaluators, the severity of such problems and their 
average severity.  

Regarding the severity of problems, it is important 
to refer that Group 1 (G1) identified 46 (42,2%) 
cosmetic problems, 39 (35,8%) small usability 
problems, 21 (19,3%) main usability problems and 2 
(1,8%) usability “catastrophes”. The group of digital 
technologies experts identified two problems with 
score level four. These problems referred to the 
second heuristic: “Correspondence between the 
system and the real world” and were related to the 
following items: “The proposed interactions in the 
application are similar to real actions”; and 
“Information appears in a logical and natural order”. 
Those are relevant feedback because the prototype is 
applied to promoting community-led initiatives and 
those participants may present different levels of 
digital literacies. In this sense, a simple and intuitive 
interface, easily adaptable to different contexts of 
usage (Feijó et al., 2013; Kumar & Mohite, 2018) is 
important to make sure individuals use the application 
properly, which in this case is represented by different 
territorial agents (communities, entities, networks 
and citizens). 

Table 1: Number of Problems and Average Severities 
identified by each group of evaluators. 

Group Experts Total 
problems 

Average 
severity 

G1 Digital Technologies 
Experts 109 1,78 

G2 Tourism, Health and 
Well-being Experts  46 1,53 

Regarding the severity of the found problems, it is 
important to note that Group 2 identified 14 (30,4%) 
cosmetic problems, 26 (56,5%) small usability 
problems, and 6 (13%) main usability problems. It 
should be noted that no problems with a score of level 
4 (usability catastrophes) were reported by the second 
group. 

Tables 2 and 3 show the type of usability 
problems and average severities identified by each 
group of evaluators. With the highest Average 
Severity, Group 1 identified the heuristics: Help and 
Documentation (2.75), Recognition rather than 
Reminder (2.5), and Interaction between person and 
application (2.33). Group 2 reported the following 
Heuristic Severities Averages: Flexibility and 
Efficiency (2.25), Help and Documentation (2.2) 
Recognition rather than Reminder (2), and Interaction 
between person and application (2). Therefore, both 
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groups consistently assessed the severity of the 
heuristic violation. The Mean Average Severity in 
these two groups was low, with a score close to 1.78 
(G1) and 1.53 (G2). 

The difference in results among both groups also 
occurred in the type of the identified problems. The 
problems identified by Group 2 were more related to 
the suitability of the prototype for each application 
domain, as well as the efficiency and type of 
functionality available to users (Table 3). For 
example, experts of Group 2 did not observe 
inconsistencies rectified after the first round of tests, 
such as different icons representing the same 
function, or the absence of the return icon on some 
screens. 

Table 2: Type of usability problems and average severities 
identified by Group 1 of evaluators. 

Heuristic G 1 - Digital 
Technologies Experts

Frequency 
N=109 

Average of 
Severities

Visibility of system status 11 2.18

Match between system and the 
real world 

11 2.27

User control and freedom 13 1.54

Consistency and standards 7 1.57

Error prevention 5 1.6

Recognition rather than recall 4 2.5

Flexibility and efficiency of use 7 1.85

Aesthetic and minimalist design 12 1.66

Help users recognize, diagnose, 
and recover from errors 

10 1.1

Help and documentation 4 2.75

Interaction between person and 
application 

3 2.33

Physical interaction and 
ergonomics 

8 1.75

Readability and layout 14 1.5

As it is possible to see in Table 2, the maximum 
number of usability problems, identified by Group 1, 
included: Readability and layout (14, mean severity 
1.5), followed by User controls and free will (13, 
mean severity 1, 54) and Aesthetics and minimalist 
design (12, medium severity 1.66). In Table 3, Group 
2 identified the following number of heuristic 
violations: User controls and exercises free will (11, 
mean severity 1.45), Avoid errors (7, mean severity 
1.86), and Matching the system to the real world (6, 
mean severity 1.5). Identifying these heuristic 
violations will make it easier to identify and prioritise 

issues that need urgent attention before the final 
deployment of the application. 

The application of the three heuristics proposed 
by the MATCH-MED scale allowed the identification 
of 28 usability problems related to the different 
specificities of mobile devices, namely "Readability 
and layout" (16) and "Physical interaction and 
ergonomics" (8). 

Table 3: Type of usability problems and average severities 
identified by Group 2 of evaluators. 

Heuristic G 2 - Tourism, Health, 
and Well-being Experts

Frequency 
N=46 

Average of
Severities

Visibility of system status 1 1

Match between system and the 
real world 

6 1.5

User control and freedom 11 1.45

Consistency and standards 3 1.66

Error prevention 7 1.86

Recognition rather than recall 1 2

Flexibility and efficiency of use 4 2.25

Aesthetic and minimalist design 1 1

Help users recognize, diagnose, 
and recover from errors 

4 1.9

Help and documentation 5 2.2

Interaction between person and 
application 

1 2

Physical interaction and 
ergonomics 

0 0

Readability and layout 2 1

The Think-Aloud Protocol application allowed 
the collection of 124 suggestions for improving the 
prototype under evaluation, which will be considered 
in the following stages of the mobile application 
development. The first group of experts made 83 
suggestions for improvement, which were very 
focused on technical aspects and improving 
interactions. For example, “standardise the ‘save’ 
icons on the right side of the ideas screen with the rest 
of the application” (G1E1) and “Drag and drop visual 
feedback is required” (G1E2), respectively, for the 
evaluators E1 and E2 of Group 1. 

In contrast, the second group of experts mainly 
commented on the concept of the CeNTER 
application, functionalities, and effectiveness and did 
not mention technical aspects. This group made 
several suggestions regarding the lexical inaccuracies 
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used in the application. It is important to note that 
both experts' groups highlighted the "Resources" and 
"Volunteer" components as being the most innovative 
features of this application: "Resources and 
volunteers are the differentiating elements of the 
platform" (G2E5). Overall, the prototype was 
described as having a simple interface, with an 
appropriate layout, easy to use and not requiring 
much effort from the user.  

The study's results demonstrate that usability 
testing is an effective way to significantly improve 
the interface of a future mobile app, favouring the 
user experience, as mentioned by other authors 
(Lacerda et al., 2016; Salazar et al., 2012). The 
methods and techniques of application production 
were supported by methodologies oriented to the 
user’s requirements and were anchored in a spiral of 
evaluation of the prototype, resulting in improved 
versions of the pilot app, attending to users' 
statements, and developing an application with a 
more attractive look & feel. 

6 CONCLUSIONS 

As the development of the CeNTER prototype 
requires an iterative design process, performing early 
tests is a crucial part of the system design to detect 
usability problems and make essential improvements. 
Through the techniques used for the presented 
evaluation, it was possible to achieve value data, as 
the experts are from different areas of knowledge.  

Therefore, according to the current study findings, 
the identification of usability problems facilitated the 
identification and prioritisation of problems that need 
urgent attention before the final implementation of 
the application. In this case, the heuristic "control and 
freedom" deserves special attention, since it received 
the major severity score by both groups. Furthermore, 
a decrease in the heuristic values between the two 
groups was verified, which leads to the conclusion 
that the changes made after the first round of tests 
helped for the improvement of the prototype. 

This study also showed the importance of 
developing heuristic usability evaluation scales.  As 
already mentioned, the researchers applied three 
items proposed by the MATCH-MED scale, which 
allowed us to identify usability problems related to 
the specificities of mobile devices. The evaluation of 
the prototype, not only by professionals in the field of 
digital technologies but also by professionals in areas 
related to the application, such as tourism, health, and 
well-being is also important. It is essential to mention 
that the professionals in the areas of tourism, health, 

and well-being, who participated in this study, have a 
strong connection with different community 
initiatives and deeply know the local associative 
dynamics, which was very advantageous for 
evaluating the prototype. 

Future work includes performing laboratory tests 
with end-users, which are of most importance in this 
project, requiring accommodation of the experts’ 
suggestions for improvements. Some limitations of 
this work include the fact that Principle software does 
not allow to test some features and interactions of the 
prototype, such as writing on the interface and 
changing the letters’ size for accessibility. Besides, 
the Principle software only works with iPhone, which 
limits the evaluation using Android devices.  

Specifically, it is hoped that this app can make a 
difference in everyday life, promoting community-
led initiatives, towards adding value to local 
resources and, therefore, the increment of the region’s 
social, cultural, and economic levels. 
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Abstract: This paper aims to investigate the relationships between the university students’ demographic factors and their
metacognition in digital library interaction. To achieve the objectives of this study, the demographic factors
were divided into six variables (i.e., gender, age, qualification, academic backgrounds, searching skills, and
experience with the digital library) and the metacognition was classified into nine variables (i.e., schema-
training, planning, monitoring, evaluation, transfer, memory, comprehension, task, technology). A total of
112 students participated in the online questionnaire. The collected data were analyzed using SPSS version
26, and a significant correlation between demographic elements and metacognition was found in digital library
interactions. Interestingly, the experience with digital libraries has shown the strongest factor to be considered
as the most important variable in the design of digital library interactions.

1 INTRODUCTION

Over the years, the storage and preservation of phys-
ical materials and notable books have been the hall-
mark of a conventional library. Users would have to
go to the library to learn and search for detailed infor-
mation. This trend gradually changed with the intro-
duction of computers in the processing and searching
of information some decades ago. The rapid devel-
opment of Information Communication and Technol-
ogy (ICT) has brought about unprecedented changes.
Present developments in ICT have brought positive
change to how we store, generate, access, and use in-
formation (Chowdhury and Chowdhury, 2003). Due
to the role of ICT, libraries are undergoing fundamen-
tal changes from the traditional library to the dig-
ital library. Digital library searches become faster
than traditional libraries and provide easy access, fast-
tracking, and many electronic resources, although one
can’t neglect the feel of holding books which means
we can’t denigrate the importance of traditional li-
braries. (Case, 2002) describes information searching
as a deliberate endeavor to obtain information to elim-
inate a deficiency of knowledge or meet a knowledge
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c https://orcid.org/0000-0002-1765-1999

demand. However, due to the significant changes
in the libraries, studies show that during informa-
tion searching in the digital library, users experience
less optimal search results or suffer cognitive over-
head. This is due to a lack of information tailored to
the users’ interests, preferences, needs, and context.
For instance, users in traditional libraries can learn
how to find information from librarians if assistance
is needed.

However, that may not be the case in the modern
digital library, where information professionals’ help
is not always available, and users are left alone to ac-
cess, search, and use information. Generally, when
students looking for information, they prefer to in-
formation, students prefer to look at online sources
rather than practice in a methodical and organized
manner, making learning information sources in the
digital library difficult. In this regard, one could argue
that self-knowledge may drive successful information
searching in the digital library environment with the
help of ”metacognition.” The term metacognition is
most commonly connected with (Flavell, 1976), who
is credited as being the first scholar to use the no-
tion of metacognition, a term he coined from the word
”metamemory” and first used in his early 1970s publi-
cations. According to (Flavell, 1979), metacognition
is the act of a thinker reflecting on their mental pro-
cess. It involves people comprehending both them-
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selves and the nature of the activity and understanding
the specification of the task.

Metacognition is defined by (Swanson, 1990)
as an individual awareness of their ability to mon-
itor, regulate and manage their learning activities.
Metacognition refers to higher-level planning for han-
dling a learning activity and mechanisms for observ-
ing and evaluating comprehension. At times, indi-
viduals utilize the expression ”going meta” when dis-
cussing metacognition, alluding to the interaction of
reviewing a sort of flashback to see what you are
doing, as though you were another person noticing
it. Sternberg refers to these executive processes as
meta-components in his triarchic theory of intelli-
gence (Sternberg, 1984). According to (Sternberg,
1986) meta-components are in charge of ”determin-
ing how to perform a certain task or set of activities,
and then ensuring that the job or set of tasks is com-
pleted correctly and the ability to organize cognitive
resources effectively, such as selecting how and when
a task should be completed is centered to intelligence.
Metacognition is a fundamental human trait (Muhali,
2018) that is defined as thinking about thinking by go-
ing through a process of review (McCormick, 2003).

Having metacognition awareness assists individ-
uals in taking a more active role in planning, ana-
lyzing, evaluating, and monitoring their learning pro-
cesses (Akyol and Garrison, 2011). Individuals’
metacognition awareness is assumed to play an es-
sential part in the online information searching pro-
cess by structuring the searching process, monitor-
ing, and assessing much as it is in the learning pro-
cess. Resources on the relationship between metacog-
nition and the search process and its applications are
needed (Bowler, 2009). So much research has been
done in the academic field, but much research has not
been done in the digital library interaction regarding
metacognitive skills.

This research examines the relationship between
demographic factors and metacognition in digital li-
brary interaction. The study conducted for this pur-
pose attempts to find answers to the following ques-
tions below:
(a) Is there a significant relationship between demo-

graphic factors and metacognition when interact-
ing with digital libraries?

(b) What metacognitive skills do students have when
interacting with digital libraries?

2 RELATED WORK

Through the reviewing the previous research, we un-
derstood how various techniques of analysis have spe-

cific strengths and weaknesses. (Gorrell et al., 2009)
conducted a research on metacognitively aware IR
systems. They classified metacognitive components
into five categories: schema-training, planning, mon-
itoring, evaluation, and transfer. They used metacog-
nition information Likert-based knowledge generator,
so called MILK, to offer the coverage of the sub-
areas in the taxonomy. They found that metacognitive
uses vary greatly depending on gender, age, and aca-
demic discipline and that older adults, in particular,
use metacognitive skills more than younger adults.

(Madden et al., 2012) revealed whether the appli-
cation of user evaluation standards provides Metacog-
nitive evidence for web reliability, a total of 48 grad-
uate students from various disciplines participated in
the study. It was observed that some students encoun-
tered some difficulties because of an overly simplis-
tic approach to assessing sites. The students were
given different evaluation criteria such as websites
(name, description, appearance, references) and con-
tents such as authorship, quality of writing, evidence
of research, and contacts. According to the find-
ings, some participants reported dissatisfaction with
the lack of information about the author’s identity. It
was also noted that the students in the study appeared
to have received little formal assistance on the eval-
uation, which provides the most direct indication of
metacognition behavior, according to (Bonds et al.,
1992), will not only hold information in ways that
vary depending on the task. In this study, some vol-
unteers engaged in such conduct.

(Cadamuro et al., 2019) investigated the rela-
tionship between metacognition and information and
communication technology (ICT) in undergraduate
students. Metacognitive reflection during an on-
line course was found to build advanced epistemic
agency in students and increase decision-making
skills through metacognitive tips in the e-learning en-
vironment. Another observation during the research
is that metacognition self-regulation and organiza-
tion predicted students’ performance and information
searching behavior. The ICT and Metacognition are
likely in a bi-directional relationship. On the other
hand, working in technology-mediated contexts sup-
ports the development of metacognitive skills, leading
to better learning outcomes. However, metacognitive
skills are necessary to take advantage of web-based
training. The use of metacognitive skills In ICT has
contributed to creating powerful learning and infor-
mation search.

Another previous research is the think-aloud pro-
cedure focusing on comparing the use of these strate-
gies by people with different levels of critical think-
ing in searching behavior; participants were asked to
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think aloud everything they thought of when complet-
ing the task that attracted favorable attention. (Erics-
son and Simon, 1984) argue that it reflects the think-
ing process more directly than other oral reports that
require participants to express their ideas in words
during the task. It is also considered to be a straight-
forward method to gain insight into human knowl-
edge and techniques of problem-solving,” similarly
to (Crain-Thoreson et al., 1997). The study exam-
ines think-aloud procedures to check the reading com-
prehension process and found that only the conver-
sion response represents after modifying the coding
scheme. The variance in comprehension score ac-
counted for by the usage of comprehension strategy
increased from 20% to 40% after adjusting the cod-
ing system to include only transformed responses that
demonstrated active and correct integration of pas-
sage content.

(Reisoğlu et al., 2020) analyzed 20 university stu-
dents on online information searching and metacog-
nitive abilities during argumentation activities, focus-
ing on three phenomena: argumentation activities,
metacognitive skills, and the link between them. By
examining screen recordings and the online informa-
tion searching strategy inventory (OISSI) created by
(Tsai, 2009), different results were obtained in terms
of metacognition awareness and online information
searching methods. The findings of the interviews
demonstrated a link between participants’ online in-
formation searching tactics used in argumentation ac-
tivities and all dimensions of metacognition. Further-
more, the data shows that metacognition skills are fre-
quently linked to multiple sub-dimensions in (Tsai,
2009) framework and might readily encompass a va-
riety of techniques. Again, online argumentation ac-
tivities can be argued to allow for extensive use of
metacognitive abilities in planning, monitoring the in-
formation gathering process, and applying appropri-
ate strategies. According to (van Geel et al., 2015)
metacognition is essential in solving complicated in-
formation problems.

However, given that information search is a
problem-solving process, metacognition has always
been a missing piece in the puzzle to understanding
users better. The current study used a metacognitive
paradigm from educational psychology to illuminate
the research problem. However, further research is
needed to categorize users’ difficulties during infor-
mation searching through digital libraries and develop
adequate taxonomy, which are five core metacogni-
tion skills to address these challenges.

3 METHODOLOGY

This section will present the study design, instrument,
participants, and data analysis information.

3.1 Research Design

The quantitative research approach was employed to
identify the demographic differences in metacogni-
tion in digital library interaction. This strategy was
used to gather data on the subject and contribute to a
more comprehensive understanding.

3.2 Participants

The study was conducted to gather adequate infor-
mation from Kyungpook National University students
(Koreans and international students) and Nigerian
university students. This research tends to employ a
simple random sampling technique in selecting one
hundred and twelve (112) respondents for this re-
search. This includes 20 Knu-Korea students,35 Knu-
International students, and 57 Nigeria university stu-
dents. The bulk of the 112 participants was male
(57%) and female (43%) respectively. The partici-
pant’s ages range from 18 to 43 years above. Partici-
pants have different qualifications ranging from bach-
elor’s degrees, master’s degrees, doctorate degrees
(Ph.D.), and post-doc.

3.3 Metacognition Components

The existing concept of five metacognitive skills used
in the study Schema-training, planning, monitoring,
evaluation, and transfer were developed by (Brown,
1975). Schema-training: This involves the devel-
opment of cognitive structures that provides a con-
ceptual framework for comprehension (Gordon and
Braijn, 1985). Planning: This refers to carefully
evaluating the current situation in order to determine
potential causes of action to implement solutions to
achieve results and make efficient use of the time
and resources (Erenler and Cetin, 2019). Monitor-
ing: This is about the person’s awareness of how
she performed in relation to the process that was
planned. (Schraw, 1998) Evaluation: This refers to
how the person evaluates both the organization pro-
cess and the outcomes of her own learning (Schraw
and Moshman, 1995) Transfer: It refers to the pro-
cess of moving one’s skills and knowledge from one
problem-solving scenario to another. The low and
high-road theory on learning transfer, developed by
(Perkins et al., 1992) However, (Wallace and Kup-
perman, 1997), who also explores web searching,
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Table 1: Metacognition components.

Memory Comprehension Task Technology

Schema-training [S-M] [S-C] [S-Ta] [S-Te]

Planning [P-M] [P-C] [P-Ta] [P-Te]

Monitoring [M-M] [M-C] [M-Ta] [M-Te]

Evaluation [E-M] [E-C] [E-Ta] [E-Te]

Transfer [T-M] [T-C] [T-Ta] [T-Te]

recommends breaking down the rest of the required
skills into two parts task and technology. In addition,
metamemory and meta-comprehension are subareas
of Metacognition (Brown, 1975). All these make it
four elements applied to five components of the task.
As shown in Table 1, there are twenty subareas.

Based on the subareas of Table 1, a 32-item ques-
tionnaire was developed by the researcher using the
Google forms feature. The questionnaire aims to
cover all the domains outlined in the taxonomy and
explore participants’ perceptions of their usage of se-
lected metacognitive skills while searching on the
web and digital libraries. The measurement used is
a 5-point Likert type scale range and was set out and
scored in the following way 5= Strongly agreed, 4=
Agree, 3=Neutral, 2= Disagree, 1= Strongly disagree.

3.4 Data Analysis

The data collected was coded organized and pro-
cessed by the researcher using the statistical package
for the social sciences (SPSS version 26). Descrip-
tive statistics of frequency count were used to pro-
vide information on the number of males and females
that participated in the research. It was also used to
analyze the age, qualification, academic background,
searching skills, and experience with a digital library.

The mean and standard deviation were used to an-
alyze the research question to determine the metacog-
nitive skills possessed when searching through the
digital library. Bivariate correlation was used to an-
alyze the relationships between demographics and
metacognition awareness.

4 RESULTS

The results of descriptive statistical analyses were
used to determine the university student’s metacog-
nitive competence scores. The overall mean score is
(x̄ = 3.62) and the criterion mean is 3.0 on a five-
point scale of metacognitive skills which was divided
into five dimensions namely: schema-training, plan-
ning, monitoring, evaluation, and transfer. The group

means for each metacognitive skills dimension was
also calculated. The result revealed that schema train-
ing (x̄ = 3.48), planning (x̄ = 3.64), monitoring (x̄ =
3.63), evaluation (x̄ = 3.54) and transfer (x̄ = 3.81).
Full results are listed in Table 3.

Bivariate correlation analyses were conducted to
discover relationships between demographic informa-
tion (gender, age, qualification, discipline, searching
skills, and experience with digital library) and scores
for the various metacognitive components. A further
correlation analysis sought relationships between de-
mographic information and metacognition. The find-
ing revealed the Pearson correlation analysis which
shows that there is negative significant relationship
between gender and task (r = −0.265, p > 0.05) as
well as on schema (r = −0.235, p > 0.05) and plan-
ning (r =−0.256, p> 0.05). It also showed that there
is negative significant relationship between age and
comprehensive (r = −0.190, p > 0.05) as well as on
schema (r = −0.198, p > 0.05). Furthermore, there
is negative significant relationship between academic
background and comprehensive (r = −0.224, p >
0.05) as well as on planning (r =−0.270, p > 0.05).
Finally, there is negative significant relationship be-
tween experience with digital library and memory
(r = −0.249, p > 0.05) as well as on comprehen-
sion (r = −0.199, p > 0.05), task (r = −0.279, p >
0.05), technology (r = −0.234, p > 0.05), schema
(r = −0.395, p > 0.05) and planning (r = −0.242,
p > 0.05).

5 DISCUSSION

Table 2 shows that there is a negative significant re-
lationship between task, schema, and planning based
on gender. This implies that males have a strong neg-
ative significance in the metacognitive skills in the
main component of schema training p = 0.013 and
planning p = 0.006 and subareas task p = 0.005 than
females to a greater extent. Furthermore, age has a
negative significance with older people having bet-
ter metacognition skills in schema training p = 0.037
and comprehension p = 0.045. This implies that older
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Table 2: Pearson correlation coefficient (Pearson’s r) and p-value between Demographics and Metacognition awareness.

Pearson’s r (p-value)
Gender Age Qualification Academic

Background
Searching
Skills

Experience with
digital library

Schema
-0.235∗ -0.198∗ -0.021 -0.137 0.143 -0.395∗∗

( < 0.013) (< 0.037) (< 0.825) (< 0.149) (< 0.133) (< 0.000)

Planning
-0.256∗∗ -0.112 -0.055 -0.270∗∗ 0.063 -0.242∗

( < 0.006) (< 0.239) (< 0.563) (< 0.004) (< 0.509) (< 0.010)

Monitoring
-0.032 -0.064 -0.012 -0.172 -0.031 -0.077

( < 0.739) (< 0.501) (< 0.904) (< 0.070) (< 0.744) (< 0.419)

Evaluation
-0.089 -0.076 -0.134 0.169 0.017 -0.139

( < 0.353) (< 0.426) (< 0.159) (< 0.075) (< 0.861) (< 0.143)

Transfer
-0.126 0.076 -0.062 0.044 0.095 -0.149

( < 0.186) (< 0.424) (< 0.515) (< 0.646) (< 0.320) (< 0.116)

Memory
-0.146 -0.074 -0.070 0.064 0.119 -0.249∗∗

( < 0.125) (< 0.437) (< 0.463) (< 0.506) (< 0.210) (< 0.008)

Comprehension
-0.111 -0.190∗ -0.080 -0.224∗ -0.009 -0.199∗

( < 0.243) (< 0.045) (< 0.404) (< 0.018) (< 0.923) (< 0.036)

Task
-0.265 ∗∗ -0.100 -0.040 -0.123 0.110 -0.279∗∗

( < 0.005) (< 0.296) (< 0.678) (< 0.198) (< 0.248) (< 0.003)

Technology
-0.150 0.004 0.003 -0.033 -0.024 -0.234∗

( < 0.114) (< 0.967) (< 0.975) (< 0.726) (< 0.798) (< 0.013)
∗ Correlation is significant at the 0.05 level (2-tailed).
∗∗ Correlation is significant at the 0.01 level (2-tailed).

people have metacognitive accuracy for their capacity
and older adults can accurately assess their ability to
selectively remember high-value information. There
is a negative significant relationship between the main
component of planning p = 0.004 and sub-areas com-
prehension p = 0.010 based on the academic back-
ground which indicates that information technology
students possessed high metacognition skills which
comprise the highest percentage of students that par-
ticipated in the research. Experience with the digital
library is very much influenced and an important fac-
tor in both schema training, p = 0.000 planning, p
= 0.010 memory, p = 0.008 comprehension p = 0.036
task, p = 0.033 technology p = 0.013. Therefore, gen-
der, age, academic background, and experience with
the digital are compelling factors that determine the
level of the metacognitive skills of the students.

Table 3 shows that University students reported
higher use of metacognition in general, with the high-
est score of (x̄ = 3.81) in transfer and in most of the
subareas of metacognition skills. Under schema train-
ing majority of the students possessed high metacog-

nitive skills in schema training-memory. This shows
that a higher percentage of university students have a
number of techniques at their disposal to help them
remember what they learned and where they found it.
It was observed that 52% of respondents lack tech-
niques that can help them understand the information
they find while using a digital library.

Under planning, it could be concluded that plan-
ning comprehension is significantly high, this shows
that the majority of the students possessed skills in
planning to summarize in order to monitor and im-
prove their comprehension. While they lack plan
search task strategies such as verifying how trustwor-
thy the information from digital libraries is from dif-
ferent academic journals. Importantly, a lack of plan-
ning doesn’t necessarily mean an ineffective search.
In other words, the high potential in planning which
in some cases inhibits efficient retrieval.

A higher percentage of students under monitoring
show strong metacognition skills in the monitoring
search task which indicates when using the digital li-
brary for a learning task, they ask themselves ques-

Relationship between Demographic Factors and Metacognition in Digital Library Interaction

93



Table 3: Types of metacognitive skill.

S/n Types of metacognitive skills x̄ σ
Schema-Training

[S-M] I have techniques that help me remember any information I come across on digital
library.

3.84 0.94

[S-C] I have techniques that help me understand the information I find while using digital
library.

3.21 1.19

[S-Ta] I have developed ways of identifying the type of information I need for my learning
tasks while using digital library.

3.33 1.24

[S-Te] I am good at choosing keywords on user interface of digital library to get optimized
feedback.

3.52 1.18

Average mean 3.48 1.14
Planning

[P-M] I plan ways to remember the information I find in the digital library. 3.88 0.84
[P-C] I may use the digital library to start a search task to increase my understanding on

a subject area.
3.87 1.02

[P-Ta] I decide in advance exactly what type of information I am looking for on digital
library.

3.17 1.33

[P-Te] I tend to work out my search skills before using a digital library. 3.65 1.02
Average mean 3.64 1.05

Monitoring
[M-M] Sometimes when using the digital library, I am aware that I might for get the

information I find.
3.68 1.01

[M-C] Sometimes when using the digital library, I may have misunderstood information
I read earlier in my search.

3.04 1.14

[M-Ta] When using the digital library for a learning task, I find myself asking questions
along the lines of: “Is this search providing the type of in formation I need?”.

3.94 0.80

[M-Te] At times I am cautions as I search (e.g. the words I put into the search box) in the
digital library.

3.85 0.91

Average mean 3.63 0.97
Evaluation

[E-M] It is clear to me when I am failing to remember what I learned in the digital library. 3.49 0.93
[E-C] While using the digital libraries I get convinced that the feedback of my search is

valid.
3.18 1.15

[E-Ta] I spend a lot of time judging how well the information I find in digital libraries
matches my learning needs.

3.70 1.02

[E-Te] It is usually obvious to me whether I am using a good search strategy on a digital
library or not.

3.80 0.92

Average mean 3.54 1.01
Transfer

[T-M] I use different approaches to recall the information that I learned in other domains
of digital library.

3.77 0.96

[T-C] My experience with different learning tasks has helped me monitor how well I am
understanding what I read in the digital library.

3.79 0.83

[T-Ta] My experience in other areas helps me to work out exactly what type of informa-
tion I need for my learning task in the digital library.

3.99 0.93

[T-Te] The skills I apply when using a digital library are useful in other areas of my
information searching.

3.70 0.94

Average mean 3.81 0.92
Overall mean = 3.62
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tions along the line if the search provides the type
of information they need. It shows that 74% of the
participants are aware of their progress towards com-
pleting the task and the reliability of the information
they found. But possessed weak metacognition skills
in monitoring comprehension which shows that when
using a digital library they must have misunderstood
information they read in the past when searching.

Under evaluation, it could be concluded that users
possessed strong metacognition skills in evaluation
technology which implies that it is usually obvious to
the majority of university students whether they are
using a good searching strategy in a digital library or
not. It shows that participants critically evaluate their
search method and use of technology and draw con-
clusions about the use. However, they lack evaluation
comprehension skills while using digital libraries they
get convinced if the feedback of their search is valid.

Under transfer, it shows that users possessed a
higher level of metacognition skills in the transfer
search task with 74% of participants who have ex-
perience from other areas helping them to work out
precisely what type of information they need for their
learning task. On the contrary, there is low metacog-
nition awareness in transfer technology which indi-
cates that the use of carrying learning from other tasks
into their use of sources and technology is low.

6 CONCLUSION AND
RECOMMENDATION

This study’s findings imply that, regarding the issue
with digital libraries, metacognition awareness is es-
sential where it is lacking. Based on the conclusions
of this paper, metacognitive skills were observed from
different components and subareas of the taxonomy.
The result shows that students demonstrated strong
metacognition skills on transfer which is a result
of metacognitive knowledge that helps them to se-
lect previously learned strategies to achieve searching
goals or to deal with problems encountered during the
task. According to (Groteluschen et al., 1990), if the
chosen strategy is effective and searchers believe it
improves learning quality and their specific strategy
is stronger. The nature of this study cannot be con-
sidered indicative of the entire student body. Given
the fact that there are 122 participants in the study, it
seems reasonable that it doesn’t cover larger numbers
of students with different academic backgrounds. It
is possible to argue that teaching students how to ap-
ply metacognitive methods improves their academic
performance (1988). Students with advanced skills in
metacognition may keep track of their own learning,

express their opinions on it, keep up to speed on their
knowledge, and develop and implement new learn-
ing procedures. Students that effectively use their
metacognitive skills are more aware of their strengths
and weakness and seek to develop their skills further
than other students (Bransford et al., 2000). The re-
sults show improvement in planning which shows that
majority of the students demonstrate the use of imple-
menting metacognitive strategies that require careful
planning and a better understanding of metacognitive
skills should provide students with potential strategies
to use when searching for information in digital li-
braries.

According to (Jones et al., 1995) the greater a
student’s understanding of metacognition, the greater
his or her efficiency. In the twenty-first century,
metacognition strategies are needed. This will al-
low students to successfully cope with new situa-
tions when searching, and school library media spe-
cialists to capitalize on their skills and gain ac-
cess to a wealth of resources, fostering the develop-
ment of good thinkers who are successfully problem-
solvers, searching skills, and information retrieval ex-
perts. Additionally, students with good metacognitive
skills are better critical thinkers, problem solvers, or
decision-makers than students without metacognitive
skills, and also metacognitive training can increase
students’ self-confidence and personal responsibility
for their own development.

The implication is that metacognition skills help
individuals process and retain information through
self-recognition and reflection. Metacognition skills
are essential because they help students understand
their learning process and how they learn effectively,
and it also assists users in learning to control their
searching by defining search goals and tracking their
progress towards them. The taxonomy used in this re-
search to identify the metacognition awareness from
different nationalities can be used for future research
on information searching through a web search. Its
feature can be used not just for digital libraries.
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Abstract: A trend of distance underestimations in Virtual Reality (VR) is well documented, but the reason still remains
unclear. Therefore, this paper investigates the effect of differently sized Virtual Environments (VEs) on ego-
centric distance perception in VR as a potential influence. Verbal assessment, blind walking, and our own
proposed method: walk and assess, were compared in an experiment, and blind walking was found to be the
most accurate. A virtual replica of a real-life location was created as a transitional environment, while small
(15m2), medium (35m2) and large (95m2) rooms were created to investigate the effect of VE size on spatial
perception in VR. To establish the differences in estimations between the real world and VR when using blind
walking, a study was conducted with the virtual replica and its real life counterpart at distances between 1 and
10 meters. Following this, the three distinct room sizes were used in an experiment to investigate the effect
of the size of rooms on spatial perception in VR. The findings showed consistent underestimates of distances,
and a trend for underestimation to grow as the distance grows was observed. Similarly, underestimates grew
with the size of the environment.

1 INTRODUCTION

Virtual Reality (VR) as a technology has been shown
to be influential within the world of architecture,
where it is used to represent and simulate architec-
tural spaces Loyola (2018). Unfortunately, quite a
few researchers have found that distances in Virtual
Environments (VEs) are generally underestimated by
10 to 26 percent (Loyola (2018), Witmer and Sad-
owski Jr. (1998), Ahmed et al. (2010), Renner et al.
(2013)), which threatens the validity of the platform
as a medium for representation of spaces, and makes
it a subject worth exploring.

In an experiment done by Lucaci et al. (2022),
findings indicated general overestimation of dis-
tances. They hypothesized that it might have been
due to the relatively small size of the environment
(12.6m2) compared to previous research which used
larger environments ranging from 13m2 to 233m2

(Simpson et al. (2018), Moscoso et al. (2021), Zhao
et al. (2019)).

Lucaci et al. (2022) used Verbal Assessment to
measure perceived distances, however, Thompson
et al. (2004) have criticised the method for being sub-
jected to bias and noise.

a https://orcid.org/0000-0003-0762-3713

With this in mind, the aim of this study was to
identify a reliable method of quantifying perceived
distances, and use that to investigate the effect of dif-
ferent sizes of VEs on spatial perception in VR.

2 SPATIAL PERCEPTION IN
VIRTUAL REALITY

Spatial perception is a combination of physiological
and cognitive processes which utilize a variety of per-
ceived depth cues to turn a two-dimensional image
into a three-dimensional representation of the world
(Renner et al., 2013).

Perceived distances can be either ego-centric or
exo-centric. Ego-centric distances refer to distances
between an observer and a point, while exo-centric
distance is the distance between two external objects.
(Maruhn et al. (2019), Renner et al. (2013))

Underestimation of ego-centric distances in Vir-
tual Reality (VR) was found to be 19% by Loyola
(2018) and 15% by Witmer and Sadowski Jr. (1998),
while real-world distances were found to be underes-
timated by 8% by Witmer and Sadowski Jr. (1998),
and 4% by Messing and Durgin (2005). These un-
derestimations are particularly evident with egocen-
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Figure 1: The three differently sized rooms used in the Room Size Experiment in Section 6.

tric distances above 1 meter. On the other hand,
some studies have indicated that exo-centric distances
in VR may be overestimated in VR. (Maruhn et al.,
2019)

However, the focus of this paper is only on ego-
centric distances to emphasize the room size effect. It
is also applicable to more methods of distance estima-
tion than exo-centric distances (see Section 4).

2.1 Depth Cues

To properly understand spatial perception, a basic un-
derstanding of the depth cues which allow us to per-
ceive depth is needed. Such an understanding can aid
in identifying what might lead to errors in distance
estimations.

The depth cues used to inform the three-
dimensional understanding of the world can be di-
vided into two categories; pictorial and non-pictorial
cues. Pictorial cues are cues that can be obtained
from a motionless image, while non-pictorial cues are
largely from motion in the scene or the human vi-
sual system (Renner et al., 2013). The pictorial cues
include occlusion, relative and familiar size, hori-
zon ratio, shading and texture gradients (Proffitt and
Caudek, 2012).

Non-pictorial cues include binocular disparity,
motion parallax and ocular motor (accomodation and
vergence) (Proffitt and Caudek, 2012). Maruhn et al.
(2019) suggest that visual cues might differ between
physical environments and VR in a multitude of ways,
such as by introducing the vergence-accomodation
conflict, which is a result of presenting different im-
ages to each eye using stereoscopic displays.

This phenomenon can be a source of visual dis-
comfort and dizziness.

When discussing distance perception of the world,
one should also consider the circular segmentation of
egocentric distances around a moving observer as pre-
sented by Cutting and Vishton (1995). The segments
and their associated depth cues are shown in Figure
2. The first of these segments is referred to as Per-
sonal Space, and is the area closest to an individual

Figure 2: The interplay between segmentation of egocentric
distances and most important visual cues.

(within arm’s reach) delimited by Cutting and Vish-
ton (1995) to 2 meters. The second segment is called
Action Space which extends from the bounds of the
personal space out to about 30 meters - one can move
relatively quickly, speak, teach and toss objects with
relative ease in this segment. The final segment is
called the Vista Space which extends beyond 30 me-
ters, at these distances the benefits of binocular vi-
sion and movement of the observer significantly di-
minishes. (Cutting and Vishton, 1995)

3 ROOM SIZES IN VIRTUAL
REALITY

When acting in an environment, the size and layout of
it profoundly impacts ones perceived personal, action,
and vista spaces, as distances to objects and walls
might limit the area one can interact in and the avail-
able depth cues. To our knowledge, no prior research
has been done with a particular focus on the effect of
room sizes on spatial perception. Nevertheless, the
sizes of Virtual Environments (VEs) used in Virtual
Reality (VR) research can be incorporated to inform
the design of our VEs.

Sizes of rooms used in such studies vary from just
13.46m2 in a study by Zhao et al. (2019) all the way to
233.26m2 (21.44m x 10.88m) in a study by Moscoso
et al. (2021).

CHIRA 2022 - 6th International Conference on Computer-Human Interaction Research and Applications

98



While Moscoso et al. (2021) only used two differ-
ent rooms in their studies, Simpson et al. (2018) incor-
porated 7 square rooms with the sizes 16m2, 18.75m2,
21.34m2, 25m2, 28.40m2, 32.14m2, 36m2, and uni-
form heights of 2.74m to study the impact of visual
design elements on perception of spaces.

Zhao et al. (2019) used 4 square rooms of sizes
16m2, 21.80m2, 28.40m2, and 36m2 to the influence
of what is seen through windows of a room on per-
ceived spaciousness of rooms. Zhao et al. (2019) also
presented a room of 13.46m2 size as a reference to
spaciousness of 1, and a room of size 40.06m2 as a
reference for spaciousness 10.

3.1 Categorization of Room Sizes

Based on the rooms used by Simpson et al. (2018),
and Zhao et al. (2019), a survey was designed and
distributed to 45 people. The survey consisted of
10 rectangular floor plans (9m2, 19m2, 29m2, 39m2,
49m2, 59m2, 63m2, 75m2, 86m2, and 97m2), which
were presented to participants in random order. Par-
ticipants were asked to rate whether they found each
room to be small, medium or large.

The weighted average of the results were com-
puted for each group; the boundary between small and
medium was ∼25m2 and between medium and large
was ∼52m2.

From these results the intervals were defined as: 0-
25 m2 for small, 25-50 m2 for medium, and above 50
m2 for large. This categorization was used to inform
the sizes of rooms used in the Room Size Experiment
presented in Section 6.

4 METHODS FOR QUANTIFYING
PERCEIVED DISTANCES

To investigate and compare perceived distances in a
set of virtual environments, one must be able to quan-
tify them. Two of the most prominent methods for
quantifying perceived distances are:

• Verbal Assessment: (Loyola (2018), Peer and
Ponto (2017), Armbrüster et al. (2008), Gagnon
et al. (2020), von Castell et al. (2018), Kelly et al.
(2017), Klein et al. (2009))

• Blind Walking: (Interrante et al. (2006), Kelly
et al. (2018), Li et al. (2015), Kelly et al. (2017),
Ahmed et al. (2010))

It was decided to evaluate Verbal Assessment, Blind
Walking, and Walk and Assess (a method where par-
ticipants walk a distance of their choice from a start-
ing point, and then estimate it verbally, devised by

us) with participants to identify the method that per-
formed most similarly between real life and VR with
the highest accuracy. The experiment was conducted
on 30 participants with perfect 20/20 or corrected vi-
sion, who would estimate three distinct distances for
each chosen method. Verbal Assessment resulted in
22% average error in VR and 13% in the Real World
(RW), Walk and Assess showed 25% average error in
VR and 18% in RW, and Blind Walking showed 12%
average error in both VR and RW. Due to the fact that
Blind Walking performed most similarly between VR
and RW, and resulted in the least average error in both
VR and RW, we chose this method to be used in the
succeeding experiment.

5 BLIND WALKING BASELINE
EXPERIMENT

To establish what difference might exist in estimates
between the Real World (RW) and Virtual Reality
(VR) when using Blind Walking, an experiment to
evaluate the method was designed. The purpose was
the establishment of a baseline difference between
VR and RW, as well as it being a pilot test of the
method for the final investigation of room sizes effect
on spatial perception in VR.

5.1 Participants

40 participants were recruited with normal (20/20) or
corrected vision. All participants were university stu-
dents recruited by convenience, and had an average
Interpupilary Distance (IPD) of 65mm.

5.2 Apparatus

A Quest 2 Head Mounted Display (HMD) was used,
untethered to allow free movement, connected to a
laptop with Oculus Airlink. The laptop had a Nvidia
Rtx 3060 graphics card and ran Windows 11.

In order to minimise the blurriness that partici-
pants might experience from an uncalibrated HMD,
each participant’s Interpupillary Distance (IPD) set-
tings were measured and adjusted to one of the three
physical settings on the Quest 2 (58mm, 63mm, and
68mm).

The Field of View (FOV) of the Quest 2 was also
measured, and found to be 94°(IPD 58mm), 93°(IPD
63mm) and 95°(IPD 68mm) vertically, with the hori-
zontal FOVs being 93°(IPD 58mm), 94°(IPD 63mm)
and 86°(IPD 68mm).
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5.3 Procedure

The participants would enter a large empty room
(130m2) assigned as a testing area (as shown on Fig-
ure 3) and complete a consent form.

A facilitator (facilitator 2 in Figure 3) shortly
briefed each participant of the procedure of the ex-
periment, and would keep the participants informed
of what would happen next during the experiment. A
Latin square was utilized to counterbalance the order
of the conditions and distances between participants.

In the real world condition participants were first
shown a target point, after which they were asked to
blindly walk to the target point. The participants were
asked to close their eyes and wear a sleeping mask
to prevent them from seeing the target point while
walking. After assessing a distance by walking to the
point, the distance was measured by a facilitator with
a laser range finder, and the participants were asked to
return to their starting position which was marked on
the floor with a cross. The process was repeated until
all distances were assessed.

In the VR condition, participants entered a vir-
tual replica of the empty room and went through the
same process as described above. Instead of a sleep-
ing mask, the screen in the HMD was faded to black
after participants were informed to close their eyes.
The participants’ walk was assessed by the software
instead of a laser range finder. The changing of tar-
gets, fading to black, and noting of measurements was
done by facilitator 1 as seen in Figure 3.

To ensure participants’ safety during their Blind
Walking, facilitator 3 (in Figure 3) would prevent
them from colliding with walls should they have
walked too far.

Figure 3: Visualization of the test setup for the Blind Walk-
ing baseline experiment.

5.4 Results

To compare the distance assessments across condi-
tions and distances, the amounts of error in the as-
sessments were expressed in percentage. The abso-
lute values of results were analyzed in the context of
accuracy, defined as ”how much the assessments devi-
ate from the actual distances” (Loyola, 2018), while
the standard deviation of relative values were used to
represent the precision of the assessments, defined as
how similarly participants within a certain group as-
sessed the distances (Loyola, 2018).

Figure 4: Participants’ precision in VR at given distances
reveals a tendency to underestimate as distances gets larger.

Figure 5: Participants’ precision in RW at given distances
shows a similar trend of underestimation as in the VR con-
dition in Figure 4.

The mean relative error for the VR condition was
-9.21%, and the mean relative error for the RW con-
dition was -6.84% - this shows that on average, par-
ticipants underestimated distances in both conditions,
with underestimations being greater by 2.37% in VR
than RW. The standard deviation of the relative errors
in VR was 7.42%, while the standard deviation for the
real world condition was 8.9%. As the VR condition
had a slightly lower standard deviation (1.51% dif-
ference), it shows that the VR condition had slightly
higher precision than in the RW condition. This was
shown to not be a statistically significant difference
(p-value = 0.22 > 0.05).
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Plots showing the relative errors at each distance
for the VR condition can be seen on Figure 4, and the
relative errors at each distance for the RW condition
can be seen on Figure 5. The plots show a clear trend
towards greater degrees of underestimation as the dis-
tance increases, which is both observed in VR and
RW. Also noteworthy is that the underestimation gets
slightly smaller in the final estimate (10.35m) poten-
tially due to it being close to the physical end of the
room used for testing.

The mean absolute error in the VR environment
was found to be 12.26%, and 10.76% in the RW envi-
ronment, suggesting that the estimates in the RW were
more accurate than in VR, and the difference between
the two conditions were found to be statistically sig-
nificant (p-value = 0.04 < 0.05).

This study of Blind Walking as a method, estab-
lishes that the degrees of underestimation between
VR and RW are fairly similar (∼ 2% difference), with
less underestimation in RW than VR. The RW under-
estimation were in line with the prior research pre-
sented in Section 2, while the degree of underestima-
tion in VR was also lower than what was found by
prior research. As the method performed similarly to
prior work in the field, with little difference between
VR and RW, it was chosen to be utilized in the final
experiment regarding the effect of room sizes on spa-
tial perception in VR (described in Section 6).

6 ROOM SIZE EXPERIMENT

As a baseline for the relationship between Virtual Re-
ality (VR) and the Real World (RW) was already es-
tablished in Section 5, the rest of the experiments
were conducted purely in VR.

To investigate the influence of room size on spa-
tial perception three different rooms were designed: a
small room (∼15m2), a medium room (∼35m2) and a
large room (∼95m2). The sizes of the rooms were
based on the research described in Section 3.1 and
were all chosen to have the same 3:5 aspect ratio.
All the rooms give access to the personal and action
spaces, while the vista space is never reached, which
afforded the depth cues presented in Figure 2. The
rooms can be seen side by side in Figure 1.

6.1 Participants

36 participants were recruited with normal (20/20) or
corrected vision. Participants consisted of university
students recruited by convenience. The average IPD
of the participants was measured to be ∼65mm.

6.2 Apparatus

The apparatus used for the Room Size Experiment was
the same as for the Blind Walking Baseline Experi-
ment, as presented in Section 5.2.

6.3 Procedure

The participants would enter the same large empty
room as in the Blind Walking Baseline Experiment
with an area of 130m2, where they were informed of
the procedure of the experiment and filled out a con-
sent form.

Participants then entered a transitional environ-
ment in Virtual Reality (VR), which resembled the
large empty room they were present in. After a brief
delay, they would then be transported to the first room
of the experiment (either the small, medium or large
one).

In each of the rooms of the experiment, partici-
pants would be presented with blue crosses on the
ground which served as targets, and once they said
that they felt ready to walk there without vision, they
were asked to close their eyes and the screen would
fade to black. This procedure would be repeated for
4 targets in the small room, 6 targets in the medium
room, and 8 targets in the large room as indicated on
Figure 6.

All targets and rooms were presented in random
orders (based on a Latin square) for each participant,
and since the targets 0.9m, 1.7m, 2.6m and 3.2m were
presented to participants in both the small, medium
and large rooms they would serve as the basis of later
comparisons. We refer to these distances as the uni-
versal distances.

Figure 6: Visualization of the transitional environment
setup with the three overlapping rooms and distances.
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6.4 Results

The mean relative error for the universal distances
was found to be -4% in the small room, -5% in the
medium room, and -6% in the large room. This shows
a consistent tendency towards underestimation of dis-
tances, regardless of the room size, which seems to
grow slightly larger as the room size does. The rel-
ative error for universal distances was found to be
normally distributed, and no statistically significant
difference was found between the small and medium
rooms (p = 0.49 > 0.05), however, a statistically sig-
nificant difference was found between the small and
large room (p = 0.03 < 0.05). A statistically signifi-
cant difference was also found between the error es-
timates for the medium (8%) and large room (9%) (p
= 0.04 < 0.05) when comparing all overlapping dis-
tances (universal distances, 4.8m and 5.8m).

The standard deviation for the universal distances
was found to be 12% for the small room, 13% for
the medium room and 11% for the large room. This
indicates that the precision is not linearly influenced
by the room size.

The relative error estimates for each distance in
each room size are presented in Table 1. The ta-
ble shows a general trend towards greater degrees of
underestimation as the distance increases. It is also
worth noting that the first distance, 0.9 meters, was
consistently overestimated regardless of room size.

A statistically significant difference was found be-
tween all distance estimates of consecutive distances
(p < 0.05), except for between 2.6m and 3.2m in
the small room, 1.7m and 2.6m in the medium room,
and 3.2m and 4.8m in the large room. In most cases
the statistical significance shows growing underesti-
mation, with the exception of the cases 3.2m to 4.8m
in the medium room, and 5.8m and 7.1m in the large
room.

Table 1: Relative error of each distance and room size in
percentage. Universal distances are highlighted in green.
Light blue shows overlapping distances between medium
and large, and light purple are only for the large room.

Average Error in Estimates
Distance
(meters)

Small
Room

Medium
Room

Large
Room

0.9 +4% +3% +3%
1.7 -4% -4% -6%
2.6 -7% -7% -11%
3.2 -11% -12% -11%
4.8 -10% -11%
5.8 -16% -20%
7.1 -14%
10.8 -19%

The mean absolute error, representing the accu-
racy, was found to be 10% for the small room, 11%
for the medium room, and 11% for the large room.
The small room showed the lowest absolute error, but
no statistically significant difference was found be-
tween any of the room sizes (small-large [p = 0.21
> 0.05], small-medium [p = 0.58 > 0.05], medium-
large [p = 0.31 > 0.05]). The absolute error data was
found to be non-normally distributed.

7 DISCUSSION

The mean relative errors for the universal distances
were found to be -4% in the small room, -5% in the
medium room, and -6% in the large room. The large
room was found to have statistically significantly dif-
ferent estimates from the small and medium rooms.
However, this was not the case between the small and
medium rooms. This observation indicates that room
size affects participants’ ability to perceive distances,
with a tendency of larger rooms causing greater un-
derestimations.

The small and medium rooms showed no statisti-
cally significant differences in participants’ error de-
gree, which suggests that the difference in size be-
tween the small and medium room has to be bigger
for the effect to have a statistically significant influ-
ence on the results.

The results of the experiments also show a ten-
dency of longer distances being underestimated more
than shorter distances. This is shown by most con-
secutive distance estimates being statistically signifi-
cantly different from each other, while also maintain-
ing a trend of increasing underestimation.

In the Blind Walking Baseline Experiment as a
method for quantifying perceived distances, the av-
erage error was roughly -9% for Virtual Reality (VR)
and roughly -7% for Real World (RW). These degrees
of underestimation are largely consistent with previ-
ous studies investigating spatial perception in VR, us-
ing Blind Walking as a method. Ahmed et al. (2010)
found underestimations to be 10% and Witmer and
Sadowski Jr. (1998) reported 15% underestimation in
VR. The 7% underestimation found for the RW con-
dition is also in line with previous research, especially
insofar as being lower than the VR underestimations.
Loyola (2018) found 10% underestimation, Witmer
and Sadowski Jr. (1998) found 8% underestimation in
RW.

Based on the results from the Blind Walking Base-
line Experiment, it can also be theorized that the pres-
ence of a physical wall close to the furthest distance
affected the estimations. As can be seen in Figures 4

CHIRA 2022 - 6th International Conference on Computer-Human Interaction Research and Applications

102



and 5, in both conditions the accuracy decreased the
longer the distance - until 10.35, which was the dis-
tance closest to the wall. A reason for this might have
been some participants putting out their hands in front
of them to try to feel the wall, which was a flaw of the
experiment.

Similarly, in the Room Size Experiment we ob-
served that estimation points close to the side walls
had less underestimation, with 4.8m being the closest
to a wall in the medium room and 7.1m in the large
room as seen in Figure 6 than the furthest point, and
the point before them. This was not seen in the small
room, likely because the points were similarly spaced
from the walls.

A noteworthy deviation from prior research is the
advancement of VR technology in the recent years
allowing the display of images in a higher resolu-
tion and at higher refresh rates. Another difference
is that most previous studies used tethered HMDs for
their experiments, while this study used an untethered
HMD. This might be a reason for the lower degree
of underestimations found in this study, since being
untethered affords more freedom of movement.

7.1 Validity and Reliability Concerns

The implications of this study should be evaluated
with caution due to some threats to the validity and re-
liability of the results. One of them being the fact that
the experiments were carried out on a convenience
sample of university students, opposed to a random
sample. This could affect how adequately they rep-
resent the general population. Nevertheless, as men-
tioned in Section 6.4, the relative error data was nor-
mally distributed. Additionally, since most of the par-
ticipants who took part in the experiments were stu-
dents pursuing technology and design related degrees,
it is also likely that some of them were experienced
with VR. This could affect the results of the exper-
iments, as it could translate into better performance
due to being more used to acting in a virtual space.

Another potential threat affecting the results could
be the sound cues caused by the movement of the fa-
cilitator, who ensured that participant’s would not col-
lide with walls, as it might have affected their spatial
awareness.

Additionally, the distances used in all experiments
were consistent across conditions, with the same
groups of participants testing in all conditions per ex-
periment. This could entail some carryover effects
that could affect the results, such as practice and vi-
sual fatigue. To account for these effects, the exper-
iments were designed with the use of Latin squares,
randomizing the order of distances. To further pre-

vent visual fatigue, the experiments were designed to
take up a short amount of time (on average 10 minutes
per participant).

8 CONCLUSION

The aim of this study was two-fold: to identify a re-
liable method of quantifying perceived distances, as
well as to use the identified method to investigate the
effect of different sizes of Virtual Environments (VEs)
on spatial perception in Virtual Reality (VR).

To investigate the reliability of the methods, they
were compared between VR and the Real World
(RW). Blind Walking was identified as a promising
method, as it resulted in the lowest degree of under-
estimation in both VR (12%) and RW (12%) and it
also performed the most similarly between RW and
VR compared to verbal assessment and walk and as-
sess. The method was further investigated in a large
(130m2) empty room to establish a baseline for the
difference between error estimation in VR and RW,
where underestimation of distances were found to be
∼9% in VR and ∼7% in RW.

The effect of different VE sizes on spatial percep-
tion was then investigated using VR and three differ-
ently sized rooms: a small room (15m2), a medium
room (35m2) and a large room (95m2). Underesti-
mations were found to be 4% in the small room, 5%
in the medium room, and 6% in the large room for
the universal distances (distances between 0.9m and
3.2m) in the Room Size Experiment. This indicates
that distances become more underestimated the larger
the area of the VE. It is worth noting that no statis-
tically significant difference in estimates was found
between the small and medium rooms, however, the
large room had a statistically significantly greater de-
gree of underestimation than the small and medium
rooms.

In general, the underestimations from the Blind
Walking Baseline Experiment and Room Size Experi-
ment are in line with previous literature as presented
in Section 2. Additionally a tendency for underesti-
mation to grow with the distance was found.

More importantly, the Room Size Experiment indi-
cated that room size could influence spatial perception
in VR, however, more research is needed to validate
this and find the exact threshold where room size be-
gins to have a clear effect.

In conclusion, this study contributes to a better un-
derstanding of spatial perception in VR, how it is af-
fected by the size of the environment, as well as the
performance of Blind Walking as a method of quanti-
fying perceived distances.
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Abstract: We have addressed a problem that emotions associated with texts are not correctly conveyed in text chat. In 
this study, we conducted two experiments to analyze whether electroencephalography (EEG) and 
hemoencephalography (HEG) of a receiver can be used to identify the receiver’s empathic state when the 
receiver is empathizing with the emotion associated with the text sent by a sender. As the results, we found 
that emotional valence was more likely to be empathized with in text-based chat, but emotional arousal was 
less likely to be empathized with. We also found that the power of theta waves at O1 (in the occipital region) 
of the empathic receivers was significantly lower than that of the non-empathic receivers. 

1 INTRODUCTION 

People communicate using a variety of modalities 
such as text, voice, and video with increasing 
popularity of smartphones and social networking 
services (IICP of MIC, 2019). Among the modalities, 
text-based communication, such as chat and email, 
has an advantage of being less constrained in time and 
space, and is easier to communicate anytime and 
anywhere. On the other hand, a disadvantage of text-
based communication is that it lacks visual 
information (such as facial expressions and body 
language) and auditory information (such as tone and 
volume of voice) compared to voice, video, and face-
to-face communication, and thus may not correctly 
convey emotions to a receiver. If the emotions are not 
conveyed correctly to the receiver, there is a 
possibility that the receiver will not understand the 
emotions and will not sympathize with them. 

To address the problem, we have proposed use of 
physiological signals of the receiver to estimate the 
receiver’s empathy with regard to emotions of 
conversational content in the text. The reason for 
using physiological signals is that physiological 
signals can be measured continuously and 
unconsciously, and can be used without burdening 
users with interruptions or interventions during a text 
conversation. If our proposed system is able to 
estimate empathy from physiological signals, it will 

be able to feed back the receiver’s empathy to the 
sender immediately during text chatting, which will 
make communication smoother in the future. 

In this paper, we introduce related studies and 
indicate the position of our study in the next section. 
After that, we explain the first experiment, which 
examines correlations between the empathizer’s 
emotions and both electroencephalography (EEG) 
(Nunez et al., 2007) and hemoencephalography 
(HEG) (Tinius, 2004) during text chatting. Then, we 
explain the second experiment, in which we added 
data based on the results of the first experiment. Our 
contribution in this paper is that we mentioned the 
possibility of using the theta waves of the EEG on the 
occipital region of the empathizers (receivers) to 
estimate their empathies generated from the text chat. 

2 RELATED WORK 

Kinoshita et al. measured affective sharing from EEG 
signals and conducted an experiment in which 
participants communicated using facial expressions 
of joy, sadness, and neutrality (Kinoshita et al., 2019). 
The results showed that correlations of EEG powers 
were significantly higher under the high affective 
sharing condition compared to the low affective 
sharing condition, and that the correlations of the 
EEG powers were significantly higher under the joy 
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and sadness conditions in the alpha-mu band. The 
results have suggested possibility to measure 
affective sharing in response to emotional faces from 
the correlation of EEG powers.  

Vanderhaegen et al. studied synchronization 
between dynamic events with heartbeats on non-
conscious errors in the control of dynamic events by 
comparing two groups of subjects: a group for which 
alarms were activated synchronously with the current 
heart rate of the subjects and a group for which the 
alarms were activated without being synchronized 
with the current heart rates of the subjects 
(Vanderhaegen et al., 2020). The results showed that 
there was a significant impact of such a 
synchronization of events with heartbeat.  

Jain et al. looked at and analyzed how messages 
sent on instant messages or posts on social networks 
are interpreted by readers in terms of the emotional 
state of the sender (Jain et al., 2016). As the results of 
Spearman’s rank-correlation coefficient about the 
Self-Assessment Manikin (SAM) (Bradley et al., 
1994), they found that a high correlation (ρ = 0.80) 
was found between valence of the sender for each 
message and perceived valence of the sender, and that 
no correlation (ρ = 0.11) was found between arousal 
of the sender for each message and perceived arousal 
of the sender. These indicated how easily and 
accurately valence is conveyed while arousal is 
almost never conveyed accurately. 

Ghosh et al. designed and implemented an 
Android application TapSense which traced 
smartphone typing and records self-reported emotion 
state and conducted an online survey to understand 
the typing habits in smartphones and collect feedback 
on multiple measurable parameters that affect their 
emotion while typing (Ghosh et al., 2017). As the 
results, they observed that using only typing features, 
it was possible to identify four emotion states (happy, 
sad, stressed and relaxed) with an average accuracy 
of 73% and a maximum of 94%.  

We believe that if it is found that physiological 
signals can be used to estimate the receiver’s empathy 
as in Kinoshita et al. (Kinoshita et al., 2019) in text 
chatting, which is our research target, we will be able 
to provide a user interface that supports smoother 
communication with emotions in text chatting than 
before. Specifically, we have been designing a user 
interface that sequentially estimates the receiver’s 
empathy from the physiological signals and provides 
feedback to the sender on a receiver’s level of the 
empathy, and a user interface that automatically 
decorates text according to the receiver’s level of 
empathy. The reason for using physiological signals 
in this way is that physiological signals are not as 

subjectively controllable by the user intentionally as 
questionnaire surveys, can be measured continuously, 
and do not interfere with the user’s operation. For this 
purpose, in this paper, we asked senders and receivers 
to answer their emotions in text chat using SAM, as 
in Jain et al. and then recorded the receivers’ EEG and 
HEG, as in Kinoshita et al. (Kinoshita et al., 2019) 
and analyzed the correlation between the receivers’ 
emotions and the physiological signals. 

3 EXPERIMENT FOR ANALYSIS 
OF PHYSIOLOGICAL SIGNALS 
DURING EMPATHY 

In this experiment, we analyzed correlation between 
physiological signals and empathy for chat text by 
recording physiological signals of receivers during 
text chat and comparing them with their normal 
conditions. 

3.1 Physiological Signals 

Electroencephalography (EEG) and 
hemoencephalography (HEG) were measured in this 
experiment. The EEG and HEG sensors were 
connected to an encoder (Thought Technology Ltd., 
ProComp INFINITI) (Thought Technology Ltd., 
2022). In this section, the properties of the 
physiological signals are described. 

3.1.1 EEG 

EEG is a record of the oscillations of brain electric 
potentials recorded from electrodes attached to the 
human scalp (Nunez et al., 2007). The frequency 
ranges are categorized as delta (0.5 to 3 Hz), theta (4 
to 7 Hz), alpha (8 to 13 Hz) and beta (14 to 30 Hz). 
Very high frequencies (typically over 40 Hz) are 
referred to as gamma activity. In general, theta waves 
are seen in deep meditation and slumber, alpha waves 
are seen in relaxation, and beta waves are seen in 
daily life, tension, and mental excitement. The power 
values of theta, alpha, and beta waves are used as the 
physiological indexes of this experiment. The 
BioGraph INFINITI and BioGraph Infiniti Software 
Platform of Thought Technology Ltd. were used to 
calculate the power values. 
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Figure 1: The EEG sensor and its installation. 

 

Figure 2: The HEG sensor and its installation. 

The EEG-Z sensor from Thought Technology, 
shown in Figure 1, was used as the electrodes for the 
EEG measurement. Three probe electrodes were 
placed at Fp1 (left front polar), O1 (left occipital) and 
O2 (right occipital) according to the International 10–
20 system (American Electroencephalographic 
Society Guidelines for Standard Electrode Position 
Nomenclature, 1991). 

3.1.2 HEG 

A HEG is relative ratio of oxidized hemoglobin to 
deoxygenated hemoglobin with blood flow dynamics 
and cellular metabolism in localized parts of the brain 
cortex (Tinius, 2004). The measurements are closely 
linked with brain activation due to the phenomenon 
of neurovascular coupling. The HEG ratio (Serra-Sala 
et al., 2012 and Skalski et al., 2021), calculated from 
the increase or decrease of oxidized hemoglobin and 
deoxidized hemoglobin in the blood flow to the 
location of the frontal cortex, was used as a 
physiological index in our study. 

We used MediTechElectronic’s HEG-Sensor 
shown in Figure 2 in order to measure the ratio. The 
measurement point was Fp2 (right forehead) of the 
International 10–20 system. 

3.1.3 Standardization 

We standardize the recorded physiological indexes by 
referring to the method of Omata et al (Omata et al., 
2014) to analyze the variation of the indexes during 
an experimental task from the indexes in resting state. 
EEG and HEG-ratio are standardized as shown in 
Equation (1), 

𝑍 ൌ
𝑋 െ 𝜇
𝜎

 (1)

where X is the data of each physiological index during 
the experiment, μ is the mean value of the normal 
state, and σ is the standard deviation. 

3.2 Environment and Participants’ 
Roles 

 
(a) 

 
(b) 

Figure 3: An emotional generator (a) and an empathizer (b) 
during the experiment task. 

As shown in Figures 3a and b, two of the participants 
chatted using laptop computers in two rooms 
separated by a barrier that prevented them from 
directly seeing and hearing each other. We chose 
slack (Slack Technologies, 2022) as the chat system 
for this experiment because it is intuitive and easy to 
understand for the participants, and because it is easy 
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for the participants to reproduce emotional 
expressions more richly by using pictorial reactions 
(Slack Technologies, 2022). 

The two participants were asked to chat with each 
other mainly using text, and each was assigned a role 
for this experiment. One of the two was assigned the 
role of transmitting emotional experiences through 
the chat (hereinafter called the “emotion generator”), 
and the other was assigned the role of empathizing 
with the received emotional experiences (hereinafter 
called the “empathizer”). The empathizer was 
equipped with the physiological signal sensors as 
described above. 

3.3 Procedure and Task 

We asked the participants to participate in the chat 
experiment in pairs (emotion generator and 
empathizer). First, we gave informed consent to these 
two participants and obtained their consent to 
participate in the experiment. After that, we took 
them to separate rooms, sat them in front of a laptop 
computer for chatting, and explained how to use 
slack.  

Before chatting, the emotion generator was asked 
to recall his/her own happy and sad experiences, and 
to rate the experiences on 9-point scale of emotion 
valence and 9-point scale of arousal of the Self-
Assessment Manikin (SAM) (Bradley et al., 1994). 
On the other hand, the empathizer was equipped with 
physiological signal sensors. Then, the physiological 
signals were recorded for one minute while the 
sympathizer was resting and doing nothing, to be used 
as baseline data for analyses. 

The experimental task for both the participants 
was to have a chat conversation about the happy and 
sad events that the emotion generator remembered. 
Before starting the chat, both the participants were 
asked to familiarize themselves with slack for two 
minutes (or more if either of the two requested it). At 
the start of the chat task, via the chat system, the 
experimenter instructed the emotion generator 
“Please tell the other participant about the experience 
you recalled and try to convey the emotion of the 
experience as much as possible,” and instructed to the 
empathizer “Please be a collocutor of the other 
participant’s story and try to capture the emotion of 
the story.” After the experimenter signaled the start of 
the chat, both the participants chatted for about three 
to five minutes based on the instructions. During the 
chat, the physiological signals of the empathizer were 
continuously recorded. The experimenter read the 
content of the chat, and signaled the end of the chat 
when the conversation was finished. Then, the 

physiological signals of the empathizer were recorded 
again for one minute while she was at rest doing 
nothing.  

After the chat was over, the empathizer was asked 
to answer the emotion she recognized from the chat 
text and the emotion she felt as a result of the 
conversation by using the SAM. After a five-minute 
break, the participants performed the same task for 
the other experience that the emotion generator 
recalled. The number of pairs that started with happy 
experiences was equal to the number of pairs that 
started with sad experiences in order to 
counterbalance the order of happy and sad 
experiences in the chat contents. 

After completing the chat task for the two 
emotions, both the participants were asked to 
complete a questionnaire survey about their past 
experience in using slack and their impressions of 
using slack to express the emotions in this 
experiment. 

Eight participants (one male and seven females, 
ranging in age from 21 to 23 years) participated in this 
experiment. All of them had experience using slack 
before the experiment. When creating pair 
combinations from the participants, we paired them 
with the pairs that they usually communicate with via 
text chat. The empathizers in each pair were all 
female. The reason for this was based on the results 
of Davis’s study that women were more likely to 
empathize than men (Davis, 1980). 

3.4 Results 

3.4.1 Correlation Analysis of Subjective 
Emotions 

Figure 4 shows the relationship between the 
emotional valence (from negative (1) to positive (9)), 
that the emotion generators responded about the 
experiments they recalled and the emotional valence 
(from negative (1) to positive (9)) that the 
empathizers felt from the chat. Since the participants 
were asked to chat about happy and sad events, the 
plot points were divided into two groups. The 
Spearman correlation coefficient for the plots is 
0.948. This indicates that both emotion generators 
and empathizers had similar emotional valences. 
Figure 5 shows the relationship between the arousal 
(from low (1) to high (9)) that the emotion generators 
responded about the events  they  recalled and the 
arousal (from low (1) to high (9)) that the empathizers 
felt from the chat. Since the Spearman correlation 
coefficient for the plots is 0.621, there was no 
correlation like that of the emotion valence, and there 
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were differences in the arousal levels held by emotion 
generators and empathizers. 

 

Figure 4: The relationship between the emotional valence 
(from negative (1) to positive (9)) of the emotion generators 
and the emotional valence (from negative (1) to positive 
(9)) felt by the empathizers from the text chat. 

 

Figure 5: The relationship between the emotional arousal 
(from low (1) to high (9)) of the emotion generators and the 
emotional arousal (from low (1) to high (9)) felt by the 
empathizers from the text. 

3.4.2 Correlation Analysis between 
Physiological Signals and Subjective 
Emotions 

The power values of the three frequency bands (alpha, 
beta, and theta) in the EEG at three locations (Fp1, 
O1, and O2) and the HEG ratio at one location (Fp2) 
were analyzed for significant differences among the 
three states: resting state before the task, happy 
empathy, and sad empathy. As the results, there was 
a significant difference (p < .05) between the resting 
state and the happy empathy state in the power values 

of theta waves measured at O1 and O2. There was no 
significant difference (p < .05) in the HEG ratio. 

Figures 6 and 7 show the correlations between the 
power values of theta waves at O1 and O2 and the 
subjective emotional valence of the empathizers 
during resting and happy empathy, respectively. 
Here, the empathizer’s valence at rest is set to 5, 
which represents a neutral emotional state. Therefore, 

 

Figure 6: Relationship between the emotional valence of the 
empathizers and the power value of the theta waves of O1. 

 

Figure 7: Relationship between the emotional valence of the 
empathizers and the power value of the theta waves of O2. 

these graphs show that the power value of the theta 
waves increases when the neutral emotional valence 
at rest is positively changed by empathy for 
happiness. The R2 in each of the graphs is its 
coefficient of determination. 

3.5 Discussions 

Based on the results of SAM, we found that emotional 
valence is easily conveyed but arousal is not easily 
conveyed in text-based chat. This is consistent with 
the results of the study by Jain et al (Jain et al., 2016). 
From the analysis of physiological signals, we found 
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that the power value of the theta wave band of the 
occipital EEG increased during empathy for chatting 
about happy events. This result is in line with the 
results of Knyazev’s study that theta waves are 
related to emotion regulation (Knyazev, 2007). 
Therefore, we argue that occipital theta waves can be 
used to estimate a state of positive empathy of chat 
users toward the chat contents. 

4 FURTHER EXPERIMENT 

We conducted another experiment to add more 
participants’ data to the aforementioned experiment. 
The environment, the roles of participants, the 
procedure, and the task were the same as in the 
aforementioned experiment. However, this 
experiment differs from the previous one in the 
following points. 
 The results of SAM in the aforementioned 

experiment suggest that some participants 
remembered “Angry” and “Afraid” in 
Russell’s circle model (Russell, 1980). 
However, we wanted them to remember Sad, 
so we instructed participants to recall a sad 
experience, not a bad experience. 

 We asked participants to recall the recent 
experiments in order to generate the arousal 
level more accurately. 

 Men were included in empathizers. 

4.1 Results 

4.1.1 Correlation Analysis of Subjective 
Emotions 

Figure 8 and 9 show the relationship between the 
emotional valence (from low (1) to high (9)) and 
arousal (from low (1) to high (9)) that the emotion 
generators responded about the experiments they 
recalled and those that the empathizers felt from  the  
chat. From the plots of the graphs, it can be seen that 
there is a highly positive correlation (the Spearman 
correlation coefficient is 0.806.) between the 
emotional valences of both the roles as the results of 
Section 3. On the other hand, there is low correlation 
(the Spearman correlation coefficient is 0.658.) 
between the emotional arousals of both the roles, 
although the correlation was slightly stronger due to 
the difference in instruction. 
 

 

Figure 8: The relationship between the emotional valences 
(from low (1) to high (9)) of the emotion generators and the 
emotional valences (from low (1) to high (9)) felt by the 
empathizers from the text int the further experiment. 

 

Figure 9: The relationship between the emotional arousal 
(from low (1) to high (9)) of the emotion generators and the 
emotional arousal (from low (1) to high (9)) felt by the 
empathizers from the text int the further experiment. 

4.1.2 Correlation Analysis between 
Physiological Signals and Subjective 
Emotions 

The power values of the three frequency bands (alpha, 
beta, and theta) in the EEG at three locations (Fp1, 
O1, and O2) and the HEG ratio at one location (Fp2) 
were analyzed for significant differences among the 
three states: resting state before the task, happy 
empathy, and sad empathy. As the results, there were 
no significant differences (p < .05) in the EEG and the 
HEG ratio. Although there was no significant 
difference, the power values of theta waves at O1 and 
O2 were higher than those at rest in 7 out of 8 trials 
as in the aforementioned experiment. 
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4.1.3 Integrated Analysis of Data from Two 
Experiments 

We integrated the data from all 16 trials, including the 
experiment in Section 3 and this experiment, and 
divided them into two groups. Specifically, the seven 
trials in which the sum of the absolute values of the 
differences between the emotion generators’ 
responses and the empathizers’ responses from the 
text and their own emotions was less than or equal to 
3 were classified as empathizable group, and the nine 
trials as the rest were classified as non-empathizable 
group, based on the results of the SAM of the 
participants of the two experiments. 

Figure 10 and Figure 11 show the power values of 
theta waves at O1 and O2 for each of the two groups. 
The results show that the power values at O1 in the 
empathizable group was significantly lower than 
those in the non-empathizable group (p < 0.05). There 
was no significant difference about O2. 

4.2 Discussions 

From the results of responses to SAM in the two 
experiments, we found that emotional valence was 
more likely to be empathized with, even in text-based   
chat. On the other hand, when we instructed 
constraints on the degree of arousal in the further 
experiment, which became easier to empathize to 
some extent, but in general of the two experiments, 
arousal was not easily empathized with in text-based 
chat. We believe that the reason for this is that in text-
based chat, there are many words to express positive 
and negative emotions, but not many words to express 
level of arousal. 

One of the reasons for the lack of significant 
differences in physiological signals between the 
resting state and the on-task state in the further 
experiment may be that, unlike the aforementioned 
experiment, the data included data from males, but 
since the number of data is insufficient, further 
additional experiments are necessary in the future. 

Since the power of theta waves at O1 in the 
occipital region was significantly lower in the 
empathizers, who were similar to the emotional 
valence and arousal of the emotion generators, we 
believe that the theta waves in the occipital region can 
provide data for estimating that emotion generators 
and empathizers have similar emotions. However, 
since it is not a simple correlation that the power value 
increases when the emotions are similar, it is 
necessary to conduct further experiments to analyze 
the relationship between the value and the degree of 
empathy in more detail. 

 

Figure 10: The power value of theta wave at O1 in two 
groups of emotion similarity difference. 

 

Figure 11: The power value of theta wave at O2 in two 
groups of emotion similarity difference. 

5 CONCLUSIONS 

We conclude from the two experiments that the 
power of theta waves in the occipital region is higher 
during empathy for the content of a text chat than at 
rest, but lower when empathizing with the same 
emotion of an emotion generator. Moreover, we find 
that we need more data to analyze the differences in 
the measurement points of physiological signals, the 
relationship between EEG and HEG, and the 
individual differences among participants. In 
addition, we believe that further analysis of the 
content of the text chat, the degree of empathy, and 
the fluctuations of the physiological signals during 
the text chat will show possibility of using the 
physiological signals in more detail. 
 
 

An Analysis of Correlations between Empathy and Both EEG and HEG during Text Chat

111



REFERENCES 

American Electroencephalographic Society Guidelines for 
Standard Electrode Position Nomenclature. (1991). 
Journal of Clinical Neurophysiology. Vol. 8, No. 2, 
200–202. 

Bradley, M. M. and Lang, P. J. (1994). Measuring emotion: 
The Self-Assessment Manikin and the Semantic 
Differential. Journal of Behavior Therapy and 
Experimental Psychiatry, Vol. 25, No. 1, 49-59. 
https://doi.org/10.1016/0005-7916(94)90063-9. 

Davis, M. (1980). A Multidimensional Approach to 
Individual Differences in Empathy. Journal of 
Personality and Social Psychology Catalog of Selected 
Documents in Psychology, 10, 85. 

Ghosh, S., Ganguly, N., Mitra, B., and De, P. (2017). 
Evaluating effectiveness of smartphone typing as an 
indicator of user emotion. In 2017 Seventh 
International Conference on Affective Computing and 
Intelligent Interaction (ACII). IEEE, 146–151. 

Jain, M., Seshagiri, S., and Chopra, S. (2016). How do I 
communicate my emotions on SNS and IMs? In 
Proceedings of the 18th International Conference on 
Human-Computer Interaction with Mobile Devices and 
Services Adjunct (MobileHCI'16). Association for 
Computing Machinery, New York, NY, USA, 767–
774. DOI:https://doi.org/10.1145/2957265.2961862. 

Kinoshita, T., Tanaka, H., Yoshino, K., and Nakamura, S. 
(2019). Measuring Affective Sharing between Two 
People by EEG Hyperscanning. In Adjunct of the 2019 
International Conference on Multimodal Interaction 
(ICMI’19). Association for Computing Machinery, 
New York, NY, USA, Article 3, 1–6. 
DOI:https://doi.org/10.1145/3351529.3360657. 

Knyazev, G. G. (2007). Motivation, Emotion, and Their 
Inhibitory Control Mirrored in Brain Oscillations. 
Neuroscience & Biobehavioral Reviews, Vol. 31, Issue 
3, 377–395. 

Nunez, P. L. and Srinivasan, R. (2007). 
Electroencephalogram. Scholarpedia, Vol. 2, No. 
2:1348. Retrieved Feb. 15, 2022 from 
http://www.scholarpedia.org/article/Electroencephalog
ram. 

Omata, M., Kanuka, D., and Mao, X. (2014). Experiments 
for Emotion Estimation from Biological Signals and Its 
Application. Transactions on Computational Science 
XXIII Lecture Notes in Computer Science Vol. 8490, 
178-198. 

Russell, J. A. (1980). A Circumplex Model of Affect. 
Journal of Personality and Social Psychology, 39. 
1161-1178. DOI:https://doi.org/10.1037/h0077714. 

Serra-Sala, M., Timoneda Gallart, C, and Pérez-Alvarez, F. 
(2012). Evaluating Prefrontal Activation and Its 
Relationship with Cognitive and Emotional Processes 
by Means of Hemoencephalography (HEG).  
Journal of Neurotherapy. 16. 183-195. 
DOI:https://doi.org/10.1080/10874208.2012.705754. 

Skalski, S., Pochwatko, G., and Balas, R. (2021). Effect of 
HEG biofeedback on selected cognitive functions—
Randomized study in children with ADHD and 

neurotypical children. Infant and Child Development, 
vol. 30, No. 4, e2242. DOI:https://doi.org/10.1002/ 
icd.2242. 

Slack Technologies. Slack Features. Retrieved Feb. 15, 
2022 from https://slack.com/features. 

Slack Technologies, Use emoji and reactions. Retrieved 
Feb. 15, 2022 from https://slack.com/help/ 
articles/202931348-Use-emoji-and-reactions. 

The Institute for Information and Communications Policy 
of the Ministry of Internal Affairs and Communications 
(IICP of MIC) (2019). FY2018 Survey Report on Usage 
Time of Information and Communications Media and 
Information Behavior. Retrieved February 15, 2022 
from https://www.soumu.go.jp/iicp/research/results/ 
media_usage-time.html. 

Thought Technology Ltd.. ProComp Infiniti  
System. Retrieved February 15, 2022 from 
https://thoughttechnology.com/procomp-infiniti-system-
w-biograph-infiniti-software-t7500m/. 

Tinius, T. (2004). New Developments in Blood Flow 
Hemoencephalography, Hawthorne Press. 

Vanderhaegen, F., Wolff, M., Mollard, R. (2020). Non-
conscious errors in the control of dynamic events 
synchronized with heartbeats: A new challenge for 
human reliability study. Safety Science, Vol. 129, 
104814. DOI: https://doi.org/10.1016/j.ssci.2020. 
104814. 

 
 

CHIRA 2022 - 6th International Conference on Computer-Human Interaction Research and Applications

112



UX- for Smart-PSS: Towards a Context-aware Framework

Angela Carrera-Rivera1 a, Felix Larrinaga1 b, Ganix Lasa2 c and Giovanna Martinez-Arellano3 d

1Faculty of Engineering, Mondragon Unibertsitatea, Loramendi 4, 20500 Arrasate, Spain
2Design Innovation Center (DBZ), Mondragon Unibertsitatea, Loramendi 4, 20500 Arrasate, Spain

3Faculty of Engineering, University of Nottingham, Nottingham NG7 2RD, U.K.
{aicarrera, flarrinaga, glasa}@mondragon.edu, giovanna.martinezarellano@nottingham.ac.uk

Keywords: S-PSS, Context-awareness, User Experience, Recommendation System.

Abstract: Smart-product service systems are a business strategy that combines product and service into one value propo-
sition. The user experience of digital services and the smart product can be a clear differentiator among
competitors to achieve economically sustainable solutions. Hence, offering a more personalized experience
is an important aspect of S-PSS. This paper aims to provide a theoretical framework for a context-aware user
experience in S-PSS by providing adaptive and personalized services to the users according to their needs
in a given context, by exploiting the digital capabilities of smart products and referring to the use of rec-
ommendation systems. The paper presents an application scenario using a smart-wearable as an example of
a product-oriented PSS to better describe the framework and each component while stating the future chal-
lenges.

1 INTRODUCTION

Smart-Product Service Systems (S-PSS) is an ecosys-
tem that proposes the combination of both product
and service into one value proposition. The design
of S-PSS has received increased attention in recent
years (Carrera-Rivera et al., 2022; Cong et al., 2020;
Dou and Qin, 2017) and implies several challenges.
From the service perspective, S-PSS offers digital ser-
vices that can be product independent or product de-
pendent, powered by the integrated sensors in smart
connected products or by technologies like digital
twin or augmented reality (AR) (Zheng et al., 2019b).
Zheng et al. (2019b) defined S-PSS as “an IT-driven
value co-creation business strategy consisting of var-
ious stakeholders as the players, intelligent systems
as the infrastructure, smart, connected products as
the media and tools, and their generated e-services
as the key values delivered that continuously strives
to meet individual customer needs in a sustainable
manner”. However, the design of S-PSS in multi-
ple studies is only limited to the early phases of the
product development and they do not address the evo-
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b https://orcid.org/0000-0003-1971-0048
c https://orcid.org/0000-0002-2424-5526
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lution and adaptability that S-PSS should have. S-
PSS follows the Service-Dominant (S-D) logic, a fun-
damental pillar of Service Design, that characterizes
for a “value co-creation” view that uses experiences,
context and multi-stakeholder participation to create
innovative business value propositions(Wetter-Edman
et al., 2014). Users may have different roles as co-
creators in the different phases of S-PSS lifecycle:
co-ideators, co-innovators, co-evaluators, co-testers
or experience creators (Pezzotta et al., 2017). Users
as experience creators can be involved in the solu-
tion conceptualization supporting better customiza-
tion. Pezzotta et al. (2017) stated that providers can
generate richer experiences for customers by under-
standing their preferences. A deep understanding
of the customer experiences could help companies
in defining and re-defining better value propositions.
User Experience(UX) can be a clear differentiator
among competitors to achieve economically sustain-
able PSS. Cong et al. (2020) highlighted that “user
preferences should be associated with different design
elements of Smart PSS in specific usage contexts”.
Previous studies have focused their attention on the
connection between some user preferences and design
elements. Misaka and Aoyama (2018) use Knowl-
edge Engineering and machine learning for correlat-
ing users based on KANSEI engineering, a method-
ology to transform customer feelings into design as-
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pects of a new product. However, the studies in this
research area are still limited to user-specific pref-
erences in the usage stage of Smart PSS. A current
challenge is a way to collect and process user behav-
ior data in real time and define how it will be used.
Existing research focused primarily on customer data
from surveys or data from online reviews on social
media. Further work on adaptation of the means of
interaction with S-PSS needs to be done in order to
improve the user experience to meet individual user
needs. This paper proposes a framework to provide
an adaptive UX according to user context, consider-
ing the interactions and data from devices and user
profiles. The structure of this work is as follows: Sec-
tion 2 starts with the fundamental background related
to UX and Context-Awareness. Section 3 presents
the framework and provides a detailed explanation of
each phase. Section 4 provides a proof of concept of
the framework using a wearable S-PSS. Finally, Sec-
tion 5 presents the description of challenges, future
work and conclusion of this work.

2 BACKGROUND

UX is a result of the internal state of the user, the
characteristics of the designed entity and the context
features where the interaction occurs (Hassenzahl
and Tractinsky, 2006). According to Valencia et al.
(2015), in S-PSS, the UX is characterized by feel-
ings of customer empowerment, the individualization
of services, the sense of ownership, and an individual
and shared experience. Non-engineering approaches
and qualitative tools (i.e., observation, interviews, ex-
perience maps, etc.) are broadly used by UX design-
ers at the very early stage of design for user research,
to understand the context of use and users involved.
Chang et al. (2019) presented a case study for a smart
pillbox directed at the elderly; using behavioural anal-
ysis and interviews they perform a user analysis not
only to capture their specific requirements but also
to understand the physiological and cognitive dimen-
sions. Similarly, Jia et al. (2021) used behavioural
analysis and experience maps for the development of
a smart rehabilitation assisting device. In both cases,
current users’ problems, popularly denominated ’pain
points’ usually highlight service opportunities.

However, there is a need to exploit the digital ca-
pabilities of S-PSS to generate an adaptive UX with
the collected data available. A data-driven UX is a
particular characteristic of S-PSS where data from
smart products and digital services is easily accessible
(Carrera-Rivera et al., 2022). Furthermore, the ability
to capture user-generated data in real-time should be

an important part of the design process, and it is a way
of identifying and evaluating users’ needs. For in-
stance, methods to collect and process real-time user
behaviour data and define in what ways it will be used.
Existing research mainly focuses on online reviews
data on social media or customer data from surveys.
Wang et al. (2019) used user ratings and comments
related to smart bicycles service from a website, and
with the use of Natural Language Processing (NLP)
techniques were able to capture implicit requirements
that users had. Similarly, Mourtzis et al. (2018) pre-
sented a framework to evaluate the PSS services us-
ing the feedback received from shop floor experts and
business customers through social media platforms.
They also considered the information from machines
and manufacturing execution systems to obtain KPI
values. Therefore, user behaviour data from devices
and interactions with service applications are typi-
cally not discussed.

In S-PSS, the delivery of personalized services
can have a great impact on UX to affect the level of
user satisfaction. Multiple approaches beyond PSS
have used adaptive user interfaces as a way to offer
personalization. Reguera-Bakhache et al. (2021) cap-
tured the interaction sequences, consisting of a series
of click events from the interface of a mixing machine
to understand the patterns of interaction from oper-
ators through a clustering analysis, and in this way
reduce the time and interaction sequences of opera-
tors to perform a task. Todi et al. (2021) presented a
system for adaptive menus using the data from user
clicks on menu items and reinforcement learning to
approximate menus to the user’s expertise and inter-
est. However, the use of context can further improve
the personalization and adaptation by capturing the
real needs of the user at a given time.

2.1 Context-awareness

Context is defined by Abowd et al. (1999) as “any
information that can be used to characterize the situa-
tion of an entity. An entity is a person, place, or object
that is considered relevant to the interaction between a
user and an application, including the user and appli-
cations themselves”. In UX, the context of use rep-
resents the users, tasks, equipment (i.e. hardware,
software), and the physical and social environments
in which S-PSS is used (Iso, 2010).

The term “context-aware” was defined by Schilit
and Theimer (1994) as the “ability to discover and
react to changes in the environment”. In general, a
context-aware system uses context to deliver informa-
tion and/or services relevant to a user’s task (Abowd
et al., 1999). Thus, a context-aware system does
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not necessarily imply automatization or real-time pro-
cessing, instead, it refers to the ability to respond to
context. For instance, context can be used to resolve
what services or information need to be presented to
the user. Therefore, context-awareness capability can
be used to personalize the UX by providing services
for a specific user situation.

In the design of S-PSS, multiple context-aware
approaches have been proposed for the requirement-
elicitation phase. For instance, Wang et al. (2019,
2021) proposed a graph-based context-aware frame-
work for the requirement elicitation process in a data-
driven manner. The framework includes a knowl-
edge management layer that uses domain ontologies
to model the product’s components, services, and
context; and a requirement elicitation layer, which
uses graph algorithms to discover implicit require-
ments that user’s had by analyzing reviews and com-
ments from social media. For UX, context-awareness
has been used to create realistic prototypes. For in-
stance, Seo et al. (2016) proposed a hybrid evaluation
method for smart home services based on VR and AR
prototypes using a UX ontology for smart home ser-
vices and semantic reasoning using the open source
framework Jena. On the other hand, Dou and Qin
(2017) obtained physiological data from several sen-
sors including electrocardiography (ECG) and facial
electromyography (fEMG) from elderly people com-
bined with environmental information, to build a user
mental model to better understand the experience of a
smart TV S-PSS. The authors used clustering analy-
sis as a way to identify patterns and build user profiles
according to the context. Such approaches, however,
do not address the need of adaptation in the means of
interaction with the smart products in the usage stage
of S-PSS.

Users’ short term memory is limited to a few
items of information. Cognitive load refers to the
total amount of mental activity on working mem-
ory at an instance in time. If the user interface re-
quires the user to hold more than it can retain, it
will produce a cognitive overload (Tracy and Albers,
2006). Therefore, providing customized services rec-
ommendations address this problem in applications
designed to fully manage or interact with smart prod-
ucts. Context-awareness recommendation systems
have been proved to provide better customization
since context information is very important in improv-
ing recommendation accuracy (Yang, 2018). Tarus
et al. (2018) proposed a context-aware recommender
system for e-learning, using collaborative filtering
(CF) algorithms and learner´s goals and study pat-
terns as sources of context in addition to a traditional
rating of courses. Yang (2018) presented a recom-

Figure 1: Context-aware life cycle.

mender system model, implemented as a website for
movie recommendation. Users are allocated to the
corresponding set of similar users using the Top-N
algorithm. In the user behaviour analysis step, pop-
ular movies are recommended. Then, a matrix of user
scores is established by analyzing the results of user-
registered movies and using time as context of each
score (i.e. season of the year, weekday or weekend).

This section has attempted to provide a brief sum-
mary of the literature. As discussed above, the pro-
posed approaches to UX focus their attention only
on the design stage, before the use phase. As S-PSS
represent a way of continuously striving to meet cus-
tomer needs, adaptation needs to be reflected also in
the interaction with smart products. The section be-
low describes the framework proposed in this paper.

3 FRAMEWORK

Perera et al. (2013) defined four general steps in con-
text life cycle as a way to describe the process of de-
veloping context-aware applications (Figure 1). The
first step is Context Acquisition, which refers to data
that needs to be acquired from different sources (i.e.
sensors, cyber-physical systems (CPS), databases,
etc). In Context Modelling, the collected data needs
to be represented in a meaningful way. Then, in Con-
text Reasoning, data is processed to provide useful
information and insights (context). Context Dissemi-
nation phase distributes context to consumers, which
can be end-users or other applications. Lastly, Con-
text Monitoring represents the evolution of the de-
sign of S-PSS. It is a stage not broadly represented
and should be considered after Dissemination because
context may change at some point. Systems or appli-
cations have to be able to identify changes and update
the models accordingly.

Following the context-aware life cycle, this paper
proposes a theoretical framework to provide a per-
sonalized UX where services are recommended and
shown according to context when the interaction oc-
curs. Figure 2 presents the overall graphic represen-
tation of the framework. The following subsections
will describe each layer of the framework in detail.
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Figure 2: Context-aware framework for UX.

3.1 Context Acquisition

The process of context acquisition will require captur-
ing the data from multiple sources. This process can
be classified by the source of context and the nature
of the data. Figure 3 presents three main data sources,
Smart Connected Product (SCP), user, and external.
The nature of the data can be dynamic or static. User
context refers to any information related to the user.
User static data might include user personal infor-
mation or user preferences (Liu et al., 2011). The
dynamic information might include: the user’s cur-
rent and historical location, user’s current and histori-
cal activity, user’s current emotion, relationships, etc.
For instance, capturing the data from users while they
interact directly with products or e-services usually
delivered by mobile apps or web applications. SCP
data is acquired from the device through sensors in
smart products that can proportionate relevant infor-
mation of the user when the smart products are used
to monitor the user routine, for instance, wearable de-
vices. Finally, external sources contain dynamic en-
vironment physical information(i.e lighting , noise,
temperature, and humidity level, traffic conditions)

Figure 3: Context data sources.

3.2 Context Modelling

Context modelling allows the representation of the
data acquired in terms of attributes, characteristics,
and relationships with previously specified context
(Liu et al., 2011). Thus, a static model is necessary
to represent the services of smart devices where each
of them groups low-level services or sub-services re-
lated. A sub-service will represent a very specific
function of the e-service platform or smart device.
According to (Maleki et al., 2018) in an S-PSS ar-
chitecture, the domain knowledge models function in
an intermediary role to integrate the S-PSS services
with the cyber-physical components. One approach is
the use of domain ontologies. Ontologies are a means
to formally model concepts from a particular domain
into a detailed specification of entities with properties
and relations. Domain ontologies define the vocab-
ulary related to a particular domain (Guarino et al.,
2009). In this case, each service is modelled into a
pattern that relates the product, service and required
information (Maleki et al., 2018) and integrates it with
context-specific classes and relationships (see Figure
4). In this way, the interactions with the service can
be labelled into multiple categories (i.e. click, like,
close) and then linked to the services to understand
user behaviour for each of the sub-services.

Figure 4: S-PSS Pattern and derived ontology.

3.3 Context Reasoning

Context reasoning is the process of deducting new in-
formation that is useful for a task or user, from multi-
ple context-data sources. The relevance of a recom-
mendable service solution not only depends on the
users’ general preferences but also on their current
situation and their short-term interaction and inter-
ests (Quadrana et al., 2018). Furthermore, the data
from the product itself is a source of context. Col-
laborative Filtering (CF) is a recommendation tech-
nique largely used in e-commerce to provide person-
alized recommendations on items (i.e. books, movies,
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Figure 5: Reasoning process context-aware recommendation systems.

clothes, etc). It uses similarities between users and
items simultaneously to provide recommendations.
CF exploits the ratings provided to products explic-
itly (i.e. starts ratings) to measure the similarity and
provide adequately recommendations (Elahi et al.,
2016). However, is also possible to get implicitly
forms of ratings by obtaining and evaluating the in-
teractions that the user had (i.e. page views, clicks,
purchases, etc), which is the more adequate method
in the case of S-PSS. Each type of interaction could
represent a higher level of engagement with a spe-
cific service. For example, monitoring events such
as filter changes and clicks would represent a higher
rating in comparison with a page view event (Chen,
2005; Núñez-Valdez et al., 2018) as seen in Figure 5.
In a context-aware scenario, ratings are modeled as a
function of: users, service as well as context. Hence,
the rating function can be defined in three dimensions
(Tarus et al., 2018): User x Service x Context Rat-
ing, the process will produce as output an ordered
list of recommended services based on the generated
ratings of other users with similar preferences in the
same context (Figure 5). Although collaborative fil-
tering is the most popular recommendation technique,
its major disadvantage is the new user and new item
problems (Barjasteh et al., 2016), referred commonly
as the cold-start problem, which occurs in scenarios
where it is not possible to make reliable recommen-
dations due to an initial lack of ratings (Adomavicius
and Tuzhilin, 2005). Semantic reasoning can be used
to explicitly infer the preference of implicit users, re-
ducing the sparsity of user information, and alleviat-
ing the problems of cold start (Yang, 2018). Consid-
ering the use of ontologies in the modelling stage, se-
mantic reasoning could take advantage of this to infer
new knowledge based on established relationships.

3.4 Context Dissemination and
Monitoring

Context Dissemination is related to the methods to
deliver context to clients or users. The purpose of
this stage is to provide the individualization of the
experience by providing services adequately for each
user situation. Digital services should be adaptive to
user context and easily accessible through digital plat-
forms provided by the service in the form of apps or
websites or the product means of interaction by itself.
Furthermore, the process of context monitoring repre-
sents the evolution of the design of S-PSS. It is impor-
tant to monitor user feedback regarding the services
delivered by the application. Feedback from users can
come through integrated surveys, but also from user
behaviour. For instance, if a user is not happy with
the service that the application is offering, it is likely
they will return to an old state of the application, or do
not interact with the information. This can be taken as
negative feedback and a negative rating for the service
provided. Having discussed each layer, the following
section of this paper addresses an application scenario
to understand the implementation process.

4 APPLICATION SCENARIO

In order to demonstrate the proposed framework, an
activity monitoring scenario is used for a product-
oriented PSS. Tukker (2004) classified PSS into three
main categories from the business aspect: Product-
oriented, Result-oriented, and Use-oriented. Product-
oriented is related to services that facilitate the sales
of products or add functionality or personalize exist-
ing products. In Result-oriented and Use-oriented,
the ownership usually remains with the provider. Fit-
bit is one of the most popular multi-purpose activ-
ity wearable trackers and smart-watch and represents
a clear example of Product-oriented PSS for end-
consumers (B2C). An important part of the product
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is the e-services platform since it represents a means
of interaction with the device and also a source of in-
formation to the user which is accessible through the
mobile app or web application.

Figure 6: Fitbit application scenario.

In the framework, the context acquisition layer
collects the information from the device, which in
this case represents data about the user’s behaviour,
for instance, the number of steps taken by the user
in a day. This translates into information such as the
distance, the duration as well as the intensity of ac-
tivity. User interaction with the e-service platform
will be captured using Matomo1, which is an open-
source platform capable to capture user interaction
(i.e clicks, page views) from a web application into a
Mysql database. Figure 6 represents the context mod-
elling layer. Using an ontology, according to section
3.2, each high-level service provided by the S-PSS
(i.e activity monitoring) has associations with low-
level services that represent specific options on the e-
service platform. Each interaction that is recorded can
be related to a specific service and further enriched
with contextual information, for instance, weather,
time and device status. Another significant aspect is
that the use of an ontology could mitigate the ’cold
start’ problem when there is a lack of historical inter-
actions. In this scenario, profiles were defined using
a dataset from 30 anonymous users (Furberg et al.,
2016) by means of a non-supervised machine learn-
ing technique, using the clusterization algorithm, K-
Means (Figure 7).

Four profiles were identified, in base of their be-
havioural information, and further used to model an
ontology using GraphDB. The ontology can define
the relationships among users, profiles and high-level
and low-level services as shown in Figure 8, User1
has an Active profile and uses trackExercise low-level
service. Using semantic reasoning, it can be inferred
that users with Active profile use the trackExercise
service. In future work, the reasoning layer will use

1https://matomo.org/

Figure 7: K-means clustering.

collaborative filtering algorithms to produce an or-
dered list of recommended services. These services
will be delivered through the e-service platform ap-
plication in the form of widgets or personalized no-
tifications in a web application using React frame-
work. One of the challenges will be to achieve a
way to deliver the adaptive services in several S-PSS
interfaces; software frameworks for application cre-
ation are very diverse. Javascript is the ultimate web
standard with multiple frameworks available (i.e. Re-
act, Vue, AngularJS), which have extended to mobile
apps. But, forms of interactions might vary in indus-
trial (i.e. manufacturing) settings. This highlights the
importance to understand the type of market where
the S-PSS is directed. It is key to validate the frame-
work in both, B2C scenario and also in a Business to
Business scenario (B2B), where the UX can be per-
ceived differently by users, and the means of interac-
tion and feedback recollection can also change.

Figure 8: Ontology query in GraphDB.

Another challenge of a data-driven UX is the
need for users’ personal and behavioural information,
which could vary depending on S-PSS’ application
domains (i.e health & welfare, manufacturing, smart
home, etc.). The services created must help users
make informed decisions about their privacy. Simi-
larly, users must have control over their personal in-
formation (van Ooijen and Vrabec, 2019). Privacy
regulations should be followed (i.e. General Data Pri-
vacy Regulation GDPR) and ensure users’ consent
and awareness of the data collected (Zheng et al.,
2019a).
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5 CONCLUSIONS

S-PSS emerges as a way to provide a market offer
combining both product and service while maintain-
ing a lasting relationship between provider and cus-
tomer. It is important to comprehend the role of UX
to understand the use and expectations of users with
smart products and e-service platforms. Continuously
delivering personalized experiences for users is chal-
lenging. The creation of value with user interac-
tions can allow maintaining the system relevant to the
changing needs. This can be accomplished, by imple-
menting technology in a way that it results in a simple
and intuitive experience. This work described a theo-
retical context-aware framework for the UX of S-PSS,
following the life cycle of context-aware application
and considering the use of context in recommenda-
tion systems and the users interactions. The goal is to
provide a personalized and adaptive e-service S-PSS
platform for each user. An application scenario of a
wearable activity tracker device was presented as a
product-oriented S-PSS that allows to better showcase
the general overview of the framework. The work also
presented a description of the challenges that brings
S-PSS, such as a multi-business perspective to under-
stand users in different scenarios and industries, and
the management of behavioural data and how to han-
dle privacy aspects within the applications. Future
work will provide an implementation of the frame-
work and further analyze each of the stages described
in this paper.
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Abstract: This paper proposes the combined use of tangible user interfaces, digital technologies, and musical expression
in the context of cognitive and motor rehabilitation of elderly people. After analyzing the state of the art about
common age impairments and tangible user interfaces in rehabilitation, we will introduce the Kibo, a MIDI
controller based on the concept of fiducials and able to communicate with other MIDI devices via Bluetooth.
The peculiar characteristics of the Kibo will be exploited in a Web framework aiming to foster the development
or recovery of cognitive and motor abilities through 3 specially designed games. The paper will also report
remarks from domain experts (music therapists and physiatrists) and the consequent redesign.

1 INTRODUCTION

According to a 2019 report by the United Nations,
there were 703 million persons aged 65 years or over
in the world in 2019 and the number of older persons
is projected to double to 1.5 billion in 2050. These
changes for individuals are mirrored in society since
older persons represent a growing demographic group
in society. One of the goals for sustainable devel-
opment should be investing in education, health, and
well-being for all, including the elder.

The target audience of the project documented
in this paper is represented by elderly people who
need rehabilitation sessions or are dissatisfied or in-
active in their social interactions. Starting from
an analysis of the most common impairments and
changes in cognitive and motor abilities due to age,
we designed and developed a prototype applicable to
music-therapy rehabilitation sessions. Interventions
can address a variety of healthcare and educational
goals (e.g., promoting wellness, managing stress, al-
leviating pain, expressing feelings, enhancing mem-
ory, improving communication, promoting physical
rehabilitation, etc.).

The result is a Web-based prototype that offers in-
tuitive interaction with musical parameters via a spe-
cific tangible user interface, called the Kibo, so as to
take advantage of the haptic interaction skills with the

a https://orcid.org/0000-0001-8435-8373
b https://orcid.org/0000-0002-8251-2231

environment. In particular, three browser games have
been developed in order to train rhythm, spatial, and
recognition skills.

2 STATE OF THE ART

In this section, we will review the scientific literature
that is most relevant for our purposes. Due to the vast-
ness of the subject, we cannot be exhaustive. We will
limit ourselves to a few references of particular im-
portance for our work, addressing: i) common age
impairments, both cognitive and physical; ii) tangi-
ble user interfaces and their applicability to the music
field; and iii) experiences of tangible user interfaces
in rehabilitation.

Starting from age impairments, due to an in-
creasing life expectancy, the number of elderly peo-
ple has increased significantly worldwide. Thus, so-
ciety will have to offer more and more products and
services that meet the specific needs and desires of
a geriatric age group that makes up a great percent-
age of the population. These people are seeking solu-
tions to help them cope with daily life, give them the
opportunity to interact socially, and find alternative
ways of entertainment and learning. Moreover, health
systems are dealing with the ever-increasing burden
of finding solutions and cures for age-related and de-
generative conditions (e.g., dementia and Alzheimer’s
disease) and impaired-movement pathologies (e.g.,
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Parkinson’s).
Everyone experiences changes as an inevitable

part of the natural degeneration associated with ag-
ing (Iversen, 2015). Concerning changes in cognitive
abilities, aging causes a decline in spatial cognition,
which is the ability to represent spatial relationships
among objects. The results of a study conducted in
2008 by Iachini et al. show that some spatial abili-
ties, such as the ability to mentally rotate visual im-
ages and to retrieve spatio-temporal sequences, de-
cline with age (Iachini et al., 2008). Elderly peo-
ple also struggle more with multitasking, especially if
the tasks are complex (Wecker et al., 2005). Another
common age impairment is the decline in fluid intel-
ligence, which refers to the processing and reasoning
components of intelligence and the natural ability to
learn something new (Czaja and Lee, 2007). Because
of reduced processing efficiency, the working mem-
ory, which is the ability to keep information active
while processing or using it, declines with age (Salt-
house, 1991). Similarly, prospective memory, which
is the ability to remember to do something in the fu-
ture, also declines with age (Maylor, 1995). Another
issue emerging with age is the ability to select infor-
mation in the environment, e.g., to attend to informa-
tion on a Web page. Attention is the ability to focus on
a specific task or an object in the environment while
ignoring other things. This ability changes with age
and older people are slower to move their attention
from one thing to another (Czaja and Lee, 2007).

Another category of impairments due to aging is
that of changes in physical abilities. Response time
and accuracy of movement decline with age. Older
persons’ movements, reflexes, and reactions to stim-
uli are typically slower than younger persons’ (Farage
et al., 2012). Differently from the above-mentioned
normal age impairments, a disease that limits move-
ment is Parkinson’s, a neurodegenerative brain dis-
order that progresses slowly and worsens with age.
Symptoms are involuntary shaking of the hands, arms,
legs, jaw, chin, and lips. Other main symptoms in-
clude slowness of movement, stiffness of arms and
legs, and trouble with balance (Jankovic, 2008).

Even if not an impairment, another phenomenon
relevant for our work is anxiety towards technol-
ogy. In a study by Czaja and Sharit dating back to
1998, older people saw themselves as having less con-
trol over computers than younger people (Czaja and
Sharit, 1998). They had significantly less efficacy
in completing computer tasks, but, surprisingly, they
also perceived computers as being more useful com-
pared to younger people. Another study revealed that
older subjects reported higher levels of computer anx-
iety than younger persons and that the anxiety level

was related to the decision time on the computer when
performing a test (Laguna and Babcock, 1997). The
elderly may have a harder time using new technology,
but it helps with practice (Chu, 2010). These consid-
erations pushed us to develop a solution based on a
computing system but relying on a tangible interface
to ease user interaction.

Focusing on tangible user interfaces (TUIs),
they are intended to replace the graphical user inter-
faces (GUIs), more common in computing systems,
with real physical objects the user can interact with.
The key idea is to give digital information a physical
form and let these physical forms serve as a represen-
tation and control for digital information. A TUI lets
users manipulate digital information with their hands
and perceive it with their senses. One of the pioneers
in tangible user interfaces is Hiroshi Ishii, a profes-
sor at MIT who heads the Tangible Media Group at
the MIT Media Lab. His particular vision for TUIs,
called Tangible Bits, is to give physical form to digi-
tal information, making bits directly manipulable and
perceptible (Ishii, 2008b). Tangible Bits pursues the
seamless coupling between physical objects and vir-
tual data. “TUIs will augment the real physical world
by coupling digital information to everyday physical
objects and environments” (Ishii and Ullmer, 1997).
All physical objects can potentially be a part of a dig-
ital user interface (Ishii, 2008a). For example, if an
object, which is a part of a TUI, is moved or put in
a specific position, a digital signal will be sent from
either the tangible object itself or from another de-
vice that senses the object. Currently, there are dif-
ferent research areas and applications related to TUIs.
For instance, tangible augmented reality implies that
virtual objects are “attached” to physically manipu-
lated objects; in tangible tabletop interaction, physical
objects are moved upon a multi-touch surface; more-
over, physical objects can be used as ambient displays
or integrated inside embodied user interfaces.

TUIs have been used considerably in musical per-
formances and music-therapy treatments. A tangible
interface – implying something “real”, “concrete” –
offers a physical way to interact with music and sound
parameters. Most traditional musical instruments are
played through this kind of interaction, but the ad-
vent of digital technologies paved the way for innova-
tive and original approaches. Concerning technology-
enhanced TUIs for music, the scientific literature de-
scribes a number of theoretical approaches, proto-
types, and available products. Music TUIs can play
a number of roles: for example, synthesizers to gen-
erate sound, sequencers that perform audio samples
and mix them together, remote controllers for music
and sound parameters, or interfaces for music-related
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games. To cite but a few references, Paradiso et al.
review TUIs based on magnetic tags (Paradiso et al.,
2001), Newton-Dunn et al. describe a way to control
a dynamic polyrhythmic sequencer using physical ar-
tifacts (Newton-Dunn et al., 2003), and Schiettecatte
and Vanderdonckt present a distributed cube interface
based on interaction range for sound design (Schiette-
catte and Vanderdonckt, 2008). A noticeable example
of commercially available music TUI is the reacTable
(Jordà et al., 2007), used by renowned artists such as
Björk in their live performances. Our solution adopts
a low-cost device called the Kibo, whose features will
be described in detail in Section 3.

Finally, let us address the applicability and role of
tangible user interfaces in rehabilitation. Motiva-
tion is one of the main problems evidenced in tradi-
tional therapy sessions, often hampered by the repet-
itive nature of exercises. Most studies show that an
effective rehabilitation must be early, intensive and
repetitive (Rego et al., 2014; Burke et al., 2010). As
such, these approaches are often considered repeti-
tive and boring by the patients, resulting in difficulties
in maintaining their interest and in assuring that they
complete the treatment program (Rego et al., 2014).
On the other hand, due to their nature, games can mo-
tivate and engage the patients’ attention and distract
them from their rehabilitation condition. On one side,
they require some motor and cognitive activity, but,
on the other, they have a story and can offer feed-
back and levels of challenge and difficulty that can
be adapted to the patients’ skills.

Serious games are an option that provides learn-
ing combined with entertainment. The locution “se-
rious games” refers to playful activities that provide
training and physical or mental exercise in a fun and
enjoyable way (Dörner et al., 2016). These games
can be not only a way to prevent the feeling of loneli-
ness (De Carvalho et al., 2012), but they can also en-
able social interaction (Fonseca et al., 2021). During
the last decades, digital games have become a popu-
lar leisure activity. Ijsselsteijn et al. claim that digital
games can be considered a promise to improve the
lives of seniors. To this end, it is important to develop
interesting and accessible games which could provide
an option to spend quality time with clear benefits
(Ijsselsteijn et al., 2007). Pearce reports that the stud-
ies of digital games with an emphasis on older peo-
ple are still rare because this need is relatively new
(Pearce, 2008). This perception may be justified by
the fact that the current elderly population did not
have much access to technology at their earlier age.

Many rehabilitation games based on TUIs are al-
ready available. For example, Handly is an integrated
upper-limb rehabilitation system for persons with a

neurological disorder (Vandermaesen et al., 2016).
Handly consists of tangibles for training four-hand
tasks with specific functional handgrips and a moti-
vational game. The system consists of four tangible
training boxes, which each present one essential grip
and associated hand task: push-pull, squeezing, knob
turning, and key turning. Handly combines tangibles
specifically designed for repetitive task-oriented mo-
tor skill training of typical daily activities with serious
gaming, thus offering a comprehensive approach.

Segara is an integrated hand rehabilitation sys-
tem for patients with rheumatoid arthritis (Zhao et al.,
2021). Segara consists of tangibles for training six
tasks with interactive functional handgrips and a mo-
tivational serious game. It shows that a system com-
bining games and tangibles to enhance hand rehabili-
tation is feasible and highly appreciated by patients.

Resonance is an interactive tabletop artwork that
targets upper-limb movement rehabilitation for pa-
tients with an acquired brain injury (Duckworth et al.,
2015). The artwork consists of several interactive
game environments, which enable artistic expres-
sion, exploration, and play. Resonance provides
uni-manual and bi-manual game-like tasks and ex-
ploratory creative environments of varying complex-
ity geared toward reaching, grasping, lifting, moving,
and placing tangible user interfaces on a tabletop dis-
play. Each environment aims to encourage collabora-
tive, cooperative, and competitive modes of interac-
tion for small groups of co-located participants.

NikVision is a tangible tabletop based on a user-
centered design approach for the cognitive stimula-
tion of older people with cognitive impairments and
dementia problems in nursing homes (Cerezo et al.,
2020). The general experiences of the users when
working with the tangible tabletop were assessed and
applied to the design of new cognitive and physical
stimulation activities. Game activities are specially
designed for the elderly, including daily tasks such
as getting dressed, cognitive assignments, and upper-
half motor skills training. Activities present different
levels of difficulty and audio feedback.

3 EMPLOYED TECHNOLOGIES

In this paper, we want to take advantage of real phys-
ical objects and the benefits that TUI technologies of-
fer in order to provide the elder with a playful way to
interact in rehabilitation therapies. As mentioned be-
fore, one of the advantages of a TUI is the user expe-
rience, because a physical interaction occurs between
the user and the interface itself. Another advantage is
usability since the user intuitively knows how to ma-
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nipulate the interface by knowing the function of the
physical object; consequently, the user does not need
to learn the functionality. That is why TUIs are often
used to make technology more accessible for elderly
people.

In this section, we will address the key technolo-
gies employed in the project: a music TUI called the
Kibo (Amico and Ludovico, 2020), the way it is con-
nected to a Web application, and the Web languages
and formats used to implement the browser games de-
scribed later.

The Kibo is a wooden board produced by Kodaly
that presents eight distinct, easy-to-recognize tangi-
bles.1 These geometric shapes can be inserted into
and removed from the corresponding slots, thus trig-
gering events encoded in the form of MIDI messages.
The device is also sensitive to pressure variations on
single tangibles and individual dynamic responses can
be communicated via MIDI messages. As an addi-
tional controller, there is a knob that can be rotated
clockwise and counterclockwise. Finally, the device
is equipped with a gyroscope.

The Kibo can be connected via Bluetooth or USB
to iOS and macOS devices running a proprietary app
that acts as both a synthesizer and a configuration cen-
ter. Windows and Android operating systems are also
supported via third-party drivers. The communication
between the controller and the app occurs by exchang-
ing standard MIDI 1.0 messages. The MIDI engine
integrated into the app supports up to 7 Kibo units
simultaneously, without perceivable latency. This as-
pect is particularly interesting for collaborative expe-
riences (Baratè et al., 2021). Being a fully compatible
controller, Kibo can also be integrated into any MIDI
setup without the intervention of the app as a media-
tor, as we will do in our proposal.

The control over music parameters is mainly
based on the 8 tangibles shown in Figure 1. Each ob-
ject has a different shape fitting in a single slot and
presents symmetry properties so that it can be rotated
and flipped before being inserted. Tangibles have a
magnetic core; they can be stacked one on top of
the other and interact through magnetic fields. The
body of the Kibo contains a multi-point pressure sen-
sor that allows for the detection of the insertion and
removal of tangibles. The characteristics of the sen-
sor make the instrument extremely sensitive and, si-
multaneously, very resistant.

Even if our proposal bypasses the native Kibo’s
app, it is interesting to analyze the three original op-
erating modes and shed some light on rehabilitative
and therapeutic scenarios:

1https://www.kodaly.app/

Figure 1: The Kibo’s body and tangibles.

1. Musical Instrument Mode — In this scenario,
Kibo’s tangibles are mapped onto pitches. As-
sociations between shapes and notes can be cus-
tomized, even triggering multiple notes through a
single tangible. The device is able to detect after-
touch effects, namely the possibility to track pres-
sure variations over tangibles after note attacks;

2. Beat Mode — In this scenario, tangibles are
mapped onto single percussive instruments. The
pressure sensor, presenting a high level of resis-
tance to strong mechanical stresses but also a no-
ticeable sensitivity, allows effects ranging from
hard mallet beats to delicate brush rubbing;

3. Song Mode — In this scenario, Kibo is employed
as a controller to trigger already available mu-
sic loops. Tangibles are associated with mutu-
ally synchronized but independent tracks, like in
a multi-track environment. When tangibles are
inserted, the corresponding tracks are activated;
when they are removed, tracks are muted.

The configurability of Kibo, coupled with the adop-
tion of standard communication protocols, enables
numerous and heterogeneous scenarios. Multiple
Kibo units in an ensemble can be configured to cover
distinct note ranges and timbres, or even to work in
different operating modes, thus providing the ther-
apist with great flexibility. Moreover, the standard
MIDI output of the Kibo allows the implementation
of additional operating modes where other meanings,
even extra-musical ones, can be assigned to user ges-
tures. Our proposal, described in detail in Section 4,
explores this possibility.

Even if originally conceived as a general-purpose
tangible MIDI controller, when used in a suitable sce-
nario the Kibo can also be considered an assistive
technology falling in the category of communication
boards. Under this perspective, it has a therapeutic
function since it encourages upper-limb movements
and challenges cognitive skills. Moreover, it is com-
pensatory both from a motor point of view, being able
to translate even small movements into sound, and
from a cognitive point of view, enabling intuitive mu-
sical expression by lowering the barriers of a tradi-
tional instrument.
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In this project, the Kibo has to be directly con-
nected via Bluetooth to the computing system that
hosts the browser. A specific protocol – called MIDI
over Bluetooth or, simply, Bluetooth MIDI – is spe-
cially conceived to exchange MIDI messages over
Bluetooth connections (Bartolomeu et al., 2005). The
Kibo adopts Bluetooth Low Energy (BLE), a wireless
personal-area network technology that, compared to
the original Bluetooth protocol, is intended to provide
considerably reduced power consumption and cost
while maintaining a similar communication range.
A BLE MIDI device will transparently operate with
a MIDI-compatible application on most mobile and
desktop platforms with no additions and provides “out
of the box” support for most use cases compared with
any wired or wireless alternative.

The visual feedback of the system is imple-
mented in the form of a Web page by adopting W3C
standard languages and formats. As a result, the
browser games can be experienced using any HTML5
browser. The project was realized using HTML, CSS,
and JavaScript.

Please note that all the mentioned technologies are
client-side, so the platform could also be enjoyed lo-
cally on the user’s client, with no need to connect to
a server. Nevertheless, we have publicly released it
over the Web in order to distribute it easily at no cost
for the user and to keep it up-to-date in the case of a
new release.

4 KIBO WEB GAMES

The goal of linking music therapy, rehabilitation ex-
ercises, and technology through the Kibo brought to
the design and implementation of a Web platform that
proposes three serious games. The name of the plat-
form is Kibo Web Games. All game activities allow
working the association between physical elements
(geometric tangibles) and the concepts they represent
(e.g., notes, tracks, hit buttons). The platform is avail-
able at https://kibogames.lim.di.unimi.it/ and its orig-
inal Web interface is shown in Figure 2. Kibo Web
Games need a Kibo device connected via BLE.

A number of game parameters have been intro-
duced to allow flexibility in usage and adaptation to
gradual improvements without causing frustration in
the player. The user or therapist can set different types
of activities and levels of difficulty according to the
following parameters: i) the game to play, that is basi-
cally a rhythm-based activity where given shapes are
proposed to the player and must be timely touched,
inserted, removed, or continuously pressed depend-
ing on the game mode, as explained in the following;

Figure 2: The interface of Kibo Web Games.

ii) the number of shapes (1 to 8 out of the 8 avail-
able) that can randomly be involved during the game
experience; iii) the total length of the game sequence,
i.e. the number of actions a user should carry out in a
game session; and iv) the speed of the shape genera-
tion and scroll animation.

The central part of the interface is taken by the
Game field, which displays the moving shapes during
a game session. Shapes move from right to left, and
the perfect timing for user’s actions is when they hit
the black vertical line. Another relevant part of the
interface in Figure 2 is the MIDI message console,
namely the lower rectangle that displays the MIDI
messages received from the Kibo. Finally, the Play
button starts the selected game with the parameters
set by the user.

The second game expects the user to insert or re-
move the shapes from their slots in synchronization
to the game’s graphic scenario is able to train preci-
sion in performing movements. The third game asks
the user to simultaneously press and release the rec-
ognized shapes. The scores, levels of difficulty, and
feedback given to the player depend on her/his tem-
poral precision in performing the movement.

Concerning the gameplay, Kibo Web Games focus
on the interactions occurring between the player and
the Kibo, i.e. simple motor movements like hitting,
tapping, grabbing, holding, releasing, placing, and
removing the geometrical tangibles. Furthermore,
recognition and listening skills are trained to help re-
store or keep active cognitive functions. The Kibo
gives tactile and musical feedback to every action that
is performed and allows the user to proceed in small
steps. It also allows users to manipulate objects giving
the clearer image of the connection between physical
interaction and the response that it triggers.

All games share the same game field and func-
tional concepts. The system generates shapes
scrolling across the screen from right to left and the
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goal is to timely recognize the shape by hitting, press-
ing, inserting, or removing the corresponding tangible
from the Kibo physical body when it reaches the ver-
tical line in the delimiter box (Figure 2). Throughout
the duration of a game session, the arrow, square, and
vertical line in the Game field animate to facilitate
the game experience. Arrow and square flash when
the user is supposed to perform a task. The vertical
line turns either red or green according to the accu-
racy of the performance. The score field keeps track
of the points gained while playing and remains dis-
played until the next game session is started.

Perfect hits are those performed in a very small
range around the computed timing. Good hits occur
in a slightly wider timing range. The exact values de-
pend on the game speed set by the user, but they are
in the order of tenths of a second. Currently, score
penalties for wrong shape recognition or missed hits
are not implemented to avoid frustration in players,
but this feature could be easily integrated.

Please note that the Kibo Web Games interface
allows users to play with the Kibo instrument as
a simple musical controller, regardless a game ses-
sion is active or not, after connecting it to the Web
page. This provides sound feedback (C-major scale)
and console messages only, but it might help to gain
confidence and increase motivation. As another re-
mark, the three games help gain rhythm awareness
and present musical feedback, but they never imply
a music-education background nor make use of any
kind of music-related concept.

Game A – Tap the Shapes is based on the Kibo’s
Beat Mode (see Section 3). Tangibles are mapped
onto single notes of a C-major scale, one grade per
shape. Pressing, hitting, or tapping a shape sends a
Note On message immediately followed by a Note
Off. MIDI messages are interpreted by the interface
and played back thanks to an embedded audio syn-
thesizer. Difficulty varies according to speed, number
of shapes involved, game length, and score precision.
The rhythm game expects the user to simply activate
a midi ON message by pressing the expected tangible
in the right timing range, namely when the arrow and
delimiter box turn yellow. In order to play this game,
all tangibles must be inserted.

Game B – Insert and Remove Shapes recalls the
Kibo’s Song Mode (see Section 3). Tangibles are as-
sociated with independent synchronized tracks within
a multi-track environment realized with Pro Tools 2

for this purpose. The multi-track starts playing when
the game is initialized but has no volume. Each track
is associated with a shape and is unmuted when the
corresponding tangible is inserted into the device’s

2https://www.avid.com/pro-tools

wooden base. Conversely, removing the shape will
mute the track. All tangibles must be removed and
placed in front of the player or at a reachable distance
before starting the game. For a better user experience,
long game sequences must be set. The aim of Game B
is to score points by inserting or extracting the Kibo’s
tangibles once the randomly generated shapes touch
the hit-line or perfectly fit the delimiter box before the
animation ends and the shape disappears. The random
algorithm should assure that, in the case of right user
performance, at the end of the session no shapes are
left inside Kibo’s body. This game mode solicits the
development or recovery of some cognitive abilities,
including memory (shapes have to be quickly recog-
nized, found in the space around the Kibo, and in-
serted into the right slot) and creative reasoning (e.g.,
finding the best initial layout for the pieces around the
Kibo’s body).

Game C – Hold and Release Shapes recalls the
Kibo’s Musical Instrument Mode and takes benefits
from the polyphonic aftertouch feature. Tangibles
are mapped once again onto the grades of a C-major
scale. Somehow similar to Game A, when a shape
touches the vertical line or enters the delimiter box,
the user is expected not only to tap the correspond-
ing tangible but also to keep it pressed until the same
shape appears again. Pressing a tangible sends a
MIDI Note On message, and releasing it sends the
corresponding Note Off message. This game mode is
probably the most challenging one, from both a mo-
tor and a cognitive point of view. For example, some
combinations of shapes require not only the ability
to have them selected simultaneously but also a good
strategy to have a hand free for the next insertion.

5 EARLY EXPERIMENTATION

Due to the restrictions imposed on society during the
COVID-19 pandemic and the impact it had on the el-
derly and fragile populations, it has not been possi-
ble to test this prototype in a real-life setting so far.
Nonetheless, the games were proposed to elder fam-
ily members, colleagues, and domain experts to get
objective feedback on their benefits and usefulness.

Overall, Kibo Web Games were appreciated and
described as an enjoyable form of entertainment, yet
challenging enough to possess rehabilitative proper-
ties. Differentiating between similarly shaped tangi-
bles (e.g., star and flower) was initially perceived as
demanding by many but overcome with practice. An-
other challenging aspect was maintaining the level of
performance with the speed increment.

An early prototype was presented to music thera-
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pists and physiatrists of Fondazione Don Carlo Gnoc-
chi, Milan. Many useful remarks emerged about the
games’ structure and the user interface. Game A was
particularly appreciated due to its simplicity, but the
interface was considered too complex for users with
impairments, above all cognitive ones. A first sugges-
tion was to move the parameter configuration and the
MIDI console away from the game screen, thus intro-
ducing a sort of back-office area to set game sessions;
in fact, in a standard scenario, the parameter config-
uration on one side and the gameplay on the other
involve two distinct actors, and the presence of side
controls and messages can be a source of distraction.
Similarly, the use of colors should be limited as much
as possible, just to differentiate the actions required
(e.g., either insert or remove a tangible). The nu-
meric score, too, should be turned into a more direct
and comprehensible representation, such as a given
number of stars, a growing bar, or something similar.
Games B and C involve persistent actions (i.e. shapes
to keep inserted or pressed for a given time). In this
case, the experts’ objections focused on the graphi-
cal representation itself of the game field. In fact, in
their opinion, having 8 scrolling areas corresponding
to the 8 tangibles could help, above all in the case of
cognitive impairment. Actually, a colored multi-track
representation for Game C would recall the piano-roll
visualization typically adopted by MIDI sequencers.
Moreover, experts agreed that the last two games are
more challenging from any point of view and, for this
reason, they suggested a step-by-step process before
playing the final version (e.g., first locate given shapes
with no time constraint, then test the physical actions
by moving shapes into their slots, etc.). Early experi-
mentation of the revised interface should start at Fon-
dazione Don Carlo Gnocchi in October 2022. Thanks
to the positive feedback received, it is likely that Kibo
Web Games have the requisites to be utilized among
the elderly population. Future testing on this specific
population will be necessary to fine-tune the develop-
ment of a truly suitable device that can be used in the
rehabilitative space. Connecting performance results
to a database or exporting them into a CSV file could
provide a more accurate track of progress.

The approach of Kibo Web Games can be easily
generalized and adapted to other scenarios. For ex-
ample, the platform can be profitably used to develop
music parameters and geometric concepts awareness
in young students, even in preschool age, thanks to
TUI-based playful activities. Moreover, Kibo Web
Games can help recover cognitive and motor abilities
not only in elderly people but also in younger users;
some experiences in this sense are reported in (Baratè
et al., 2021).

6 CONCLUSIONS

In this project, we investigated the suitability of the
Kibo to compensate for age impairments. The device
proved to be a good solution from a technical and a
physical point of view due to user-friendliness and ro-
bustness. Unfortunately, it is not an affordable prod-
uct. Thanks to the Kibo’s 8-voice polyphony, mul-
tiple participants have the opportunity to access the
interface simultaneously. Collaboration could be ad-
vantageous for seriously disabled individuals needing
assistance from caregivers. However, the described
games are not designed to explore this scenario in full.

The possibility to choose parameters and set dif-
ficulty levels allows users to progress at their own
pace without confronting insurmountable obstacles.
A therapist or a caregiver can suitably configure game
sessions based on the players’ attitudes and abilities.
Moreover, no game penalties were implemented with
the distinct purpose of not discouraging elderly users
who are often not technology savvy and likely to be
afraid of making mistakes or getting stuck.

The inspiration for future work mainly comes
from the observations and remarks by experts re-
ported in Section 5. Short-term future improvements
include the creation of a different game field for each
specific game, keeping the interface’s look as sim-
ple as possible to avoid any distractions during the
gameplay, and the implementation of two different
windows (one for the user/patient who can only play
the game and one for the specialist who can set the
game parameters). In addition, tracking parameters
like pressure variations could test and improve tac-
tile and fine motor skills in action. After on-the-field
experimentation, gaming speed will probably need to
be adjusted to accommodate slower apprehension in
aged people. Finally, an aspect to further explore is
the use of proper musical feedback to be applied in
music therapy.

Our expectation is that Kibo Web Games are able
to stimulate declining cognitive abilities and reignite
strained motor skills in elderly people in order to keep
them active and fully integrated into society through
a set of engaging activities.
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Abstract: Digital traces is a source of information about the users and their actions while the online activities. A 
structured part of this source, which represents information related to the decision-making process of a user, 
is proposed to be formalized in the form of user digital life model. The decision support system addresses this 
model for information to recognize user types and recommend personalized decisions. A user type is 
characterized with common personality traits of the users as decision makers and common decision-making 
behaviours of these users as consumers. A user ontology represents a priori knowledge on the user types and 
supports the user classification into them. The paper considers kinds of factors influencing decision-making 
styles and consequently personality traits of decision makers as well as behaviour variables determining 
decision-making behaviour. The user digital life model provides information to score these factors and 
instantiate the variables. A decision support scenario is described and its application to a search problem is 
demonstrated. 

1 INTRODUCTION 

Personalized decision support based on information 
from user digital traces has recently gained popularity 
as a result of the success of the efforts on personality 
prediction from these traces (Stachl, Pargent, et al., 
2020). Digital traces are beneficial for obtaining 
users’ personality traits without burdensome 
questionnaires. Decision support systems (DSSs) and 
recommendation systems add the personality 
information in the processes of decision support and 
recommendation. 

One of the problems of using information from 
digital traces is their weakly structured and poorly 
curated content that complicates its analysis in a 
context-aware meaningful way (Breiter & Hepp, 
2018). Information from the digital traces represented 
in a well-structured way would simplify its analysis 
to predict personality. 

Context-aware integration of information 
describing personality traits and online behaviour that 
the user manifest while decision-making to predict or 
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b  http://orcid.org/0000-0002-1962-7044 

recognize personality would increase the efficiency 
of DSSs. 

The paper proposes a conceptual framework of 
personalized decision support based on user digital 
life model, in which such a model systematizes the 
content of digital traces and represents information 
related to the decision-making process of a user. This 
model is used as an information source to recognize 
user types and recommend personalized decisions. A 
user type groups users with common personality traits 
of them as decision makers and common decision-
making behaviours as consumers. A user ontology 
represents a priori knowledge on the user types and 
supports the user classification into these types. The 
types are context-sensitive, i.e. the same user in 
different contexts can be classified into different user 
types. A DSS that implements the conceptual 
framework infers the user type and recommends a 
decision based on the knowledge about the kinds of 
decisions customary for the users of this type. 

The rest of paper is as follows. Section 2 outlines 
related research. Section 3 introduces a conceptual 
framework of personalized decision support based on 
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user digital life model. Section 4 presents the user 
ontology and provides ideas of user classification. 
Section 5 describes a scenario of personalized 
decision support according to the conceptual 
framework. Section 6 demonstrates the scenario 
applied to a book search problem. Section VII 
discusses main concluding remarks. 

2 RELATED RESEARCH 

Many studies have concluded that personalities 
influence human decision making process and 
interests (Rentfrow & Gosling, 2003).  

The most commonly, research on personality 
prediction from user digital traces analyses traces 
from social media platforms. Such approaches 
include integrating information from Twitter on self-
language usage, avatar, emoticon, and responsive 
patterns (Wei et al., 2017) or on profile attributes and 
language (Sumner et al., 2012); integrating text, 
image, and users' meta features from Twitter and 
Instagram (Skowron et al., 2016); integrating 
demographic features, social network activities, and 
language extracted from Facebook, Twitter, and 
YouTube (Farnadi et al., 2016); analysing text and 
pictures contained in traces left in multiple public and 
private social media platforms (Azucar et al., 2018). 

Researchers agree that personality traits and 
individual behaviour patterns are strongly related 
(Augstein et al., 2019). In this direction, approaches 
integrate information on networks-related behaviour 
and personal traits (Lee & Kim, 2017; Zhao & Zhu, 
2019); personal traits and emotions as a behaviour 
regulating factor (Lerner et al., 2015; Tkalčič, 2020); 
personal traits and behaviour activities of smart-
phone users (Stachl, Au, et al., 2020), and others. 

Various personalized DSSs and recommendation 
systems exploit digital traces as a resource of 
personality information (e.g., (Courtin & Tomasena, 
2016; Narducci et al., 2019)). Comprehensive 
reviews of personality-based recommendation 
systems that use information on personality traits 
extracted from digital traces and combine it with user 
behaviour can be found in (Augstein et al., 2019; 
Suhaim & Berri, 2021). 

Multiple personalized and adaptive systems rely 
upon user types (or stereotypes) characterized with 
common personal features. Researches that support 
prediction of user types through classification include 
a classification of social media users into types that 
reflect the level of their engagement in the media 
usage (Lee & Kim, 2017), personality classification 
based on Twitter text (Pratama & Sarno, 2015), and 

others. Ontologies, which provide classification 
service, support a user categorization based on 
personality traits, facets, culture, and age in relation 
to specific tasks (El Bolock et al., 2020); personality 
traits and facets recognized in different tests (Garcia-
Velez et al., 2018); textual data contained in the 
digital traces (Alamsyah et al., 2021); combinations 
of text and social behavioural aspects of user on 
multiple social media (Sewwandi et al., 2017), and 
many others. 

The present research relies upon a user digital life 
model as a collection of user-specific information. 
This model is a structured representation of a part of 
the content of user digital traces. Personality is 
recognized through ontology-based classification. A 
user ontology represents a priori knowledge on user 
types. It infers a user type based on the type 
definitions and information from the user digital life 
model. The information used concerns the user traits 
and online behaviour that this user manifest while 
decision-making. 

3 CONCEPTUAL FRAMEWORK  

The conceptual framework of personalized decision 
support based on user digital life model (Figure 1) is 
intended to recommend decisions that the user would 
made in the current situation (context). The main 
components of this framework are user digital traces, 
user profile, user digital life model, user segment, 
user ontology, and context (Smirnov & Levashova, 
2020). The user digital life model is the main source 
of information for the rest of the components.  

User profile is a set user characteristics that can 
be used to create a descriptive portrait of an individual 
and to identify one. User digital traces is a set of 
records fixing information on the user activities 
including decision-making. User digital life model is 
a structured representation of a part of the content of 
user digital traces, which carries information related 
to the decision-making process of the user. User 
segment is a group of users with common needs and 
behavioural reactions when making decisions. User 
ontology is a user model, which formalizes 
knowledge to classify a user into a user type, i.e. into 
a category of users distinguished by common 
personality traits of these users as decision makers 
and common decision-making behaviour. Context is 
any information that characterizes the situation of the 
user in the decision-making process. In the 
conceptual framework, context comprises the user 
identifying information and the information on the 
user preferences, the user type, the problem requiring  
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Figure 1: Conceptual framework for personalized decision support based on user digital life model. 

a decision, and the knowledge domain that this 
problem deals with.  

When the user requests the DSS with a problem 
requiring a decision, or when the DSS finds out that 
the user needs a recommendation, the system infers 
the user type and recommends a decision based on the 
knowledge about the kinds of decisions customary for 
the users of this type.  

The framework components are modelled using 
the set-theoretic approach.  

User profile (UP):  ܷܲ = ,ܦܫ_ݎ݁ݏܷ) ,ݐݑ݋_ܲ (ܥ)݊݅_ܲ  ,((ܥ)݊݅_ܲ = (ܥ)݁݌ݕܶ_ܯܦ ⋃ ௖ܲ(ܥ) ⋃  ,(ܥ)ݎܲ
where ܷܦܫ_ݎ݁ݏ is the unique user identifier, ܲ_ݐݑ݋ is 
the set of context-independent user characteristics; ܲ_݅݊(ܥ)  is the set of context-sensitive user 
characteristics in the context (ܥ)݁݌ݕܶ_ܯܦ ;(ܶ)ܥis 
the user type in the context (ܥ)ݎܲ ;(ܶ)ܥ is the set of 
user preferences in the context ܥ(ܶ); ௖ܲ(ܥ) is the set 
of context-sensitive user characteristics other than the 
user type and the user preferences (e.g., the user 
location, local time, etc.); T is the period of existence 
of the context C. 

User digital life model (DL): ܮܦ = ,ܦܫ_ݎ݁ݏܷ) ,଴ݐ)݈ܾ݉݁݋ݎܲ ,(௡ݐ ,଴ݐ)݊݅ܽ݉݋ܦ ௔ିݐ)݊݋݅ݐܿܣ} ,(௡ݐ , ,{(௔ାݐ ,(௡ݐ)݊݋݅ݏ݅ܿ݁ܦ ܴଵ, ܴଶ, ܴଷ),  ܴଵ ∈ ݈ܾ݉݁݋ݎܲ × ଶܴ ,݊݅ܽ݉݋ܦ ∈ ݈ܾ݉݁݋ݎܲ ଷܴ ,݊݋݅ݏ݅ܿ݁ܦ× ∈ ௔ିݐ)݊݋݅ݐܿܣ , (௔ାݐ ×  ,݈ܾ݉݁݋ݎܲ
where ݈ܾܲ݉݁݋ݎ  is the kind of the decision-making 
problem ( ,଴ݐ)݈ܾ݉݁݋ݎܲ (௡ݐ  means that the user 
addresses the problem ݈ܾܲ݉݁݋ݎ  in the interval (ݐ଴, ଴ݐ ;((௡ݐ  is the time instant when the user starts 
decision-making; ݐ௡ is the time instant when the user 
has made a decision; ݊݅ܽ݉݋ܦ  is the knowledge 
domain that the problem ݈ܾܲ݉݁݋ݎ  deals with 
,଴ݐ)݊݅ܽ݉݋ܦ)  ௡) means that the domain knowledgeݐ
is dealt with in the interval (ݐ଴, ௔ିݐ)݊݋݅ݐܿܣ ;((௡ݐ ,  (௔ାݐ

is the action carried out in the interval (ݐ௔ି , ଴ݐ) (௔ାݐ ௔ିݐ≥ , ௔ିݐ < ,௔ାݐ ௔ାݐ < (௡ݐ (௡ݐ)݊݋݅ݏ݅ܿ݁ܦ ;  is the decision 
made at the time instant ݐ௡. 

User segment (S): ܵ = ,݊݅ܽ݉݋ܦ) ,݁݌ݕܶ_ݎ݁݉ݑݏ݊݋ܥ ,ݎܸܽ ܴସ, ܴହ), ܴସ ∈ ݊݅ܽ݉݋ܦ × ݎܸܽ , ܴହ ∈ ݎܸܽ  ,݁݌ݕܶ_ݎ݁݉ݑݏ݊݋ܥ×
where ݁݌ݕܶ_ݎ݁݉ݑݏ݊݋ܥ is the type of users sharing a 
common behavioural pattern when choosing a 
decision, ܸܽݎ  is the set of behavioural variables 
providing data to the behavioural pattern. 

User ontology (ܱ௎): ܱ௎ = ,݈ܥ) ܴ݈݁, ݈ܥ ,(ܣ = ை݈ܥ ⋃ ܣ ,݁݌ݕܶ = ைܣ ⋃  ,஽ெ_்௬௣௘ܣ
where ݈ܥ is the set of ontology classes, ܴ݈݁ is the set 
of class relationships (ܴ݈݁ → ݈ܥ × ݁݌ݕܶ ,(݈ܥ  is the 
class that represents the user types, ݈ܥை =  ஽ெ_்௬௣௘ is the set ofܣ ,is the set of ontology axioms ܣ ,݁݌ݕܶ\݈ܥ
axioms that define the membership of the class ܶ݁݌ݕ 
by a user, ܣை =  .஽ெ_்௬௣௘ܣ\ܣ

Context (ܥ): ܥ(ܶ) = ,ܦܫ_ݎ݁ݏݑ) ,(ܶ)݁݌ݕݐ_ݎ݁ݏݑ ,(ܶ)݈ܾ݉݁݋ݎ݌ ,(ܶ)݊݅ܽ݉݋݀ ,(ܶ)௨ݎܲ ܴ଺),                  (1) ܦܫ_ݎ݁ݏݑ ⊂ ܦܫ_ݎ݁ݏܷ (ܶ)݁݌ݕݐ_ݎ݁ݏݑ , =(݀݉, (ݎ݁݉ݑݏ݊݋ܿ , ݀݉ ⊂ ݁݌ݕܶ_ܯܦ ݎ݁݉ݑݏ݊݋ܿ , ݁݌ݕܶ_ݎ݁݉ݑݏ݊݋ܥ⊃ (ܶ)݊݅ܽ݉݋݀ , ⊂ ݊݅ܽ݉݋ܦ (ܶ)݈ܾ݉݁݋ݎ݌ , ⊂ ݈ܾ݉݁݋ݎܲ (ܶ)௨ݎܲ , ⊆ ݎܲ , ܴ଺ (ܶ)݊݅ܽ݉݋݀ ∋ ×  ,ݎܲ
where ܦܫ_ݎ݁ݏݑ  is the unique user identifier; ݁݌ݕݐ_ݎ݁ݏݑ(ܶ) is the user type in the context ݈ܾ݉݁݋ݎ݌ ;(ܶ)ܥ(ܶ)  is the problem for that the user is 
making a decision in the context ݊݅ܽ݉݋݀ ;(ܶ)ܥ(ܶ) 
is the knowledge domain that the problem ݈ܾ݉݁݋ݎ݌(ܶ)  deals with; ܲݎ௨(ܶ)  is the set of user 
preferences in the context ܥ(ܶ); ܶ = ,଴ݐ)  .(௡ݐ
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4 USER ONTOLOGY 

The user ontology represents a priori knowledge on 
user types and supports the user classification. 

4.1 User Types 

A user type is compound. It combines the type of 
users as decision makers and the type of users as 
online consumers. Two direct subclasses of the class 
Type, that are DM_Type and Consumer_Type, 
represent these subtypes, respectively. The user types 
are context-sensitive.  

The class DM_Type represents types of the users 
depending on their decision-making styles and class 
axioms that specify user characteristics influencing 
these styles. A decision-making style affects 
personality traits of a decision maker (El Othman et 
al., 2020), preferences for the selection of an 
alternative (Sharma & Pillai, 1996), and eventually 
the decision. Kinds of the decision-making styles are 
adopted from the management domain. According to 
them, decision makers can be spontaneous, rational, 
inert, risky, and cautious. 

Detailed descriptions of the decision-making 
styles (Allen, 2017; Bavol’ár & Orosová, 2015; 
Sharma & Pillai, 1996) allowed us to find out factors 
that influence decision making and that can be scored 
based on information from digital traces (Table 1).  

Number of decision makers expresses a preference 
for an individual or collective decision-making. 

Decision making time expresses the thoroughness 
of the analysis and evaluation of the alternatives (this 
time includes the time of searching for information). 
It is scored as low, medium, or high. 

Confidence degree scores the confidence of the 
user in his/her knowledge and assessments in the 
scale of low, medium, and high. 

Complexity of decision-making procedure is the 
complexity of the process thought that the user has to 
go to reach the final decision (searching for 
information, analysing and evaluating the 

alternatives, consulting, and decision coordinating). 
This procedure is proposed to be assessed as simple, 
medium, or complex. 

Criterion is the preference criterion (latent or 
explicit) that the user applies to evaluate the 
alternatives. 

The class Consumer_Type classifies the users as 
consumers of the recommended decisions based on the 
behavioural variables (Var). The classification used 
has come from the customer behaviour segmentation, 
which focuses on the division of the users into groups 
based on common online behaviour patterns. In the 
paper, it is supposed that the users play the role of 
Internet service consumers, the DSS is an online 
service that recommends decisions, and the users’ 
behavioural patterns when they are thinking of either 
accept a decision or do not reflect the online 
behavioural patterns of these users as consumers. 
Progressives, consolidators, always-hurrying, 
traditionalists, and security-concerned consumers are 
represented in the class Consumer_Type.  

Based on detailed descriptions of the consumer 
types, behavioural variables are identified, values for 
that can be found in digital traces ( 

Table 2). The meanings of these variables are 
intuitively clear; therefore, they are not described 
unlike the factors. 

4.2 User Digital Life Model  

Actions and decisions specified in the model of user’s 
digital life are analysed to identify the information 
that can be used to score the factors (Table 3) and 
variable values (Table 4). 

Actions on information search (information 
search requests) and communicating actions provide 
information to score the number of decision makers 
(f1) and to score the user confidence degree (f3) (a 
decision maker that relies only on own knowledge, is 
characterized by an extreme (high) degree of 
confidence and opposite, a decision maker that looks 
through large volumes of irrelevant information and 
 

Table 1: Factors influencing decision making allocated to decision maker types. 

Factor 
Decision Maker Type 

Spontaneous Rational Inert Risky Cautious 
f1. Number of decision makers one-two group one-two one/group group 
f2. Decision-making time low medium high medium high 
f3. Confidence degree high medium low high low 
f4. Complexity of decision-
making procedure 

simple medium complex medium complex 

f5. Criterion maximizing 
rapidity of getting 
benefit 

maximizing 
effectiveness of 
problem resolving 

maximizing 
effectiveness of 
problem resolving 

maximizing 
benefits 

minimizing 
losses 
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Table 2: Behavioural variables influencing consumer type. 

Variable 
Consumer Type 

Progressives Consolidators Always-hurrying Traditionalists Security-concerned 
v1. Time spent in the Internet much moderate moderate little little 
v2. Degree of involvement in 
social networks 

medium high do not use, usually low low 

v3. Degree of Internet 
services consuming 

high high medium low low 

v4. Degree of interest to 
innovations 

high medium low low low 

v5. Loyalty level low medium high high medium 
v6. Preferable 
communication means 

no 
preferences 

no 
preferences 

written voice voice 

v7. Criterion maximizing 
own benefits 

maximizing 
benefits of 
other users 

maximizing own 
benefits, 
minimizing time 

utility 
maximization 

minimizing losses 

 
contacts other individuals for help is characterized by 
a low degree of confidence). Time values fixed for the 
actions on information search and on the interactions 
of the user with the DSS are used to calculate how 
much time the user gathers and analyses information, 
and evaluates the recommendation in order to either 
accept or decline it (f2). All kinds of actions used to 
score factors f1–f3 are used to score complexity of the 
decision-making procedure (f4) (if the decision is 
made quickly (the decision-making time is low) then 
the procedure is assessed as simple; if the decision-
making time is high then the procedure is evaluated 
as complex). The result of an analysis of the user 
decisions is the criterion (f5), which expresses 
explicit or latent preferences of the user. 

Table 3: Digital life model as source for factor scores. 

Factor Information from digital life model 

f1 Number of individual recipients or groups to 
which the user sent requests 

f2 Time taken to analyze the request results, and 
to evaluate the recommendation 

f3 Kinds, number, and relevance of the 
knowledge sources used 

f4 All the above 

f5 Decision  

Table 4 provides information from the user digital 
model that can be analysed to instantiate the 
behaviour variables. Durations calculated based on 
the time values fixed for the corresponding actions 
instantiate the time behaviour variables (the first three 
rows in the table). The degree of the Internet-services 
consuming is calculated as the ratio of the number of 
the kinds of the services used to the number of hits 
normalized to low, medium, or high. The loyalty level 
is determined by the information showing the user 

interest to similar services offered by different 
organizations. Communication activities provide 
information about phone calls or written messages of a 
user, on the basis of which the frequency of both is 
calculated and the preferred means of communication 
is determined. The criterion is determined based on the 
information about the decisions that the user digital life 
model specifies. 

Table 4: Digital life model as source for variable values. 

Variable Information from digital life model 

v1 Time fixed for the on-line activities 

v2 Time fixed for the social networks activities 

v4 Time fixed for service hints comparing with 
time of the service releases 

v3 Kinds of services used, service hits 

v5 • Activities on searching for the services that 
are the same as offered by a specific site 
• Activities on the usage of services that are 
the same as offered by a specific site services 
on other sites 
• Activities on the usage of services offered 
by competitors 

v6 Communication activities 

v7 Decision 

5 PERSONALIZED DECISION 
SUPPORT SCENARIO 

The scenario of personalized decision support based 
on user digital life model implements the general idea 
of the conceptual framework and leaves aside cases 
when the user does not accept the recommendation. 
Such cases create a reason to a refinement of user 
types and system learning, but they are out of research 
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scope so far. The scenario considers situations that the 
DSS addresses on the interval from the time instant 
when the user starts decision-making until a 
recommendation has been provided (Figure 2).  
A problem that the user faces (the decision-making 
problem) initiates the scenario. The information on 
the unique user identifier ܦܫ_ݎ݁ݏݑ, the time t when 
the user performs the actions causing the system 
reaction, these actions ܽܿିݐ)݊݋݅ݐ, (ାݐ ,ିݐ)݊݋݅ݐܿܽ , (ାݐ  ⊆ ௔ିݐ)݊݋݅ݐܿܣ , (௔ାݐ  (the very first 
action in time is ܽܿݐ)݊݋݅ݐ଴,  ା)), the decision-makingݐ
problem problem(t), and the domain ݀(ݐ)݊݅ܽ݉݋ is 
identified in the user digital traces and becomes 
represented in the user digital life model. 

A formal problem model is built. The DSS uses 
this model to solve the problem (ݐ)݈ܾ݉݁݋ݎ݌  as a 
decision support problem. The function M: 
problem(t)  PM assigns the problem its formal 
model. 

Scores for the factors determining decision-
making styles and values for the behaviour variables 
are assessed based on the user characteristics  
 

 

Figure 2: Scenario of personalized decision support. 

contained in the user profile and the information from 
the user digital life model. These scores and values 
fully or partly instantiate the ontology axioms and 
rules that define the user types. The fully instantiated 
axioms and rules become assertions (axioms and rules 
describing individuals (Glimm et al., 2012)). 

Based on the set of the assertions, the ontology 
solves the classification problem and derives the user 
type (user_type(t)) made up of the user type as 
decision maker and the user type as consumer. 

The information on the user identifier (user_ID), 
the user type (user_type(t)), the kind of the problem 
that the user addresses (problem(t)), the knowledge 
domain (domain(t)), and the set of user preferences 
(Pru(t)) instantiates the context model C(T) (1). 

Using the model (PM), the DSS solves the 
problem problem(t) as a decision support problem. 
The result of problem solving is a set of alternatives. 

In accordance with the user type as consumer, the 
segment of the users of this type is distinguished and 
the kind of decisions customary to the users of this 
segment is identified. Based on this kind of decisions 
a recommended decision from the set of alternatives 
is selected. The recommended decision is delivered to 
the user, appears in the user digital traces, and saved 
in the user digital life model: ܮܦ(ݐ௡) = ,ܦܫ_ݎ݁ݏܷ) ,(ܶ)݈ܾ݉݁݋ݎ݌ ,{(௡ݐ) ݊݋݅ݐܿܽ},(ܶ)݊݅ܽ݉݋݀  .((௡ݐ) ݊݋݅ݏ݅ܿ݁݀

6 USE CASE 

The scenario above is demonstrated by an example of 
decision support for the user that searches a book on 
programming in Java in a library. 

The user name is Alex; the part of the digital life 
model built for Alex based on his digital traces for the 
problem in question is as follows:  ܮܦ஺௟௘௫(ݐ଴, (ାݐ == ,ݔ݈݁ܣ) ,(଴ݐ)ℎܿݎܽ݁ܵ ,(଴ݐ)ݕݎܽݎܾ݅ܮ ,଴ݐ)݊݋݅ݐܿܽ} ଴ݐ ({(ାݐ = 2020– 11– 19 19: 55: 16.057 , ,଴ݐ)݊݋݅ݐܿܽ}  {(ାݐ = = ቐܲݏݏ݁ݎ. .݉݁ݐܫݑ݊݁ܯ :ℎ(2020-11-19 19ܿݎܽ݁ܵ 55: 17.0648, 2020-11-19 19: 55: .݁ݏ݋ℎܥ(17.926 .݊݋݅ݐ݌ܱ :19 19-22-2020)݈݁ݐ݅ܶ 55: 16.057, 2020-11-19 19: 55: .ݎ݁ݐ݊ܧ(18.873 :Programming in Java(2020-11-19 19.݈݁ݐ݅ܶ 55: 19.203, 2020-11-19 19: 55: 19.936)ቑ. 

The model above specifies that the user identified 
as Alex (ܦܫ_ݎ݁ݏݑ = Alex) addresses the problem of 
searching ( (ݐ)݈ܾ݉݁݋ݎ݌ (଴ݐ)ℎܿݎܽ݁ܵ =  ) a book 
entitled “Programming in Java” in the library 
  .((଴ݐ)ݕݎܽݎܾ݅ܮ = (ݐ)݊݅ܽ݉݋݀)

The preferences of Alex coming from his profile 
for the problem of book searching declare that the 
preferable language for Alex is English. Based on the 
scores for the factors influencing decision-making 
styles and values for the behaviour variables, the user 
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ontology classifies Alex as a spontaneous decision 
maker and as an always-hurrying consumer. The 
scores are obtained as results of an analysis of the 
actions and decisions represented in Alex’s digital life 
model. All the actions and decisions that concern the 
problem of books searching are analysed, not just 
those for the given time (for the time interval [t0, t+] 
this model does not contain a decision). 

Below, the instantiated context model (1) is given. ܥ( ௖ܶ) ,ݔ݈݁ܣ)= )ܣܵ ௖ܶ), )ݕݎܽݎܾ݅ܮ ௖ܶ), )ℎܿݎܽ݁ܵ ௖ܶ), )English:݁݃ܽݑ݈݃݊ܽ ௖ܶ)), 
SA = (spontaneous, always-hurrying), ௖ܶ = ,଴ݐ]  .௖ – the moment of the context model instantiationݐ ,(௖ݐ

A set of available in the library books in English 
devoted to programming in Java is the result of 
problem solving. The DSS uses the information that 
the always-hurrying users prefer quickly 
implementable decisions to select a recommendation 
from this set.  

Among various options that the library suggests 
are benefits for its subscribers. The DSS checks in the 
Alex’s profile that he is a library subscriber and 
recommends the book: “Herbert Schildt, Java: The 
Complete Reference, Ninth Edition, McGraw-Hill 
Education – Europe, 2014, 1312 p. (English, 
Paperback), ISBN: 9780071808552.” This book is 
digitalized and the library can provide access to a 
digital copy of the book immediately after the request 
of a subscriber. Alex accepts the recommendation by 
ordering the book from the library. 

Alex’s digital life model is updated with the 
recommended decision:  ܮܦ஺௟௘௫ = ,ݔ݈݁ܣ) ,଴ݐ)ℎܿݎܽ݁ܵ ,(௡ݐ ,଴ݐ)ݕݎܽݎܾ݅ܮ ,଴ݐ) ݊݋݅ݐܿܽ},(௡ݐ ,{(௡ݐ (௡ݐ)݊݋݅ݏ݅ܿ݁݀) ,( "9780071808552" = 9780071808552). 

7 CONCLUSIONS 

Personalized decision support needs user-specific 
information. Digital traces is a valuable resource of 
such information. The paper proposes a conceptual 
framework of personalized decision support in which 
the core source of information about user specifics is 
user digital life model. This model systematizes and 
contextualizes the content of digital traces that can be 
used to recognize personal user characteristics. Based 
on these characteristics the user ontology infers a user 
type. The DSS implementing the proposed 
framework refers to the user type to recommend a 
decision customary for the users of this type. 

The novelties of the presented research are that it 
proposes a user digital life model, which offers a new 

means for organizing weakly structured content of 
digital traces; suggests a way to recognise context-
sensitive user types from their digital traces, and gives 
idea of a system dealing with context-sensitive user 
types to provide personalized recommendation. 

Future research can address the development of 
decision support scenarios for the cases when the user 
does not accept the recommendation. 
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Abstract: This work describes the design and implementation of a cross-platform mobile application that has been cre-
ated to provide users with personalised recommendations of Critical Incident (CI) narratives. CIs provide
brief descriptions of situations in which misunderstandings arise as a result of the cultural differences of the
interacting parties. They are useful for increasing intercultural awareness. This paper describes the design and
implementation of the mobile application called ‘Nils2Go’. The main focus is the personalisation strategy that
is employed in the recommendation of CIs, and the identification and use of user demographic characteristics
that can be utilised to further personalise a retrieved list of CI narratives.

1 INTRODUCTION

Various studies show that the use of mobile applica-
tions often drops sharply within the first few weeks
and months after installation. For example, (Yan and
Chen, 2011) show how the average usage drops by
about 50% over a period of three months. Although
also dependant on the type of application (e.g. com-
munication applications are usually used for signifi-
cantly longer than games that are used exclusively for
entertainment (Li et al., 2020)), ‘user experience’ has
been shown to influence long-term application usage
(Kujala et al., 2011).

This paper focuses on the question “How can CI
recommendations in a mobile application be person-
alised?”. This is important because personalisation
has been shown to lead to an improvement in user ex-
perience in the past. To achieve this in the context of
a mobile application, a user model is created, and per-
sonalisation in the form of a recommender system is
carried out to present users with a list of relevant CIs.

This paper starts with a definition of Critical In-
cidents. Following this, Section 2 outlines the back-
ground concepts of personalisation, user modelling,
and recommender systems, and also provides an out-
line of the Network Intercultural Learning and Sensi-
tivity (NILS) website. In Section 3, the low-fidelity
prototype and the implemented mobile application

a https://orcid.org/0000-0003-1069-5814

called Nils2Go1 are presented, as too the personal-
isation strategy and technical implementation of the
application. Finally, in Section 4, our conclusions and
directions for future work are provided.

1.1 Critical Incidents

Critical Incidents (CIs) are brief descriptions of situ-
ations in which a misunderstanding, problem, or con-
flict arises as a result of the cultural differences of the
interacting parties (Apedaile and Schill, 2008). CIs
form an important tool for increasing our awareness
and understanding of human attitudes, expectations,
behaviours, and interactions. Some examples of CIs
are provided in Figures 1, 2B, and 3.

In addition to the narrative, different metadata
about the CI is also stored. For example, it can be rele-
vant where the information came from, who recorded
it, and who the actors are. A reflection (i.e. a retro-
spective view of the past situation) by the author from
today’s perspective, is also often included in a CI.

The mobile application described in Section 3 in-
corporates both the CI narrative and its associated
metadata into the presentation of CIs to the user. This
metadata is of decisive importance in the personali-
sation of the CIs that are returned to the user and is
described in more detail in Section 2.4.1.

1Nils2Go App: Available at https://play.google.com and
https://apps.apple.com.
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2 BACKGROUND

In this section, the concepts of personalisation, user
modelling, and recommender systems are outlined, as
too the NILS website. These concepts form the basis
on which this work is then built upon.

2.1 Personalisation

There are various approaches to increasing the user
experience in the area of mobile applications. One of
these approaches is the personalisation of the software
used. In this context, personalisation involves assign-
ing relevant characteristics to individual users. Based
on these characteristics, different users will have dif-
ferent experiences when using the software. The ex-
periences are adapted to the preferences and needs of
the user. The work in this paper focuses on how per-
sonalisation can be used in the presentation of Critical
Incident narratives.

A sub-area of the personalisation of software is
represented by so-called recommendation systems.
These systems suggest specific information to the user
based on matches to his or her personal interests. In
general, personalisation deals with the discrepancy
between general-purpose applications, which achieve
the highest possible benefit in a broad field with the
least possible development effort, and specialised ap-
plications, which should fulfil an individual-specific
benefit (Kuo, 2013).

2.1.1 Advantages and Disadvantages of
Personalisation

The development of personalised applications has a
number of advantages. One clear advantage, espe-
cially for software development companies, is driven
by finance. In (Gavril and Ionescu, 2017), the authors
demonstrate that personalised applications generate
16.5% to 24% higher revenues. Another advantage
that concerns the end user is the increase in user satis-
faction. In (Liang et al., 2006), the authors show that
personalisation, especially in the form of recommen-
dation systems, has a positive effect on user satisfac-
tion. The authors in (Tong et al., 2012) also demon-
strate the positive influence that personalisation has
on user satisfaction in software systems. Another
positive aspect is that personalised applications often
stand out from non-personalised applications (Arora
et al., 2008).

In addition to the advantages mentioned, there are
also various disadvantages. The disadvantages in-
clude the higher development costs and the increased
complexity of the development of an application, but

these are often offset by higher revenues (Blech-
schmidt et al., 2005). Another possible disadvantage,
especially for the end user, is data privacy, as personal
data is often collected and used for user modelling
(Blechschmidt et al., 2005). It is however often the
case that the positive aspects outweigh the negative
ones. In the Nils2Go application described in this pa-
per, user data that is collected never leaves the device.

2.2 User Modelling

Whereas personalisation is the process of providing
individually relevant and interesting information for
individual users of an application, user modelling
refers to the construction of a User Model (UM) that
incorporates user-specific data. This model is gener-
ated and managed by means of corresponding soft-
ware components. The collected and managed data
can refer to the demographic characteristics of the
user being modelled. Furthermore, contextual data of
the user can also be relevant. The resulting model re-
flects assumptions of the system regarding the mod-
elled user and can often be retrieved in the form of
a user profile. Depending on the application, such a
model can also be designed for reuse in other systems
(Kay, 1998).

Examples of user model data relevant to the
Nils2Go application that is described in this work in-
clude demographic data (e.g. age, gender, countries
of interest, spoken languages, and country of resi-
dence), general pre-defined topics of interest that the
user can select from (e.g. education, food, family,
holidays, and travel), and specific interests provided
in the form of user-defined keywords. This data is
shown in Figure 5D.

In (Vu and Proctor, 2011; Hothi and Hall, 1998),
the following types of User Model are outlined:
• Static UMs: This is the simplest type of UM.

Once the necessary data and information has been
provided, the UM remains unchanged for entirety
of the application’s remaining use. Changes in
user interests and preferences are not registered
or updated in the model.

• Dynamic UMs: Dynamic user models can ac-
commodate for changes in a user’s interests and
preferences. In this way, there is always an up-to-
date model of the user. Furthermore, a user’s in-
teractions with the application can also flow into
the model. Depending on the use-case, it is also
possible to manually adjust the model.

• Stereotype-based UMs: Stereotype-based UMs
enable a much more anonymous way of generat-
ing and maintaining user models. Here, the inter-
ests and characteristics of the individual user are
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not part of the modelling. Rather, users are clas-
sified into common stereotypes. General informa-
tion about these groups is then used to generate
preferences for the user. The basis for these as-
sumptions are primarily driven by statistics that
have been compiled for the respective groups of
people.

• Highly Adaptive UMs: Highly adaptive UMs
realise the counterpart to stereotype-based mod-
elling. Here, great amounts of information about
a specific user are collected and generated, such
that almost all anonymity of the user is lost. One
advantage of this UM is that user profiles are ex-
tremely specific and accurate. As a result, cor-
responding applications can be particularly well
adapted to the current user and the user receives
the best possible user experience.

• Hybrid UMs: Hybrid UMs attempt to combine
the advantages of both static and dynamic UMs,
such that a balance is found between good perfor-
mance with low memory requirements and good
personalisation with detailed user models. Often,
as is the case in (Billsus and Pazzani, 2000), the
UM consists of sub-models that take both the cur-
rent point in time as well as a longer period of
time into account. This allows information about
a user to be collected in order to first generate a
static user model, while also allowing for dynamic
changes in the interests over a longer period of
time.

As described later in Section 3.4 the mobile ap-
plication in this work incorporates a hybrid UM ap-
proach.

2.3 Recommender Systems

In (Melville and Sindhwani, 2010), a Recommender
System is defined as a software system that provides
relevant and meaningful recommendations or sugges-
tions of different products or information items to a
number of users who may be interested in them. Rec-
ommender systems usually make use of either col-
laborative filtering, contextual filtering, or a combi-
nation of both. For the purpose of brevity, the reader
is directed to (Aggarwal, 2016) for further details on
recommender systems. The mobile application de-
scribed in this work incorporates a content-based fil-
tering approach as is described in Section 3.4.

2.4 NILS: Network Intercultural
Learning and Sensitivity

Network Intercultural Learning and Sensitivity
(NILS) is a research project of the University of Ap-
plied Sciences Zwickau. The work focuses on a sci-
entifically innovative preparation of critical incident
narratives (Fetscher and Klein, 2020). In addition
to gaining new insights into intercultural communi-
cation, the aim of the project is to sensitise users by
helping them to question cultural stereotypes. It is as-
sumed that this goal can be achieved through the in-
teractive browsing of CIs (Fetscher and Klein, 2020).

The NILS website2 has been primarily designed
for research, teaching, and learning purposes. It al-
lows researchers (as well as other registered users)
to enter CI narratives into the system. It also al-
lows users of the website to retrieve CIs and filter the
CIs based on keyword searches. There are currently
around 200 CIs available through the website.

Data entry and retrieval of CI narratives is accessi-
ble via the project’s website, with the work described
in this paper providing the missing link to further view
CIs in a personalised manner via a cross-platform mo-
bile application that has been developed for Android
and iOS smartphones and published on the platforms’
respective App store fronts. An example CI narrative
from the website is shown below in Figure 1, while
Figures 2B and 3 in Section 3 show further example
narratives available through the mobile application.

Figure 1: NILS website illustrating a search for relevant CIs
based on the keyword “Restaurant”.

2NILS Website: https://nils.fh-zwickau.de/
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2.4.1 Critical Incident Metadata

Each CI has up to 105 attributes associated with it.
These attributes can be grouped into the categories:
textStory, origin, medium, media, hotspots, contact
domains, communication domains, reflection, author,
actors, and location. Each of these categories has mul-
tiple attributes associated with it, e.g. a textStory in-
cludes the narrative (labelled as textStory.story in the
dataset) as well as attributes depicting whether it has
been transcribed, the language it is written in, and de-
tails about the author.

Some of the more important attributes that are col-
lected for each CI include an ID, the title and the ac-
tual story text, a timestamp of when the data was cre-
ated, the origin (i.e. whether the story is a personal
experience, an observation, retelling, or hearsay),
the language in which the content is recorded, the
kind of data (i.e. whether it is primary data or
secondary/edited data), the narrative perspective (i.e.
first or third person), the location of the event, the ac-
tors to whom the narrative refers, and personal data
about the author. Authors also have the ability to re-
flect on their experience by including a reflection at a
later time. Authors can also provide hotspots in the
form of free-text keywords to describe features of the
CI (e.g. humorous, historical).

In general, the CIs can be written in any language.
In addition to German, the current set of CIs con-
tain some narratives in languages such as English,
French, Spanish, and Russian. The actors in the set of
CIs come from various European and non-European
countries and belong to different age groups.

3 Nils2Go MOBILE
APPLICATION

3.1 Purpose and Functionality

The mobile application described in this paper has
two main purposes. Firstly, it should allow for the
clear presentation of CI narratives included in the
NILS dataset. Both the actual CI story as well as
relevant metadata (see Section 2.4.1) should be made
available to the user. Secondly, the mobile application
should offer the possibility to personalise all existing
CI narratives within the given framework. In this way,
relevant elements classified as interesting for the user
are selected from the total amount of data (though still
allowing the user to access other CIs via a simple tog-
gle button as shown in Figure 5A).

In contrast to the website, the mobile application
has been kept deliberately simple and lightweight. It

does not provide the ability to add new CIs, and nei-
ther does it allow users to create an account from the
mobile device (which would be required to add new
CIs). Instead, it has been designed to present CIs
quickly and efficiently, and in a manner that is per-
sonalised to a given user’s profile.

3.2 Low-fidelity Prototype

The mobile application was developed using a
User-Centred Design (UCD) approach (Norman,
2013). This process was combined with a semester-
long course at the University of Applied Sciences
Zwickau3 that focused on the creation of mobile ap-
plication prototypes for the search and retrieval of
CIs. In particular, the course focused on HCI prin-
ciples in which 13 groups of students designed low-
fidelity prototypes in Balsamiq4 and iteratively tested
their designs, first in a formative and later in a sum-
mative manner with 3-5 participants each time. The
evaluation technique used for this process was the
think-aloud technique (Shneiderman, 2016). These
low-fidelity prototypes were used as the starting point
for the design of the current mobile application, which
then additionally incorporated the concept of person-
alisation as shown in Figure 2, with the ability to se-
lect thematic interests (A) and to browse a list of per-
sonalised CIs (B).

Figure 2: Low-fidelity prototype of the mobile application
showing a user’s thematic interests (A) and a personalised
list of CIs (B).

3WHZ, URL: https://www.fh-zwickau.de/
4Balsamiq, URL: https://balsamiq.com/wireframes/
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3.3 High-fidelity Mobile Application

The mobile application has two main functions. The
first is to provide access to the list of CIs. These CIs
are packaged locally with the mobile application on
compilation. This means that there is no reliance on
the Internet or the NILS website to access the CIs.
The set of CIs included with the mobile application
are however only a subset of the total available to reg-
istered users of the NILS website. Updates to the in-
cluded list of CIs is accomplished via application up-
dates to the respective App store fronts. Figures 3A,
3B, and 3C show the overview list in which CIs are ar-
ranged vertically in an abbreviated form. This means
that for each CI, the title and the first three lines of the
actual story are visible. Furthermore, the creation date
for each narrative, as well as an information-button
that shows the related metadata is provided. To see
the complete story, the user simply selects the ‘show
more’ button. Feedback is also provided (when in the
personalised mode) to indicate if the match is due to
‘Interest Theme’, ‘Keyword’, or ‘Demographic char-
acteristic’ (Figures 3A, 3B, and 3C).

In addition to the CI narrative, the user also has
access to the metadata associated with each CI (Fig-
ure 3D), which the user can swipe through via a right-
to-left swipe gesture (in this case to see details on the
CI’s Hotspots - Figure 3D top-left) and via a left-to-
right swipe gesture (to see details on the CI’s Author
- Figure 3D top-right). In this view, all of the CI’s ad-
ditional metadata is shown. This information is pre-
sented separately to the main story so that it does not
impact on the readability of the CI narratives in the
overview page.

Also visible in Figure 4 is the ability to view
favourited CIs and to sort CIs, both alphabetically,
and via the manner in which CIs were selected as be-
ing relevant, i.e. based on the ‘Field of interest’, ‘De-
mographic Features’, or ‘Keywords’.

The second function is related to the personalisa-
tion of the retrieved list of CIs. The information con-
tained in the user profile is decisive for the personal-
isation of the application and contains important data
collected about the user.

Figure 5B shows a multi-choice set of topics that
is provided to the user during their first use of the ap-
plication. This allows the application to determine the
user’s thematic interests for the purpose of personal-
isation. The user also has the ability to skip this pro-
cess and configure their profile at a later time via the
application’s side-menu. Also visible in Figure 5A
is the ‘Personalised View’ toggle-switch that allows a
user to see the CIs that are most relevant to them.

The user’s profile page is accessed via the side-

menu and is shown in Figure 5D. This provides a rep-
resentation of the user model, which is statically gen-
erated at the beginning and - if necessary - adapted
over the application’s useful life (see Section 2.2).
The sections on the user profile page are divided into
demographic characteristics and interests. The demo-
graphic characteristics list personal information about
the user including their age, gender, countries that
they affiliate with, spoken languages, and their cur-
rent location of residence. The ability to enter this
data is mainly provided to the user via pre-defined
drop-down lists that limit the amount of free-form text
that the application needs to interpret. The section on
interests provides predefined topics that the user se-
lected on first use of the application, as well as user-
defined keywords that can be provided in free-form.
At the bottom of the screen is also a button that al-
lows the user to delete all of the information that has
been gathered on him or her. If the user selects this
button, their intention to delete their profile must be
confirmed and the user model is subsequently and ir-
revocably removed from the application.

3.4 Personalisation in the Application

Section 2.2 outlined static, dynamic, stereotype-
based, highly customisable, and hybrid approaches to
user modelling. For the Nils2Go mobile application
described in this paper, a hybrid UM approach was
used. The user model is generated during the first use
of the application, similar to a static UM approach.
The user can then ‘manually’ adjust their interests and
demographic characteristics, which makes it possible
to update the UM without complex dynamic adjust-
ment functionalities. Users can voluntarily further
customise their UM with demographic data like age,
gender, and spoken languages.

Users can also decide not to provide such demo-
graphic data, but the list of returned CIs will then
be much less precise as the personalisation strategy
will not incorporate CI metadata based on the actors
and authors with similar demographic attributes to the
user. If the user does initially decline to provide de-
mographic data, they can still decide to add it later via
the application’s side-menu.

The recommender system used in this application
uses a content-based filtering approach. In particu-
lar, recommendations are implemented based on rules
specified in the software. These rules use the Lev-
enshtein string distance algorithm (Navarro, 2001) to
determine similarities between the user’s profile data
(Table 1, left) and the CIs (Table 1, right).

Using the data in Table 1 row 1 to illustrate, one
such rule finds similarities between a user’s thematic
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Figure 3: The mobile application for Android, showing the user’s personalised list of CIs (A, B, C), and some of the CI
metadata (D).

Figure 4: Methods of sorting CIs, including both alphabetic
(A-Z) and personalised options.

topics of interest and the CI text story and reflection
text. Similarly, if a user provides details on the lan-
guage(s) that they speak, this will be used to help de-
termine relevant CIs based on the language spoken by
the actors, the author, and the language that the CI has
been written in (row 5 in the table).

From a technical perspective, the recommendation
of relevant CIs is based on the Levenshtein string dis-
tance algorithm. This is well suited to applications
in which the objective is to find matches for short
strings (e.g. our pre-defined themes or user-defined
keywords) in longer texts (i.e. our dataset of Criti-
cal Incidents). In this mobile application, Levenshtein
distance thresholds are used to adjust the relevance of
the returned CIs, i.e. if words are less than or equal to
the Levenshtein distance, the CI is more likely to be
deemed relevant to the user. From a code perspective,

Table 1: Recommender system data. Demographic data is
marked with an asterisk (*).

User Profile Critical Incidents (CI)
+ Metadata

Thematic Interests Text story, Reflection
Individual Keywords Title, Text story,

Reflection
Age* Age (Actors, Author)
Gender* Gender (Actors, Author)
Languages* Language (Actors,

Author), Language (CI)
Countries* Nationality (Actors,

Author), Country (CI)
Place / Region* Place (CI), Region (CI)

this is represented by the following variable:
const MAX_LEVENSHTEIN_DISTANCE_TO_MATCH = 3;

In addition to the Levenshtein distance threshold
(which can also be adjusted by the user as shown in
Figure 5C), CIs are also determined to be relevant
based on the user’s demographic data (when avail-
able). As outlined in (Beel et al., 2013), the use of de-
mographic data can have a significant impact on the
success of the recommender system. In our mobile
application, it is a combination of several matching
demographic characteristics that is required for a CI
to be marked as being relevant based on the user’s de-
mographic data (Figure 5C).

3.5 Technical Implementation

In this section, we outline the framework and tech-
nologies that were used to build the cross-platform
mobile application.
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Figure 5: The mobile application for Apple iOS, showing the side-menu (A), the user’s thematic interests (B), personalisation
settings (C), and the user profile (D).

For the technical implementation of the mobile
application, the open source framework Flutter5 was
used in conjunction with the programming language
Dart6. Flutter is a portable UI toolkit developed
by Google for the development of natively-compiled
applications for mobile platforms (iOS, Android) as
well as desktop (MacOS, Windows, Linux) and web
(Web Apps) (Flutter, 2022). Most importantly, this
means that the framework offers the ability to develop
applications once and then make them available na-
tively on different platforms.

Cross-platform development technologies like
Flutter and Dart allow developers to reuse the same
code across multiple platforms. They also provide ac-
cess to native features of the smartphone, including
local storage, which is relevant for this mobile appli-
cation.

The Nils2Go application is based on Flutter v3,
which was released in May 2022. According to a
2022 survey by Statista of over 31,743 software devel-
opers (Vailshery, 2022), the use of the Flutter frame-
work by software developers increased to 42% be-
tween 2019 and 2021 (an increase of 12%). Flutter
is thus now already far ahead of competing frame-
works such as React Native (used by 38% of software
developers in the survey), Cordova (used by 16%),
Ionic (used by 16%) and Xamarin (used by 11%).

5Flutter, URL: https://flutter.dev/
6 Dart, URL: https://dart.dev/

In comparison to web-based cross-development plat-
forms like React Native, Flutter uses its own high-
performance rendering engine rather than web tech-
nology. The Flutter engine is written in C/C++ and
applications written in the Dart programming lan-
guage are compiled into native code Ahead-of-Time
(AoT) for both iOS and Android7. This focus on
performance means that Flutter applications can run
faster than the competing cross-platform technolo-
gies.

A comparison of Flutter applications written in
Dart compared to native Android applications written
in Kotlin and iOS applications written in Swift shows
that there is still a performance penalty when using
Flutter (Olsson, 2020), but the advantage of having
a cross-platform application outweighs the disadvan-
tages for the purposes of this work. In (Olsson, 2020),
it is further stated that from their survey of 39 people
from the IT industry, 74% of end users could not de-
tect the difference in look and feel between a Flutter
and a native mobile application, which provides even
more incentive to use Flutter/Dart.

4 CONCLUSIONS

This work described the design and implementation
of the Nils2Go cross-platform mobile application that

7Flutter FAQ, URL: https://flutter.dev/docs/resources/faq
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has been created to provide users with personalised
recommendations of CI narratives. The focus was on
the personalisation strategy which was demonstrated
using a hybrid user model and a content-based recom-
mender system that incorporated the Levenshtein dis-
tance as well as demographic user data (when avail-
able). Future work will now be to conduct a user-
study with the mobile application to see if the em-
ployed personalisation strategy does in fact lead to an
increase in user experience for its users as has been
shown by other past research.
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Abstract: An information seeker’s cultural background could influence their preference for search user interface (UI) 
design. To study cultural influences Geert Hofstede’s cultural dimensions have been applied to website design 
for a number of years. In this paper, we examine if Hofstede’s six cultural dimension can be applied to inform 
the design of search engine user interfaces. The culturally designed search user interfaces have been evaluated 
in a study with 148 participants of different cultural backgrounds. The results have been analysed to determine 
if Hofstede’s cultural dimensions are appropriate for understanding users’ preferences on search user interface 
design. Whilst the key findings from the study suggest Hofstede cross-cultural dimensions can be used to 
model users’ preferences on search interface design, further work is still needed for particular cultural 
dimensions to reinforce the conclusions.  

1 INTRODUCTION 

A user’s cultural orientation could influence their 
preferences on user interface (UI) design, as noted by 
(Reinecke et al., 2010). Contemporary search engines 
such as Google, Bing, and Yahoo!, do not 
differentiate between different user types or the 
cultural backgrounds of their users. Research 
conducted by Slone (2002, p 1166 ) states, “Both 
motivation and experience, elements of goals and 
mental models, played equally strong roles in this 
result. In fact, goals and mental models work in 
tandem to determine overall searching behaviour”. A 
user’s cultural background influences their mental 
model formation. 

One means of defining culture is mental 
programming. Mental programming can be thought 
of as patterns of thinking, feeling and actions, based 
upon what we have learned throughout our lifetime. 
Hofstede (1991, p 4) writes, “Much of it has been 
acquired in early childhood”. Thinking patterns, 
feelings and actions which have been learned over 
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c  https://orcid.org/0000-0002-5622-5132 

one’s lifetime, once learned have to be unlearned 
before new patterns can be absorbed. Hofstede, 
(1991, p 5) also noted, “Culture is learned not 
inherited”. Culture is different from human nature on 
one hand and from personality on the other hand. 
Culture as described by Hofstede (1991, p 5) is “the 
collective programming of the mind which 
distinguishes the members of one group or category 
of people from another”. 

In our work, we examine cross-cultural aspects in 
search UI design. The overall aim of our research is 
to study the potential differences and different 
preferences between cultures when it comes to search 
UI. Due to the reported importance of Hofstede’s 
work in international communication, (Wardrobe, 
2005) international management, (Bing, 2004) 
international marketing, (Mooij and Hofstede, 2010) 
and use in website design, (Marcus and Gould, 2000: 
Liu, 2021), we base our considerations on Hofstede’s 
model.  

Our contribution is as follows: firstly, we discuss 
how we have used Hofstede’s six cultural dimensions 
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to inform our prototype search UI design. Secondly, 
in our study we use the prototype UIs we designed 
based on Hofstede’s dimensions to determine if 
Hofstede’s cultural dimensions and index scores for 
different countries match the user preference of the 
search UI design. For example, if Hofstede’s cultural 
dimensions Index scores indicate a country’s culture 
is towards the high end of the Masculinity dimension, 
do users from this cultural background actually prefer 
a search UI designed with high Masculinity in mind?  

To accomplish our aims, the remainder of the 
paper is structured as follows: to justify our choice of 
applying Hofstede’s dimensions, we briefly review 
different cultural models in the next section. 
Subsequently, we discuss by example how 
Hofstede’s dimensions informed the design of our 
prototype UIs. Next, we present our study and its 
results to answer the question of whether Hofstede’s 
index scores can be used to indicate the search UI 
preferences of users from different cultural 
backgrounds. Finally, we offer our conclusion. 

2 CULTURAL MODELS  

Several cultural models have been critically reviewed 
for the suitability of this research, which is to 
effectively model different cultures and be able to 
inform the design of cross-cultural search UIs. Below 
are the details on what they are and why we decide to 
continue our investigation with Hofstede’s model. 

2.1 Hall  

Edward Hall, an anthropologist, was a pioneer in 
cross-cultural business communication. Hall (1976) 
defined culture as using ‘high context’ (HC) and ‘low 
context‘(LC). A high context communication, as 
noted by Smith et al., (2004) is where, “little has to be 
said or written because most of the information is 
either in the physical environment or within the 
person, while very little is in the coded, explicit part 
of the message”. Liu (2021) notes ‘people from high-
context cultures prefer face-to-face communication’ 
and continues by saying high-context cultures ‘look 
for both less-direct verbal and subtler nonverbal cues 
during the communication’. 

This high-low context for cultures refers to how 
information is stored and flows. Whereas in a ‘low 
context’ culture the information contained in the 
message is explicit, little is hidden.  

Hall identified the Primary Message Systems 
(PMS). These systems are non-lingual ways in which 
humans communicate with one another. Hall 

identified 10 PMS each relating to a facet of human 
activity, (Hall, 1990). However, it is Hall’s ‘high-
context’ and ‘low-context’ work that is most cited 
within a Human-Computer Interaction (HCI) 
perspective.  

2.2 Trompenaars & Hampden-Turner 

Trompenaars and Hampden-Turner also looked at 
culture from a dimension level and defined seven 
cultural dimensions. They took Parson’s five 
relational orientations, Parsons (1951) as a starting 
point.  

These dimensions are units that can be used to 
make comparisons and are as follows: Universalism vs 
Particularism, Individualism vs Communitarianism, 
Specific vs Diffuse, Neutral vs Emotional, 
Achievement vs Ascription, Sequential time vs 
Synchronous time and Internal direction vs Outer 
direction.  

2.3 Nisbett 

Nisbett, a social psychologist, examines the 
differences between Eastern and Western cultures. As 
noted by Oshlyansky (2007), Nisbett looks at the 
“processes of thought, perception, attention, 
organisation of knowledge, understanding” and other 
mental processes.  He uses ‘holistic’ and ‘analytic’ 
thought patterns or mental processes to distinguish 
between Eastern and Western cultures, with the West 
on the analytics side and East/Asian on the holistic 
side. Nisbett and Miyamoto, (2005) says, “the 
evidence indicates that people in Western cultures 
focus on salient objects and use rules and 
categorization for purposes of organizing the 
environment. By contrast, people in East Asian 
cultures focus more holistically on relationships and 
similarities among objects when organizing the 
environment.” 

2.4 Hofstede 

Geert Hofstede, a Dutch anthropologist, carried out 
in-depth interviews with hundreds of IBM employees 
in 53 countries. He identified four cultural 
dimensions and published his research at the end of 
the 1970s. The fifth dimension Long-term Time 
Orientation (LTO) was added in 1991 from work 
carried out by Michael Harris Bond, supported by 
Hofstede. An additional sixth dimension, Indulgence 
versus Restraint (IND) added in 2010 is described in 
Hofstede et al., (2010) following the analysis of the 
World Values Survey data (from the World Values 
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Survey Organisation) from 93 countries by Michael 
Minkov. Hofstede et al., (2010) contains details of all 
six dimensions. 

2.5 Why Hofstede?  

Geert Hofstede’s cultural research is probably one of 
the most well-known cultural models and as noted by 
Ghemawat and Reiche, (2011) the most widely used. 
Hofstede created six dimensions by which cultures 
can be compared, (Reid, 2015). Hofstede’s work has 
been used in a number of disciplines, examples of 
which are global branding and advertising’, (Mooij 
and Hofstede, 2010), consumer behaviour, (Milner et 
al., 1993), management control systems, (Chatterjee, 
2014), cross-cultural psychology, (Hofstede, 2011) 
and cross-cultural HCI research (Smith et al., 2004). 
As noted by Oshlyansky (2007) when discussing 
cultural models used in HCI states, “By far the most 
popular of these models is Hofstede’s”. Smith et al., 
(2004) also state, “Hofstede’s (1991) dimensions of 
culture that are the most often quoted theories in 
relation to cross-cultural usability”. Mooij and 
Hofstede (2010) assert “People perform information-
seeking tasks faster when using web content created 
by designers from their own culture”. Mooij and 
Hofstede (2010) go on to say, culturally adapted 
websites are more usable, and users are more likely to 
have a more positive outlook toward them. 

3 HOFSTEDE’S CROSS 
CULTURAL THEORY 

Examples of how Hofstede’s work has been used in 
HCI, are shown by Marcus and Gould (2000), who 
used Hofstede’s five-dimensional model to develop a 
set of website design guidelines and Smith et al., 
2004) who incorporated Hofstede’s dimensions in 
their process model. Research undertaken by 
Chessum et al., (2014) looked at Hofstede’s five 
dimensions to group users for cross-cultural 
information retrieval. However, since then, Hofstede 
has added a sixth dimension, called ‘Indulgence v 
Restraint’ (IND), to his cultural model.  

This work examines whether Hofstede’s 
dimensions can be used in the design of search UIs. 
The attributes of Hofstede’s six dimensions have been 
researched extensively in relation to HCI by the 
authors of this paper. We considered the following 
interpretations of the six dimensions (user interface 

 
1 Examples of UI 1 to UI 12 can be seen at 

https://github.com/ifromm/cross-cultural-ui-designs/ 

designs UI 1 to UI 12 1 ) applicable to Human- 
Computer Interaction (HCI) design.  

There has been generally less research conducted 
regarding Hofstede’s most recent, sixth dimension, 
Indulgence v Restraint (IND). Many works conducted 
did not include this last dimension. Examples are 
(Marcus and Gould, 2000), (Smith et al., 2004), 
(Chessum et al., 2014) and (Karreman et al., 2016). 
Hofstede’s additional sixth dimension is included in 
this research and the descriptions and references 
given below (Sections 3.1 to 3.6).  

3.1 Power Distance (PD) 

Power Distance is the amount of unequal power 
within a culture that members of that culture are 
prepared to accept or expect. User interface designs 
for UI 1 and UI 2 are given below:  

3.1.1 UI 1 High (PD)  

 Images of Experts, official buildings, official 
logos, prominence given to security and 
restrictions (Marcus and Gould 2000). 

 Structured website design (Burgmann et al. 
2006). 

 “Older people are both respected and feared” use 
images of older people for wisdom and 
credibility (Hofstede 2011). 

3.1.2 UI 2 Low (PD)  

 Status is displayed to leaders rather than the 
population, staff or consumers. Information 
hierarchy is shallow (Marcus and Gould, 2000). 

 Use a looser structure to allow users to explore 
your site for themselves (Nahai, 2013), (Marcus 
and Gould, 2000). 

 Use earned evaluations e.g. ratings, testimonials, 
likes, to promote your goods or services (Nahai, 
2013). 

 “Older people are neither respected nor feared” 
Show images of younger or youthful people 
(Hofstede, 2011). 

3.2 Individualism (IDV) 

Individualism within a culture is where the individual 
is expected only to take care of themselves and their 
immediate family. There is no expectation for them to 
take care of anyone else, as opposed to a collectivist 
society, where members take care of extended 
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families and other group members. User interface 
designs for UI 3 and UI 4 are given below:  

3.2.1 UI 3 High (IDV) 

 “High text-to-image ratio”. Avoid cluttered 
graphics. Show positive images of goal 
achievement (Gould et al., 2000). 

 “Create competitions and challenges to engage 
your customers”. “Give visitors a sense of 
personal achievement to motivate actions”.  
Have content that has ‘novelty’ and ‘difference’ 
in order to ‘attract attention’ (Nahai, 2013). 

 Have their own personal goals. Follow their likes 
and dislikes (Sinha, 2014). 

 “Speaking one's mind is healthy” (Hofstede 
2011). 

3.2.2 UI 4 Low (IDV)  

 “High image-to-text ratio” (Gould et al., 2000). 
 Transparency, give users full disclosure, for 

example how their data would be used. “Show 
that you respect privacy and security of personal 
info”. “Engage the community – ‘we’ not ‘me’” 
(Nahai, 2013). 

 Emphasis on social and organisational goals.  
 An individual’s goals are less important (Gould 

et al., 2000). 
 Members of a collective society, aspire to 

achieve their in-groups’ goals (Sinha, 2014). 
 “Harmony should always be maintained’ 

(Hofstede, 2011). 

3.3 Masculinity (MAS) 

With this dimension, Hofstede refers to gender roles 
rather than to physical gender. Masculine roles 
consist of assertiveness, toughness and competition. 
Masculine work objectives incorporate “earnings, 
recognition, advancements and challenge”, as noted 
by Marcus (2002). While feminine roles are 
traditionally ones with an emphasis on caring for the 
home, family/children, people and tenderness are 
considered prevalent. User interface designs for UI 5 
and UI 6 are given below:  

3.3.1 UI 5 High (MAS)  

 User attention obtained by games and 
competitions. Work tasks, roles, and skills, quick 
results obtained for limited actions. Navigation 
focused on exploring but also on control (Marcus 
and Gould, 2000). 

 Masculine societies are competitive. Motivated 
by achievement, heroism, assertiveness, and 
materialism (Idler, 2013). 

 “Admiration for the strong” (Hofstede 2011). 
 Bright contrasting colours (Voehringer-Kuhnt, 

2002), (Dormann and Chisalita, 2002). 

3.3.2 UI 6 Low (MAS)  

 User attention is obtained by the use of poetry, 
aesthetics, and appealing to uniting values 
(Marcus and Gould, 2000). 

 Provide contact information and be prepared for 
feedback and questions. “This group is very 
cooperative and if they want to give feedback, 
they don’t hesitate to get in contact with you”.  

 “Feminine societies are consensus-oriented”. 
With a preference for values, corresponding to 
cooperation, modesty, care for the weak, and 
quality of life (Idler, 2013). 

 “Sympathy for the weak” (Hofstede, 2011). 
 Pastel colours, low saturation (Voehringer-

Kuhnt, 2002, (Dormann and Chisalita, 2002). 

3.4 Uncertainty Avoidance (UA) 

Uncertainty avoidance relates to the extent a culture 
is either comfortable or uncomfortable with 
uncertainty or unknown situations. User interface 
designs for UI 7 and UI 8 are given below:  

3.4.1 UI 7 High (UA)  

 Tries to show/predict the results or effects of 
actions before the user acts. Navigation 
structures are designed to help prevent users 
from becoming lost. Any ambiguity can be 
decreased by the use of “Redundant cues”, e.g. 
design, sound visual aids (Burgmann et al., 
2006).  

 Simplicity, with clear metaphors, restricted 
options, and limited volume of data (Marcus and 
Gould, 2000). 

 “The uncertainty inherent in life is felt as a 
continuous threat that must be fought”. “Need for 
clarity and structure” (Hofstede, 2011).  

3.4.2 UI 8 Low (UA) 

 Information is maximised by the use of colour 
coding, typeface, font, and sound. Use multiple 
links but not redundant cueing. Limited control 
over navigation e.g. Links could open content in 
new windows that lead away from the original 
webpage(s). Complexity with maximum content 
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and options. Acceptance of exploring and risk 
(can even be encouraged), with a stigma on 
“over- protection.” (Marcus and Gould, 2000). 

 “The uncertainty inherent in life is accepted and 
each day is taken as it comes”, “Comfortable 
with ambiguity and chaos” (Hofstede, 2011). 

3.5 Long-term Time Orientation (LTO) 

Also known as, Long-term Orientation versus Short- 
term Normative Orientation (LTO). This dimension 
was identified later by Hofstede and Bond (1984), 
where Bond had a questionnaire re-designed, with a 
Chinese culture bias. This he called the Chinese value 
survey, (CVS). LTO is a Confucian philosophy, 
where members value long-term gain over short-term 
gain. User interface designs for UI 9 and UI 10 are 
given below:  

3.5.1 UI 9 High (LTO)  

 Offer ways for the user to save browsing history, 
e.g., wish lists. Together with means of sharing 
on social media. Persons with long-term 
orientation decisions are comprehensive and 
grounded “for the future” (Idler, 2013). 

 Patience shown in attaining results and reaching 
goals. “Relationships as a source of information 
and credibility” (Marcus and Gould, 2000). 

 “Perseverance in achieving results” (Makkonen, 
2012). 

 “Thrift and perseverance are important goals”. 
“Large savings quota, funds available for 
Investment” (Hofstede, 2011). 

3.5.2 UI 10 Low (LTO)  

 Users require quick results that are consistent 
with known values and traditions. Persons with a 
short-term orientation would appear “to live 
more in the past and in the present than in the 
future” (Idler, 2013). 

 Persons from a very short-term oriented culture 
e.g. Spain have a tendency “to live in the 
moment” (Nahai, 2013). 

 A wish for instant results and achieving goals. 
“Rules as a source of information and 
credibility” (Marcus and Gould, 2000). 

 “Focus on achieving quick results” (Makkonen, 
2012). 

 “Service to others is an important goal”. “Social 
spending and consumption” (Hofstede, 2011). 

 

3.6 Indulgence vs Restraint (IND) 

The additional sixth dimension, relates to happiness, 
freedom of expression and feeling in control of your 
own life, (Hofstede, 2011). User interface designs for 
UI 11 and UI 12 are given below:  

3.6.1 UI 11 High (IND)  

 Use and encourage user-generated content. 
“Make interactions fun”. “Reflect loose gender 
roles by using a range of models” (Nahai, 2013). 

 People from an Indulgent culture have a 
tendency to put an emphasis on individual 
happiness and wellbeing. Their leisure time is 
more significant and people experience more 
freedom and “personal control” (MacLachlan, 
2013). 

 Maintaining order in the nation is not given a 
high priority. A perception of personal life 
control. Freedom of speech is seen as important 
(Hofstede, 2011). 

3.6.2 UI 12 Low (IND)  

 Frugal, show how they can save money. 
“Emphasise how you serve the community”. 
“Strict, cultured gender roles” (Nahai, 2013). 

 People from a restrained culture do not display 
positive emotions as easily, with freedom, 
happiness and leisure time not assigned the same 
significance (MacLachlan, 2013). 

 Higher number of police officers per 100,000 
population. A perception of helplessness: what 
happens to me is not my own doing. Freedom of 
speech is not a primary concern (Hofstede, 
2011). 

4 SEARCH INTERFACE DESIGN 

As discussed above, the characteristics of Hofstede’s 
six cultural dimensions have been used to create 
twelve prototype UIs. These consist of two UIs 
created for each dimension, with one interface set for 
the lower end and one for the higher end of each 
dimension. (e.g., “high masculinity”, “low 
masculinity”).  
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Figure 1: Prototype High Masculinity (MAS) UI 5. 

Here we offer two examples of how Hofstede’s 
Masculinity dimension, both, high MAS shown in 
Figure 1 and low MAS shown in Figure 2, have been 
applied to the search user UI design2. The prototype 
UI design was constructed using the design features 
described in 3.3 above. How the design features are 
implemented are shown below in tables 1 and 2 
respectively.  

Table 1: High Masculinity. 

High (MAS) HCI Design 
Feature 

HCI Design Feature 
Implementation UI 5

User attention obtained by 
games and competitions. 

(Marcus and Gould, 2000) 

This has been achieved by, 
showing text links for 

‘Competitions’ and ‘Latest 
Games’

Work tasks, roles, and 
skills, quick results 
obtained for limited 

actions. 
(Marcus and Gould, 2000) 

‘Quick’ search textual 
links are provided, 

offering quick results for 
popular searches. 

Navigation focused on 
exploring but also control. 
(Marcus and Gould, 2000) 

‘Quick’ searches and 
search links to ‘Web’, 
‘Images’, ‘Video’ and 

‘News’
Masculine societies are 

competitive. Motivated by 
achievement, heroism, 

assertiveness, and 
materialism.  
(Idler, 2013) 

A non-cluttered interface 
with textual links to News, 

Weather and Latest 
movies. Also, textual links 

for ‘Competitions’ and 
‘Latest Games’. 

Only graphical image 
icons are for ‘YouTube’, 
‘Twitter’ and ‘Facebook’, 
allowing faster access to 

these social media 
organisations.

Admiration for the strong” 
(Hofstede, 2011)  

A general masculine ‘look 
and feel’.

Bright contrasting colours. 
(Voehringer-Kuhnt, 2002),

Bold colours such as red, 
blue, dark blue and black 

 
2 Examples of UI 1 to UI 12 can be seen at 

https://github.com/ifromm/cross-cultural-ui-designs/ 

(Dormann and Chisalita, 
2002)  

have been used for 
‘Quick’ search textual 

links. With a contrasting 
white for ‘About Us’, 

‘Sign up’ and ‘Log In’. 
With black textual links 

for ‘Privacy’, ‘Terms’ and 
‘Settings’. 

 
Figure 2: Prototype Low Masculinity (MAS) UI 6. 

Table 2: Low Masculinity. 

Low (MAS) HCI Design 
Feature

HCI Design Feature 
Implementation UI 6

User attention is obtained 
by the use of poetry, 

aesthetics, and appealing 
to uniting values. 

(Marcus and Gould. 2000)

A general ‘softer’ 
appearance with more and 
larger images and icons. 

Provide contact 
information and be 

prepared for feedback and 
questions. 

(Idler, 2013)

Two ‘About Us’ links and 
a ‘Feedback’ link. 

“Feminine societies are 
consensus-oriented”. With 

a preference for values, 
corresponding to 

cooperation, modesty, care 
of the weak, and quality of 

life. 
(Idler, 2013)

A ‘Community Matters’ 
link and imagery showing 

multicultural inclusion. 
‘Family’ link and imagery. 

“Sympathy for the weak” 
(Hofstede, 2011) 

A general softer, less 
masculine aesthetic ‘look 

and feel’ 
Pastel colours, low 

saturation. 
(Voehringer-Kuhnt, 2002), 
(Dormann and Chisalita, 

2002)  

The use of pastel colours 
for background, ‘Weather’ 
icon, ‘News’ icon, Logo, 
and textual system links, 
such as ‘About Us’, ‘Sign 
up’, ‘Log in’, ‘Feedback’, 

‘Privacy’, ‘Terms’ and 
‘Settings’ 
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This paper examines the data obtained from the 
research of the twelve prototype search UIs, designed 
using Hofstede’s six cultural dimensions.  

5 USER EVALUATION  

Participants of this survey have been taken mostly 
from the staff, the current student base and the alumni 
of the University of Bedfordshire, England. However, 
this survey was also promoted internationally via 
social media by a number of University staff. The 
survey was completely anonymous. The data for this 
study was collected via an online survey. Our survey 
was constructed using the following two sections. 

5.1 Survey Section One  

This section consists of potentially seven questions 
depending upon the user’s responses. This collected 
general background information about the participant 
and consisted of closed questions relating to gender, 
age, occupation, and culture most identified with. In 
addition, there were several questions relating to 
languages spoken and place of residence.  

5.2 Survey Section Two  

In this section of the survey, the participant/user is 
exposed to the twelve prototype UIs, these consisting 
of two for each of the six dimensions and are 
sequentially numbered User Interface (UI) 1 to User 
Interface (UI) 12.  

The users were asked to pick their preferences 
from the twelve UIs designed using the above design 
features (Sections 3.1 to 3.6). The search UI’S were 
paired for each of the six dimensions, with one UI 
being the low-end design and the other UI being the 
high-end design for all six dimensions, i.e. two UIs 
per dimension making twelve in total. The user could 
only pick one for each pair, as the responses are 
mutually exclusive. This paper is based upon the 
findings from this section together with the 
participant’s nationality and the index scores for 
Hofstede’s six dimensions.  

5.3 Hypothesis 

Our six hypotheses have been developed from both 
the low and high aspects of Hofstede dimensions and 
are detailed below: 
H1: Higher PD Countries will show a preference for 
UI 1 and Lower PD Countries for UI 2.  

H2: Higher IDV Countries will show a preference for 
UI 3 and Lower IDV Countries for UI 4. 
H3: Higher MAS Countries will show a preference 
for UI 5 and Lower MAS Countries for UI 6. 
H4: Higher UA Countries will show a preference for 
UI 7 and Lower UA Countries for UI 8. 
H5: Higher LTO Countries will show a preference for 
UI 9 and Lower LTO Countries for UI 10. 
H6: Higher IND Countries will show a preference for 
UI 11 and Lower IND Countries UI 12. 

5.4 Data Analysis 

The data was collected via our survey as described in 
5.2 where the user was asked to select a preference 
for one of the UI pairs. The participant’s nationality 
is collected in section one of the survey as described 
in 5.1 above. Hofstede’s country index scores have 
been applied to participants who identify with the 
matching nationality. These index scores are applied 
for each nationality for all six dimensions.  

Once the data had been collected, a quantitative 
data analysis tool has been to analyse the data.  

6 EVALUATION RESULTS 

We had 148 participants who completed our survey, 
made up of 101 participants who at present are 
residing in the UK and 47 who are residing overseas. 
We had 97 male and 51 female participants. 

The 148 participants are from 33 countries. 
Unfortunately, many of the countries only had 1 to 2 
respondents and as such we have not included their 
results. Likewise, several countries not having an 
Index score calculated by Hofstede, have also been 
excluded. The countries and cultures results analysed 
are as follows, the number of participants given in 
brackets. U.K. (Great Britain) (51) Germany (21), 
Poland (3), Pakistan (10), Nigeria (5), Bangladesh 
(3), Ethiopia (3), China (6), Nepal (5), Sri Lanka (3) 
and India (7), with 117 participants in total.  

6.1 Analysis of Preferences for Each 
User’s Culture 

6.1.1 Hypothesis 1 Power Distance 

Both Germany and the UK are considered to be low 
PD countries (both Hofstede’s country’s Index scores 
35), which means a culture that supports the concept 
that inequalities in their society be kept to a 
minimum. Therefore, the expectation for H1 (Section 
5.3) would be that such countries prefer search UI 2. 
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This was not found in our data, with only 12% (UK) 
resp. 14% (Germany) prefer UI 2. 

Pakistan would be considered close to the central 
point for a PD country with an Index score of 55. 
Here, H1 (Section 5.3) has been partially supported 
with 80% of users showing a preference for UI 1 and 
20% for UI 2.  

From the countries with a high PD according to 
their Index score, our data confirmed the expected 
preference for UI 1 for Poland, Nigeria, Ethiopia, 
China, Nepal, Sri Lanka and India.  

Against their expected preference, participants 
from Bangladesh seem to not prefer UI 1. However, 
we have to note that we only had a few participants 
from these countries. 

6.1.2 Hypothesis 2 Individualism 

UK, Germany, and Poland are considered countries 
with a high IDV score, which, according to our 
hypothesis H2 in 5.3, means UI 3 would be preferred.    

While this is supported in the case of Poland, we 
observe this is not the case for the UK and Germany. 

India would be considered close to the central 
point for an IDV country with an index score of 48. 
H2 has not been supported with 86% of users showing 
a preference for UI 4 and 14% for UI 3.  

Pakistan, Nigeria, Bangladesh, Ethiopia, China, 
Nepal, and Sri Lanka are low IDV countries 
according to Hofstede’s Index scores, accordingly we 
would expect a preference for UI 4. This is confirmed, 
except for Bangladesh and Ethiopia. 

6.1.3 Hypothesis 3 Masculinity 

Hypothesis H3 (Section 5.3), suggests that higher 
MAS Countries will show a preference for UI 5 and 
lower MAS Countries will show a preference for UI 
6. 

According to Hofstede’s Index score, the UK, 
Germany, Poland, Nigeria, Ethiopia and China are 
considered high masculine countries – we would 
expect a preference for search UI 5 for these 
countries. This is confirmed for the UK, Germany and 
Ethiopia, whereas preferences are mixed for China 
and India and not confirmed for Nigeria. 

Pakistan, Bangladesh and India are considered 
close to the central point for a MAS country. Indeed, 
no clear preference for either of the two search UIs 
could be determined by our data as would be 
expected. 

Nepal and Sri Lanka are countries with a low 
MAS index score. While the data does not allow for 
determining a clear preference, there is a slight 
tendency towards the (expected) search UI 6. 

6.1.4 Hypothesis 4 Uncertainty Avoidance 

Hypothesis H4 in 5.3, says that higher UA Countries 
will show a preference for UI 7 while lower UA 
Countries will show a preference for UI 8. 

Poland, Pakistan, Germany and Bangladesh are 
considered countries with high uncertainty 
avoidance. Participants from these countries indeed 
exhibited a preference for UI 7, as expected. 

Sri Lanka, Nigeria and Ethiopia are countries 
considered to be in the middle range when it comes to 
the UA score. We would not expect any clear 
preference for any of the two UIs. However, this has 
not been confirmed in the case of Nigeria whose 
participants exhibit a preference for UI 8. However, 
Ethiopia with an index score of 55, did show a 
preference for UI 7.  

The UK, China, Nepal and India are countries 
with a low UA score. Except in the case of Nepal, our 
data disagrees with the expected preference for UI 8. 

6.1.5 Hypothesis 5 Long-term Time 
Orientation 

Long-term time orientation cultures value virtuous 
behaviour, perseverance and patience for achieving 
goals and results. Hypothesis H5 suggests that higher 
LTO Countries will show a preference for UI 9 and 
lower LTO countries will exhibit a preference for UI 
design 10. 

Germany and China are considered countries with 
a high long-term orientation, according to Hofstede’s 
Index score. However, our data do not confirm the 
expected preference for search UI 9. 

Countries in the middle range when it comes to 
LTO are the UK, Pakistan, Bangladesh, India and Sri 
Lanka. We can argue the expectation of no clear 
preference for either UIs is confirmed (though 
Pakistan shows a slight tendency for UI 9). 

Countries with a low LTO score are Poland and 
Nigeria, both exhibiting the expected preference for 
UI 10. 

There is no LTO index score reported by Hofstede 
for Ethiopia and Nepal. 

6.1.6 Hypothesis 6 Indulgence 

For the Indulgence (IND) dimension, our hypothesis 
H6 states that higher IND countries will show a 
preference for UI 11 while lower IND countries will 
show a preference for search UI 12. 

Nigeria and the UK are both considered high 
indulgence countries. Based on our data, we regard 
H6 to be confirmed due to the preference for UI 11. 
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Germany, Bangladesh, India and China have a 
low IND score according to Hofstede’s Index. 
Preferences for these countries are rather mixed, so 
H6 is not confirmed in these cases. However, it has 
been confirmed for Poland, also considered a low 
IND county. There is no IND index score reported by 
Hofstede for Ethiopia, Nepal and Sri Lanka. 

7 DISCUSSION AND 
CONCLUSION 

Overall, we have found 33 out of the possible 61 
results that support Hofstede’s Index scores. A further 
12 results were difficult to fully categorise but 
partially support the hypothesis. 16 results do not 
support the respective hypothesis. 

Firstly, Hofstede’s Index scores do not address 
search UIs but had a different focus originally. One 
of our contributions is exactly to verify to what degree 
these scores can be applied to search UIs. It seems, 
from our data, that Hofstede’s Index scores show the 
potential to inform search UIs, but they also show 
further research needs to be carried out to shed some 
light on the reasons why we get at times inconclusive 
results and how we can better inform culturally aware 
search UI design. We consider our study as an 
important contribution to triggering this discussion.   

Secondly, we had a limited number of participants 
from some countries, although our study attracted 
many participants in particular from the UK (51), 
Germany (21) and Pakistan (10). However, looking at 
the data, it would seem the most supported dimension 
across the countries reported in this study is Long-
term Time Orientation, with 7 from 9 countries (2 
countries did not have Hofstede Index scores for this 
dimension) being confirmed. With Power Distance 
having 6 confirmations and 2 partially confirmed and 
Masculinity having 5 confirmations with 4 partially 
confirmed. It indicates there is a stronger link 
between specific cultural dimensions and search UI 
design. This aspect requires further research, possibly 
using the 3 most popular dimensions and more 
participants. 
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Abstract: Driving simulators could be valuable tools for better understanding human behavior while driving. The latter 
has the potential to guide the design of roads and vehicles. In addition, studies of driving habits can help gain 
insight into the relationship between human attention and locomotion. A critical aspect of a driving simulator 
involves the right choice of stimulus presentation and interaction methodologies. This paper presents a driving 
simulator study that evaluates a series of commonly used display and steering devices in terms of usability, 
physical and cognitive task load, and simulator sickness indices. Specifically, conventional large display, com- 
mercially available head-mounted display, and various steering devices were compared. Our study used two 
steering devices (stationary and wireless) and a gamepad controller to control the simulated vehicle. We hy- 
pothesize that using a Head-Mounted Display (HMD), although suitable for inducing immersion, might come 
with the cost of possible simulator sickness and a decrease in driving performance. We analyzed the individual 
and combined impact of display and steering input device types on our subjective metrics measurements. Our 
results proved our hypothesis on higher perceived immersion for HMD based driving simulator. Also, the 
paper highlights the trade-offs between big monitor setup and Virtual Reality (VR) in terms of workload and 
fatigue. 

1 INTRODUCTION 

VR is a class of graphical user interfaces that gen- 
erates an immersive, spatially realistic, and interac- 
tive environment that could be both experienced and 
interacted with using head-mounted stereo goggles, 
multi-projected installation, headphones, peripheral 
suits, and gloves (Brey and Søraker, 2009). The use 
of VR has been prevalent in both empirical research 
and industry for various operational tasks such as 
driving, surgical procedures, and work with machin- 
ery. Historically, multi-projected installations such as 
CAVETM systems were the most commonly used in 
VR (Cruz-Neira et al., 1992). Such installations 
require sizeable physical space, a separate tracking 
system, and integration of input devices. Nowadays, 
HMD are highly preferred since they still provide 
binocular stereo vision, with head and hand track- ing 
already Incorporated into a head-worn system. The 
advantage of using VR for training and operating 
purposes is the ability to simulate and replicate 
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hazardous and realistic situations in a controlled 
manner, where the possibility of endangering the 
users is either diminished or eliminated. For example, 
driving simulators place the driver in an artificial 
environment to recreate a real driving experience that 
is conducted safely and in a controlled manner. The 
driving simulator could be used not only for training 
purposes but also to provide insight into driving 
performance, road design, and assessment of human 
behavior under different circumstances, such as the 
influence of substances and severe weather and 
lighting conditions (Chang, 2016). Therefore, to 
account for human behavior during driving, we need 
to understand what display types and interaction 
modalities are most appropriate when designing 
driving simulators for an average user. Consequently, 
this study examines the impact of utilizing VR based 
dis- plays (HMD and large TV screen) and VR 
controllers (wireless and stationary steering wheels 
and conventional game controllers) on subjective 
metrics related to driving performance. We 
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specifically analyze the effect of these interaction and 
display methods (combined and individually) on 
human behavior and self- reported, driving-related 
metrics. 

The rest of the paper is structured as follows: First, 
we review the literature related to driving in terms of 
concepts of driving simulators, VR simulations, task- 
dependent human behavior, evaluation of steering and 
proposed methods, the fidelity of interaction and stim- 
ulus, and bodily/cognitive task load. 

2 RELATED WORKS 

Driving performance metrics might include the time 
to interact (move/rotate) with the device or the higher- 
level measurements like negotiating bends or the abil- 
ity to adjust the steering after perturbations. For ex- 
ample, Fitts’ law is a predictive model proposed to 
design interfaces to generalize involved factors. It 
states that the time required to move a pointer to a 
target area is dependent on the distance to the target 
divided by the area of the target (Fitts, 1954). Accot 
et al. (Accot and Zhai, 1999) developed a trajectory-
based testing paradigm as a study scenario in parallel 
with Fitts’ positioning task. Their pro- posed steering 
law can predict completion time relative to tunnel 
(path) parameters (such as length and width), which 
could be used as a tool for assessing trajectory-based 
tasks. Yet, control of a vehicle in- volves the ability 
to steer to negotiate bends at high speeds and take the 
right trajectory along the curved road (Kountouriotis 
et al., 2015). Van Leeuwen et al. (van Leeuwen et al., 
2015b) investigated how driving performance and 
gaze behavior change through- out the time a novice 
driver’s driving skills progress. A driving simulator 
was used to evaluate performance and gaze activity as 
participants practiced driving. They showed that 
improvement in the driving performance can be 
tracked and is correlated with the gaze activity and its 
changes throughout practicing using the driving 
simulator. They also showed that horizontal gaze 
variance could be used to predict an increase in speed. 
To quantify the trajectory of steering, multiple 
processes have been proposed (Hedegaard et al., 2019, 
Sportillo et al., 2017). Hedegaard et al. (Hedegaard et 
al., 2019) used angular deviation, which is the 
difference between a steering input signal and an av- 
erage of all input signals to evaluate the steering per- 
formance across different steering modalities. They 
also quantified the smoothness of steering by using 
the frequency of significant peaks of the steering input 
signal. On the other hand, Sportillo et al. (Sportillo et 
al., 2017) used the number of steering turns as an 

indicator of steering stability after regaining control 
of a simulated vehicle. In our works, we will assess 
the steering performance to analyze the impact of dis- 
play and input fidelity on the stability of a vehicle’s 
trajectories while negotiating bends in two urban and 
rural environments and also to acquire gaze-steering 
coordination, which is a good indicator of driving per- 
formance and level of engagement with the control of 
a vehicle. 

The degree of realism in a simulator is referred to 
as “physical fidelity” (van Leeuwen et al., 2015a). 
According to mentioned definition, physical fidelity 
could be defined for multiple aspects of simulation 
that include stimuli presentation (display, audio, field 
of view, texture quality, etc.), input methods, and in- 
teraction with the simulated content. To elicit re- 
alistic responses from participants while performing 
tasks like driving, we need a certain level of physi- 
cal fidelity of the stimuli. However, according to (van 
Leeuwen et al., 2015a), there are several drawbacks 
to high fidelity simulation, which include: higher fi- 
delity, the experiment will face a large number of vari- 
ables to be controlled during the conduction of the ex- 
periment; Simulator discomfort, which can cause par- 
ticipants’ withdrawal and reduced data quality; and, 
realism and high fidelity of certain types of visual 
information might be unnecessary or even distract- 
ing to evoke realistic performance from the partici- 
pants. As a result, we need to address both the impact 
of display or interaction fidelity solely or combined. 
Van Leeuwen et al. (van Leeuwen et al., 2015a) in 
their study, implemented three levels of visual fidelity 
for a driving task experiment to evaluate the lane- 
keeping and gaze strategies adopted by participants. 
They demonstrated that the highest fidelity scenario 
resulted in higher steering activity, driving speed, and 
horizontal gaze variance compared to medium and 
low fidelity scenarios. Also, their driving simulator 
study addressed the impact of visual fidelity on curve 
negotiation, gaze behavior, and self-reported discom- 
fort. They used three levels of visual fidelity (high 
fidelity with texture, mid-range fidelity without tex- 
tures, and low-fidelity with only lane markers). They 
showed higher steering activity on the straight road, 
higher speed, and a higher degree of gaze variance for 
the high-fidelity scenario compared to the other two 
scenarios. It is not enough to address the impact of 
fidelity of only display or interaction method on driv- 
ing; it is also important to analyze the complex effect 
of fidelity of display and input modality combined. 
McMahan et al. (McMahan et al., 2012) addressed the 
independent and compound effect of display and 
interaction fidelity on participants’ performance in a 
VR first-person shooter game using a six-sided CAVE 
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system. They showed that the compound effect of low 
fidelity and high fidelity for both display and interac- 
tion could significantly improve the in-game perfor- 
mances (completion time, damage taken, etc.). This 
effect could be associated with familiarity with those 
combinations (low or high fidelity for display and 
interaction), which resembles the standard desktop 
FPS games and real-life experiences. In the current 
study, we examine the compound impact of physical 
fidelity in terms of field of view, which is presented 
in the form of HMD based and display-based stimuli 
presentation (display fidelity), and input methods, 
presented here in the form of controller-based 
methods and realistic commercial steering devices 
(input fidelity) on driving-related performances, and 
also on perceived levels of immersion, sense of 
agency, cognitive and physical task load, and 
simulator discomfort. 

An important aspect of a simulation is the mental 
and physical effort the users need to engage with the 
environment and interaction modalities. Cognitive 
task load is the total amount of user’s mental demands 
required to use a specific system (Luxton et al., 2016) 
and workload, according to (Hart and Staveland, 
1988), is defined as the perceived relation- ship 
between the number of available resources and the 
required amount by a given task. Various surveys can 
be used to quantify the cognitive and bodily task load. 
For example, the most commonly used survey is the 
NASA Task Load Index (NASA TLX), which is a 
self-reported measure of workload (Hart and 
Staveland, 1988). It evaluates the task load along six 
axes: mental demand, physical demand, temporal 
demand, effort, frustration, and self-performance. Al- 
though NASA-TLX was initially designed for pilots 
of space flights, it has been adapted for other envi- 
ronments and tasks such as surgery and driving activ- 
ity. For example, Kountouriotis et al. (Kountouriotis 
et al., 2015) examined the impact of cognitive load on 
steering performance. Their study evaluated the 
effect of attention on steering performance in a sim- 
ulated driving task. They used gaze fixation points 
(as a contributor to the cognitive load) that their po- 
sition was either changing relative to the vehicle or 
was fixed relative to the vehicle. Their result indicated 
that the gaze fixations that were not analogous to the 
future path cause steering biases. Furthermore, Har- 
ris et al. (Harris et al., 2020) discussed the additional 
factors that are needed to be incorporated into the cur- 
rent workload measures for VR tasks. These factors 
include a degree of immersion, perceptual challenge, 
and methods to control the environment. In this work, 
we use NASA-TLX, simulation sickness, and a us- 
ability questionnaire (that includes items related to 

immersion, overall satisfaction and excitement, and 
fatigue in involved body parts) tailored for our spe- 
cific VR task to evaluate users’ experience of driving 
in VR. 

3 METHOD 

The present work aims to evaluate the impact of dis- 
play and steering input methods on driving-related 
fidelity for subjective and objective measures. The 
study also explored the relationship between eye-hand 
coordination in driving, control of the vehicle’s trajec- 
tory, and perceived sense of immersion, fatigue, and 
cognitive and bodily effort. The present study follows 
a within-subject design with two independent vari- 
ables (display type and controller type) that formed 
six blocks. These blocks included all possible com- 
binations of two display options (large display and 
HMD) and three steering devices (stationary steer- 
ing device, wireless steering device, and manual con- 
troller). The main task included driving through a se- 
ries of designated paths that involved driving straight 
and turning right and left. In all three possible instruc- 
tions, participants were asked to control the steering 
and velocity of the virtual vehicle through an inter- 
section and then either continue straight, turn right, or 
turn left. Each trial ends when a participant reaches 
a designated endpoint. Trials took place in two dis- 
tinct virtual scenes (urban and rural characteristics) 
with an equal amount of turns in each scene. Conse- 
quently, each block consisted of twelve trials that had 
two variables of scene type (urban and rural), driving 
instruction type (straight, left, right), and two repeats. 
To test the impact of each scenario block, we col- 
lected the participants’ subjective assessment of sim- 
ulation discomfort, immersion, and task cognitive and 
physical workload by using questionnaires after each 
block. Gaze movements and steering activities were 
recorded during driving tasks, and we discuss them in 
a separate report. We hypothesized that: A higher 
degree of immersion will be experienced in the HMD 
scenarios, regardless of the input method. And less 
physical discomfort and simulation sickness would be 
experienced using the steering wheel (stationary and 
wireless) scenarios. 

3.1 Participants 

The present study includes 18 participants (5 female 
and 13 male), all over 18 years old (M = 20.6 ± 3.5). 
With all of them having previous driving experience 
and 8 participants who had prior experience with VR. 
Written informed consent was obtained from all par- 
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ticipants following a protocol approved by the Institu- 
tional Review Board at NJIT. Participants were asked 
to report any proneness to cybersickness or prior ex- 
perience of dizziness with VR. One participant was 
excluded from the experiment and performing the 
tasks.  

3.2 Stimuli 

This experiment has used costume-made software de- 
veloped with Unity 3D software (Haas, 2014). At the 
start, participants’ ID and input device, and display 
type are set, and before the onset of the main scene, 
the calibration scene is presented. We also had a neu- 
tral scene for training, which we let participants try 
before the start of each to familiarize them with the 
control of the vehicle using the block’s input device. 
If participants had already trained with a given input 
device in a subsequent block, we skipped the training 
session (a total of four times of running the training 
scene). The calibration scene was the standard 
calibration process provided by the Pupil Labs eye 
tracker add-on for unity. The driving tasks of the 
experiment took place in two scene types - urban and 
rural scenes. The urban scene included intersections in 
a city model (Manufacture), and the rural scene 
features a rural area with a roundabout in the center 
of the virtual scene. Both scenes included active 
pedestrians, but only in the urban scene, participants 
could cross the intersection. In the HMD-based 
blocks, instructions were shown on the speedometer 
and car dash- board monitor. Instructions were 
presented on the speedometer for the monitor-based 
blocks due to the fixed camera position. Also, both 
scenes included an intersection (a roundabout for the 
rural scene) where participants were instructed to 
perform the driving task (right and left turns and 
driving straight) on them. Both scenes include 
pedestrians, but only in the urban scene do they cross 
the road, depending on the traffic light. 

The platform used for the experiment was a PC 
(six cores Core i7 3.7 GHz, Nvidia GTX 1070). Two 
steering wheel devices were Logitech G920 (for PC) 
(Logitech, 2015) as the stationary steering wheel 
setup, and Hyperkin S Wheel Wireless Racing 
Controller (Hyperkin, 2019) as the wireless steering 
wheel setup. Both devices feature hand pedals that 
we used to control of the vehicle. For the manual 
control as the input method, we used 6-DoF HTC 
VIVE controllers (Corporation, 2018) and Xbox one 
controller (Microsoft) respectively paired with HMD 
and large monitor scenarios. A 42 inches 4k TV, and 
HTC VIVE Pro VR headset (Corporation, 2018) were 
used for the large display scenarios, and the HMD- 

based scenarios, respectively. 

3.3 Procedure 

Upon arrival, each participant was given a consent 
form and a short study description. Participants were 
strongly encouraged to read the provided documents, 
ask questions, and express any concerns before sign- 
ing the consent document. This was followed by 
a short demographic questionnaire and a simulation 
sickness questionnaire. Then participants were ex- 
posed to six experimental blocks in random order. 
Before the start of each block, participants were pro- 
vided with a short trial scene to familiarize themselves 
with the input/display modalities of the block. After 
participants were comfortable with steering with the 
provided controller for the trial, an experimental 
block would start. At the beginning of each block, 
users’ gaze was calibrated based on Pupil Labs’ 
mobile eye-tracker and VR add-on. The calibration 
was a non-invasive process that required users to stare 
at five fixation targets for a predefined amount of 
time. After all points were collected, an experimenter 
was presented with an accuracy index. If the index was 
be- low 0.9, the calibration procedure was repeated. If 
the calibration procedure had failed after three trials, 
the experiment for that participant was terminated. 
During the block, the participant was presented with 
12 trials. Participants were instructed to finish a 
driving task for each trial within the block. We 
terminated the trial if participants crashed the vehicle 
to the sides of the road, or in the case of the urban 
scene, also crashing with the virtual pedestrians 
caused the trial termination. After finishing each 
block, participants were provided with usability, 
simulator sickness, and NASA task load 
questionnaires (TLX). Each experiment was followed 
by a debriefing session. 

3.4 Data Analysis 

NASA Task Load Index (NASA-TLX) included six 
questions on a designated seven-point Likert scale. R 
programming language was used to import the cumu- 
lative data for statistical analysis. We used raw scores 
from each section to determine the significance of dif- 
ferences between the six experimental blocks. The 
usability questionnaire (table 1) used in this study in- 
cluded 30 questions that cover physical comfort, as- 
pects of game-play like accuracy and control of the 
task, immersion, sense of presence, and sense of con- 
trol over the task. All answers were available seven- 
point Likert scale responses. Scores were ordinal data 
without the assumption of normality. Simulator Sick- 
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ness Questionnaire (SSQ) used in this study included 
the assessment of 15 symptoms that range from gen- 
eral discomfort to specific symptoms like nausea and 
sweating. Each symptom had a four-level response 
that included none, slight, moderate, and severe. For 
the analysis of subjective data scores, with regards to 
block specifications, we used R and (Kuznetsova et 
al., 2017) package to perform a mixed model analysis 
of the relationship between task load, simulator 
sickness, and usability scores, separately, and input 
and display modalities of the driving block. As fixed 
effects, input and display types with interaction terms 
in the model were used. As random effects, we had 
intercepts for participants. P-values were obtained by 
likelihood ratio tests of the full model with effects in 
question against the model without the effect in ques- 
tion. 

4 RESULTS 

The usability questionnaire questions were split into 
three sections: questions related to the overall sat- 
isfaction of the experiment, questions related to the 
sense of immersion and presence, and those associ- 
ated with physical comfort. This discrimination is 
due to the contextual similarities of the questions and 
similar relationships with the display and input sce- 
narios. Results of the mixed model analyses for the 
usability questionnaire items revealed that the choice 
of input device significantly impacted 19 out of 30 
questions, and 18 out of 30 questions were predicted 
by the display type (for concrete results, see table 1). 
However, no significant effect of interaction between 
display type and input device type on any of the us- 
ability questions has been observed. Among five us- 
ability questions related to the overall satisfaction of 
the experience and enjoyment (Q18 to Q22 table 1), 
satisfaction or enjoyment of the experience, sense of 
accomplishment, and suitability of task to gameplay 
increased by the two steering devices (stationary and 
wireless). However, excitement with experience in- 
creased by HMD and steering devices. The score of 
all questions related to the sense of immersion, pres- 
ence, and engagement with the virtual environment 
(Q1 to Q12 from table 1) increased for the scenarios 
with HMD display and steering wheels in compari- 
son to a large monitor and gamepad controller. The 
only exception is the perceived picture quality (Q12, 
table 1), which showed the highest scores for condi- 
tions with monitor display. For the fatigue-related and 
physical comfort items (Q13 to Q17 of table 1), fa- 
tigue in the wrist and fatigue in neck decreased for the 
monitor display blocks, fatigue in fingers decreased 

for the steering devices, and overall physical comfort 
enhanced for the monitor-based scenarios, and com- 
fort with the viewing position increased for the steer- 
ing devices. For the NASA task load scores, the inter- 
action effect of display and input impacted the physi- 
cal score (χ2(2) = 6.31, p = 0.04), the interaction of 
monitor display and stationary wheel input increasing 
it by 1.16 ± 0.47 (Likert scale score), and monitor 
display and wireless wheel input increasing it by 0.82 
± 0.47 (figure 1b). Also, the interaction effect of input 

and display types affected performance score (χ2(2) = 
11.11, p = 0.004), monitor display and stationary 
wheel lowering it by 1.69 ± 0.55. Lastly, in- put type 

impacted the frustration level (χ2(2) = 8.19, p = 0.01), 
stationary wheel input lowering it by 1.07 ± 0.39 
(figure 1a). From simulator sickness related scores, we 
observed a significant effect of input de- vice type on 

the general discomfort level (χ2 (2) = 6.53 , p = 0.038). 
Level of the fatigue was impacted by the input device 
type (χ2(2) = 7.02, p = 0.03). Self reported headache 
induced by the trial blocks was significantly affected 
by the type of display (χ2 (1) = 6.26, p = 0.01), and also 
by the input device type (χ2 (2) = 6.98, p = 0.03), but 
no interaction effect was observed. 
  

 
(a) Frustration level scores of NASA TLX across 
experimental blocks. 

 
(b) Physical task load scores of NASA TLX across 
experimental blocks. 

Figure 1: Compound effect of the input device and display 
type on frustration level and physical load of NASA TLX 
questionnaire based on experimental blocks. 
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Table 1: Results of the mixed model analysis of the effect of the input and display modalities on the usability items. Impact 
of display and/or input modality on each score is indicated according to the likelihood ratio (* p < 0.05, ** p < 0.01, *** p 
< 0.001). 

  Display Input 

 Usability Question p-value χ2 Df p-value χ2 Df
Q1 Rate your sense of immersion *** 20.56 1 *** 24.37 2
Q2 Rate your sense of being in the virtual environment *** 17.42 1 ** 10.73 2
Q3 How much did it seem as if you could reach out and touch

the objects or people you saw 
*** 17.42 1 ** 10.73 2

Q4 How often when an object seemed to be headed toward
you did you want to move to get out of its way 

*** 17.42 1 ** 10.73 2

Q5 To what extent did you experience a sense of ’being there’
inside the environment you saw 

*** 16.90 1 * 6.28 2

Q6 How often did you want to try to touch something you saw *** 16.9 1 * 6.28 2
Q7 How involved was the experience *** 14.28 1 *** 16.93 2
Q8 How completely were your senses engaged *** 18.44 1 *** 14.03 2
Q9 To what extent did you experience a sensation of reality *** 20.95 1 ** 10.62 2
Q10 How engaging was the experience *** 17.81 1 *** 22.27 2
Q11 Overall, how much did touching the things and people in the 

environment you saw/heard feel like it would if you had 
experienced them directly 

*** 17.81 1 *** 22.27 2 

Q12 How was the picture quality during the experience *** 13.30 1 2.93 0.23 2
Q13 Rate your physical comfort level after your experience * 5.07 1 0.08 4.91 2
Q14 Rate your soreness or fatigue of the wrist ** 9.28 1 0.87 0.27 2
Q15 Rate your soreness or fatigue in fingers 0.06 3.28 1 *** 20.65 2
Q16 Rate your soreness or fatigue in neck or shoulder * 4.77 1 0.33 2.20 2
Q17 How comfortable were you with your viewing position 0.20 1.62 1 * 7.66 2
Q18 How exciting was the experience * 5.16 1 * 8.39 2
Q19 Overall, how satisfying or enjoyable was the experience you

just had 
0.97 0.0008 1 *** 23.8 2

Q20 Rate suitability of the task to gameplay 0.85 0.03 1 *** 24.25 2
Q21 Rate your sense of enjoyment 0.12 2.40 1 *** 36.53 2
Q22 Rate your sense of accomplishment 0.41 0.65 1 *** 16.68 2
Q23 Rate your soreness or fatigue in arms 0.30 1.07 1 0.81 0.40 2
Q24 Rate your precision/accuracy 0.81 0.05 1 0.12 4.22 2
Q25 Rate your control of the task 0.79 0.07 1 0.31 2.31 2
Q26 Rate your sense of challenge 0.75 0.10 1 0.09 4.70 2
Q27 Overall, how well do you feel you have been driving 0.38 0.76 1 0.17 3.46 2
Q28 Overall, how easily do you feel you have been driving 0.88 0.02 1 0.37 1.93 2

 

Eye strain was predicted by the display type (χ2 (1) = 
13.80, p =0.0002). A significant impact of the input 
device type on the sense of nausea was observed (χ2 

(2) = 9.07, p = 0.01). For the sense of dizziness, we 
saw display type significantly impacting it (χ2 (1) = 
4.26, p = 0.03). Finally, We observed that the sense 
of ”fullness of head” was impacted by the display 
modality (χ2 (1) = 4.66, p = 0.03). 

5 DISCUSSION 

This article explored how different combinations of 

steering input devices and display types for our driv- 
ing simulator could impact participants’ assessment 
of task load, simulator sickness, and usability. It was 
observed that both steering input devices lowered the 
general discomfort from SSQ, while the gamepad 
controller increased it. This observation agrees with 
the higher level of frustration from the usability data 
for the conventional controller. Wireless and station- 
ary steering wheel devices also caused lower fatigue 
levels (form SSQ). The observations from the result 
section provide support for the claim that HMD and 
the realistic steering devices improve the sense of im- 
mersion and engagement with the driving experience. 
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Also, realistic steering devices helped participants to 
have a more satisfying driving experience and report  
less fatigue in their fingers. However, the monitor 
display was superior to the HMD in terms of reporting 
less fatigue in the neck and wrist and higher perceived 
picture quality and physical comfort. Relatively 
lower reported physical comfort and higher fatigue in 
the neck for the HMD scenarios were expected due to 
the additional weight of the headset. However, higher 
fatigue in the wrist for the HMD scenarios could be 
because, throughout the experiment, we observed that 
participants tend to match the physical position of the 
wireless steering device with its in-game position 
when using the HMD (that could cause more physical 
load on the wrists), while for the monitor-based 
scenarios they tend to hold the wireless steering 
device in a more comfortable position (usually on 
their feet) rather than trying to match it with the on-
display position. Also, a higher immersion and 
engagement with an environment were reported for 
the HMD scenarios that made participants mimic and 
reproduce the real-life driving experience. Also, since 
the output resolution of the display and HMD were 
the same, higher perceived picture quality for the 
monitor scenarios could be related to the results from 
the simulator sickness data that participants reported 
a lower level of eye strain for the monitor scenarios, 
and therefore it impacted their perception of picture 
quality. In addition, according to (Vinnikov and 
Allison, 2014), which explored the impact of depth of 
field (DOF) for stereoscopic and non-stereoscopic 
displays on perceived image quality and viewing 
comfort, DOF rendering in HMD scenarios could be 
the reason for lower perceived im- age quality over 
monitor-based scenarios. Due to the no interaction 
effect of input and display modalities on usability 
questions, display, and input modalities aren’t 
interdependent. Results indicated a strong interaction 
effect of input and display types on physical task load 
and self-evaluation of performance from the NASA 
task load questionnaire. Also, from the NASA task 
load, it was observed that the realistic in- put devices 
(i.e., wireless and stationary wheels) lowered the level 
of reported frustration compared to the gamepad 
controllers. Although the stationary steering wheel 
caused the lowest amount of frustration regardless of 
the display type, it decreased the self-evaluated 
performance when paired with the monitor display. 
This observation implies that the realistic in-put 
device results in the best performance assessment 
paired with a more immersive display method. In line 
with these results, (McMahan et al., 2012) also 
showed that the compound effect of input and dis- 
play fidelity, when both are high or low fidelity, im- 

proves the performance in their game scenario dis- 
cussed in the related works section. Steering input 
devices and large display scenarios lowered the self- 
reported ratings for the headache symptom relative to 
other conditions. Higher levels of eye strain (from 
SSQ) have been recorded for the HMD in compari- 
son to the monitor display scenarios. Interestingly, 
regarding the nausea symptom (from SSQ), wireless 
stationary steering input devices recorded lower lev- 
els, regardless of the display setup. This is significant 
because no interaction effect has been shown on nau- 
sea. Also, HMD-based scenarios indicated a higher 
degree of reported dizziness than monitor-based ones. 
Finally, from the SSQ, similar to the dizziness symp- 
tom, a higher degree of fullness of the head has been 
shown for the monitor display scenarios. These re- 
sults indicate that when a realistic controlling scheme 
is paired with an immersive display type, symptoms 
associated with simulator sickness tend to decrease. 
However, although in general monitor-based scenar- 
ios caused fewer simulator sickness symptoms, when 
paired with realistic input devices caused more symp- 
toms in comparison to when paired with a controller. 
Also, according to the results, lower discomfort for 
the monitor display scenarios from the SSQ data con- 
firms the observation from the usability questionnaire. 
In addition, the usage of realistic input devices (sta- 
tionary and wireless steering devices) lowered the dis- 
comfort, which could be because the control scheme 
for those devices was intuitive to the driving task 
(higher suitability of task to gameplay for the steer- 
ing wheels from the usability results) in comparison 
to the scenarios with a gamepad controller. Despite 
these observations, results from NASA TLX ques- 
tionnaire indicated that a stationary steering device, 
when paired with the monitor display, causes a higher 
level of physical task load. This observation sug- 
gests that although the more intuitive control scheme 
causes lower physical discomfort when paired with 
immersive stimulus presentation, it also mitigates the 
physical task load overhead of realistic interactions 
and force feedback. 

6 CONCLUSION 

This study focused on evaluating different types of 
steering devices and display methods in a driving sim- 
ulator in relation to participants’ subjective assess- 
ment of the driving experience. Six stimulus presen- 
tation and interaction blocks were designed to com- 
prise all possible pairs of two steering devices and 
controllers and two display methods. The results in- 
dicate that in terms of immersion, sense of presence, 
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sense of agency, comfort, and achievement, two steer- 
ing wheels (wireless and stationary), especially when 
paired with VR headset, are superior to conventional 
VR and non-VR controllers. Further analysis of gaze-
steering correlation, distribution of fixations across 
the Area of Interest (AOI)s, and the relationship be- 
tween subjective assessment of task load and calcu- 
lated steering effort, based on made trajectories, is in 
perspective. One shortcoming of the current works 
was the lack of the ability of natural steering (actual 
rotation) for the conventional controllers. Also, due 
to the increasing number of variables, we did not ac- 
count for participants’ positional and rotational infor-
mation in the blocks with large displays. Finally, this 
work had a limited number of road types and driving 
scenarios. Nonetheless, more studies are needed to 
address the exact variables associated with steering 
devices and displays related to observed impacts on 
subjective assessments. Possible improvements for 
controller-based scenarios should be examined. Due 
to the variability of optical flow in different scenes, 
when driving, further investigation into the relation- 
ship between changes in optical flow and its impact 
on gaze-steering correlation is essential. Then, we 
can address how changes in the visual information (in 
urban vs. rural scenes) that alter perceived motion 
and are associated with simultaneous steering actions 
could constitute the levels of bodily discomfort and 
task load (physical, cognitive, temporal). 
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Abstract: The evaluation of an e-commerce website usability and effectiveness is traditionally measured through 
surveys. These tools provide subjective information about the user perception of the website, and their use is 
expensive and involve some drawbacks, since it requires the user to collaborate in the study and to control the 
sample. In this work, we explore the relation between what the users perceives and shares when they are asked 
about their experience, and the emotion they show while using the system under study. We use Affective 
Computing algorithms to analyse user expressions, and we compare the results with the information provided 
by means of a TAM based survey.

1 INTRODUCTION 

The success of any e-commerce website is strongly 
determined by the usability of its user interface, and 
thus, by the satisfaction of the user that access the site 
(Sahi, 2015). The most popular and traditional way to 
measure the satisfaction of the user is applying 
Technology Acceptance Models (TAMs) 
(Marangunić & Granić, 2015), that is, using surveys 
that the subject must fulfil after using the product. 
Although this method is well tested and accepted, it 
has many drawbacks that make it difficult and 
expensive to use, especially in frequently updated 
web sites, since it requires the subject collaboration 
and a controlled sample. Moreover, the results of the 
evaluation are based on the subjective perception 
from the user, who can be influenced by many factors 
(familiarity, learning effect, sympathy for the 
website, reluctance to changes, etc.) that could bias 
the results, and favour a website over others with 
better design and usability. 

 
a  https://orcid.org/0000-0001-6887-4087 
b  https://orcid.org/0000-0002-9695-3919 
c  https://orcid.org/0000-0002-5666-9809 

In order to remove the subjective component, there 
are other strategies like, for example, the use of eye-
tracking technologies, which measure the 
performance of the user with objective parameters 
(Cooke, 2004; Lasa et al., 2015; Rakoczi & Pohl, 
2012). However, they usually require onsite 
evaluation and technological infrastructure.  

On the other hand, one of the emerging and most 
active lines of research in Human Computer 
Interaction is the one related to the perception of user 
emotions though artificial vision algorithms. This is 
part of what we know as Affective Computing (AC) 
(Ma & Yarosh, 2021). AC algorithms can process the 
picture of a subject and classify their emotions 
analysing their facial expression. The relation 
between emotions, usability and purchase intentions 
has been already demonstrated by previous research 
works (Eroglu et al., 2001). 

In this paper, we try to explore whether the user 
emotion captured by AC algorithms while using an e-
commerce site is consistent with the user subjective 
perception of usability according to responses to a 
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TAM based survey. We designed a prototype that 
simulates the purchase process in an e-commerce 
website, gathering pictures of the subject and 
evaluating them with three different AC algorithms, 
and at the same time, we asked users to fulfil the 
survey at the end of the process. The results we 
obtained, despite the reduced size of the sample, point 
out that there is a significant correlation between the 
output of the AC algorithms and some questions of 
the survey. 

2 RELATED WORK 

Results from earlier studies demonstrate a strong and 
consistent association between user emotions and 
purchase behaviour. The most important factor 
affecting user emotion on an e-commerce website is 
undoubtedly the user interface and user experience 
(Eroglu et al., 2001). These authors developed an 
exemplary e-commerce site in their study and 
conducted a survey with 328 people who tried the 
site. They concluded that the environment of the 
online shopping site will affect the emotion and 
attitude of the user, which in turn will affect the 
shopping results (Eroglu et al., 2001). Makkonen et 
al. emphasized that, in cases of successful sales, users 
are generally in a positive mood. Moreover, they 
found that positive emotions are more effective than 
negative ones in situations such as satisfaction, 
repurchase and recommendation (Makkonen et al., 
2020). In addition, Kemppainen et al. found that the 
user interface is a critical factor that can cause 
negative emotions (Kemppainen et al., 2020). 
Numerous studies have been conducted to evaluate 
interface performance based on user feelings. 
Although the selected methods are different from 
each other, the main idea is to detect the emotions of 
the user with the help of sensors while trying a 
product, and then to direct a survey to the users and 
analyse the data obtained to measure the performance 
of the user interface. 

2.1 Emotion Detection 

Several different dimensions can be used to represent 
emotions. For example, the Pleasure, Arousal and 
Dominance (PAD) emotion model developed by 
Mehrabian et al. uses 3 dimensions to detect all 
emotions (Mehrabian & Russell, 1974). In contrast, 
Fontaine and Plutchick examined emotions using 
more than two dimensions (Fontaine et al., 2007; 
Plutchick, 1980). Bhandari et al. used arousal and 
valence dimensions to analyse user emotions in their 

study examining the effects of design factors 
(Bhandari et al., 2017). Johanssen et al., on the other 
hand, developed a framework to define usage issues 
in mobile applications based on user sentiment, and 
tended to divide sentiment into 7 different dimensions 
(Johanssen et al., 2019). In their study, Eroglu et al. 
experienced that the PAD scheme could not capture 
most of the effects of the site atmosphere and 
suggested the use of a more inclusive scheme in 
nature that includes reactions such as interest, anger, 
surprise and disgust (Eroglu et al., 2003). In our 
study, similar to such suggestion, we examined 
emotions in 7 different dimensions. 

Furthermore, many methods such as Galvanic 
Skin Response (GSR), Electrodermal Activity 
(EDA), Electroencephalogram (EEG), 
Electromyography (EMG) and Facial Expression 
Recognition (FER) have been used to detect emotions 
in research. Gasah et al. used an EEG device to detect 
emotions in their study, which was aimed to 
determine whether a user interface would create 
positive emotions in students (Gasah et al., 2019). 
Bhandari et al. used more than one method: Facial-
EMG for valence and EDA for arousal in their study 
(Bhandari et al., 2017). Lasa et al. developed a UX 
evaluation tool using FER and an eye tracker (Lasa et 
al., 2015). Psychophysiological sensors (GSR/EDA, 
EEG, EMG etc.) can give the user's emotional state in 
real time, but there are some disadvantages associated 
with the use of such sensors. Firstly, measurements 
made with them can be expensive. Moreover, the use 
of these sensors is so intrusive that can disrupt human 
nature by distracting the user and hence change the 
results of the experiment (Maia & Furtado, 2016). In 
our study, we used the facial expression detection 
method to detect emotions. No physical contact was 
made with the participants, the user carried out the 
experiment in his own personal environment, and 
only the user's own computer and camera were used 
to collect data. 

2.2 Measuring Satisfaction with 
Surveys 

The Technology Acceptance Model (TAM) pretends 
to understand how users accept and use a technology 
(Marangunić & Granić, 2015). TAM has been used in 
many studies covering the subject of Human 
Computer Interaction (Tang & Hsiao, 2016). It was 
developed by Fred Davis in his study, “What causes 
people to accept or reject information technology?” 
(Davis, 1989). In response to the question, he 
proposed the following bivariate approach. 
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Perceived Usefulness: The degree to which a user 
believes that a new technology will improve business 
performance.  

Perceived Ease of Use: The degree to which users 
believe that they will not have difficulty using a new 
technology. 

We used a questionnaire survey method based on 
the Technology Acceptance Model in our work. 
Questionnaires are useful tools for collecting 
subjective data containing users' feelings and 
thoughts, and can be used to support the results of the 
experiment. To the best of our knowledge, there is not 
any de facto standard survey model used in studies 
that perform facial expression analysis for emotion 
detection. For example, in the research driven by 
Mcduff et al., two questionnaires were administered, 
one of which was conducted prior to the experiment 
(McDuff et al., 2015). The prior experiment questions 
were mostly about whether the user liked the ad or 
bought the product featured in the ad. The 
questionnaire used by Staiano et al. consisted of 3 
different sections: (i) UX evaluation; (ii) user's 
media-player usage information and (iii) 
demographic information. In the user experience 
evaluation section, they examined 6 different 
dimensions of web site design (Staiano et al., 2012). 
Faisal et al. developed a 26-question questionnaire, in 
which they assessed web design features (typography, 
colour, content quality, interactivity, and navigation) 
to determine trust, satisfaction, and loyalty (Faisal et 
al., 2017). In this study we used a questionnaire based 
on this last paper. The final set of items, which were 
measured using a 7-point Likert scale, was the 
following: 

1. It is easy to read the text on this website with the 
used font type and size. 

2. The font color is appealing on this website. 

3. The text alignment and spacing on this website 
make the text easy to read. 

4. The color scheme of this website is appealing. 

5. The use of color or graphics enhances navigation. 

6. The information content helps in buying decisions 
by comparing the information about products or 
services. 

7. The information content provided by this website 
meets my needs. 

8. Contents and information support for reading and 
learning about buying process. 

9. This website provides adequate feedback to assess 
my progression when I perform a task. 

10. This website offers customization. 

11. This website offers versatility of ordering process. 

12. This website provides content tailored to the 
individual. 

13. In this website everything is consistent. 

14. Navigation aids serve as a logical road map for 
buying. 

15. Obviousness of buying button and links in this 
website. 

16. It is easy to personalize or to narrow buying 
process. 

17. It is easy to learn to use the website. 

18. This website supports reversibility of action. 

19. Overall I am satisfied with the interface of this 
website. 

20. My current experience with this website is 
satisfactory. 

21. Overall. I am satisfied with the amount of time it 
took to complete the tasks for buying products. 

22. Overall. I am satisfied with accuracy for this 
website related to the buying process. 

23. I trust the information presented on this website. 

24. This website is credible for me. 

25.I would visit this website again. 

26. I would recommend this website to my friend. 

3 OUR APPROACH 

Our purpose was to check whether it is possible to 
measure the satisfaction of the user with a website 
through the analysis of the expressions of their face, 
processed by means of affective computing 
algorithms. We developed a shopping site simulation 
to collect data. To know their subjective perception of 
the website, participants were asked to complete two 
tasks, browsing the website and completing the 
questionnaire about their experience using the 
website. Figure 1 shows the method pipeline. 
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Figure 1: Method pipeline. 

3.1 Data Collection 

To develop the website user interface, we used the 
popular JavaScript library ReactJS4. We adapted the 
design from a popular shopping website and created 
a different look and feel by changing some features in 
the design, such as the logo, colours and layout, so as 
not to bias participants. Before starting the 
simulation, we included a start page that explains how 
the participant must use the website, asks them to 
remove their masks (when this is relevant) while 
using the website, and for the necessary permissions 
from the participant so that we can use the camera and 
take snapshots. 

After obtaining the necessary permissions, the 
participant is redirected to the web site and the 
purchase simulation starts. To distinguish the 
participants, an artificial unique id is assigned to each 
of them. The participant is asked to do some simple 
tasks: browse the products and add at least 1 product 
to the shopping cart to complete the simulation. A 
photo of the subject is taken every 2 seconds while 
they are browsing the website. 

Additionally, photos are taken when the subject 
adds a product to the shopping cart and finish the 
shopping. The captured photos are saved in the 
database in Base64 format in real-time. Moreover, the 
information of the page viewed by the user at the time 
the photo is taken, and the time information are also 
recorded in the database. Due to possible errors, 
simulation sessions are limited to 10 minutes in order 

 
4 https://es.reactjs.org/ 

to avoid taking too many photos of the participants 
and therefore to fill the database unnecessarily. 

At the end of the simulation, the questionnaire is 
shown to the subjects. The questionnaire is presented 
in 3 different languages, English, Spanish and 
Turkish. This questionnaire is designed based on the 
one used by Faisal et al. in a similar study (Faisal et 
al., 2017), which was designed based on well tested 
previous relevant TAM studies.  

In addition to these, Google Analytics web 
analytics service, was used to analyse website traffic 
and audience. The unique ids we assigned to the 
participants enabled us to track each subject 
separately.  

The Google Cloud Firestore service is used to 
store collected data. The website is hosted on Vercel, 
a free platform for hosting static websites.  

We kept the website open for 3 months. At the end 
of the experiment, we wrote a simple JavaScript script 
to retrieve data from the database. Survey data was 
stored in CSV format. Subjects’ photos were 
converted from Base64 format to PNG image format 
using a Python script and stored temporarily for use 
in the analysis. 

3.2 Participants 

At the end of the data gathering process, a total of 119 
participants visited the site. Although we offer the 
survey in 3 different languages (English, Spanish and 
Turkish), we made the site accessible to all countries. 
Most of the participants were from Pakistan and 
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Spain. We did not try to balance factors such as the 
gender of the participant or the platform they used so 
that the shopping process would proceed naturally. 
Figure 2 shows the distribution of participants by 
gender, age, and the platform they use. 

 
Figure 2: Distribution of participants by gender, age, and 
the platform they use. 

Not all respondents who visited the website 
completed the survey or were willing to allow their 
photos and responses to be recorded. In these cases, 
participants' data were not used in the analysis. 61% 
of the participants who visited the web site allowed 
their photos to be saved and completed the survey. 
In addition, not all the participants had a properly 
working webcam or they did not read the warnings 
carefully and take off their masks before starting the 
simulation. After examining the collected 
photographs and cleaning the data, 49.3% of the 
participants who completed the survey (30.25% of all 
participants) provided valid data to be used in the 
analysis. 
In summary, data from 36 participants, with an 
average of 57 photos, were used for the analysis. 

3.3 Detecting Facial Expressions 

To predict facial expressions, we first detected the 
faces of the participants from the captured photos and 
then saved these facial photos in the subjects’ folders. 
For the sentiment prediction, we used 3 pre-trained 
deep learning models that were previously trained on 
the facial expression dataset. We mentioned this 
process in the Emotion Detection section. Figure 3 
shows the facial expression recognition pipeline.  

 
Figure 3: The facial expression recognition pipeline. 

3.3.1 Face Detection 

MediaPipe is a framework that provides cross-
platform machine learning solutions. We used the 
MediaPipe framework's face detection tool to detect 
faces. We set the MODEL_SELECTION parameter 
to 0. 0 value, which works better at finding faces up 
to 2 meters, and parameter 1, better at finding faces 
up to 5 meters. For the MIN_DETECTION_CON-
FIDENCE parameter we set 0.5, which means that 
face detection is considered successful if the value is 
greater than 0.5. 

In some photos, more than one face was detected, 
in which case we saved the detected faces in a 
separate folder and then manually filtered the faces 
that did not belong to the participant. We manually 
reviewed the obtained data again and removed any 
invisible, blurred or duplicate faces. 

3.3.2 Facial Expression Detection 

We used 3 pre-trained models, trained with ready-
made datasets, to detect facial expressions. 

RMN: It was developed using Pytorch, trained using 
the FER2013 and VEMO datasets, and achieved 
76.82% and 65.94% accuracy on these datasets, 
respectively (Pham et al., 2020). 

FER-Tensorflow: It was developed using 
TensorFlow, trained using the FER2013 dataset and 
achieved 65% accuracy (GitHub - Xionghc/Facial-
Expression-Recognition: Facial-Expression-
Recognition in TensorFlow. Detecting Faces in Video 
and Recognize the Expression(Emotion)., n.d.). 

FER-Pytorch: It was developed using Pytorch, 
trained using the FER2013 and CK+ datasets and 
achieved 73.12% and 94.64% accuracy on these 
datasets, respectively (GitHub - WuJie1010/Facial-
Expression-Recognition.Pytorch: A CNN Based 
Pytorch Implementation on Facial Expression 
Recognition (FER2013 and CK+), Achieving 
73.112% (State-of-the-Art) in FER2013 and 94.64% 
in CK+ Dataset, n.d.). 

Each model predicts 7 emotions, namely happy, sad, 
neutral, angry, fearful, disgusted, surprised. To get 
the final result from 3 different predictions, we 
averaged each emotion and assumed the emotion with 
the highest probability to be the overall emotion of 
the participants while shopping. We combined the 
results with the survey results and saved them in CSV 
format. 

Towards Evaluating e-Commerce Sites Purchase Intention using Affective Computing, a Preliminary Study

167



3.4 Data Analysis 

Once the data had been gathered, we assessed 
whether certain facial expressions were statistically 
associated with certain responses to the questions in 
the questionnaire. To do this we discarded all the 
facial expressions except neutral and sad, as they did 
not have enough observations to conduct statistical 
tests. For the case of neutral there are 16 cases in the 
sample and for the sad expression 15. 

As we have only two valid expressions and the 
total sample is of small size, we used the non-
parametric Mann-Whitney test (Wilcoxon rank sum 
test) instead of the usual t-tests to assess whether the 
responses of the participants with sad expression were 
significantly different from those of individuals with 
neutral expression. Also, as the prior theoretical 
developments do not suggest a direction in the 
relationship, we used two-tailed tests. 

4 RESULTS 

Table 1 shows the results of the Mann-Whitney tests. 
The results of each test (one for each question) are 
displayed in a row in the table. We include the mean 
rank for neutral and sad expressions, and the p-value 
associated to the z statistic associated to the Mann-
Whitney’s U in the test. Tests evidencing significant 
differences (p<5%) are displayed in bold typeface 
while tests suggesting slight differences 
(5%<p<10%) are displayed in italics. 

Table 1: Results of the Mann-Whitney tests. 

Question Mean rank 
for neutral 

(n=16) 

Mean rank 
for sad 
(n=15) 

p-value 

1 10.44 21.93 <0.001
2 13.00 19.20 0.054
3 12.19 20.07 0.014 
4 13.56 18.60 0.115
5 11.06 21.27 0.002
6 13.56 18.60 0.117
7 14.34 17.77 0.284
8 14.50 17.60 0.337
9 17.22 14.70 0.438

10 17.47 14.43 0.348
11 15.56 16.47 0.779
12 16.69 15.27 0.660
13 16.28 15.70 0.856
14 14.50 17.60 0.330
15 13.25 18.93 0.078
16 16.94 15.00 0.549
17 14.66 17.43 0.386

18 15.97 16.03 0.984
19 16.31 15.67 0.842
20 14.69 17.40 0.400
21 14.47 17.63 0.324
22 14.53 17.57 0.347
23 15.34 16.70 0.673
24 14.88 17.20 0.467
25 13.75 18.40 0.148
26 15.91 16.10 0.952

 
It is evidenced that for questions 1, 3 and 5 the mean 
rank for the individuals with sad expression are 
significantly higher than the rank for those with 
neutral expression. This means that the values 
obtained in the questionnaire were significantly 
higher for individuals with a sad expression. Then, 
this kind of users finds easier to read the text with a) 
the used font type and size and b) the text alignment 
and spacing. Users with sad expression have also a 
stronger conviction that colour / graphics in the 
website enhance navigation. For questions 2 and 15 
the test evidences that differences, if not so strong, are 
still present. So, the font colour is slightly more 
appealing for sad users and they find a bit more 
obvious the buying button and links in the website. 
For the rest of the questions, tests do not show 
significant differences. 

5 CONCLUSION 

These results of the study are initially confusing. The 
three questions that evidence a strong relation with 
subjects showing a sad expression are emphasizing 
positive aspects of the design (regarding font, text 
layout and readability and colours selection). That is, 
results suggest that users who appreciate these aspects 
of the design as positive are sad. After analysing the 
results, we reviewed the pictures classified as sad by 
the algorithms, and what we found out is that most of 
them seem to be concentrated instead of sad. Thus, it 
seems more reasonable to think that users that found 
out the application more useable where more focused 
on the task and so, were classified as sad. 

Obviously, this is just a conjecture, and should be 
checked with a new experiment, so we cannot assume 
that as a valid result of the experiment. Nevertheless, 
results suggest that there is a relation between the 
subjective perception of some of the aspects of the 
design and the information we gather using AC 
algorithms. This encourages us to repeat the 
experiment with a bigger and controlled sample of 
users. 

CHIRA 2022 - 6th International Conference on Computer-Human Interaction Research and Applications

168



ACKNOWLEDGEMENTS 

This work was funded by the Scientific and 
University Department – SCAC of the Embassy of 
France in Spain (French Institute of Spain REF: Grant 
02/2021) and the Department of Science, Innovation 
and Universities (Spain) under the National Program 
for Research, Development and Innovation (Project 
RTI2018-099235-B-I00). 

REFERENCES 

Bhandari, U., Neben, T., Chang, K., & Chua, W. Y. (2017). 
Effects of interface design factors on affective 
responses and quality evaluations in mobile 
applications. Computers in Human Behavior, 72, 525–
534. https://doi.org/10.1016/j.chb.2017.02.044 

Cooke, L. (2004). Improving usability through eye tracking 
research. IEEE International Professional 
Communication Conference, 195–198. https://doi.org/ 
10.1109/IPCC.2004.1375297 

Davis, F. D. (1989). Perceived usefulness, perceived ease 
of use, and user acceptance of information technology. 
MIS Quarterly: Management Information Systems, 
13(3), 319–339. https://doi.org/10.2307/249008 

Eroglu, S. A., Machleit, K. A., & Davis, L. M. (2001). 
Atmospheric qualities of online retailing: A conceptual 
model and implications. Journal of Business Research, 
54(2), 177–184. https://doi.org/10.1016/S0148-
2963(99)00087-9 

Eroglu, S. A., Machleit, K. A., & Davis, L. M. (2003). 
Empirical Testing of a Model of Online Store 
Atmospherics and Shopper Responses. Psychology and 
Marketing, 20(2), 139–150. https://doi.org/10.1002/ 
mar.10064 

Faisal, C. M. N., Gonzalez-Rodriguez, M., Fernandez-
Lanvin, D., & Andres-Suarez, J. De. (2017). Web 
Design Attributes in Building User Trust, Satisfaction, 
and Loyalty for a High Uncertainty Avoidance Culture. 
IEEE Transactions on Human-Machine Systems, 47(6), 
847–859. https://doi.org/10.1109/THMS.2016.2620901 

Fontaine, J. R. J., Scherer, K. R., Roesch, E. B., & 
Ellsworth, P. C. (2007). The world of emotions is not 
two-dimensional. Psychological Science, 18(12), 
1050–1057. https://doi.org/10.1111/j.1467-9280.2007. 
02024.x 

Gasah, M., Hidayah, N., Zain, M., & Baharum, A. (2019). 
An approach in creating positive emotion for children’s 
e-learning based on user interface design. Indonesian 
Journal of Electrical Engineering and Computer 
Science, 13(3), 1267–1273. https://doi.org/10.11591/ 
ijeecs.v13.i3.pp1267-1273 

GitHub - WuJie1010/Facial-Expression-
Recognition.Pytorch: A CNN based pytorch 
implementation on facial expression recognition 
(FER2013 and CK+), achieving 73.112% (state-of-the-
art) in FER2013 and 94.64% in CK+ dataset. (n.d.). 

Retrieved May 17, 2022, from https://github.com/ 
WuJie1010/Facial-Expression-Recognition.Pytorch 

GitHub - xionghc/Facial-Expression-Recognition: Facial-
Expression-Recognition in TensorFlow. Detecting 
faces in video and recognize the expression(emotion). 
(n.d.). Retrieved May 17, 2022, from 
https://github.com/xionghc/Facial-Expression-
Recognition 

Johanssen, J. O., Bernius, J. P., & Bruegge, B. (2019). 
Toward usability problem identification based on user 
emotions derived from facial expressions. Proceedings 
- 2019 IEEE/ACM 4th International Workshop on 
Emotion Awareness in Software Engineering, 
SEmotion 2019, 1–7. https://doi.org/10.1109/SEmot 
ion.2019.00008 

Kemppainen, T., Makkonen, M., & Frank, L. (2020). 
Exploring online customer experience formation: How 
do customers explain negative emotions during online 
shopping encounters? 32nd Bled EConference 
Humanizing Technology for a Sustainable Society, 
BLED 2019 - Conference Proceedings, June, 655–675. 
https://doi.org/10.18690/978-961-286-280-0.35 

Lasa, G., Justel, D., & Retegi, A. (2015). Eyeface: A new 
multimethod tool to evaluate the perception of 
conceptual user experiences. Computers in Human 
Behavior, 52, 359–363. https://doi.org/10.1016/j.chb. 
2015.06.015 

Ma, H., & Yarosh, S. (2021). A Review of Affective 
Computing Research Based on Function-Component-
Representation Framework. IEEE Transactions on 
Affective Computing, 1–1. https://doi.org/10.1109/ 
TAFFC.2021.3104512 

Maia, C. L. B., & Furtado, E. S. (2016). A study about 
psychophysiological measures in user experience 
monitoring and evaluation. ACM International 
Conference Proceeding Series, Part F1280. 
https://doi.org/10.1145/3033701.3033708 

Makkonen, M., Riekkinen, J., Frank, L., & Jussila, J. 
(2020). The effects of positive and negative emotions 
during online shopping episodes on consumer 
satisfaction, repurchase intention, and recommendation 
intention. 32nd Bled EConference Humanizing 
Technology for a Sustainable Society, BLED 2019 - 
Conference Proceedings, June, 931–953. 
https://doi.org/10.18690/978-961-286-280-0.49 

Marangunić, N., & Granić, A. (2015). Technology 
acceptance model: a literature review from 1986 to 
2013. Universal Access in the Information Society, 
14(1), 81–95. https://doi.org/10.1007/s10209-014-
0348-1 

McDuff, D., Kaliouby, R. El, Cohn, J. F., & Picard, R. W. 
(2015). Predicting Ad Liking and Purchase Intent: 
Large-Scale Analysis of Facial Responses to Ads. IEEE 
Transactions on Affective Computing, 6(3), 223–235. 
https://doi.org/10.1109/TAFFC.2014.2384198 

Mehrabian, Albert., & Russell, J. A. (James A. (1974). An 
approach to environmental psychology. 266. 

Pham, L., Vu, T. H., & Tran, T. A. (2020). Facial 
expression recognition using residual masking network. 
Proceedings - International Conference on Pattern 

Towards Evaluating e-Commerce Sites Purchase Intention using Affective Computing, a Preliminary Study

169



Recognition, 4513–4519. https://doi.org/10.1109/ICPR 
48806.2021.9411919 

Plutchick, R. (1980). A General Psychoevolutionary 
Theory of Emotion. In Theories of Emotion (pp. 3–33). 
Academic Press. https://doi.org/10.1016/b978-0-12-
558701-3.50007-7 

Rakoczi, G., & Pohl, M. (2012). Visualisation and analysis 
of multiuser gaze data: Eye tracking usability studies in 
the special context of e-learning. Proceedings of the 
12th IEEE International Conference on Advanced 
Learning Technologies, ICALT 2012, 738–739. 
https://doi.org/10.1109/ICALT.2012.15 

Sahi, G. (2015). User satisfaction and website usability: 
Exploring the linkages in B2C E-commerce context. 
2015 5th International Conference on IT Convergence 
and Security, ICITCS 2015 - Proceedings. 
https://doi.org/10.1109/ICITCS.2015.7293034 

Staiano, J., Menéndez, M., Battocchi, A., De Angeli, A., & 
Sebe, N. (2012). UX_Mate: From Facial Expressions 
to UX Evaluation. 741. https://doi.org/10.1145/23179 
56.2318068 

Tang, K., & Hsiao, C.-H. (2016). The Literature 
Development of Technology Acceptance Model. 
International Journal of Conceptions on Management 
and Social Sciences, 4(1), 1–4. 

CHIRA 2022 - 6th International Conference on Computer-Human Interaction Research and Applications

170



Design Requirements for the Definition of Haptic Messages for
Automated Driving Functionalities

Joseba Sarabia1,2 a, Sergio Diaz1 b, Asier Zubizarreta2 c and Joshué Perez1 d
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Abstract: As the number of advanced driving assistance systems grows, there is an increasing number of interactions
between the driver and the automated system of the vehicle. Requests to transfer control from the automated
system to the driver, new information sources increasing driver workload, and safety-critical situations imply
new challenges in the communication between the driver and the automated system. In this context, haptic
feedback for steering-wheel control has proven to be a valuable strategy. This work aims to propose a novel
description of the requirements needed for a driver-in-the-loop system capable of ensuring safety while pro-
viding haptic feedback to the driver. Furthermore, a set of haptic patterns for the steering wheel are proposed
based on the described requirements, to be evaluated in future studies. As future steps of this study, a contin-
uation of this study will be published focused on human centered factors of the driver.

1 INTRODUCTION

In recent years, a rising number of Advanced Driving
Assistance Systems (ADAS) are being implemented
in modern vehicles (Ziebinski et al., 2017). Cur-
rent ADAS take operational functionalities from the
driver such as longitudinal (Adaptive Cruise-Control
or Emergency Collision Avoidance) and lateral con-
trol (Lane Keeping).

However, with the increase in the level of automa-
tion of vehicles as defined by SAE J3016, vehicle con-
trol systems take charge over more and more func-
tionalities. Many works have suggested that reduc-
ing human intervention in automated vehicles will in-
crease road safety (Lv et al., 2018), (Li et al., 2019)
and (Morales-Alvarez et al., 2020). Hence, an im-
portant effort has been conducted by the automotive
industry to develop functionalities with higher levels
of automation.

In the transition to fully automated vehicles, the
driver still has a fundamental role. When consider-
ing Automated Driving Levels (ADL), only ADL 4
and 5, conditional and high automation, completely

a https://orcid.org/0000-0002-1759-4365
b https://orcid.org/0000-0002-2617-2121
c https://orcid.org/0000-0001-6049-2308
d https://orcid.org/0000-0001-8328-9978

remove the driver from the driving task. Functional-
ities with a medium or conditional level of automa-
tion (ADL 2 and 3) require the driver to supervise or
partially control the vehicle (Marcano et al., 2020a).
In these functionalities, the Takeover Request (TOR)
plays a key role in the transition between the auto-
mated mode (controlled by the vehicle) and the man-
ual mode (controlled by the driver) (Sasangohar and
Cummings, 2010) (Mulder et al., 2008).

In this context, new challenges arise to ensure safe
cooperation and interaction between the driver and the
vehicle control systems, so that ADL changes such
as TOR are properly executed by all agents. The
driver-automated vehicle interface currently relies on
approaches based on auditory or visual channels, such
as Heads Up Displays (HUD), infotainment displays,
and auditory alarms (Politis et al., 2015). However,
these approaches can overstimulate the driver (Mehler
et al., 2021), reducing their effectiveness for time-
critical tasks (Strayer et al., ), such as TOR (Zhang
et al., 2022).

As an alternative, haptic messages have been pro-
posed, which use the actuators of the vehicle as feed-
back to the driver. Haptic messages can provide swift
control transfer between the driver and the automated
vehicle in cases such as TOR (Morales-Alvarez et al.,
2020). Moreover, it has been demonstrated that hap-
tic guidance considerably reduces the cognitive work-
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load of the driver (Wang et al., 2018) (Shakeri et al.,
2016), and that it improves handover transitions es-
pecially when applied together with visual feedback
(Vito et al., 2020). A good illustration of this is the
study conducted by the NHTSA (National Highway
Traffic Safety Administration) where they compared
different types of signals to alert drivers of a TOR.
There, it was shown that the haptic feedback together
with visual alerts generated reaction times with an av-
erage of 1.3 seconds, while only visual alerts took
4.8 seconds (Marinik et al., 2014). Regarding audi-
tory cues, (Harrison et al., 2010) shows that they have
a considerably short response time, especially when
used together with visual feedback.

Looking for short response time channels, several
authors have proposed works about situational aware-
ness focused on retrieving the driver from the dis-
tracted to attentive in the fastest possible way. Au-
ditory and haptic channels show the best time results
(Ploch et al., ). However, while there is an abundance
of to auditory cues, the haptic channel is rarely over-
loaded. This facilitates the haptic signals to be more
rapidly perceived (Strayer et al., 2003). Furthermore,
haptic perception appears to be resilient to high cog-
nitive load conditions (Törnros and Bolling, 2005).
However, this is still an open research area, as strate-
gies to define the haptic messages, and the definition
of these in terms of evaluation of their acceptability by
users in real and simulated scenarios is still missing.
In particular, note that when considering a medium
level of automation, the driver is generally required to
have at least one hand on the steering wheel. This ad-
ditionally opens a gap for ADAS to be complemented
with haptic feedback through the steering wheel.

About the type of equipment used for the haptic
feedback, the current literature is mainly focused on
small actuators installed on the steering wheel. How-
ever, there are fewer studies where the main steering
actuator of the EPS (Electric Power Steering) is used.
This is generally used to provide guidance (Beruscha
et al., 2011), or used with low frequency profiles (Ta-
lamonti et al., 2017).

In the context of human machine interaction, the
HADRIAN European Project has been proposed (had,
). This project, funded by the EU Horizon 2020 pro-
gram, aims at creating a novel interaction approach
between the driver, the vehicle, and the road infras-
tructure. This interaction pretends to be adaptive to-
wards the state of the driver and to the operational
design domain, conveying an idea of fluid interaction
with different HMIs (display, alarms, HUD, haptic
feedback, etc.). In this sense, haptic devices are pro-
posed as a tool to communicate with the driver regard-
ing drive mode transitions, take-over requests, or mes-

sage delivery. Hence, in this framework, two main
contributions are proposed in this work: 1) a driving
simulation framework, which ensures human-in-the-
loop testing for haptic messages, as a tool to evaluate
future works in this area; and 2) a set of design speci-
fications for haptic messages using the steering wheel.

The rest of the work is structured as follows. Sec-
tion II describes the equipment used to study the hap-
tic feedback. Section III points out the requirements
for safe use of the haptic feedback in steering wheels.
Section IV proposes a methodology to design a set
of haptic icons that fulfils the previous requirements.
Section V shows the resultant haptic icons. Section
VI offers a concluding overview of the obtained re-
sults and points to future works where user-centered
studies validate the proposed icons.

2 DRIVING SIMULATOR FOR
HAPTIC HMI TESTING

As stated in the introduction, there is a need to further
test and evaluate approaches that consider the driver
and automated vehicle interaction. In this work, a
framework based on a driving simulator with a haptic
steering wheel has been proposed, developed in the
context of the HADRIAN project.

The proposed setup is detailed in Fig. 1, which is
based on an off-the-shelf racing simulator, in which
an Augury H kit haptic steering wheel has been inte-
grated.

As seen in the Figure, the simulation setup in-
cludes three 32 inches LDC screens, a 120W stereo
sound system, racing simulator pedals with mechani-
cal damping, a fully equipped PC that runs the simu-
lated vehicle and environment, a touch display to em-
ulate secondary activities by the driver and a racing
seat.

The simulation environment is based on Dynacar
(Marcano et al., 2020b), developed by Tecnalia,
which allows realistic vehicle dynamics modeling in
real-time, including force feedback for the driver. Dy-
nacar simulation framework includes a map editor
and allows 3D representation of the vehicle in the se-
lected scenario, so that it can be easily used as a driv-
ing simulation. A Mercedes Class E vehicle has been
selected as the study case implemented in the setup
(Marcano et al., 2020a). The inertia and damping of
the steering system have been simulated based on the
previously described case, then the actuator provides
a more accurate response.

As previously detailed, the simulation setup has
been complemented with the introduction of a haptic
steering wheel, with the aim of testing and evaluating
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Figure 1: Simulator setup.

vehicle-driver shared control approaches, and inter-
action strategies. The haptic wheel setup is composed
of three elements: a wheel, a motor controller, and a
motor.

The servomotor is a brushless DC motor in which
a current sensor and an incremental encoder have
been attached. The actuator is a MiGE model 130ST,
which can exert a maximum torque of 18 Nm and pro-
vides 1.5 KW.

The racing steering wheel is a standard metal-
core and leather-cover steering wheel used in com-
mon driving simulators. Thanks to its metallic core
and it is tight fixation to the actuator, all vibrations
are directly transmitted to the hands of the driver. The
steering wheel includes a small Bluetooth 3.0 con-
troller fixed at the right spoke, allowing it to be used
with the right thumb. Its purpose is to change the driv-
ing mode from Automated to Manual modes (and vice
versa).

Finally, the motor controller is composed of a
Simucube motherboard, an IONI PROHC driver con-
trol unit with a maximum intensity of up to 25A, a
safety emergency button and all the necessary inter-
faces to connect it to the simulator computer.

3 DESIGN REQUIREMENTS FOR
THE DEVELOPMENT OF
HAPTIC MESSAGES

The setup will be considered as the basis for devel-
oping and evaluating haptic messages for the driver.
However, some requirements must be considered
when defining haptic feedback signals for steering
wheels.

The steering wheel is the lateral controller of the
vehicle. Modifying its dynamics through vibrations
can lead to potential control loss or deviations from

the vehicle trajectory. Steering wheels can be coupled
or uncoupled (Marcano et al., 2020a). If it is uncou-
pled (or drive-by-wire), there is no such constraint,
as vibrations do not necessarily need to be transmit-
ted to the movement of the wheels. If the steering is
coupled, however, safety issues must be considered,
among others.

From one side, haptic feedback should be felt in
the hands of the driver but must not affect the tra-
jectory of the vehicle. However, this goes against
the nature of the working principle of the electric-
driven steering wheel, as its movement is generated
through its shaft. Hence, haptic signals must be cen-
tered around zero, so that the net movement produced
by haptic vibrations is counterbalanced. This way, no
lateral deviation from the trajectory will be caused by
the haptic pattern.

From the other, haptic patterns in the steering
wheel must be distinguishable from vibrations in the
vehicle caused by road roughness. At the end of the
day, the steering wheel is by itself an interface to feel
the road. If haptic patterns may induce the driver to
think that there was a bump in the road, or to believe
that something happened to the tires, this could have
a degrading effect on the perception of the road and,
consequently, on vehicle control.

Regarding the functionality of the steering wheel,
haptic patterns should not block or reduce the driver’s
control over it. When a haptic signal is activated by
the system, the driver must be able to keep control-
ling the trajectory of the vehicle as if there was no
such signal. Thus, the haptic pattern must not only
be balanced around zero considering the entire pat-
tern but also in small intervals of time, so that there is
no torque applied in the steering wheel long enough
to change its trajectory or to be excessive to be over-
ridden by the driver.

In addition, regarding the durability of the system,
the haptic patterns must not damage the mechanical
components of the steering column. Vibrations are
a widely studied field of mechanics and can lead to
serious damage if they are not previously considered
(Rouillard, 2014). When tuning the frequencies of
the haptic patterns, natural frequencies of the system
must be avoided. In this work, this is not the main
focus, as a driving simulation environment is used.
Future works require a study case when the proposed
haptic patterns are brought to real vehicles.
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4 DESIGN METHODOLOGY FOR
HAPTIC MESSAGES

Based on the requirements analyzed in the previous
section, in this one, the three main design strategies
followed to design the set of haptic messages pro-
posed in this work are defined.

4.1 Definition of Zero-centered Patterns

Regarding the zero-centered haptic patterns, in this
work, two types of patterns are proposed. On the one
side, oscillatory motion patterns. That is, haptic pat-
terns composed of sine-based vibrations. And on the
other side, short pulses that are felt like little strokes
on the steering. The latter also have the same positive
and negative component. This way, the total applied
torque of the actuator will produce a null amount of
work in both cases, generating no total displacement.

To achieve the desired haptic patterns, the actua-
tor must be capable of reproducing the desired pat-
tern properly. In addition, internal frictions and non-
linearities of the system may cause lateral displace-
ments. To evaluate these effects, the following exper-
iments have been performed.

Figure 2: Torque response of the 1.5 s vibration (red-
reference /blue-response).

First, the response obtained when sending a torque
sine input in the steering wheel has been analyzed.
Fig. 2 shows the torque reference input in red and the
measured torque output in blue. Even if the measured
signal is slightly discretized, and there is a phase shift,
it can be observed that the response of the actuator
is capable of following the set input in terms of fre-
quency. Note that the main focus in this section is
the haptic feeling provided by the system. In addi-
tion, this figure shows the worst-case scenario, this
is, the response of the motor to the highest frequency
at the reference, which sets the maximum frequency
of the system (considering the simulated inertia and
damping are part of the measured net torque) at 40

Hz. Regarding the amplitude, a higher value does not
provide a difference in the output, as the torque out-
put of the actuator has a gradient saturation, meaning
that for such frequency, this is the highest value it will
reach.

Figure 3: Torque response of the pulse signal.

Second, pulse responses have been tested, as
shown in Figure 3. Similar to the previous case, the
haptic feeling of the reference can be executed by the
motor, as transitions (peak values), and then a con-
stant torque area, can be defined. Note that apart from
the reference torque sent, there are also the compo-
nents of the simulated damping and the inertia, which
are responsible for the transitory effects.

Hence, the aforementioned patterns (sine and
pulse) are appropriate to develop haptic messages in
the proposed setup.

4.2 Definition of Easily Distinguishable
Patterns

If vehicle vibrations and haptic patterns are consid-
ered, as previously stated, those two sources of infor-
mation must be distinguishable. Unfortunately, road
vibrations may not have a regular pattern, as sporadic
bumps or road roughness changes can cause unex-
pected vibrations in the vehicle. However, most com-
mon vibrations in vehicles are caused by the interac-
tion between the roughness of the road and the surface
of the tires.

Road roughness may be described as the elevation
profile obtained along the wheel tracks over which ve-
hicles pass. Such profiles fit the general category of
broad-band random signals. When passed by a ve-
hicle, its velocity determines the frequency at which
such profile will be collided, generating vibrations on
the wheels of the vehicle. Some studies (Rouillard,
2014) suggest that for a velocity range between 20
and 100 km/h, the predominant road vibration is be-
tween 1 and 10 Hz. But this is the vibration generated
in the floor of the vehicle, after being filtered by the
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damping of the vehicle. However, as (Agostinacchio
et al., 2013) shows, the vibrations generated by the
road roughness at driving speeds between 25 to 100
km/h, go up to 100 Hz and higher. And those are
the ones that are felt in the steering wheel in coupled
steering columns, as the system is in direct contact
with the vehicle tires. Indeed, this is easily demon-
strable just by taking a sound system and reproducing
signals increasingly between 30 and 200 Hz. The ob-
tained sound is equivalent to that heard while driving
a car.

In (Gillespie and Sayers, 1981), a study was per-
formed evaluating frequencies between 0 and 200 Hz.
There, it is shown that a frequency variation to be hap-
tically perceivable requires intervals of at least 10 Hz.
Thus, a couple of conclusions can be obtained from
here: first, having a 40 Hz upper limit established by
the actuator, there are few frequencies left to design
the haptic feedback patterns. And second, the haptic
feedback will be in the range of the typical vibrations
found in the vehicle steering.

For that reason, the approach to obtain some dis-
tinguishable haptic patterns will not be focused on
specific frequency ranges. Instead, 3 other variables
will need to be prioritized: first, the regularity of the
signal; second, the duration; and third, its amplitude.
As road vibrations have chaotic components, regu-
lar structured signals may provide a more trustworthy
feeling of their presence. Regarding the duration and
the amplitude, a balance between what is perceivable
and what is uncomfortable will need to be obtained.

4.3 Definition of Patterns to Reduce the
Effect on the Steering Wheel

As previously detailed, the applied haptic patterns
must not affect the drive. However, it could be consid-
ered that applying specific torques in the steering col-
umn could derive in deviations of the vehicle trajec-
tory and possible control lost. To check whether the
proposed haptic patterns could really affect the safety
of the drive, the following tests have been conducted.

First, a sequence of equal sine waves (0.4 Nm of
amplitude, 40 Hz of frequency and 1.5 s of duration)
has been sent as input to the system repeatedly dur-
ing 300 s. The aim was to evaluate the angular dis-
placement generated on the steering wheel. Results
are shown in Fig 4.

Each of the repeated patterns zoomed in Figure 4
are equal to the ones presented in Figure 2. The aim of
Figure 4 is to show the total deviation of the steering
wheel after applying the haptic icon a repeated num-
ber of times (133 times in this case). After the test,
the total deviation of the steering wheel shown in the

Figure 4: Sequence of sine patterns and angular deviation
of the steering angle.

Figure 5: Sequence of pulse patterns and the angular devia-
tion of the steering wheel.

second graph of the layout is less than 1º.
This same test has also been conducted for the

other haptic pattern proposed, for the pulse (Figure 5).
Results show, with the same amount of repetitions, an
overall deviation of up to 2º. However, the instanta-
neous deviation of the steering angle is much higher
for the pulse than for the sine-based vibration. This is
because the amplitude achieved in the pulse is higher
than in the first pattern, and the pulses are longer in
time. To obtain a feeling about how potentially dan-
gerous these deviations could be, a theoretical and a
practical approach is proposed.

From the theoretical perspective, the effect of the
steering wheel on vehicle orientation can be calcu-
lated by a model, such as the bicycle model formula.
This is a stationary approximation, without consid-
ering the transitory damping effects of the tires that
could happen during the haptic pattern duration. The
equation goes as follows,

β = arctg(lr tan(δ)/L) (1)
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where β is the slip angle, lr the distance between the
center of gravity of the vehicle to the rear axle, L the
distance between the rear and front axles, and δ the
front wheels angle. As δ is proportional to the steer-
ing wheel angle, it can be directly related the slip an-
gle with the steering wheel angle. The typical ratio
between δ and the steering wheel angle tends to be
around 15:1, meaning that a turn of 15º in the steering
wheel implies 1º in the tires.

Figure 6: Graphic representation of the bicycle model for-
mula and its derivative.

Figure 6 shows the graphic representation of the
bicycle model. The maximum variation of the slip an-
gle is at the maximum point of its derivative, that is,
when δ is closer to zero. Thus, computing the calcula-
tion of the obtained 2º deviation for the pulse pattern,
a slip angle of 0.0667º is obtained. This implies that,
for instance, driving at a speed of 90 km/h (25m/s),
an instantaneous deviation caused by the haptic pulse
would deviate the trajectory of the vehicle 0.03m af-
ter one second. This is considering no damping of the
system nor the driver hands.

Figure 7: Steering wheel angle and lateral error recorded
during a 560 s drive in a straight line in the simulator.

From an experimental perspective, a 10-minute
ride has been tested in the simulator on a straight-
line highway to measure the periodic fluctuation of
a driver. As it can be seen in Figure 7, except for an
outlier in second 190, the rest of the drive is within

a range between -2 and 2 degrees. In the lower sub-
plot, the lateral deviation (in meters) is shown for the
lane center. Considering the mean frequency of the
driver making corrections, it is calculated that every
0.895 s a lateral correction cycle is performed. In
other words, the lateral oscillation of the driver is ap-
proximately around 1 Hz.

This implies that the maximum lateral deviation
caused by the haptic pattern would be inside the range
of a deviation of a generic ride. Thus, as long as the
driver has the hands on the steering wheel, the effect
on the drive is negligible.

Based on the aforementioned design strategies,
the following set of haptic messages have been pro-
posed for three main approaches: message notifica-
tion, take-over requests (TOR) and hand-over transi-
tions (Figure 8).

Message notification patterns are designed as
short, and mainly composed of pulses. They are
intended to provide quick, non-intrusive and non-
critical messages to the driver. That is, they are sup-
posed not to be urgent, but to catch the attention of
the driver easily.

TOR patterns are mainly composed of long vibra-
tions, whose amplitude increases in steps as the ur-
gency to take over the control increases. They are all
40 Hz in frequency and mainly last about 5 seconds.
They are supposed to increase the level of urgency
during the time, providing a countdown feeling.

Finally, the hand-over transition patterns are de-
signed in two different ways. The first four ap-
proaches are designed looking for a continuous in-
crease or decrease of the amplitude, while the rest-
ing four have a continuous change in frequency. This
duality has been proposed to prove that amplitude-
based transitions are more reliable than frequency-
based transitions, as frequency jumps are less notice-
able. Their design aim is that the driver receives a
transition feeling, as if something was switching on
and off.

This haptic set is defined so that the actuator sys-
tem proposed in the driving simulation environment
can reproduce the required vibrations to the driver.
However, note although the haptic steering wheel
can follow the defined haptic messages, user-centered
studies will be required to evaluate the acceptance and
effectiveness of the messages.

5 CONCLUSIONS AND FUTURE
WORKS

Haptic feedback on the steering wheel will be highly
beneficial in future ADAS, as there is a strong need
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Figure 8: 1 to 8 icons: Message notification icons. 1 to 10 icons: Take-Over Request icons. 1A to 4B icons, hand-over
transition icons.

for safe critical interfaces that ensure rapid interven-
tion from the driver. Besides, haptic feedback will not
imply a safety issue regarding vehicle control, even in
the edgiest situations. Indeed, it will increase safety
by improving the interaction between the driver and
the vehicle and reducing driver workload. The main
contribution of this work is a new HMI concept, based
on a set of haptic messages for ADS, together with the
defined requirements for the implementation of safe
haptic messages.

The simulator shows how an off-the-shelf racing
steering wheel can work as a haptic feedback inter-
face, as it fulfills all the previously defined require-
ments. Some interactions with the haptic messages
show their potential for ADS specific cases. Never-
theless, user-centered tests will be needed to evaluate
and improve the proposed set of haptic patterns.
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search Record 836 15 Role of Road Roughness in Ve-
hicle Ride.

Harrison, N. R., Wuerger, S. M., and Meyer, G. F. (2010).
Reaction time facilitation for horizontally moving au-
ditory–visual stimuli. Journal of Vision, 10(14):16–
16.

Li, Y., Lv, C., and Xue, J. (2019). A novel predictive haptic
control interface for automation-to-human takeover of
automated vehicles. IEEE Intelligent Vehicles Sympo-
sium, Proceedings, 2019-June:994–999.

Lv, C., Wang, H., Cao, D., Zhao, Y., Sullman, M., Auger,
D. J., Brighton, J., Matthias, R., Skrypchuk, L., and
Mouzakitis, A. (2018). A Novel Control Framework
of Haptic Take-Over System for Automated Vehicles.
IEEE Intelligent Vehicles Symposium, Proceedings,
pages 1596–1601.

Design Requirements for the Definition of Haptic Messages for Automated Driving Functionalities

177



Marcano, M., DIaz, S., Perez, J., and Irigoyen, E. (2020a).
A Review of Shared Control for Automated Vehi-
cles: Theory and Applications. IEEE Transactions on
Human-Machine Systems, 50(6):475–491.

Marcano, M., DIaz, S., Perez, J., and Irigoyen, E. (2020b).
A Review of Shared Control for Automated Vehi-
cles: Theory and Applications. IEEE Transactions on
Human-Machine Systems, 50(6):475–491.

Marinik, A., Bishop, R., Fitchett, V., and NHTSA (2014).
Human factors evaluation of level 2 and level 3 auto-
mated driving concepts: Concepts of operation. Tech-
nical report, NHTSA, Washington DC.

Mehler, B., Brookhuis, K., Meteier, Q., Khaled, A. O.,
Capallera, M., Ruffieux, S., Angelini, L., Khaled,
O. A., Mugellini, E., Widmer, M., and Sondereg-
ger, A. (2021). Article 596038 (2021) classification
of drivers’ workload using physiological signals in
conditional automation. Frontiers in Psychology —
www.frontiersin.org, 12:596038.

Morales-Alvarez, W., Sipele, O., Léberon, R., Tadjine,
H. H., and Olaverri-Monreal, C. (2020). Automated
driving: A literature review of the take over request in
conditional automation.

Mulder, M., Abbink, D. A., and Boer, E. R. (2008). The ef-
fect of haptic guidance on curve negotiation behavior
of young, experienced drivers. In 2008 IEEE Interna-
tional Conference on Systems, Man and Cybernetics,
pages 804–809.

Ploch, C. J., Bae, J. H., Ploch, C. C., Ju, W., and Cutkosky,
M. R. Comparing Haptic and Audio Navigation Cues
on the Road for Distracted Drivers with a Skin Stretch
Steering Wheel.

Politis, I., Brewster, S., and Pollick, F. (2015). Language-
based multimodal displays for the handover of con-
trol in autonomous cars. In Proceedings of the 7th
International Conference on Automotive User Inter-
faces and Interactive Vehicular Applications, Auto-
motiveUI ’15, page 3–10, New York, NY, USA. As-
sociation for Computing Machinery.

Rouillard, V. (2014). Quantifying the Non-stationarity of
Vehicle Vibrations with the Run Test. Packaging Tech-
nology and Science, 27(3):203–219.

Sasangohar, F. and Cummings, M. (2010). Human-system
interface complexity and opacity.

Shakeri, G., Ng, A., Williamson, J. H., and Brewster, S. A.
(2016). Evaluation of haptic patterns on a steering
wheel. AutomotiveUI 2016 - 8th International Con-
ference on Automotive User Interfaces and Interactive
Vehicular Applications, Proceedings, pages 129–136.

Strayer, D. L., Cooper, J. M., Goethe, R. M., Mccarty,
M. M., Getty, D. J., and Biondi, F. Assessing the vi-
sual and cognitive demands of in-vehicle information
systems.

Strayer, D. L., Drews, F. A., and Johnston, W. A. (2003).
Cell Phone-Induced Failures of Visual Attention Dur-
ing Simulated Driving. Journal of Experimental Psy-
chology: Applied, 9(1):23–32.

Talamonti, W., Tijerina, L., Blommer, M., Swaminathan,
R., Curry, R., and Ellis, R. D. (2017). Mirage events
& driver haptic steering alerts in a motion-base driving

simulator: A method for selecting an optimal HMI.
Applied Ergonomics, 65:90–104.

Törnros, J. E. and Bolling, A. K. (2005). Mobile phone use
- Effects of handheld and handsfree phones on driv-
ing performance. Accident Analysis and Prevention,
37(5):902–909.

Vito, P. D. C. S., Brown, E., Brewster, S., Pollick, F.,
Thompson, S., Skrypchuk, L., and Mouzakitis, A.
(2020). Haptic Feedback for the Transfer of Control in
Autonomous Vehicles. Adjunct Proceedings - 12th In-
ternational ACM Conference on Automotive User In-
terfaces and Interactive Vehicular Applications, Auto-
motiveUI 2020, pages 34–37.

Wang, Z., Zheng, R., Kaizuka, T., and Nakano, K. (2018).
Influence of haptic guidance on driving behaviour un-
der degraded visual feedback conditions. IET Intelli-
gent Transport Systems, 12(6):454–462.

Zhang, H. ., Zhang, Y. ., Xiao, Y. ., Wu, C., Xie, K., Ma, X.,
Zhang, H., Zhang, Y., Xiao, Y., and Wu, C. (2022).
Analyzing the Influencing Factors and Workload Vari-
ation of Takeover Behavior in Semi-Autonomous Ve-
hicles. International Journal of Environmental Re-
search and Public Health 2022, Vol. 19, Page 1834,
19(3):1834.

Ziebinski, A., Cupek, R., Grzechca, D., and Chruszczyk,
L. (2017). Review of advanced driver assistance
systems (ADAS). AIP Conference Proceedings,
1906(1):120002.

CHIRA 2022 - 6th International Conference on Computer-Human Interaction Research and Applications

178



RetoñosApp: Work in Progress on a Platform to Support the Teaching of
Programming in CS through the Automation and Customization of

Learning Processes Guided by Artificial Intelligence

David Mauricio Valoyes-Porras a, Juan Sebastián Rodrı́guez-Obregón b,
David Steven Salamanca-Sánchez c and Miguel Alfonso Feijóo-Garcı́a d
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Abstract: Learning difficulties in Computer Science (CS) are a multicausal problem that promotes student dropout in
CS undergraduate programs. This results from the students’ psychological, emotional, and motivational im-
plications, affecting their academic performance. We present RetoñosApp, as a web-based and user-centered
platform supported by Artificial Intelligence (AI) that assists the teaching and learning processes for CS. It
fosters the students’ autonomous learning, and provides accompaniment and feedback to students during their
academic term, and CS instructors on their students’ learning processes. This web-based tool uses a Conver-
sational Bot as an autonomous and synchronous virtual tutor, and a Content-based Recommendation System
to generate customized reports with “educational routes” to students and instructors, based on their needs.
We evaluated this web-based tool, and reported the findings and results, considering its efficiency and ef-
fectiveness, based on the participants’ interaction. This, in order to answer how the platform supported and
complemented the teaching and learning processes of programming in CS, evaluating its potential to be part of
the educational methodology of further CS undergraduate courses. Our findings from the pilot study suggest
that RetoñosApp effectively provides a friendly user-centered asynchronous assistance and enhancement to
learning processes, and frequent feedback on teaching processes.

1 INTRODUCTION

Computer Science (CS) is the discipline that gath-
ers the fundamentals, methods, and theory to support
the development of new informatic solutions (Som-
merville and Torres, 2011). Consequently, CS edu-
cation constitutes a considerably high degree of com-
plexity. Programming skills, as basic and fundamen-
tal knowledge of CS, present one of the main chal-
lenges that professionals in this field often face. These
difficulties result from the requirement of teaching-
learning processes to be incremental and evolving in
CS, based on curricular approaches that gather previ-
ous skills and knowledge. This has motivated the CS
Education community to evaluate teaching and learn-
ing strategies often to face this educational challenge.
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There are numerous technologies and research
with scaffolds on the following topics: (1) interac-
tive platforms as a complement to the educational pro-
cesses that are synchronous-based, (2) conversational
bots as virtual tutors, and (3) recommendation sys-
tems for the abstraction of shortcomings and difficul-
ties in educational processes.

In the first place, interactive e-learning tools for
synchronous assistance of academic activities encour-
age the students’ participation in constructing their
knowledge (Mutiawani et al., 2014). On the other
hand, integrating conversational bots as virtual tu-
tors promotes student learning in educational environ-
ments mediated by information and communication
technologies (ICTs) (Wellnhammer et al., 2020). In
addition, implementing recommendation systems in
education (Cano and Alarcón, 2021) allows identify-
ing students’ learning difficulties to support and pro-
vide feedback on educational processes based on their
needs (Harris and Kumar, 2018).
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We introduce a web-based tool called RetoñosApp
as a friendly and user-centered platform supported by
Artificial Intelligence (AI) that assists the teaching
and learning processes for CS. It fosters the students’
autonomous learning, and provides frequent accom-
paniment and feedback to students during their aca-
demic term, and CS instructors on the overall learn-
ing progress of their students. Like LEGO (McNa-
mara et al., 1999), this approach pretends the students
to guide their customized “learning route”, following
significant learning. The Significant Learning Model
(Baque-Reyes and Portilla-Faican, 2021) constitutes
a constructivist teaching model, where the student is
not only a receiver, but the protagonist of their learn-
ing process. The constructivist theory (Saldarriaga-
Zambrano et al., 2016) asserts that teaching-learning
processes should be based on the construction of
knowledge from enriching experiences (i.e., individ-
ual needs), beyond the simple transmission of con-
cepts or skills.

This paper presents RetoñosApp and the results of
our first pilot study using the web-based tool. We pi-
loted the study with first-year undergraduate students
(i.e., CS1 and CS2) at Universidad El Bosque, Colom-
bia. We present our findings and results on students’
perceptions based on their interaction with the tool,
and the impact of our approach on their learning pro-
cesses. We also describe its limitations, addressing
the pros and cons of this preliminary pilot approach.

With this study, we intended to validate the fol-
lowing hypothesis: “Using a teaching-learning plat-
form based on Artificial Intelligence (AI) satisfac-
torily benefits, supports, and complement the edu-
cational processes of programming, providing cus-
tomized feedback on particular topics to the stu-
dents, and the overall groups’ progress to the instruc-
tors”. Thus, we ask the following questions: How
do we promote a clear customized learning roadmap
in CS? How do we make this roadmap to be learner-
centered?

Our work contributes to CS Education and
Computer-Human Interaction literature, evaluating a
web-based approach to support teaching and learn-
ing processes in CS in a customizable way. This ap-
proach uses the benefits of autonomous, synchronous,
and customized educational processes addressing CS
concepts and skills.

2 RetoñosApp: DESCRIPTION

We introduce a web-based platform that supports and
complements the teaching and learning processes in

CS programming courses. It provides a friendly
and interactive GUI that allows the user to guide cus-
tomized “educational routes” through asynchronous
assistance and frequent feedback. RetoñosApp
features a conversational bot that fulfills the task of
an autonomous and synchronous virtual tutor— we
implied SAP Conversational AI (Adamopoulou and
Moussiades, 2020), which involves Natural Language
Processing (Chowdhary, 2020) (i.e., NLP, involving
syntactic and semantic processing). Moreover, it
features a content-based recommendation system
(Pazzani and Billsus, 2007) fed by the information
collected by the platform (i.e., user entries) and the
conversational bot (e.g., topic-centered questions,
personalized user interaction). RetoñosApp provides
a customized “educational route” to students, or the
overall progress of a group of students of a particular
course to the instructors. The customized report is
based on the students’ particular needs, doubts, and
difficulties (see Figure 1).

This approach used techniques and concepts
of CS, Data Analytics, and Intelligent Systems.
RetoñosApp is structured by three main modules:
(1) Administrator, (2) Teaching, and (3) Learning.
The first module (i.e., Administrator) presents the
management and audit features of the platform (e.g.,
parameter configuration, user management, incident
management, traceability verification, display or ex-
portation of reports). In addition, it features a friendly
and user-centered GUI that implies that administra-
tors (i.e., users) do not necessarily have to understand
technology to interact with these features. On the
other hand, the second module (i.e., Teaching) pro-
vides features to instructors (e.g., creation of subjects,
creation of topics, creation of class sessions, analy-
sis/exportation of customized “educational routes” of
a group of students— strictly related to the recom-
mendation system). Finally, the third module (i.e.,
Learning) presents to the students the asynchronous
work proposed as a support and complement to the
teaching process in their programming courses in CS.
This third module guides and presents monitoring to
the students’ customized educational progress— an
individual educational roadmap. It also features the
interaction with a conversational bot that works as a
virtual tutor and a “synchronous” and “autonomous”
guide that intends to accompany the student during
their learning process on the platform.

Architecturally, RetoñosApp presents a simul-
taneous, coordinated, and complimentary use of a
(1) Clean Architecture (based on a hexagonal ar-
chitecture) (Martin et al., 2018), (2) a layered ar-
chitecture— consisting of a combination of tradi-
tional layered architecture (Richards, 2015) and a
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Figure 1: Features/Functionalities of RetoñosApp (preliminary customization features).

Model–View–Controller (MVC) architectural style
(Deacon, 2009), and (3) an attribute-based architec-
ture (Klein et al., 1999)— representing the McCall’s
quality model (Moreno et al., 2010).

The three architectural styles or approaches se-
lected constitute three different perspectives of the ap-
plication architecture design. Each of the styles used
allows presenting and emphasizing a particular aspect
of the general architecture of the application, dividing
it into: (1) Technological infrastructure and deploy-
ment of the artifact, (2) Architectural design based
on the internal and specific components of the ap-
plication, and (3) Determination of the quality model
selected as a guide for the quality assurance of the
project.

This web-based approach proposes three main
differentiator features: (1) Interactivity as an ele-
ment that gamifies the learning experience, promot-
ing motivation, retention of information, ease in un-
derstanding new topics and concepts, and individual-
izing learning forms. (2) Using conversational bots to
perform virtual tutoring tasks in real-time. (3)Using
of recommendation systems to provide feedback on
the learning processes, consequently allowing adapt-
ing or reconciling the teaching processes based on in-

dividual and group needs of students (See Figure 2
and Figure 3).

3 DATA ACQUISITION

The participants who gathered the experimentation
voluntarily were Junior Undergraduates (i.e., first-
year CS students). We expected to have 188 partic-
ipants in the experimentation. However, we had a
total of 136 students (N=136), representing 72.34%:
71.3% (N=97) for CS1, and 28.7% (N=39) for CS2.
The participants had an average age between 18 and
19 years old. We considered this a significant popu-
lation sample to support the claims presented in this
experience report.

We sought to answer how the platform supported
and complemented the teaching and learning pro-
cesses of programming in CS, evaluating its poten-
tial to be part of the educational methodology of fur-
ther CS undergraduate courses. Hence, we evaluated
the tool’s effectiveness, considering the participants’
perceptions of their experience using RetoñosApp.
We designed a questionnaire that allowed the partic-
ipants to evaluate their user experience (Hassenzahl
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Figure 2: Integration of the Conversational Bot to RetoñosApp.

Figure 3: Integration of the Content-based Recommendation System to RetoñosApp.
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and Tractinsky, 2006) by interacting with the web-
based application. The questionnaire had an initial
question of acceptance, guaranteeing the voluntary
and uncoerced participation of the students in this pi-
lot study. In addition, it had 5 demographic questions
and 22 additional questions focused on measuring the
user experience of the target population against the
web-based platform (see Table 1).

Perceptions of usability and satisfaction in this
study were calculated by applying the following met-
rics: (1) SUS (i.e., 1-5 System Usability Scales)
(Grier et al., 2013), (2) NPS (i.e., 1-10 Net Promoter
Scales) (Mandal, 2014), and (3) 1-10 Rating-Scales
(Harpe, 2015). For this pilot study, we defined User-
Experience as the relation (i.e., synergy) between the
participants’ perceptions of satisfaction and usability
of RetoñosApp (see Table 2).

4 EXPERIMENTAL APPROACH

Each participant followed the experimentation pro-
cess: (1) Introduction of the experimentation activ-
ity based on RetoñosApp. (2) Unsupervised testing
phase of the developed application, providing a user
manual as a guide for use. This phase lasted between
20 to 30 minutes, depending on the size of each group
of CS1 and CS2. (3) Application of a questionnaire to
evaluate their user experience on the web-based plat-
form (see Table 1), once they interacted with it.

The user test was uncontrolled (i.e., unsuper-
vised). Apart from the introduction around the ex-
perimentation at the beginning of each session, we
provided each participant with the system guide of
RetoñosApp (i.e., user manual) to test out each of the
functionalities freely— they interacted with the plat-
form in the way each participant preferred. Once they
interacted with the web-based tool, the participants
were given a questionnaire to evaluate their percep-
tion of user experience on RetoñosApp through ques-
tions regarding Usability (i.e., Functionality, Acces-
sibility, Visual Design, Error Rate, Ease of Learning,
Efficiency of Use), and Satisfaction. We asked in this
questionnaire (1-5) System Usability Scales (SUS),
(1-10) Rating Scales, and (1-5) Net Promoter Scales
(NPS) (see Table 1).

5 FINDINGS AND RESULTS

We present our findings and results based on the ex-
perience reported by the participants who gathered the
experimentation and evaluation of RetoñosApp— the

methodological process and instruments used, were
described in sections 3 and 4.

To analyze the User Experience (UX) of
RetoñosApp, we contemplated some calculations (see
Table 2), based on the average results by the partici-
pants of the questions posed in the questionnaire de-
signed for the experimentation phase (see Table 1).

We sought to reach or exceed a threshold for User
Experience of 65% acceptance by the participants of
this pilot study. This indicates that end-users (i.e., tar-
get population) perceive an average user experience
of 6.5 out of 10, which we could interpret as a per-
ception of an acceptable User Experience.

We present on Table 3 the results obtained on
the perception’s evaluation, based on the question-
naire presented on section 3 (see Table 1). This anal-
ysis helped us identify how effectively the partici-
pants perceived RetoñosApp based on their experi-
ence through the experiment. From these results (see
Table 3), the participants perceived a User-Experience
of 8.16 out of 10, considered outstanding, 1.65 points
above the expected result (i.e., 6.51 was expected).
The participants evaluated the system usability (i.e.,
by calculating the SUS) with a score of 8.15, which
is 2.16 points higher than expected (i.e., 5.99 was ex-
pected). Also, 81.81% of the participants would prob-
ably recommend RetoñosApp (i.e., by calculating the
NPS), 31.81% above what was expected.

Moreover, from the comments and perceptions
of the participants, the customized reports (i.e., ed-
ucational roadmap) that RetoñosApp provides, en-
courage academic continuity and promote a deepened
participation of students in their education (Baque-
Reyes and Portilla-Faican, 2021). Also, we found
that RetoñosApp promotes new learning and teaching
strategies through the on-time customized “learning
routes” provided to students and instructors— strate-
gies aligned with defined curricular and methodolog-
ical structures.

6 DISCUSSION

From the preliminary results and comments received
by the participants of this pilot study, RetoñosApp ef-
fectively provides a friendly and user-centered asyn-
chronous assistance and enhancement to learning pro-
cesses, and feedback on teaching processes. More-
over, we also found that the preliminary participants’
comments about their web-based platform experience
were positive and constructive, guiding us to improve
the tool on their comments for future iterations.

Unlike traditional algorithms, artificial intelli-
gence (AI) does not seek to be 100% assertive regard-
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Table 1: Questionnaire for the Perception’s evaluation.

Question Variable Scale:
SUS(1),
NPS(2),
RS(3)

Q1: “I think I would like to use RetoñosApp more often in the course.” Usability (1-5) SUS
Q2: “I found RetoñosApp to be unnecessarily complex to be used without

prior instruction.”
Usability (1-5) SUS

Q3: “I thought RetoñosApp was easier to use than it really was.” Usability (1-5) SUS
Q4: “I think I would need someone’s technical support to be able to use

RetoñosApp.”
Usability (1-5) SUS

Q5: “I found the features of RetoñosApp to be well integrated/developed
according to what I would expect them to do.”

Usability (1-5) SUS

Q6: “I thought that there were too many inconsistencies, and contradictions
in RetoñosApp in terms of the functionalities that I would expect the

system to have in relation to its purpose.”

Usability (1-5) SUS

Q7: “I imagine that most people would learn to use RetoñosApp very
quickly.”

Usability (1-5) SUS

Q8: “I found RetoñosApp very complicated to use.” Usability (1-5) SUS
Q9: “I felt very confident or comfortable when using RetoñosApp.” Usability (1-5) SUS

Q10: “I needed to learn a lot of things before I could use the RetoñosApp.” Usability (1-5) SUS
Q11: “How precise, coherent and pertinent do you consider the

functionalities provided by the application to be compared to the
functionalities you expected?”

Usability (1-10) RS

Q12: “How consistently do you think the graphic style (colors, shapes,
images, and elements of the graphical user interface) of the application is

concerning the institutional image of Universidad El Bosque?”

Usability (1-10) RS

Q13: “How nicely do you think the application is in terms of its graphical
user interface?”

Usability (1-10) RS

Q14: “How complicated do you think it was for you to use the
application?”

Usability (1-10) RS

Q15: “How friendly do you think the application can be for any user?” Usability (1-10) RS
Q16: “How efficient do you think the application was regarding the

number of errors it presented?”
Usability

/ Error
rate

(1-10) RS

Q17: “How easy to learn to use do you think the application is?” Usability (1-10) RS
Q18: “How efficient do you think the application was during the ended

user test?”
Usability (1-10) RS

Q19: “How satisfied do you feel after using the application?” Satisfac-
tion

(1-10) RS

Q20: “How satisfied do you think you would be in the long term if the
application were implemented as one more resource within the teaching

and learning exercises of the subject?”

Satisfac-
tion

(1-10) RS

Q21: “How much would you recommend your colleagues or friends use
the application if there were modules for their respective interests, careers,

subjects, or topics?”

(1-5) NPS

Q22: “How much would you recommend your instructor use the
application as a complementary tool for the subject’s methodology,

fostering autonomous or independent study?”

(1-5) NPS

Notes: (1)SUS: System Usability Scale, (2)NPS: Net Promoter Score, (3) RS: Rating Scale
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Table 2: Calculations of the contemplated metrics.

Metric Calculation used
Usability

(U)
U = Avg(Avg.Rating+Avg.SUS+Avg.NPS) (1)

Avg.Rating corresponds to the average of questions 11-18, Avg.SUS corresponds to
the average of questions 1-10, and Avg.NPS corresponds to the average of questions

21 and 22 (see Table 1).
User Satis-

faction
(S) S = Avg(Q19+Q20) (2)

Q19 and Q20 correspond to questions 19 and 20, respectively (see Table 1).
User Ex-
perience

(UX) UX = Avg(U +S) (3)

U and S correspond to the result of the metrics Usability and User Satisfaction,
respectively. This calculation for User Experience (UX) is a preliminary
approximation based on U and S calculated information, for this paper.

Nevertheless, we are aware that UX contemplates usability (e.g., efficiency,
perspicuity, dependability) and experience (e.g., originality, stimulation,

interactivity) (Knijnenburg et al., 2012).

Table 3: Results of the perception’s evaluation.

Metric Expected
Value

Score Difference of the score vs. the minimum
expected value

Usability [SUS] 8,15 2.14 5.99
Satisfaction [Rating Scales] 8,16 2.16 6.00

Recommendation [NPS] 81,81% 50% 31.81%
User-Experience (Usability &

Satisfaction)
6.51 8.16 1.65

ing the results of its processes (Chen et al., 2020).
Probabilistic factors determine the accuracy of AI
models in CS education, since it learns from the con-
text, environment, and users— all these elements are
significantly malleable and volatile. Also, there is al-
ways a degree of uncertainty that affects the results
when addressing teaching and learning strategies in-
volving AI.

We evaluated the AI models part of RetoñosApp
(i.e., Conversational Bot (NLP model) and Content-
Based Recommendation System). As a result, the
conversational bot had an accuracy of 82%, and the
recommendation model had an accuracy of 83%. For
these evaluation processes we used a preliminary
N=40 training set. In the first place, both accura-
cies obtained by each model correspond accordingly
as the content-based recommender model is naturally
fed by the information collected by the platform (e.g.,
questionnaires and selections), and the conversational

bot (e.g., questions, enriched answers, interaction).
Moreover, we consider both integrated models’ ac-
curacy reliable as it conforms to the valid range of
accuracies between 63.1% and 89.3% as reported in
the Teaching Academic Survival Skill (TASS) com-
munity (Dı́az-Galiano et al., 2019).

We find that a web-based tool, such as
RetoñosApp, is a considerable way for users (i.e.,
CS students or instructors) who require accessibility,
analysis, complement, and support to ease their teach-
ing and learning processes in a customizable way.
This is similar to how the LEGO (McNamara et al.,
1999) model works, based on the participants’ par-
ticular needs, doubts, and difficulties. Furthermore,
these results also guided us to reflect on the difficul-
ties perceived (e.g., how to improve the GUI in each
module to get the most of the web-based tool), help-
ing us identify elements to enhance for future itera-
tions of RetoñosApp. In further research, a deepened
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analysis of the metrics that were calculated (see Table
2), will be addressed to complement the preliminary
claims.

Therefore, we can preliminarily claim that
RetoñosApp positively fosters the educational (i.e.,
teaching and learning) processes. The platform ben-
efits both the teaching and learning processes of pro-
gramming in CS. Moreover, unlike other available ed-
ucational tools, RetoñosApp has the advantage that it
can nurture the teaching and learning processes since
it incorporates a conversational bot (i.e., virtual tutor)
and a recommendation system (i.e., providing a cus-
tomizable “educational roadmap” and frequent feed-
back). Further research on the tool will be conducted
to support and complement all claims in this paper.
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Abstract: Music is the most popular art form performed and listened to by billions of people every day. There are many 
kinds of music, such as pop music, classical music, jazz music, folk music, etc., among which pop music is 
the most widely listened type of music. When pop music creators are willing to improve their own music 
production level, they usually get inspiration by listening to and learning a lot of other people's songs. This is 
a time-consuming job and requires the person to have strong judgment and prediction ability, which requires 
years of experience accumulation. Using big data and artificial intelligence technology to analyse and 
speculate on the trend of popular music in a certain area over a period of time can help creators quickly find 
valuable data, such as the most popular song melody, changes in the corresponding artist's style. Music 
samples are long and complex and are composed of multi-channel mixed signals of different vocals and 
musical instruments. Therefore, the popularity of music is a difficult pattern recognition problem, and it has 
great research and application value. This project will create a GAN-based machine learning model for finding 
the multi-dimensional quantification of the most popular pop music features in different regions in the current 
time period from multiple music samples, which can be used for pop music creators to discover popular trends 
and improve their own music level and popularity. 

1 INTRODUCTION 

Adolescents in urban and rural areas around the 
world, whether they are in school or not, spend a lot 
of time listening to music, and more time listening to 
music than they do playing with friends outside of 
school. This phenomenon is easy to verify, observe 
teenagers wearing headphones in the subway or 
walking, and it is obvious that music is very important 
to teenagers, music changes their emotions, 
dominates their conversations and determines them. 
most of the ideas. Digital music and online streaming 
have become very popular with young people in 
recent years, with around 40 million songs in digital 
libraries and more than 100,000 songs released 
annually on digital music services. 

Adolescents enjoy music for different motivations 
and reasons, ranging from a desire to obtain 
information about the adult world, or to foster 
friendships in a group of friends, or to avoid 
socializing through music. For example, rock music 
is everywhere, especially the online platforms that 
provide rock music continue to grow and develop. 

 
* Both authors contributed equally to this work 

Nearly 30% of 16-19 year olds in the United States 
consume rock music, and the rock music genre is very 
popular among teens around the world. At first, 
young people embraced rock music because it could 
represent a rebellion against social norms, because 
the society at that time emphasized conformity, and 
rock music seemed to give teenagers another way of 
life. In fact, rock music has always been created for 
the same purpose, it provides teens with the 
opportunity to express themselves to society. Rock 
music is very dynamic and provides the fun that 
young people want to experience. 

Music is so powerful that teens have become a key 
segment of the target market. The face of music is 
constantly changing, and music producers must stay 
on top of the latest trends. Teens are an important part 
of music consumers, so it is important to understand 
their tastes and preferences. Not just for teens, but for 
adults, the fusion of YouTube, iTunes, and Grey's 
Anatomy has led to a new approach to music 
marketing: Advertisers purposefully speculate on 
songs and predict their popularity. In other words, 
brands want their ad to be your first exposure to a 
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specific song that a user ends up downloading. This 
is a big departure from past advertising strategies. 
But for young music creators, how to correctly grasp 
the trend of music is a very difficult task. For young 
talented writers, it is very possible to devote all their 
efforts and energy to creating music that they are 
intoxicated with, but due to the inability to grasp the 
trend and direction of music development, they will 
not be able to get due for a long period of time. 
attention and appreciation, long-term in the low ebb 
stage of the career. The research goal of this paper is 
to use machine learning to find and quantify the style 
trends of these music data by analysing the music 
pieces that are popular with listeners on various charts 
at the current or a period of time, and use adversarial 
neural networks to generate music pieces that are 
similar to popular trends  for the reference and rapid 
improvement of young music start-ups, while 
discovering popular trends and combining with their 
own musical talents to create musical works that are 
more popular and loved by a wide range of audiences. 

2 RELATED WORKS 

2.1 Introduction to Generative 
Adversarial Networks 

GAN (Generative Adversarial Networks) is an 
unsupervised deep learning model whose kernel 
philosophy is taken from game theory. The most 
special property of the GAN model is that its training 
process simultaneously trains two models: a 
generative model and a discriminative model. In the 
process of playing against each other, the effects of 
the two models can promote and improve each other. 
GAN consists of two models, called Generative 
Model and Discriminative Model. Fig.1 shows the 
structure diagram of the GAN model. 

 
Figure 1: The Structure diagram of the GAN model. 

A generative model attempts to produce a "fake" 
data that fits a certain probability distribution. For this 
model, it takes an arbitrary noise data and generates a 
"fake data as close as possible to the real data" based 
on the noise. However, it cannot directly know 

whether its data is "close to the real", but needs a 
discriminative model to determine the generation 
effect of the generative network. A discriminative 
model is used to accept a set of data as input, and it 
will output whether this set of data is real data. In 
other words, the job of the discriminative model is to 
determine whether the input it accepts is from the 
dummy data of the generative model or the real data 
from the dataset. 
The training process of the GAN model is a process 
in which the generative model and the discriminative 
model are mutually trained and confronted. The 
specific process is as follows: 
 A generative model takes a noisy data and 

produces a set of generative images. 
 Train a discriminative model using generated 

and real images so that it can decide whether an 
image is a generated image or a real image. 

 Feedback the conclusions of the discriminative 
model to the generative model to guide it to 
generate more realistic images. 

 Repeat the above process 

In the actual training process, the above second 
step (that is, the process of training the discriminant 
model) will be repeated k times before entering the 
third step, where the k value is a hyperparameter. 
With the progress of training, the discrimination 
ability of the discriminant model will become 
stronger and stronger, which will guide the generated 
pictures to be more realistic, and then the more 
realistic generated pictures will test the 
discrimination ability of the discriminant model with 
higher requirements. Through this mode, both the 
generative model and the discriminative model will 
continuously optimize each other in this adversarial 
process. The final ideal situation is that the samples 
generated by the generative model are the same as the 
real samples, the discriminant model can no longer 
distinguish whether the samples are real or not, and 
the judgment result of the authenticity of the picture 
is always 50%. 

When the GAN model was proposed in 2014, 
there was no requirement for the specific forms of 
these two models. Any algorithm that can complete 
sample generation and sample discrimination can be 
applied to GAN as a generative model or a 
discrimination model. However, with the continuous 
improvement of the structure and algorithm of GAN, 
the continuous clarification of the application scope, 
and the continuous exploration of application 
prospects, in the current practical operation, the 
generative model and the discrimination model are 
usually deep learning models. The DCGAN (deep 
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convolutional generative adversarial networks) 
model integrates CNN and the original GAN model, 
which improves the generation effect of GAN, and 
the discriminative ability of the discriminative model 
itself is also better than other unsupervised methods. 

2.2 Music-based Generative 
Adversarial Networks 

Artificial intelligence is being used in art and 
creativity to generate music, images and text. In 
recent years, computer-generated music has gradually 
become the focus of attention. "Hello World" is 
SKYGGE's first album to involve artificial 
intelligence technology in the creative process. By 
introducing AI technology into music production, it 
creates unusual harmony and melodies, opening a 
new era of pop music and AI. The author believes that 
the future trend of AI in music production and other 
related industries is very clear, and it may become 
mainstream not only in music production, but also in 
social media platforms. SKYGGE's "Hello World" is 
the product of these new forms and an important 
turning point in the understanding of human-machine 
collaboration. 

As more and more direct applications of deep 
learning are discovered and developed, music 
generation is becoming one of the areas of research 
interest, and many large tech companies have recently 
begun to investigate related research areas. Google's 
Magenta project has been released to help 
programmers and artist’s experiment. Extracting 
useful information from tunes analysed in the past, 
the created model learned how to make key changes 
and melody loops. Somewhat like the well-known 
AlphaGo, AlphaGo's approach, called reinforcement 
learning, allows animals to pick up a new skill. 
Researchers from Google's AI research group believe 
that this reinforcement learning can be used for more 
complex affairs and works of art, and the resulting 
creativity can be used in many areas of life. 
Researchers believe that in the future, artificial 
intelligence can generate more complex artworks 
than today. 

With the development of deep learning music 
generation, new challenges are starting to emerge. 
There are some problems with deep learning-
generated music, such as control over tonal 
consistency and rhythm, musical structure, 
interactivity, and creativity, which means that the 
generated music tends to imitate training samples 
rather than creating new musical pieces. The method 
is through sampling adjustment, audio style transfer, 
and reinforcement learning. Some researchers have 

carried out research on the effect of music generation 
on several deep learning network architectures: 
Generative Adversarial Network (GAN), Long Short-
Term Memory (LSTM), Recurrent Neural Network 
(RNN) and Convolutional Neural Network (CNN). 
The conclusion is that GAN outperforms all other 
network architectures because it uses RNN and CNN 
effectively, and of course the generated music is still 
incomparable to real music. 

Another problem is that the originality of music is 
closely related to the economics of copyright. And 
creative adversarial neural networks based on deep 
learning usually do not have such a dilemma. Many 
studies have used generative adversarial networks 
(GANs) to generate symbolic music in the form of 
piano-rolls. But the generated music is often weak in 
temporal feature extraction, and the music sounds 
unnatural. DMB-GAN is a new structure for music 
generation GANs, which makes three improvements 
to existing GAN-based music generators: First, 
DMB-GAN implements a self-attention mechanism 
to extract space from the given data and temporal 
characteristics; secondly, it has a multi-track 
architecture that allows for multi-instrumental music 
and enhances harmony between different tracks. 
Third, by implementing switchable normalization, 
GMB-GAN supports more stable music generation. 
Practice has proved that GMB-GAN can potentially 
handle multi-track music generation with higher 
stability and natural coherence. 

GANs have been shown to be an effective method 
for training deep generative neural networks, among 
which the continuous recurrent neural network C-
RNN-GAN model trained by generative adversarial 
networks uses GANs to train recurrent neural 
networks on continuous sequence data. C-RNN-GAN 
uses specially defined generators and discriminators, 
aiming to reach a Nash equilibrium in a zero-sum 
game of training, where the discriminator cannot 
distinguish generated data from real data. The model 
also employs feature matching to encourage greater 
variance in the generator and reduce overfitting. By 
comparing the C-RNN-GAN model with the baseline 
model, it is found that the music generated by C-
RNN-GAN is increasingly complex and achieves 
higher scores on pitch span, intensity span, and 
number of unique tones. On the other hand, the 
baseline model shows a relatively low pitch span, 
indicating that it uses less pitch variation. 
Furthermore, the music generated by the C-RNN-
GAN model has the same intensity span as real music. 
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3 PROPOSED MUSIC 
SYNTHESIS BASED ON GAN 
NETWORK 

At present, GAN-based generative networks have 
made considerable progress in the fields of pictures, 
videos, and speech, but the work in these areas is 
different from the music generation we study. The 
closest form to music synthesis is probably speech 
synthesis (TTS). The difficulty of music synthesis is: 
firstly, music is based on time series; secondly, notes 
are under the control of chords, arpeggios, melody, 
polyphony, etc.; at the same time, a song is composed 
of multiple instruments and multiple tracks. 

Music has its own time-based architecture, as 
shown in Figure 2. Like many audio signals, the 
various parts of music are highly time-dependent. But 
unlike ordinary audio, which only has a direct 
correspondence with time, concerts involve 
paragraphs, phrases, measures, and beats. Not only 
does the time develop from front to back, but there 
are also cyclic changes between phrases, and between 
paragraphs. echo relationship, etc. 

 
Figure 2: Time frame of music. 

Music is multi-instrument and multi-track. 
Modern orchestras often have 4 parts: brass, strings, 
woodwinds, and percussion. Rock bands often use 
bass, drums, guitar, and possibly vocals. Music theory 
requires that these elements unfold in harmony and in 
counterpoint over time. 

Control of notes in chords, arpeggios, melody, 
polyphony and other rules. Therefore, if you want to 
emulate the method of natural language processing 
(NLP), it is not advisable to generate a certain note 
for each beat position. Because this can only generate 
monophonic music, not polyphonic music. There are 
multiple notes at the same time, chords are stipulated 
by artificial rules, and the melody has no clear 
semantics, which has become a breakthrough in 
machine learning. These are all problems that are 

difficult to solve by modifying the NLP method for 
music synthesis. 

This paper refers to the principle and structure of 
the MuseGan model, and considers building our 
generative network from the difficulties mentioned 
above as a starting point: 

(1) Build correlations between tracks. Mainly tried 
the following composition methods: 

Jamming Model: Each track has its own set of 
generators and discriminators, and an independent 
latent space variable Z. 

Composer Model: A global set of generators and 
discriminators that share Z to generate all tracks. 

Neither approach is quite as expected. We expect 
the whole composition to be harmonious, so we need 
the discriminator to look at the effect of the generated 
music uniformly for all tracks, which the Jamming 
Model does not do. Each track has its own 
characteristics, and the shared latent space variable Z 
cannot achieve such an effect, so the Composer 
Model also has shortcomings, so the Hybrid model is 
a better choice. 

Hybrid Model: Mixing the above two modes, each 
track has an independent generator, accepting the 
input vector formed by the independent latent space 
variable Zi and the global latent space variable Z, and 
sharing a discriminator to generate the entire music. 
Compared with the Composer Model, the blending 
mode is more flexible and can use different 
parameters (such as the number of layers, convolution 
kernel size, etc.) in the G model to combine the 
independent generation of audio tracks and global 
harmony. 

(2) Build timing dependencies 
The purpose of the structure mentioned above is how 
to generate a single syllable in different audio tracks, 
and there is still some cyclic or progressive 
relationship between syllables and syllables, which is 
processed by using a hidden variable to expand. By 
dividing the generator into two sub-networks Gtemp 
and Gbar, z is first mapped into a sequence of latent 
space vectors Gtemp(z), which can carry some timing 
information (the relationship of each subsection in 
time), and then Gtemp(z) is Send it to the generator 
Gbar to serially generate piano-roll. 

(3) Improve the time frame 
Finally, we combine the previous designs to form a 
multi-track music generator that can build a music 
structure. The input Z of the model consists of 4 parts: 

The top row is the global time correlation vector 
between tracks. Global is relative to a single track, 
which refers to the fusion of all tracks, and considers 
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the relationship between different bars, that is, time 
correlation. This vector mainly adjusts the 
relationship between each instrument and each track, 
and is closely related to chords. 

The second row is a global time-independent 
vector between orbits. This vector sets the tone for the 
style of the entire composition considering all the 
tracks, but not the composition's relationship to time. 
The third row is a single time-independent vector 
within the orbit. This vector considers factors that 
represent time independent of a single track, such as 
tempo. 

The last row is the correlation vector of individual 
events within the orbit. This vector considers factors 
that represent the time-dependent nature of a single 
track, such as the melody of an individual instrument. 

4 EXPERIMENTS AND RESULT 
ANALYSIS 

4.1 Dataset 

We use the Lakh Pianoroll dataset (LPD) for 
experiments. The Lakh Pianoroll dataset is a 
collection of 174,154 multi-track Piano-rolls derived 
from the Lakh MIDI dataset (LMD), a commonly 
used electronic music dataset, as shown in the Fig.3 
for the music contained in the Lakh MIDI dataset 
style. 

 
Figure 3: Lakh MIDI dataset. 

The data representation uses the multiple-track piano-
roll representation. piano-roll is a score-table matrix 
of binary values representing notes at different time 
steps. Multiple-track piano-roll is defined as a set of 
different tracks. piano-rolls. One has M tracks, and 
each track has R time nodes. The matrix size of each 
X is fixed, which is good for CNN training features. 

4.2 Experimental Results and Analysis 

The experiment randomly selects 10 music data in the 
dataset. Using the GAN structure based on the 

mixture model mentioned above, the code execution 
steps for generating new music data are shown in 
Fig.4. 

 
Figure 4: Steps to perform to generate new music. 

Fig.5(a) and Fig.5(b) shows the waveform 
comparison between the original music data and the 
generated music data. The generated music is 
subjectively listened to by the human ear and has 
unnatural traces that are difficult to distinguish. By 
using tools for comparison, the results are shown in 
Fig.6(a) and Fig.6(b). There are certain differences 
between the output generated music data and the 
original music data. 

 
Figure 5(a): Music Input Sample Waveform. 

 
Figure 5(b): Music Output Sample Waveform. 

 
Figure 6(a): Comparison of input and output. 

 
Figure 6(b): Comparison of another pair of input and 
output. 
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5 CONCLUSIONS 

Music production is a skill that is very dependent on 
talent and ability. Traditionally, the level of music 
production is generally directly related to the music 
creator's music foundation and innovation ability. In 
order to further enhance the ability of new music 
creators to grasp the trend of popular music and gain 
the audience's continuous attention, this paper builds 
a music generation model based on adversarial neural 
network, which is characterized by learning and 
simulating multiple popular music pieces, extract the 
current popular music features, generate basic music 
data with popular style, help pop music creators to 
discover the trend of popular music as soon as 
possible, and further improve the popularity of their 
own music. 
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Abstract: Diseases based on eating disorders have been considered a health issue worldwide. It is worrying due to the
increased complexity of treatments for diseases such as Diabetes, Hypertension, Obesity, and Anorexia. We
present Fynex as a web-based expert system that implements a hybrid recommendation system that supports
Healthcare Professionals and Patients with recommendations on nutritional plans and physical activity. It
provides functionalities to have detailed follow-up and control regarding the evolution of a particular treat-
ment regarding these diseases. This solution poses a decision-making system for Healthcare Professionals and
Patients, fostering the medical processes (i.e., treatments, progress, and decisions) in an integrated and sys-
temic way. We evaluated this tool following a pilot study based on pre-post experimentation, and reported the
findings and results considering participants’ performance and perceptions, basing our analysis on (0-5) Lik-
ert scales, open-ended and YN responses, regarding their experience interacting with Fynex— analyzing the
users’ perceptions on satisfaction and usability on the web-based application. Our preliminary findings sug-
gest that Fynex is effectively a friendly user-centered approach that successfully increases medical processes,
healthcare control, and treatment satisfaction.

1 INTRODUCTION

The worldwide population (i.e., the youth population)
usually does not have correct eating habits, which in-
creases the chances of being diagnosed with a disease
based on eating disorders (Candela, 2016). These dis-
eases based on eating disorders such as Diabetes, Hy-
pertension, Obesity, and Anorexia are considered a
global problem, as this could result in possible cardiac
complications, glucose intolerance, and insulin resis-
tance, among others (Thomas et al., 2019). Moreover,
medical controls are not generally customized, mon-
itoring of these diseases is limited, and the lack of
communication with healthcare professionals (HcP)
could become critical beyond the South American
context.

There are numerous solutions with scaffolds for
health applications in this context. For example, My-
Diabetes.diet (Garcia et al., 2001) or DialBetics (Waki
et al., 2014), have a similar approach to treating this
type of diseases. Furthermore, the research work “In-

a https://orcid.org/0000-0002-9587-205X
b https://orcid.org/0000-0001-5648-9966

ternet of Things based on electronic and mobile health
systems for blood glucose continuous monitoring and
management” (Barata et al., 2019), applies Internet of
Things (IoT) on glucose monitoring to be measured in
real-time to provide patients control over their signs.
However, these solutions restrict the monitoring of the
treatment through single applications, focusing either
on the patient or HcP.

Hybrid Recommender Systems combine different
techniques (i.e., recommendation systems) to produce
outputs to complete or complement their best features
and make better conjoint recommendations (Seth and
Sharaff, 2022). Due to the hybrid technique’s use-
fulness, many recommendation systems have techni-
cally integrated it (e.g., implementation of solutions
in e-commerce). However, unfortunately, there is
a lack of hybrid recommendation systems focused
on medicine, with only 5% adopting this approach
(Danilova and Ponomarev, 2017). Recommendation
systems focused on medicine use different methods,
such as K-Means and association rules. For example,
supervised models define which drugs have helped
certain patients with specific symptoms— the super-
vised model is one of the most common methods
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applied to recommendation systems. However, they
usually point to multiple diseases without delving into
them (Stark et al., 2019).

We present Fynex as a friendly and user-centered
web-based application, that supports HcP and patients
with treatments regarding diseases based on eating
disorders. It has a hybrid recommendation system,
a messaging chat, and a visual system to visualize the
evolution of a patient, among others. Furthermore,
it integrates Artificial Intelligence (AI), pretending to
support medical on-time decision-making processes.
Also, it focuses on customized treatment follow-up,
which both HcP and patients could use.

This healthcare-based solution seeks to increase
the satisfaction of both HcP and patients regarding
medical treatments and decision-making processes.
Hence, this paper presents Fynex and the result of our
first pilot study using the web-based tool. We evalu-
ated the participants’ perception of satisfaction before
and after using the application through questionnaires
to analyze the behavior and impact of the solution pre-
liminary— we followed a pre-post experimentation
approach (Miller et al., 2020). We also describe the
pros and cons of this pilot. We report the preliminary
findings and results of this pilot study, pretending to
answer and analyze how the satisfaction of Patients
and HcP is impacted regarding the treatment of dis-
eases based on eating disorders, when supported by
an intelligent system based on a hybrid recommenda-
tion system.

Our work contributes to Healthcare Applications
and User-Centered Interaction literature. We evalu-
ate Fynex as an information and communication tech-
nology (ICT) for healthcare and medicine, customiz-
ing HcP and Patient’s experience to support decision-
making processes (i.e., home care monitoring, or di-
agnostic support) regarding treatments, and on-time
medical control. This approach uses the benefits of
autonomous, e-health-based, and customized medical
processes addressing diseases based on eating disor-
ders.

2 FYNEX: DESCRIPTION

We introduce a web-based application called Fynex
that provides a friendly, user-centered, and interactive
Graphical User Interface (GUI) to support HcP and
patients in medical processes regarding eating disor-
ders. Fynex is presented to end-users who are particu-
larly involved in the treatment of one of the following
preliminary diseases: (1) Diabetes, (2) Hypertension,
(3) Obesity, and (4) Anorexia Nervosa. Therefore, the
platform provides features and functionalities to im-

prove the satisfaction perceived by these actors (i.e.,
HcP and patients), by providing a visually attractive
GUI that eases the user’s interaction on the applica-
tion, getting the most out of it. It implements a hy-
brid recommender system (Çano and Morisio, 2017)
to present possible nutrition and exercise plans for the
patient to follow and apply them in their life (See Fig-
ure 1). Besides, the web-based tool presents a mon-
itoring system to keep track of the patient’s evolu-
tion throughout time. This resulting information is
helpful to the patient as to its HcP. Shneiderman’s
mantra (Munzner, 2014) presents how a tool is in-
tended to manage the information visually through:
(1) overview first, (2) zoom and filter, and (3) de-
tails on-demand, as required by a user (i.e., HcP and
patients). Hence, Fynex provides a dashboard with
health-based variables related to the patient’s treat-
ment, a system to upload and download test results,
a messaging system between the HcP and its patients,
and a visual representation of the similarities between
the patients, among others (See Figure 2).

Fynex is a monolithic application using Django
as its web framework, integrating a Model-View-
Template architecture (MVT) (Rull et al., 2009), and
Angular JS (Green and Seshadri, 2013) as a fron-
tend framework to improve the dynamism and qual-
ity of the web application. Additionally, the ap-
plication integrates third-party tools such as Scikit-
learn (Kramer, 2016), Redis (Carlson, 2013), and
IBM Cloud’s Object Storage service (Sampé et al.,
2018), to support the preprocessing of the information
and the development of the web-based tool’s manage-
ment, as of its hybrid recommender system (Çano and
Morisio, 2017). The data processing for the infor-
mation system (i.e., Fynex) supports the recommen-
dation models’ implementation to enhance its results
and reinforce further decision-making processes of a
user. Fynex implements an ETL (Vassiliadis and Sim-
itsis, 2009) to process the information from the Fynex
database and be able to use the already trained Ma-
chine Learning (ML) models. Once the data is trans-
formed, and loaded, we used a hybridization method
to obtain a final recommendation, which we present
to the user through the application— memory-based
recommendation model, content-based recommenda-
tion model, and the ML model-based recommenda-
tion model (see Figure 3).

3 DATA ACQUISITION

The participants who gathered the experimentation
voluntarily had roles of HcP and Patients. In this pilot
study, we had a total of 14 participants (N=14)— 50%
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Figure 1: Features/Functionalities of Fynex - Part 1.

(n=7) HcP, and 50% (n=7) patients. We had 64.29%
(n=9) male participants (i.e., 85.7% (n=6) HcP, and
42.9% (n=3) Patients), and 35.1% (n=5) female par-
ticipants (i.e., 14.3% (n=1) Hcp, and 57.1% (n=4) Pa-
tients).

Each participant performed specific tasks in the
application. At the end of the tasks, the participants in
the experimentation phase had to fill out a question-
naire that contained questions regarding the applica-
tion and how much they recommended Fynex.

We evaluated the tool’s effectiveness, usability,
and acceptance, considering the participant’s percep-
tions when using Fynex. We followed pre-post ex-
perimentation (Miller et al., 2020) based on two
questionnaires [quantitative— 0-5 Likert scales (Joshi
et al., 2015), and qualitative— Y/N and Open-Ended
Questions], which were responded before and after
interacting with the web-based tool (See Table 1).
To the evaluation of usability, we applied an ad-

ditional questionnaire based on SUS— System Us-
ability Scale [quantitative— 1-5 scales] (Grier et al.,
2013). Moreover, we asked the participants to answer
the NPS— Net Promoter Score [quantitative— Per-
centage from 0-100%] (Mandal, 2014) (See Table 2).

4 EXPERIMENTAL APPROACH

We sought to understand the behavior change of the
satisfaction perceived by HcP and Patients, before and
after the implementation of Fynex. To understand the
context involved, we conducted our research on eat-
ing disorders and the diseases they might cause (i.e.,
Diabetes, Hypertension, Obesity, and Anorexia).

We considered in our approach the Biopsy-
chosocial and Cultural Model (BPSCM) (Cruz and
Buitrago, 2017) to understand the context based on
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Figure 2: Features/Functionalities of Fynex - Part 2.

the identification of (1) artifacts, (2) means, (3) habits,
and (4) beliefs involved, from each participant’s per-
spective (i.e., HcP and Patients), helping in the under-
standing and enhancement of complex needs— con-
text based on medical processes. Then, we defined
how these elements might change if the actors used
Fynex, so we can verify if those changes contribute to
fulfilling the project’s purpose.

Once the hybrid recommendation system of Fynex
was developed, we defined three phases for testing
and evaluating the model. The first phase was fo-
cused on evaluating the recommendation model, us-
ing metrics like the ROC curve (de Ullibarri Galpar-
soro and Fernández, 1998), F1-Score (Lipton et al.,
2014), and results of simulations, among others. In
the second phase, each participant (i.e., HcP and Pa-
tients) was asked to answer how the experience and

satisfaction changed (e.g., treatment, support) when
using the tool. We calculated the percentage of the in-
crement or decrement of perceived satisfaction when
interacting with the tool based on the ACSI (Fornell
et al., 1996) (i.e., American Customer Satisfaction In-
dex), as well as the Probit and Logit (Chen and Tsu-
rumi, 2010)— regression model based on indepen-
dent variables such as age and time with treatment.
Moreover, in the third phase, we used Loop11 (Busta-
mante, 2010) to establish the tasks to perform and to
obtain certain metrics (i.e., percentage of completed
tasks, usability calculated by the SUS (Grier et al.,
2013)— System Usability Scale, and the acceptance
calculated by the NPS (Mandal, 2014)— Net Pro-
moter Score).
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Figure 3: Concept design of Fynex.

5 FINDINGS AND RESULTS

We present our findings and results based on the par-
ticipants’ experience on Fynex reported, following
the experimental methodology— the methodological
process and instruments used, were described in sec-
tions 3 and 4.

In the first place, we evaluated the predictive AI
models of Fynex, calculating their precision, accu-
racy, sensitivity, and the F1-Score indicators. In addi-
tion, we complemented each model’s confusion ma-
trix with the calculation of the ROC curve, which al-
lowed knowing the AUC (i.e., Area Under the Curve)
(Fawcett, 2006) to know the probability of a model
detecting the disease in a patient in the context— dis-
eases regarding eating disorders.

The diabetes predictive model offered an 85.7%
probability of detecting the disease in patients. The
predictive model of Arterial Hypertension offered a
probability of 83.2% of detecting the disease in pa-
tients.

Furthermore, over 25 different recommendations
provided by the hybrid recommender system of Fynex
for this pilot study, we confronted the results against
the ideal nutritional plans for each disease. We con-
sidered ideal nutritional plans considering the litera-

ture and the particular context— diseases regarding
eating disorders. Patients treating Diabetes typically
consume 15% to 20% protein, 45% to 50% carbo-
hydrate, and 20% to 35% fat (Gray and Threlkeld,
2015). To treat Arterial Hypertension, there is a
standard diet known as DASH (Dietary Approaches
to Stop Hypertension), based on consuming between
15% and 20% protein, between 52% and 58% car-
bohydrates, and between 25% and 30% fat (Camp-
bell, 2017). On the other hand, the diet to treat
Obesity is based on low-calorie, low-fat, and low-
carbohydrate (Fock and Khoo, 2013). Finally, people
treating Anorexia Nervosa usually consume between
15% and 20% protein, between 60% and 65% carbo-
hydrates, and between 20% and 25% fat (Baskaran
et al., 2017).

Obtaining an F1-Score between 70% and 85%
(i.e., we obtained 77%), we can claim that there is
no case of Overfitting or Underfitting, as there is no
overtraining of the data when having an evaluation far
from perfect. However, there is a sufficiently success-
ful evaluation to deduce that there is also no poor data
training (Ying, 2019). In addition, from the analysis
of the ROC curves, the probability of correctly detect-
ing Diabetes and Hypertension in patients was 85.7%
and 83.2%, respectively, which lets us infer it is a high
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Table 1: Questionnaire regarding HcP’s and Patient’s pre/post-experience using Fynex.

Question Type of Question:
MC(1), OE(2), LS(3)

or YN(4)

Role:
HcP(5)

or P(6)

Moment of
Application:
B(7) or A(8)

Q1: Provide your gender. MC HcP &
P

B & A

Q2: Provide your age. OE HcP &
P

B & A

Q3: For how many years have you been a HcP? OE HcP B & A
Q4: How secure do you feel about the medical
recommendations you give to your patients?

LS HcP B & A

Q5: Justify your provided answer in Q4. LS HcP B & A
Q6: How easy do you consider is it to monitor your

patient’s health condition?
LS HcP B & A

Q7: How easy is it to communicate with your
patient/HcP?

LS HcP &
P

B & A

Q8: How useful are the nutritional and exercise plans
recommended by Fynex, for the treatment of diseases

based on eating disorders?

LS HcP A

Q9: Is the website comfortable and attractive, allowing
easy use of the application?

YN HcP A

Q10: Is the information offered by the application
clear and sufficient?

YN HcP A

Q11: The nutrition and exercise plans
recommendations are generated fast?

YN HcP A

Q12: For how many years have you been a medical
treatment?

OE P B & A

Q13: Do you think you eat well? YN P B & A
Q14: Are you in treatment with a nutrition

professional?
YN P B & A

Q15: How satisfied are you with your treatment? LS P B & A
Q16: How much do you trust your HcP’s

recommendations?
LS P B & A

Q17: Justify the provided answer in Q17. OE P B & A
Q18: How easy is it to monitor your own health? LS P B & A

Q19: Is Fynex comfortable and attractive, allowing
easy use of the application?

YN P A

Q20: Is the information provided by Fynex clear and
sufficient?

YN P A

Q21: How easy is it to use Fynex? LS HcP &
P

A

Q22: Would you recommend Fynex to others? YN HcP &
P

A

Q23: Provide additional comments OE HcP &
P

B & A

Notes: (1)MC: Multiple Choice, (2)OE: Open-Ended Question, (3)LS: [0-5] Likert Scale,(4): YN:Y/N Questions,
(5)HcP: Healtcare Professional, (6)P: Patient (7)B: Before using Fynex, (8)A: After using Fynex

probability of preventing and treating these diseases.
We calculated the usability and acceptance tests

through the SUS (i.e., System Usability Scale) and
the NPS ( i.e., Net Promoter Score). As a result, HcP
obtained an average SUS of 76.69, and the patients

obtained a SUS of 90.36. Additionally, the NPS ob-
tained by HcP was 14.29%. Even if the resulting
value was not that significant, we considered it a posi-
tive possibly recommendation (Mendieta Giron et al.,
2017). Likewise, patients resulted with an NPS of
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Table 2: Questionnaire to calculate System Usability Scale (SUS) and Net Promoter Score (NPS) of Fynex.

Question Scale Option
I think that I would like to use this system frequently. [1-5] SUS

I found the system unnecessarily complex. [1-5] SUS
I thought the system was easy to use. [1-5] SUS

I think that I would need the support of a technical person to be able to use this system. [1-5] SUS
I found the features and functionalities in this system were well integrated. [1-5] SUS

I thought there was too much inconsistency in this system. [1-5] SUS
I would imagine that most people would learn to use this system very quickly. [1-5] SUS

I found the system very cumbersome to use. [1-5] SUS
I felt very confident using the system. [1-5] SUS

I needed to learn a lot of things before I could get going with this system. [1-5] SUS
How likely are you to recommend Fynex? [1-10] NPS

85.71%, which is a significant value due to the re-
lationship between promoters and detractors.

6 DISCUSSION

From the preliminary results and comments received
by the participants of this pilot study, Fynex effec-
tively provides friendly and user-centered support
to medical processes and healthcare control, regard-
ing diseases based on eating disorders. It integrates
AI models and content-based, ML model-based, and
memory-based recommendation systems supporting
nutrition and physical activity (i.e., medical treatment
control or process). Regardless of the results’ volatil-
ity, satisfaction increased in both roles (i.e., HcP and
Patients). From the preliminary results, both feel
more satisfied with the treatment process when using
Fynex as a support tool. Although both roles consider
that the application does offer support, it was more
significant in patients than HcP. Hence, we could
claim that patients are more open to new technologies
and trying different solutions to address their prob-
lems more directly. Moreover, the Harris Poll, in as-
sociation with Stanford University, analyzes these cir-
cumstances, particularly HcP satisfaction with health-
focused technologies (Wuerdeman et al., 2005). They
claim that 55% of HcP are willing to experiment and
use new technologies only if other HcP have used
them before and have recommended their use.

The results (i.e., before and after interacting with
Fynex) show that the HcP’s satisfaction increased by
32.95% in the experiment. However, when applying
the Probit and Logit technique, the satisfaction in-
creased by 57.6%. On the other hand, the patients’
satisfaction increased by 56.96% in the experiment.
Also, the increase obtained when comparing the pre-
dictions of the patients’ models used in the Probit and
Logit was 55.47%.

We find that a web-based tool such as Fynex
supports and complements medical processes (i.e.,
healthcare control, diagnoses, and treatments) for
HcP and Patients. Based on the participants’ com-
ments regarding Fynex, in addition to the different
similar tools that exist, the participants found sat-
isfactory the possibility that both HcP and patients
could interact in the medical treatment processes syn-
chronously on a single platform. Fynex allows both
end-users (i.e., HcP and patients) to have on-time in-
formation regarding the available treatment process
independently. HcP can monitor their patients and
make decisions to support medical treatments. Like-
wise, patients can access and monitor their health sta-
tus (i.e., healthcare control), hand in hand with the
HcP medical control and decisions. In further re-
search, a deepened analysis will be addressed to com-
plement the preliminary claims presented in this pa-
per.
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Çano, E. and Morisio, M. (2017). Hybrid recommender
systems: A systematic literature review. Intelligent
Data Analysis, 21(6):1487–1524.

Carlson, J. (2013). Redis in action. Simon and Schuster.
Chen, G. and Tsurumi, H. (2010). Probit and logit model

selection. Communications in Statistics—Theory and
Methods, 40(1):159–175.

Cruz, O. L. and Buitrago, C. H. O. (2017). Formación de
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Abstract: We offer a comprehensive framework for HCI designers to empower users. Our purpose is to lay the 
foundations for a complete design method: User Empowering Design (UED). Empowerment is not a new 
human need, and the ability of technologies to empower users has already been discussed and deemed 
important by many experts. UED concentrates on the human need to fulfil the potential for growth, increase 
strengths, and reduce weaknesses. It does not replace user-centred design (UCD) but expands it to a higher-
level need. Thus, we suggest that UED is the third revolution in developing interactive technology. Just as 
user experience (UX) has expanded usability, UED expands the user experience. The UX design method 
focuses on the user experiences while interacting with a digital product (e.g., emotions, feelings, aesthetics, 
hedonic needs). The UED approach takes a step further, as it focuses on the impact that goes beyond the scope 
of the digital product with an emphasis on aspects that are in the user's main life path. Within this framework, 
we offer a methodology that includes eight distinct models, each referring to a variety of technologies that 
have an impact on personal, community and organisational empowerment. We explain the current need for a 
design that is intended to empower users, present the different models by describing their mechanisms, and 
offer practical examples to implement the empowering design.  

1 INTRODUCTION 

Technological advancement in recent decades has led 
to fundamental changes in the way users think about 
and use their digital products. Today, users are no 
longer settling for a merely functional product, or for 
having a pleasant experience when using the product. 
It seems that as technology progresses, users also 
expect more from their digital products. In this paper, 
we argue that product designers should address an 
additional need, which is at a higher level than user 
experience. Therefore, we call for User Empowering 
Design (hereafter UED). In his seminal paper, 
Shneiderman (1990) declared that users need to be 
empowered by technology and stated that they should 
“be able to apply their knowledge and experience to 
make judgments that lead to improved job 
performance and greater personal satisfaction.” The 
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term “Empowerment” denotes reinforcing and 
enabling people so that they realize their abilities, 
increase their strengths, have a high level of belief in 
themselves, and perceive themselves as more self-
efficient (Brendtro et al., 2002). Our research follows 
the idea that there should be design methods that 
intentionally achieve user empowerment (Gallula and 
Frank, 2014) and aims to encourage innovative ideas 
and tools for empowering users with technologies. 

In recent years, we have witnessed a rise of the 
concept of empowerment in various fields, such as 
employment and learning. In the field of employment, 
one of the most prominent factors that impact 
employees’ engagement, their commitment to the 
organisation, and their level of performance at work, 
is employee empowerment (Osborne and Hammoud, 
2017; Hanaysha, 2016). In the past, work was 
regarded as a source of livelihood and financial 
security. Later generations sought interest and self-
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satisfaction in the workplace (including a good 
atmosphere, and fascinating tasks). Nowadays, 
people are looking for a workplace that allows them 
to develop abilities and skills, grow and feel 
empowered. In a similar vein, in the field of learning, 
the rhetoric of empowerment has been linked to 
formal education (Selwyn, 2011). This is evident in 
the literature related to learning technologies and 
pedagogic approaches, where the Internet is 
considered an appropriate space for autonomous 
learning and where students can exercise their power 
and experience with a high degree of freedom and 
control (see, e.g., Prinsloo and Slade, 2017; Bennett 
and Folley, 2019).  

In this paper, we will address the manner in which 
digital products can provide empowerment to their 
users. We begin by describing the user empowerment 
framework, followed by a discussion of the applied 
implications of the model, and conclude with 
recommendations for future research. Before we 
broaden the scope of user empowerment and discuss 
how it can be applied in practice in designing digital 
products, we must first understand the building 
blocks on which user empowerment is laid, i.e., the 
current designers’ focus on user's interaction with 
digital products and determine whether existing 
trends fulfil the aim of user empowerment.  

1.1 Time to Address a Higher Order of 
User Needs 

According to the User-Centred Design (hereafter 
UCD) approach, the purpose of a system is to serve 
its users, and the needs of the users should lead the 
design of the system’s interface (Norman, 1986). 
Currently, the UCD approach concentrates on two 
main design methods that meet the users’ needs: 
Usability and User Experience (UX). Usability 
emphasizes the effectiveness, efficiency, and 
satisfaction of execution (Nielsen, 1993) and UX 
emphasizes the feelings, sensations, and experiences 
of a user (Norman, 2004).  

The UED framework is inspired by the ERG 
(existence, relatedness, growth) theory (Alderfer, 
1969). This refers to an order of needs, in which 
certain needs serve as building blocks for higher 
needs. If we relate to Alderfer’s theory, existence is 
the basic material required for living and is the 
cornerstone of the hierarchy pyramid; relatedness 
emphasizes the importance of social interactions and 
positive emotions, and growth describes the urge to 
continue personal development and therefore is at the 
top of the pyramid. We propose an extension to the 
UCD model by adding a third and higher level to the 

users’ needs hierarchy. We claim that it is time to 
consciously add user empowerment when designing 
digital products. 

1.1.1 Usability: The First Need 

Usability addresses the users’ need to perform well in 
tasks and successfully complete the tasks conducted 
via the interfaces of digital systems (Nielsen, 1993). 
It refers to the extent to which a system, product, or 
service “can be used by specified users to achieve 
specific goals with effectiveness, efficiency (in 
minimum time, with minimum errors), and 
satisfaction in a specified context of use” (Bevan et 
al., 2015; ISO FDIS 9241-210). Nielsen referred to 
usability as a method for improving ease of use during 
the design process. The usability emphasizes the 
user's need to achieve pragmatic goals such as 
successful and efficient performance in tasks 
supported by the computerized system, with a focus 
on cognitive and task-oriented aspects, emphasizing 
the instrumental value of technological products 
(Hassenzahl and Tractinsky, 2006). 

1.1.2 User Experience: The Second Need 

A User Experience (UX) goes beyond meeting the 
instrumental (pragmatic) user's needs for usefulness, 
efficiency, and satisfaction. It strives to optimize the 
user's holistic experience, which includes the need to 
achieve hedonistic goals (Hassenzahl and Tractinsky, 
2006). Among these goals, users require aesthetic 
pleasure, fun, being surprised, and entertainment 
(Gaver and Martin, 2000). The holistic UX includes 
emotions, beliefs, preferences, psychological 
responses, and physical behaviours (Bevan, 2009). 

1.1.3 Empowerment: The Third Need 

Shneiderman (1990) declared that users need to be 
empowered by technology. Kim and Gupta (2014) 
demonstrated the critical role of user empowerment 
in regulating IS infusion in organizations. Schneider 
et al. (2018) claim that empowering people through 
technology is of increasing concern in the HCI 
community and reviewed 54 CHI full papers using 
the terms empower and empowerment. Inspired by 
these previous works, we too concentrate on the 
human need to be empowered. 

1.1.4 User Empowering Design (UED) 

User empowering design (UED) goes a long way 
beyond the concept of UX. While UX strives to 
increase feelings and emotions of pleasure and 
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enjoyment, these remain within the limited context of 
interacting with the product or system. In contrast, 
UED focuses on the effects of the interaction beyond 
its occurrence, not in limited terms of reflection on 
the user experience, but in a way that benefits aspects 
of the user's life that are outside and beyond the 
product’s use experience. UED is a powerful idea, 
because it is based on the understanding that 
technological product designers can positively impact 
the users' well-being. UED strives to strengthen the 
users and minimize their weaknesses, which are 
reflected in the central path of their life. Therefore, it 
significantly expands the ramifications that a product, 
system, or service has for its user by fulfilling the 
user’s need to be empowered in their personal life.  

We define UED as a method built from a 
collection of design rules and principles aiming to 
design HCI systems that meet the need for user 
empowerment. These systems will have positive 
effects on the perceptions or abilities that are in the 
main path of the user's life, in a way that minimizes 
the user's weaknesses and/or emphasizes the user's 
strengths. While it is possible that the existing models 
for designing user-technology interaction might 
provide user empowerment unintentionally as a most 
welcome side effect, there is more to aspire to. We 
argue that the existing situation in HCI should not be 
left intact, and the growing need for empowerment 
must be addressed; The fact that there is currently no 
orderly design method that consciously provides an 
answer for this need motivated us to explore and offer 
a preliminary basis for such a method. As the 
previous two methods have evolved over decades of 
research and practice, we do not claim to offer in this 
paper a complete and encompassing method, but only 
raise awareness of this need and suggest 
implementation options. 

Just as the need for good UX has not replaced the 
need for usability, so the need for empowerment will 
not replace the two previous needs. An empowering 
product should also be usable and provide a good UX. 
Different user need should not come at the expense of 
each other. However, different products may 
emphasize a particular need, according to their 
purpose and the context of their use. 

1.1.5 Why Now? 

To this date, there is no orderly method designed to 
empower users. We believe that the conditions for 
empowering users have matured, and this is the time 
for a qualitative leap towards a design that is 
consciously dedicated to user empowerment. This 
argument is based on four components: 

First, it is the Zeitgeist of the current generation 
who grew up with technology, which leads its users 
to take functionality for granted, cease to be satisfied 
with positive experiences, and expect technology to 
improve their lives. As in the other areas of life we 
mentioned earlier - work and education - expectations 
from technology are undergoing a revolution. 
Usability and UX are already considered foundational 
and the need for a transition to the next level has 
arisen.  

The second factor is technological maturity. 
Nowadays, the hybridity and friction between 
humans and technology (e.g., mobile and wearable 
devices, augmented reality, virtual reality, IoT) create 
a symbiosis between users and the technological 
products that surround them. Advanced digital 
developments such as Metaverse will increase this 
friction. New digital products will continue to adjust 
and adapt themselves to the user (e.g., by using AI 
and machine learning). While these technological 
developments integrate and keep the users more and 
more inside the digital matrix, the concept of user 
empowerment emphasizes positive changes in the 
users' well-being outside the virtual space.  

The third factor is based on the fact that, at 
present, steadiness, in terms of not regenerating 
products, is detrimental to digital companies, and 
therefore there is a constant demand for continuous 
innovation. Big tech companies that have reached 
maturity and technological extraction are seeking 
their next breakthrough. Having a competitive 
innovation edge is a key aspect of survival and 
growth. This makes ‘innovate or perish’ the new 
motto of the global knowledge economy era (Shakina 
and Barajas, 2020). Thus, one way to overcome 
technological barriers and continue to innovate is by 
addressing the human high-quality need to be 
empowered.  

Lastly, Netflix’ “Social Dilemma” documentary, 
which came out in 2020, raised public awareness of 
the negative sides of social networks, including their 
ability to act as an “addictive drug” (see also Eyal, 
2014 on the addictive patterns underlying 
technologies). We use the term “Junk Tech” (Bally 
and Desmaison, 2021) to describe technology as tasty 
but not healthy for us users. That is, we consume 
digital products in a way that is equivalent to eating 
unhealthy fast food. Technological products capture 
our attention and without being aware, we fall into the 
rabbit hole. This, for example, causes us to stay 
awake late at night, and thus affects us negatively the 
next day. Usability, user experience, and 
empowerment can be analogous to food consumption 
influences. Just as consumers have realized that they 

User Empowering Design: Expanding the Users’ Hierarchy of Needs

203



 

can and should demand food that is not only fast and 
tasty, but also healthy, so will users of digital products 
undergo a transformation and stop settling for just the 
experience. They will demand products that will also 
improve their well-being, lead them to personal 
growth and help them fulfil the important goals in 
their lives. In other words, people will look for 
products that empower them to manage their well-
being and health (Blandford, 2019; Seshadri et al., 
2019). Illustrative examples are apps for body self-
acceptance to elevate the self-esteem of young people 
(Paay et al., 2018), for raising the sense of self-
efficacy among job seekers such as "review me" and 
"Interview4" (Dillahunt and Hasiao, 2020), and for 
dealing with social anxiety, such as the app 
"CogniShift" (Elefsen and Khaliq, 2021).  

2 HOW TO IMPLEMENT UED 

We propose to expand the UCD theory and add 
practical tools that enable user empowerment. 

To develop a digital product, one must start from 
the premise of the steps within the UCD. Within 
them, we will focus on the first two processes of the 
UCD - research and concept, as a thorough 
examination of the design and test stages are beyond 
the scope of the current paper. When developing a 
new digital product or updating an existing one, the 
designers of the product must keep in mind that the 
product can improve the user's strengths, and we 
encourage them to think of ways to help the users 
reach their potential in the central path of their life. 

2.1 Research 

We consider the common tool of personas as an 
effective UCD method (Cooper, 1999; Jansen et al, 
2022; Goodwin, 2011). In UED, the persona's 
description (user card) includes additional layers that 
describe the importance of the product for the user in 
terms of the technological product's potential impact 
on the user's life beyond the course of interaction with 
the product itself.  

The UED approach introduces additional 
important aspects to the process of building personas, 
including the user's personal potential mapping tool. 
Using this tool, we ask about the life of the user and 
define their “main path,” i.e. their important goals and 
ambitions, strengths and weaknesses in the context of 
that main path. Applying our mapping tool, for each 
persona we add several Likert-type scales, each 
representing an attribute that is relevant to the main 
path. The attributes are important characteristics or 

abilities that the persona wants to have or fulfil. On 
each attribute scale, we mark the persona’s current 
state and their potential future state. In addition, we 
describe the factors that currently inhibit or prevent 
the persona from realizing their potential. 

2.2 Concept 

We suggest that the product designer employ a 
systematic usage of our methodology. After the 
designer defines the trait/ability that the user wishes 
to emphasize and identifies the factor that inhibits the 
user’s potential to advance that trait (the “preventive 
factor”) – the methodology systematically leads the 
designers through certain paths to the most suitable 
design solutions. 

The methodology we offer includes eight distinct 
models, demonstrated in Table 1. Each model appears 
in a separate column and represents a different 
“preventive factor.” We suggest a suitable design 
solution for each of these factors, which may 
empower the user beyond the course of interaction 
with the technological product. We divided the 
models into two groups: four models see technology 
as the solution for dealing with the preventing factor, 
and the other four models identify the source of the 
preventing factor in the technology itself.  

Due to space constraints, we will demonstrate only 
two models out of the eight described in Table 1, the 
Walls and the Ripples. For each, we suggest design 
features specifically intended to empower users using 
a popular instant  messaging application, WhatsApp. 

2.2.1 The Wall Model: Intergenerational 
Dictionary 

Many adults experience technology as an obstacle in 
their lives. Age-related barriers are derived from 
normal changes that a person undergoes in cognition 
and physical conditions, along with affective barriers 
(age-related perceptions and attitudes towards 
technology). In addition, technologies are usually not 
designed to be age-friendly. The combination of these 
factors leads to intergenerational gaps and negative 
consequences, including digital exclusion that may, 
in turn, lead to social exclusion and deterioration of 
the sense of belonging (Katz and Sophia, 2021). The 
acquisition of online literacy for digital 
communication creates a linguistic gap that 
distinguishes generation Y from the baby boomer 
generation (Subramaniam and Razak, 2014). The use 
of nonstandard language, emojis and new forms of 
slang in social networks may lead to 
misunderstandings and communication barriers. 
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Table 1: The eight model that guides designers to empower users. 

Technology offers the solution Technology causes the problem 
mental aspects lack of abilities unintentional intentional 

motivation barriers transient permanent exclusion side effects to addict to harm
Engines Breaks Trainers Bridges Walls Ripples Hooks Bad Wolf

E
xp

la
na

tio
n 

Technology 
deals with 

lack of 
motivation 

that prevents 
the user from 
persevering 

and 
succeeding 

Technology 
deals with fears 

and changes 
thoughts that 

hinder the user 
from realising 

his or her 
potential 

Technology 
offers proper 
guidance and 
coaching, so 
users will be 

able overcome 
transient 

difficulties and 
inabilities 

Technology 
can help 

users 
overcome a 

permanent or 
inherent 
disability 

Technology 
was not 

designed to fit 
the user's 

needs, and 
therefore 

becomes an 
obstacle, 
excluding 

users. 

While 
technology 

solves a 
problem, it 
may create 
others, by 
causing 

unexpected by-
products such 

as loss or 
degrade of 
capabilities

Technology 
was designed 
to addict the 

user or 
negatively 
affects the 

user 

Technology 
was designed 
to allow for 

evil or is 
exploited by 

users in 
immoral 

ways 

D
es

ig
n 

Create a habit 
by 

encouraging 
existing 

motivations 
and by 

sparking 
hidden 

motivations 

Encourage small 
successes and 

dissolve fears in 
a safe 

environment 

Build a training 
process that 

will encourage 
the user to 

succeed 
without the 

product 

Build a tool 
that will 
provide a 
permanent 
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One of the weaknesses of the WhatsApp 
application is faulty communication caused by the 
user being unfamiliar with unique slang and terms 
that are typical to the medium of instant messaging 
correspondence. Through the lens of the Walls 
Model, Katz and Sophia (2021) identified this 
problem and suggested a solution by designing 
“WhatsThat,” which provides a synchronous 
automatic translation for dialogue participants. 

WhatsThat offers a solution that reduces the gap 
between participants and minimizes possible negative 
consequences for the well-being of all family 
members, especially older adults. Figure 1 shows a 
screen that demonstrates message exchanges between 
Grandpa David and his grandson, Tamir. The figure 
presents Grandpa David’s view. Grandpa David 
clicked on an embedded link for the word “sup” that 
the system generated automatically and received 
contextual knowledge (an explanation) retrieved 
from the system’s dictionary (Figure 1). 

The design contributes to fulfilling the user’s 
communication potential with loved family members, 
especially grandchildren, by building common 
ground, increasing mutual understanding and 
overcoming potential miscommunications. This 
design focuses on empowering older adults’ self- 
efficacy, a meaningful goal that is on the main path of 
their lives. 

 

Figure 1: A synchronous automatic” translation” for 
dialogue participants. 

2.2.2 The Ripples Model: Displaying the 
“Important” along with the “Recent” 

Nowadays, people make extensive use of instant 
messaging applications throughout almost every 
waking moment. They constantly check, read, and 
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send messages in the context of various relationships 
and activities: family, friends, work, leisure, 
colleagues and more. 

The Ripples Model portrays situations in which 
technology that was invented to solve a certain 
problem inadvertently creates other problems. For 
example, nowadays people hardly remember 
telephone numbers due to the high availability of 
digital personal contact apps. Another example is 
navigation apps, which help people efficiently move 
from one geographic point to another, freeing them 
from the need to remember the directions required to 
reach their destination. However, this technological 
assistance may come at the cost of the loss of intrinsic 
navigational skills and lack of attention to landmarks 
situated in a route. Thus, researchers list many 
negative side effects and ramifications of 
technological designs, including loss of navigational 
skills, memory loss, lack of attention, inability to 
form interpersonal relationships, loneliness and more 
(Amichai-Hamburger and Etgar, 2018; Turkel, 2017; 
Goodman, 2021). 

For the sake of continuity, we will once again use 
WhatsApp to demonstrate another ripple effect. In 
order to meet user needs, WhatsApp designers surely 
applied the rules of usability and UX. To fulfil users' 
needs for efficiently detecting and reading messages, 
chats with the most recent incoming messages are 
presented at the top of the screen. This design strategy 
also reinforces the emotional UX level, since people 
become more engaged when seeing a new message. 
This emotional response is related to the widespread 
Fear Of Missing Out (FOMO), which triggers the need 
to be constantly updated. Presenting the most recent 
chats at the top supports the immediate need to know 
what is happening here and now at any given time.   

Although the designers’ good intentions to 
provide a user-friendly app that meets the users’ need 
for usability and a good experience, WhatsApp’s 
current design may impede the need of many users to 
preserve and promote certain relations that are 
important in their lives. As in various social media 
platforms, many users feel that their time and 
attention have been hijacked by the abundant social 
groups to which they belong and that intensive 
involvement in social media negatively affects their 
well-being (Sagioglou & Greitemeyer, 2014; 
Vorderer et al., 2017; Appel et al., 2020). A mundane 
message recently received in the kindergarten 
parents’ group finds its way to the top of the chat list. 
An inflated volume of chats that find their way to the 
top of the screen may push important contacts (such 
as family members and dear friends) down the chat 
history and thereby lead to the “out of sight – out of 

mind” phenomenon. This may blur the distinction 
between recent and important, leading users to focus 
on recent chats while forgetting about the important 
contacts that are out of sight. WhatsApp developers 
identified this problem and attempted to offer various 
solutions, such as muting groups and allowing users 
to pin up to three chats at the top of the chat list. 
However, enabling users to pin more than three chats 
is not possible. In addition, WhatsApp’s current 
design does not create a continuous awareness of the 
people that are important to the user. The user's ability 
to see their important contacts at any moment is 
crucial for the user’s sense of control (Ng, 2004).   

We propose a solution that does not require the user 
to give up the convenience of having recent messages 
appear at the top of the screen. Rather, we focus on 
adding a permanent horizontal bar of important contacts 
to the top of the screen (see Figure 2). We enable and 
encourage users to select and add their important 
contacts to the bar that we label "Important to me". This 
microcopy will appeal to the user's emotions and act as 
a subtle reminder of who is truly important to them. The 
ordinary vertical order of chats preserves the recent, 
while our new horizontal bar simultaneously pins the 
important to the top. Together, the vertical order of 
chats and the horizontal bar that we offer allow the user 
to find the balance between what happened recently 
(changes dynamically) and what is important (relatively 
constant), thus restoring their sense of control over the 
important things in life. This design will contribute to 
the user's main life path outside the product - 
maintaining and strengthening the relationships with 
the people who are truly important to them.  

 

Figure 2: Fixed bar of important contacts in the upper part 
of the screen. 
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3 CONCLUSIONS 

In this paper, we lay the foundations for a design 
method – UED, motivated by the fact that there is 
currently no orderly design method that consciously 
provides an answer for empowering users. We 
described the user empowerment framework and 
explained how it expands UCD to a higher-level user 
need. We also described practical solutions that 
implement the empowering design. Our framework 
offers a methodology that identifies eight models, 
each representing a variety of situations that may 
have an impact on personal, community and 
organisational empowerment.  

Empowerment is certainly not a new concept. The 
innovation we offer is UED, designing digital 
products intentionally to empower users. UED is a 
powerful idea, as it emphasises the understanding that 
HCI designers can positively affect the users' well-
being and aspects that are in the central path of the 
users’ lives (behaviours, worldviews, feelings of self-
worth, self-efficacy and even perceptions of the 
meaning of life). While most designers focus on 
providing influences that occur during the interaction 
(usability and emotions at the time of interacting), 
UED is meant to achieve positive effects way beyond 
the interaction. We wish not only to highlight this 
ability of designers to enhance the impact of their 
designs, but also call on designers to take 
responsibility for the characteristics of the product 
they produce and design products that will better the 
lives of their users.  

There are already some very interesting and 
inspiring projects by Maes in MIT Media Lab that 
show how new body-integrated technologies may 
assist people by strengthening cognitive skills and 
“soft” skills such as attention, learning, decision-
making, creativity, communication, and emotion 
regulation. Maes’ works with her students and 
colleagues (e.g., Rosello et al., 2016; Leong et al., 
2021) demonstrate how technologies can assist users 
in overcoming their limitations and realizing their 
goals. Some applications include intelligence 
augmentation, memory augmentation, motor 
augmentation, augmented decision-making and more. 
These works adopt a design approach to create and 
study new wearable and immersive systems that can 
help people reach a life with well-being, and while 
doing so, they are mindful of ethical and social issues. 

In future works, we will further expand the 
description of the design stages (research, concept, 
design and test) under the UED lens. For example, we 
will elaborate on practical instructions for building a 
persona card that focuses on the user's weaknesses 

and strengths. We will also offer design principles for 
each of the eight models and include a solution plan 
for various problematic situations. In addition, we 
will expand the discussion beyond personal 
empowerment, to social and organizational 
empowerment. To these ends, we will refine the 
measures of user empowerment and test the 
usefulness of UED by means of empirical 
experiments. 
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Abstract: The creation of avatars is a two-sided coin; on one side we see developers creating avatars with the skills, 
time, and resources available to them. However, these resources (or lack thereof) may lead to avatars falling 
into the uncanny valley. On the other side are the end-users who engage with the avatar, who ultimately are 
the focus for these designers and developers. However, many factors can influence the perception of any 
avatar created beyond the level of realism, including the physical appearance of the avatar or something more 
fundamental like its gender(sex). Currently, there is a gap in understanding of the influence of gender(sex) in 
avatar uncanniness perceptions, and this is mostly missing in design decisions for avatar systems. Bridging 
this gap has been a source of research focus spanning the development of new technologies for avatar 
development to measuring end-user perceptions of those avatars. Here we add to this discussion through an 
experiment involving a set of avatars presented to participants (n = 2065) who were asked to rank them from 
least to most uncanny based on their perceptions. This representative set of avatars were sourced from publicly 
available methods and have different levels of realism. Our findings indicate that perceptions of avatar 
uncanniness based on gender(sex) affects the overall perception of the avatar.

1 INTRODUCTION 

‘Avatar’ is a common term that often refers to virtual 
humans in virtual environments. Originally derived 
from the Sanskrit word ‘Avatara’, referring to the 
descent of a god down into the mortal world (Adams, 
2014), the term also appears in novels and literature 
(Stephenson, 1993). Avatars are often associated with 
virtual humans in serious gaming and simulation 
training scenarios.  
     Many factors influence the perception avatars, 
including aspects of their aesthetic characteristics 
such as hair colour, clothing, and gender(sex) (Fox et 
al., 2013). This can also include perceived avatar 
realism and uncanniness, which particularly affect to 
avatar faces. The differentiation between aesthetic 
and perceived characteristics may blur, for example, 
where a characteristic such as realism may impact on 
the look of an avatar and be the result of the tools used 
to create an avatar. This can also be influenced by 
how the avatar is presented (fully body or head and 
shoulders). These complex interactions present 
challenges for designers.  

 
a  https://orcid.org/0000-0002-8550-902X 
b  https://orcid.org/0000-0002-9111-0293 

The focus of this work is an examination of 
gender(sex) in end-user uncanniness perceptions of 
avatar faces. Similar to the work of Stumpf et al. 
(2020), we use the social construct perspective of 
gender, here referred to as gender(sex), whereby 
gender identification, gender expression and 
performance might not necessarily align with sex.  

There are numerous techniques available to create 
avatars, however, issues such as available time, funds, 
and other resource constraints impact the quality of 
the avatar’s appearance and animation. This is true for 
avatar face animation where subtle communication 
cues may be required. The quality of avatar face 
animation is dependent on several factors, first 
determined by the fidelity of the 3Dimensional 
models and textures used to represent a human face.  
Creating highly realistic 3Dimensional models to 
represent human faces can be achieved using 
techniques such as linear transformations (Tewari et 
al., 2017; Thies et al., 2015) and higher-order tensor 
generalizations (Brunton et al., 2014). Data-driven 
approaches can also be used to create highly realistic 
textures of human faces (Saito et al., 2017). With the 
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emergence of approaches, the realism of human faces 
for avatars may increase, however, this is not yet the 
case in many practical applications. 

The level of realism of an avatar ideally meets 
end-users expectations without the feeling of 
uncanniness affecting their experience (MacDorman 
et al., 2009). When designing avatars, some explicit 
consideration of these issues is valuable, including 
the possible interrelationship with gender(sex) and 
uncanniness. Various perceptions can be affected by 
gender(sex), such as physical attractiveness and 
authority (Patel & MacDorman, 2015). Accordingly, 
this research seeks to further explore the 
interrelationship of observer gender(sex) on the 
perception of avatar uncanniness levels. We achieve 
this through a large-scale avatar ranking exercise 
considering the differences in avatar rankings based 
on the gender(sex) of participants. The goal is to 
evaluate whether gender(sex) has an impact on the 
perception of avatar uncanniness, and to generate a 
robust set of ranked avatars.  

Ultimately, this information is important to 
inform design considerations for avatars, and 
particularly for avatars that may be used in serious 
games and training applications. Through this 
research, we propose that avatar creators adopt a more 
purposeful consideration of gender(sex) in design 
considerations for avatar-based systems. This may 
lead to enhanced affective outcomes for avatars in 
serious purposes. 

The following section provides a review of 
relevant literature followed by the methodology for 
our study. Next, the results of the research detail the 
overall uncanniness ranks as well as potential impacts 
of participant gender(sex) on these ranks. We 
conclude with a discussion of the key findings, 
together with recommendations for future work. 

2 BACKGROUNDS 

Uncanniness can apply to an avatar when a human 
like avatar fails to meet the expected visual, kinetic, 
or behavioural fidelity of a human. This negative 
emotional response can be attributed to the Uncanny 
Valley theory proposed by Mori in 1970 (Figure 1) 
and is demonstrated through a sharp dip in the linear 
progression of the perception of human likeness. 

Mori suggests that the sense of eeriness is likely a 
form of instinct that protects us from proximal, rather 
than distal sources of danger, such as corpses or 
members of different species. This theory has now 
also been applied to human-like avatars that have 
been created using computer graphic capabilities with 
 

    a  

 
Figure 1: The Uncanny Valley (Mori et al., 2012). 

a focus on boundary-pushing realism (Tinwell, 2014). 
The theory states that the human-like entities, such as 
avatars, that fail to meet expectations of human 
behaviour fall into the Uncanny Valley, which may 
stem from the consequences of realism levels seen in 
avatar faces.  

2.1 The Consequences of Uncanniness 
Perceptions for Avatar Faces 

The potential impact of uncanniness is an important 
issue in the perception of avatars that should be 
considered carefully. In particular, as the human 
visual system excels in detecting falsehoods that may 
be found in human-like facial features based on prior 
knowledge of human facial features (Seyama & 
Nagayama, 2007), avatars are particularly susceptible 
to uncanny valley effects. These issues extend to 
more than just the visual representation though. 

Another key factor of avatar face animation is the 
approach used to make the avatar face move and 
express emotions in realistic ways. There are several 
methods used to create facial animation, including 
manual, motion capture, and data-driven approaches. 
Traditional manual methods can include a frame-by-
frame approach or rotoscoping of facial movements. 
While these manual animation methods can 
effectively create facial animation, it is a highly time-
consuming process. Alternatively, techniques such as 
motion capture provide a quicker means of capturing 
an actor’s facial movement. These movements can be 
captured as a live performance through real-time 
motion capture  or as a set of motions mapped post-
capture (Davison et al., 2001). Little is understood 
though of the impacts of these different techniques on 
perceptions of uncanniness. 

Thus, based on this existing research, we 
undertake a ranking exercise with a set of relatively 
homogenous avatars to better understand perceptual 
variability, and to create a robustly ranked set of 
avatars for future research. With these avatars 
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quantifiability rated in terms of uncanniness 
perceptions, further analysis can be carried out from 
additional data collected on this avatar set. While the 
set of avatars used in our study are of similar age and 
ethnicity, they are distinctly different with varying 
levels of realism as used by Seymour, Riemer 
Seymour et al. (2018) and Seyama and Nagayama 
(2007). In summary, we investigate the relationship 
between a set of avatar faces uncanniness perceptions 
and how gender(sex) may affect these perceptions.  

2.2 Impact of Avatar Gender(Sex)  

One fundamental aspect of avatar creation is the 
perceived gender(sex) of the avatar. There has been 
some research in this area, with issues such as 
existing gender(sex) stereotypes, the proteus effect, 
and gender(sex) swapping being explored. Some 
gender(sex) based stereotypes were observed by Fox 
and Bailenson (2009) who suggested that female 
avatars are more likely to appear either as hyper 
sexualised as an ornament within games or as a 
support role. The level of sexualisation of an avatar 
can also affect their perceived abilities (Wang & Yeh, 
2013). When considering the Proteus Effect, Yee and 
Bailenson (2007) suggest that the appearance of an 
avatar will lead users to conform to behavioural 
expectations they have associated with a specific 
gender(sex). For example, Beltrán (2013) examined 
this and suggested that this conformity exists in 
simulation and training contexts, finding that using a 
male avatar to train professional women can 
negatively affect her and her peers' achievements. 
This is important to consider, as Beltrán (2013) 
argues that most simulation tools show a generic male 
avatar during training.  

Additionally, gender(sex) swapping and 
exploring an end-user's gender identity or identities is 
an active area of research. Lehdonvirta et al. (2012) 
suggest that male participants are more likely to seek 
and receive help when disguised as a female avatar. 
Also, Hussain and Griffiths (2008) suggest that there 
are many social benefits to gender(sex)-swapping in 
online gaming, such as male players engaging as a 
female avatar to be more favourably treated by other 
male players.  

Another aspect of avatar gender(sex) is the ability 
for end-users to explore and express their own gender 
identity (Baldwin, 2018). This is important as it 
allows users to express their gender identities which 
may or may not reflect the gender identity they 
express in their everyday lives. In video/computer 
gaming settings, players may be able to remain 
anonymous online while they explore their gender 

identity or identities in a safe platform. To examine 
the potential influence of gender(sex) in the 
perception of avatar uncanniness, we conducted a 
mass-scale survey, described next.  

3 STUDY METHODOLOGY 

Using a set of 10 homogeneous avatars we consider 
the impact of participant gender(sex) in the 
perception of uncanniness. This data was gathered via 
an online Mturk (amazon.com, 2017) study which 
took participants 15-20minutes to complete. The 
participants were asked to rank the avatars from least 
to most uncanny or eerie. This study was approved by 
the University of Newcastle’s Human Research 
Ethics Committee (H2015-0163). 

In total, (n=2065) participants, with a mean age of 
34.82 years completed the survey. Of these 
participants, 1050 self-identified as female, 1003 as 
male, three people self-identified as transgender 
people, two people selected ‘other’ for their 
gender(sex), and seven preferred not to say. 

3.1 Avatar Set 

A set of 10 avatar faces (Table 1) was used in this 
study to broadly capture the varying levels of realism 
obtained through different creation methods. As 
shown, they are of different but homogenous faces 
with assumed binary sexes (five females and five 
males). These avatars are considered representative of 
those found in simulation and training contexts, and 
are derived from various sources (Alexander et al., 
2017; AppleInc., 2015; Battocchi, 2005; Metrics, 
2018; Nao4288, 2013; von der Pahlen et al., 2014).  

Table 1: Sample Images of the avatar set. 

 
 

3.2 Study Procedure 

To begin the ranking survey, participants first 
completed a set of demographic questions on 
gender(sex), age, ethnicity, English language 
proficiency, current residential country, and highest 
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education level achieved. Additional questions asked 
participants to nominate whether they identified 
themselves as a video/computer gamer, on which 
platforms and media they interacted with avatars, and 
how many hours a week they spent interacting with 
avatars. Participants then ranked the avatar set from 
most uncanny to least uncanny. The approach 
adopted here follows Lange (2001), who used a 
similar rating exercise for their study into realism 
perceptions of virtual landscapes. In both cases, a 
ranking rather than rating approach is adopted as 
these have been shown to have higher reliability 
(Mantiuk et al., 2012; Winkler, 2009).  

3.3 Statistical Analysis 

The avatar uncanniness ranks were first analysed 
using Friedman tests. Following a significant 
Friedman test, post hoc Wilcoxon signed-rank tests 
using a Bonferroni adjustment for multiple tests 
(significance level reduced to .0001) were conducted 
to examine differences in rankings. 

The variable ‘observer gender(sex)’ was 
investigated to determine whether the gender(sex) of 
a participant was related to the realism and 
uncanniness rankings of the avatar faces. To measure 
the impact of gender(sex), we used the approach 
suggested by (Conover & Iman, 1981) who suggest 
that rank transformation procedures allow the use of 
parametric methods. This would normally be done 
with observed scores being converted to ranks first. 
However, in this study, the ranks were provided by 
the participants, so the transformation step was not 
needed.  

The impact of gender(sex)was tested using the 
General Linear Model (GLM) as the parametric 
procedure. For the effect of observer gender(sex), a 
full factorial two-way ANOVA model was fit with 
avatar and gender(sex)being the two factors. Follow 
up testing with pairwise comparisons were used to 
determine significant differences with a Bonferroni 
adjustment to control the familywise error rate due to 
multiple testing.  

4 RESULTS 

We first present results of the Friedman tests to 
compare the ranks for our avatar set’s uncanniness 
perceptions, followed by the impact of participant 
gender(sex) on these rankings.  
 
 

4.1 Uncanniness Ranking Scores 

Based on the Freidman test, there was a statistically 
significant difference in the perception of the avatars’ 
uncanniness χ2 (9) = 156.254, p < .001. Interestingly, 
we see that the means scores for the uncanniness 
ranks are all clustered between 4.9-5.8. This suggests 
that there is some variation in the uncanniness 
perceptions, but it may be very subtle. 

The rankings here show that the Mid1 realism 
avatars frame the two extremes of these ranks, with 
Victor (Mid1 realism male) being rated as the 
uncanniest (M= 4.99, SD= 2.505), whereas his female 
counterpart Ilana (M= 5.87, SD =2.324) is considered 
the least uncanny of the avatars. However, Ira (high 
realism male) (M= 5.14, SD= 2.805) was considered 
uncannier than his counterpart Emily (M= 5.37, SD= 
3.006). Leo (Mid2-Low realism male) was ranked 
fourth most uncanny by participants (M= 5.47, SD = 
2.739), while Rycroft (real human male) is ranked as 
the fifth most uncanny avatar (M = 5.51, SD = 3.114). 
Interestingly, Rose (real human female) (M= 5.65, 
SD= 3.360) was considered less uncanny than her 
counterpart. Despite being considered the least 
realistic, the Bailie (M= 5.66, SD= 3.214) avatar was 
not considered to be the uncanniest. 

A Wilcoxon signed ranked test using a Bonferroni 
correction, determined where the differences 
occurred for the uncanniness ranks. Although there 
were no large differences between the scores for the 
avatars, there were some significant differences in the 
ranks of the following avatars. When examining the 
scores for the high realism male and the real humans, 
both comparisons were statistically significant; Ira 
and Rycroft (Z = -4.527, p. < 0.001) and Ira and Rose 
the real human female (Z = -6.229, p. < 0.001). 
However, the scores for Emily (high realism female) 
were not statistically significantly different when 
compared to real humans, which may suggest that the 
gender(sex)of the avatar may influence uncanniness 
when compared to real humans. Another pattern 
occurs in the comparison of the uncanniness rank for 
Victor (Mid1 realism male); it is statistically 
significantly different to other avatars, including the 
female avatar from the same source. This again may 
suggest some gender(sex)-based perceptual 
differences.  

4.2 The Impact of End-user 
Gender(Sex) on the Rank Scores 

Following the analysis of differences in the overall 
uncanniness rankings, we consider gender(sex)-based 
variability in uncanniness ranks. Using a GLM with a 
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Bonferroni correction, we note a statistically 
significant interaction of our avatar set uncanniness 
ranks and the participants’ gender(sex) F(9, 19910) = 
10.453, p < .001). 

The Posthoc analysis shows some statistically 
significant differences between the responses of 
female and male participants. Specifically, the female 
participants rated Rycroft (real human male) as less 
uncanny than the male participants (Rycroft p = .001, 
(Female (M= 5.68, SD= .093), Male (M= 5.26, SD= 
.088))).This pattern continues with scores for Rose 
(real human female) where the female participant 
scores are higher than the male participants (Rose p < 
.001, (Female (M=5.85, SD= .093), Male (M= 5.33, 
SD= .088))). The high realism female is less uncanny 
by female participants when compared to the male 
participants (Emily p = .001, (Female (M= 5.54, SD= 
.093), Male (M= 5.12, SD= .088))). 

In contrast, the high realism male avatar (Ira) was 
ranked uncannier by male participants (Ira p = .005, 
(Female (M= 5.27, SD= .093), Male (M= 4.90, SD= 
.088))). The independently sourced avatar (Baillie) 
was deemed less uncanny by male participants than 
the female participants (Bailie p < .001, (Female (M= 
5.47, SD= .093), Male (M= 5.98, SD= .088))). 
Finally, Macaw (Mid2-Low male avatar) was 
regarded as less uncanny by male participants when 
compared to scores from female participants (Macaw 
p=.001, (Female (M= 5.30, SD= .093), Male (M= 
5.75, SD= .088))). Generally, male participants are 
more likely to rank high realism avatars as uncanny. 

Further, we note limited variation in the responses 
as the scores only vary in a range between 4.5 and 6.5 
when compared by participant gender(sex). However, 
when examining the distribution of uncanniness 
scores for each avatar and grouped by participant 
gender(sex), several patterns emerge as shown in 
Figure 2. 

The initial comparison considers differences in 
the distributions of the uncanniness scores for each 
avatar for female and male participant responses. 
From these histograms (Figure 2), we observe the 
Mid1 avatars (Ilana and Victor) and the Mid2-Low 
male avatar (Macaw) scores resemble a normal 
distribution. In contrast, Rose and Rycroft (real-world 
humans) and the Mid2-Low female avatar (Bailie) 
scores have a distinctly bi-modal distribution 
indicating participants have a divided opinion of these 
avatars. The remaining avatars present a somewhat 
flat, uniform like distribution of scores. 

Using a 2 sample Kolmogorov-Smirnov Test to 
compare the shapes of the distributions, and with a 
Bonferroni correction for testing multiple pairs, we 
compared the female and male participant 
 

 
Figure 2: Rank scores comparison by avatar and participant 
gender(sex). 

uncanniness score distributions. We see statistically 
significant differences in the distribution of the scores 
for some avatars when comparing the female and 
male distributions, including Macaw D(1993) = 
1.796, p.= .003, Rose D(1993) = 1.785, p.< .001, 
Bailie D(1993) = 1.785, p.= .003 and Rycroft 
D(1993) = 1.819, p.= 003. 

The second key comparison is an examination of 
the differences in the distribution of scores when 
comparing avatars between female and male 
participants. Using a series of Kolmogorov-Smirnov 
Tests, with a Bonferroni correction to examine these 
differences, reveals some statistically significant 
differences. When comparing Leo – Liliwen, the 
distribution of the female scores were statistically 
different while the male participants scores were not 
(Female(D(2090) = 1.947, p.< .001., Male (D(1896) 
= 1.355, p.= .051.)). We also note that the female 
participant scores when comparing Rose (real human 
female) and Emily (high realism female) are 
statistically different when to the male participant 
scores (Female (D(2090) =3.412, p.< .001.), Male 
(D(1896) = 1.447, p.=.030.)) This pattern continues 
with Rycroft (real human male) and Rose (real human 
female) with female participants’ scores statistically 
significant while the male scores are not statistically 
different (Female (D(2090) =1.312, p.= .064), Male 
(D(1896) = 3.834, p.< .001)). When comparing the 
both the Mid2-Low female avatars (Liliwen – Bailie), 
the female participant scores are statistically 
significant, and the male participants’ are not (Female 
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(D(2090) = 2.166, p.< .001., Male(D(1896) = 1.699, 
p.= .051.)). 

The pattern identified in the preceding paragraph 
is reversed for some of the avatars. For male avatars 
(Macaw – Ira), the high realism male comparison 
shows the male scores being statistically significant 
and the females do not (Male(D(1896) = 3.834, p.< 
.001), Female (D(2090) = 1.312, p.= .064)). This 
continues with one of the Mid2-Low female avatars 
(Bailie) to the real human male (Ira) comparison 
where the distribution of the male scores is 
statistically different and the female participant 
scores are not (Male (D(1896) = 2.825, p.< .001), 
Female (D(2090) = 1.444, p.= .031)). Again, the 
comparison of the Mid2-Low male avatar (Leo) to the 
high realism male (Ira) distributions are statistically 
significant for male participants but not the female 
participants (Male (D(1896) = 3.789, p.< .001), 
Female (D(2090) = 1.553, p.= .016)). Lastly, we see 
a statistically significant difference between the 
distribution of scores for the Mid2-Low realism male 
avatar (Leo) to the high realism female avatar (Emily) 
for male participants but not for the females (Male 
(D(1896) = 3.330, p.< .001), Female (D(2090) 
=1.837,p.=.016)). The remaining comparisons were 
not statistically significant for either gender(sex). 

5 DISCUSSION AND 
CONCLUSION 

Our investigation into the impact of gender(sex) 
considered if a participants’ gender(sex) affects the 
perception of an avatar’s uncanniness ratings. Male 
participants rated the higher realism avatars as 
uncannier than all other avatars except for the Mid1 
realism male avatar. This aligns to previous findings 
where male participants were more sensitive to 
uncanniness in human-like agents (Tinwell, 2014).  
     Of interest, the top four ranks for female 
participants were populated by male avatar faces, 
suggesting that these avatars may have triggered 
negative responses for participants who identified as 
female. Existing research on avatar faces features and 
uncanniness suggest that avatars failing to display 
empathy or reacting appropriately may lead to 
assumptions of psychopathy in an avatar (Tinwell, 
2014). As such, the critical dimensions of 
uncanniness, such as threat avoidance and alignment 
to terror management theory (MacDorman et al., 
2009) may be more enhanced in female participants. 
It is also interesting that while there was some 
consistency in the avatars ranked as most uncanny, 

the same consensus was not present in those ranked 
least uncanny, with female and male participants 
responding differently. For both genders(sexes), the 
avatars ranked as most uncanny were female, 
although they were different avatars. These 
differences led to further investigation of the 
distribution of uncanniness ranks by participant 
gender(sex) to reveal further insights. 

From examination of the distribution of scores, we 
see some interesting differences in the female and 
male participant scores for each avatar. The real 
humans and one of the Mid2-Low realism female 
avatars scores exhibit a bi-modal distribution, 
suggesting that the general opinion of these avatars is 
divided. Additionally, despite both real humans 
achieving high realism ranks, these avatars fall 
around the middle of the uncanniness rankings. These 
distributions were found to be statistically 
significantly different when comparing the scores 
when grouped by the participants’ gender(sex). These 
differences may suggest that some participants were 
convinced that these avatars were computer-
generated images as opposed to real humans, or 
perhaps factors other than avatar realism contribute to 
perceptions of uncanniness. Further, we see that the 
one of the Mid2-Low realism female avatars (Bailie) 
was ranked as the least realistic but ranked only 8th 
on the uncanny scale, indicating that the avatar was 
considered unrealistic but not uncanny. This supports  
existing literature suggesting lower realism levels can 
lead to avatars being perceived as less uncanny 
(Tinwell, 2014). 

Our findings highlight the importance of 
gender(sex) in avatar design decisions due to the 
impact of this variable on the perceptions of avatar 
uncanniness. As previously identified, a detailed 
consideration of the influence of gender(sex) in avatar 
uncanniness perceptions is mostly missing in the 
design decisions for avatar systems. Further, it is 
evident from the literature that the unavoidable design 
choice of gender(sex) for an avatar may have 
underlying cues and expectations placed on them 
based solely on their perceived gender(sex). 
Together, the findings of the research provide key 
insights into gender(sex) based perception of avatars.  

Despite the significant contributions of this work, 
it is not without some limitations. Firstly, there is a 
lack of ethnic diversity in our surveys’ sample. The 
primary ethnicities that completed this survey were of 
White/Caucasian and Asian background, which may 
lead to some bias in the interpretation of the data. 
Secondly, the results cannot be extended to nonbinary 
genders(sexes) due to small sample sizes. However, 
this does present an avenue for future work. Lastly, 
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while the participants in our study come from a wide 
range of ages (18-87 years old (M= 34.82, SD= 
11.52)), a restriction put in place by Mturk is that 
participants must be at least 18 years old. Therefore, 
the results presented in our study may not be 
applicable to those under 18.  

Another area of limitation relates to the avatars 
themselves. There is a lack of diversity in the ten 
avatars used in this study. The sample of avatars is 
primarily of an Anglo-Saxon appearance with little 
subjective difference in the facial features. Lastly, the 
current study asks participants to consider the avatars 
without the context of how they are used. We note 
that perceptions might differ with context as 
previously identified (Rosen, 2008). The complexity 
of the ranking task necessitated the use of a minimal 
avatar set. However, given that avatars, as virtual 
representations of humans, could potentially reflect 
the full diversity of the human form, it is arguable 
how large a set would be required to be 
representative. Thus, future work may seek to expand 
the avatars evaluated to examine the differences in a 
more diverse set. 

Despite these limitations, the work presented here 
has produced interesting insights into gender(sex) 
differences in the perception of avatars and generates 
several avenues for future research. First, the work 
presented here has focused on perceptual effects of 
the gender(sex) of both participants and avatars. 
Future analysis may extend this to explore the 
differences in the rankings associated with 
perceptions of avatar-participant self-similarity and 
avatar sex. An area for further analysis considers the 
individual attributes of each of the ten avatars through 
a gender(sex)-swapped lens to further explore 
gender(sex) as a contributor to perceptions of 
uncanniness. In summary, the work presented here 
provides the basis for extending current 
understanding of gender(sex) differences in the 
perceptions of avatars. 
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Abstract: There are several works exploring the different ways in which a user can input a date, as it is a very common 
operation on many websites, but the number of papers that cover this topic on mobile devices is very limited. 
In this paper several alternatives are considered, studied using Goals, Operators, Methods, and Selection Rules 
(GOMS), and tested in an online experiment with hundreds of users using these kinds of devices, to see how 
each one of them performs. The results show that the drop-down menu outperforms the others, which were 
more novel to the users, in completion time, user satisfaction and the number of errors committed.  

1 INTRODUCTION 

Nearly two-thirds (64.14%) of all Web traffic is 
calculated to come from mobile phones (“Mobile vs. 
Desktop Traffic Market Share [May 2022] | 
Similarweb,” n.d.). They allow users to conduct daily 
tasks: order a purchase, make an appointment, plan a 
travel, etc. In e-Commerce sites users are frequently 
required to introduce their birthdate during the 
registration process. A very well-known example is 
the insurance companies, which ask users to enter 
their birth, vehicle registration, vehicle 
manufacturing date, accident date, etc. (for example, 
mutua.es). If the user faces obstacles while filling in 
the form, they may decide to opt for another, more 
user-friendly application, thus and rival company. It 
leads to the loss of users as well as the profit 
(Wroblewski, 2008). As the form consists of a variety 
of data input elements and all of them contribute to 
the whole performance of the form, it is worth in-
depth analyzing every single one of them.  

In fact, a number of research has already been 
done analyzing the usability of form elements: some 
of them provide guidelines for the interaction of the 
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elements (Linderman, Fried, & 37signals (Firm), 
2004; Martin, 2013, 2014; Seckler, Heinz, Bargas-
Avila, Opwis, & Tuch, 2014); others study elements' 
performance for specific tasks (Healey, 2007; Jensen, 
Hansen, Eika, & Sandnes, 2020). A few studies have 
been executed in order to compare several date entries 
(Javier A. Bargas-Avila, Brenzikofer, Tuch, Roth, & 
Opwis, 2011; Brown, Jay, & Harper, 2010). 
However, a minority of them investigate the topic in 
the mobile context (Türkcan & Onay Durdu, 2018). 

This research aims to compare three different date 
input methods on mobile applications that were not 
found to be compared before. These methods include 
spinners, drop-down menus and radio-buttons. The 
study seeks to provide guidelines for date entries' 
usage discussing their completion time, user 
satisfaction and errors’ probability. 

2 RELATED WORK 

In previous studies, many aspects of Web forms 
usability have been explored. This section introduces 
results found about radio-buttons, drop-down menus, 
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overall form structure and previous studies focusing 
on date entries. 

Regarding web form improvement, Bargas-Avila 
at al. study (J.A. Bargas-Avila et al., 2010) 
summarizes 20 guidelines for usable web form 
design. The list is divided into five sections: form 
content, form layout, input types, error handling and 
form submission. Several suggestions include: place 
the label above the input field (“Label Placement in 
Forms :: UXmatters,” n.d.); ask one question per row; 
use radio buttons or drop-down menus for entries that 
can easily be mistyped (Linderman et al., 2004); for 
up to four options, use radio buttons (Healey, 2007); 
order options in an intuitive sequence (Beaumont, 
2002); for date entries use a drop-down menu when it 
is crucial to avoid format errors (Christian, Dillman, 
& Smyth, 2007). Seckler et al.'s empirical study 
(Seckler et al., 2014) aims to challenge the research 
described and applies holistic approach in order to 
evaluate guidelines' effect on efficiency, 
effectiveness and user satisfaction. The results 
revealed that improved web forms resulted in faster 
completion times, fewer submission trials, and fewer 
eye movements.  

Jensen et al.'s research (Jensen et al., 2020) 
compared different country entry elements, such as 
drop-down menus, radio-buttons and text fields with 
autocomplete. What concerns task completion time, 
the radio-button interface was found to be the slowest, 
while text fields were proved to be significantly 
faster. Even though, no significant difference 
between the drop-down menu and text-field could be 
found.  

Desktop date entries were analyzed by Bargas-
Avila et al. (Javier A. Bargas-Avila et al., 2011). They 
compared six date input methods: (1) three separate 
text fields; (2) drop-down menu; (3) text field with 
the label on the left; (4) text field with the permanent 
label inside the box; (5) text field with a temporary 
label inside the box; (6) calendar view. Wrong format 
and wrong date errors were counted; completion time 
was measured, and user satisfaction questioned. The 
fastest completion time was noticed when using 
versions 3 and 5. Drop-down menu and calendar view 
showed no formatting errors, but they also had longer 
input times. Also, more incorrect dates were captured 
for the calendar view. 

 Methods for specifying dates in mobile contexts 
were investigated by Turkcan et al (Türkcan & Onay 
Durdu, 2018). The study was conducted in order to 
evaluate text box, divided text box, date picker and 
calendar view for date entry. As in the previous study, 
this research tested task completion time, number of 
errors, and satisfaction, too. In terms of completion 

times, even though the text box was found to be the 
fastest, no significant difference between the text box 
and the divided-text box was being found. Calendar 
view proved to be significantly slower. Also, 
participants made no mistakes when interacting with 
text boxes, whilst calendar view was found to be the 
most error-prone. Finally, the greatest satisfaction 
rate was shown by divided-text box followed by text 
box. 

3 DATE SELECTION IN THE 
WEB 

An analysis of the 10 most visited websites in retail 
(amazon.com, ebay.com, rakuten.com, etc.), social 
media (facebook.com, twitter.com, instagram.com, 
etc.) and information technology (google.com, 
office.com, zoom.com, etc.) sectors was performed 
(“Most Visited Websites - Top Websites Ranking for 
May 2022 | Similarweb,” n.d.). Results showed that a 
drop-down menu for date entry was the most popular 
(retail – 83%, social media – 100%, IT – 100%). 
Spanish insurance companies with the heaviest 
website traffic (mutua.es, generali.es, etc.) are using 
more diverse date entry elements, such as radio-
buttons, text-fields, calendar views (“Most Visited 
Websites - Top Websites Ranking for May 2022 | 
Similarweb,” n.d.). Some of those input methods have 
already been analyzed by previous studies (Türkcan 
& Onay Durdu, 2018), whilst radio-button analysis 
for date entry was not noticed, thus made in this 
paper. 

4 METHOD 

This study uses similar methodologies to the ones 
used by Bargas-Avila et al. (Javier A. Bargas-Avila et 
al., 2011) and Turkcan et al. (Türkcan & Onay Durdu, 
2018). 

4.1 Experimental Design 

As a first filter, different date entry methods were 
evaluated using Goals, Operators, Methods, and 
Selection Rules (GOMS) method. GOMS allows 
estimation of the time required to complete different 
tasks on the GUI (Card, Moran, & Newell, 1983), 
while the Keystroke-Level (KLM) extension 
minimizes the effort needed to accomplish the 
calculations (Setthawong & Setthawong, 2019). The 
theoretical concept is widely known and used in 
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Human-Computer Interaction (HCI) research (John, 
Kieras, & Kieras, 1996), mainly due the GOMS 
models’ ability to make exceptionally accurate 
predictions (Gray, John, & Atwood, 1993).  

The calendars that were examined: (1) 
mathematical; (2) mathematical-aligned; (3) spinner; 
(4) date picker; (5) date picker with arrows; (6) slider; 
(7) radio-buttons. The designs are illustrated in Fig. 
1-7.  

 
Figure 1: Calendar No. 1 – Mathematical. 

 
Figure 2: Calendar No. 2 – Mathematical-aligned. 

 
Figure 3: Calendar No. 3 – Spinner. 

 
Figure 4: Calendar No. 4 – Date picker. 

 
Figure 5: Calendar No. 5 – Date picker with arrows. 

 
Figure 6: Calendar No. 6 – Slider. 

 
Figure 7: Calendar No. 7 – Radio-button. 

As the study focuses on mobile applications' 
usability, adapted GOMS operators were being used 
(see Table 1). Adaptations were made by Settgawong 
et al. (Setthawong & Setthawong, 2019) so that 
element completion time could be accurately 
calculated for touchscreen interactions.  

Table 1: Updated GOMS operators for interactions with a 
touchscreen. 

Code Description Time(s)
E Prepare fingers 0.5 
T Touch screen with finger 0.2 
TT Touch screen twice with finger 0.4 
D Move finger over surface 0.5 
M Move finger to a direct part of 

screen
0.7 

F Move finger over surface rapidly 0.4 
S Pinch, squeeze, spread, or splay 

gesture
0.7 

P Touch screen with finger for a 
long time

1.1 

R Touch screen with 2 fingers and 
rotate

0.8 

L Release fingers 0.1 

Evaluated results revealed that Radio-buttons (M 
= 6.75 s) and Spinners (M = 8.48 s) are the most 
promising in terms of date entry completion times 
(see Table 2). Therefore, these two as well as the 
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drop-down menu (the most popular in the industry) 
date entries are being investigated further. 

Table 2: Average completion times estimated using GOMS. 

Calendar M (s) 
Mathematical 12.53 
Mathematical-aligned 12.53 
Spinner 8.48 
Date picker 11.03 
Date picker with arrows 13.47 
Slider 10.95 
Radio-buttons 6.75 

4.2 Procedure 

For carrying out the experiment, an application was 
developed in which the users had to input the same 3 
different dates using the calendars mentioned 
previously (drop-down menu, radio-buttons and 
spinners). The technologies used for the development 
were HTML, CSS and JavaScript. The IDEs used 
were Visual Studio Code and IntelliJ; in order to host 
the website Firebase was used, and it can be accessed 
by visiting https://researchprototype.web.app/. The 
Firestore service provided by Firebase was used for 
storing the data. 

At first, a page with a small explanation of the 
experiment was shown, then the user was asked about 
the age and gender, for classification purposes. 
Afterwards, a page with videos regarding how to use 
each calendar was presented, in order to make the 
users more familiar with them and gain some 
expertise. Before starting the experiment the user was 
asked not to navigate back through the pages, as it 
would interfere with the validity of the data. 

The experiment consisted in introducing the 
following dates: 5th of March of 2022, 16th of May of 
1998 and 20th of June of 1964. These dates were hand-
picked having in mind the objective of not repeating 
numbers, and also varying the closeness to the current 
date (one near, one far and one in between them). 

The drop-down menu was implemented with a 
combo box for each field, and the other two calendars 
were implemented following the design shown 
previously, that is, for radio buttons (7) and for 
spinner (3). Technical settings, set for the spinner, 
where: Accuracy = 0.001, MinStepInterval = 5, 
MaxStepInterval = 500, MaxSpeedAtSteps = 30, 
NoActionDistance = 0.01, OneStepDistance = 0.02. 

For storing the times, the time span between the 
selection of the first element of the calendar and the 
completion of the last one was calculated (the 
operation of pressing the button for proceeding to the 

next date was not taken into account), which would 
be the time it elapses from the beginning to the end of 
the task. 

After the user finishes with all the inputs, a 
questionnaire was shown, with the aim of measuring 
user satisfaction. It was composed by two questions 
that were also used in the study of Bargas et al. (Javier 
A. Bargas-Avila et al., 2011), and it followed a 5-
point Likert scale (scale: 1 = Strongly disagree; 5 = 
Strongly agree): (1) Filling in the date was 
comfortable; (2) I could fill in the date quickly and 
efficiently. When the user completed this 
questionnaire, the data (which comprises the user age 
and gender, times, dates and answers to the 
questionnaire) was sent to the database and there also 
existed the possibility of sharing the prototype 
through several social media pages, to provide the 
experiment with as much reach as possible. 

5 RESULTS 

In order to provide more accurate results, the data was 
processed removing entries that did not fulfil the 
necessary requirements for being considered as valid. 
The data was required to have all the questions in the 
questionnaire answered, all the dates completed (but 
not necessarily correct, as the mistakes were later 
counted for further analysis), and be done on a mobile 
device, which was verified using the User Agent from 
the browser of each participant. Entries that did not 
fulfil all these requirements were deleted.  

Data records were considered to be outliers if the 
date entry completion time differed from the mean 
value by three standard deviations (Javier A. Bargas-
Avila et al., 2011). Outliers were erased from the data 
sample. 

After data cleaning, the date entries’ completion 
times were checked for normality. Shapiro-Wilk test 
was being executed. As normality was not noticed (p 
< .05), calendars’ completion times were log-
transformed. Comparisons of the calendars were done 
by analyzing the mean values of figures for three 
dates entered by the recipients. For all statistical 
methods, .05 alpha value was used. 

5.1 Recipients 

After deleting invalid data or outliers, 277 data 
records in total were gathered from the participants 
for further analysis. 183 of them were male and were 
94 female, with ages ranging from 14 to 57 years old 
(M = 23.25, SD = 0.26). Recipients were invited to 
participate in the experiment via Social Media 
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platforms or by e-mailing current universities’ 
students. 

5.2 Errors: The Wrong Dates Entered 

In order to test for significant differences between the 
errors of the three calendar versions, a linear 
regression model was used. Results showed no 
significant differences between the data entry 
elements, as p > .05. Even though, the drop-down 
menu showed the best results, with M = 1.28 %, SD 
= 0.24 %, while the radio-buttons performance 
proved to be the worst (M = 3.16 %, SD = 2.06 %) 
(see Table 3). 

Table 3: Average and standard deviation of errors made. 

Calendar M (%) SD (%) 
Drop-down 1.28 0.25 
Radio-buttons 3.16 2.06 
Spinner 2.49 0.63 

5.3 Completion Times 

Data on date entries’ completion times did not follow 
a normal distribution (p < .05), thus it was log-
transformed. A Multiple Linear Regression (MLR) 
model was built. Equation: 

CompletionTime ~ CalendarTypeBinaryValue + 
userAge + userGender (1)

Three models were tested, comparing two different 
calendar versions each time. The results indicate 
significant differences between all calendars’ 
completion times (see Table 5). The best performance 
was shown by Drop-down menu (M = 6.31 s, SD = 
1.76 s), followed by Radio-buttons (M = 8.83 s, SD = 
2.88 s). Spinner proved to be the slowest date entry 
element (M = 13.25 s, SD = 3.81 s), noting that the 
test was being performed on Spinner with the settings 
described in the Procedure section (see Table 4). 
Compared to the completion time results estimated 
using GOMS, experimental analysis proved to have 
higher time needs for entering the dates. Although, as 
in GOMS estimation, Radio-buttons calendar proved 
to show faster performance than Spinner. 

Table 4: Statistics for calendars’ completion times. 

Calendar M (s) SD (s) 
Drop-down menu 6.31 1.76 
Radio-buttons 8.83 2.88 
Spinner 13.25 3.81 

5.4 User Satisfaction Rating 

The first statement users had to evaluate was about 
date entry elements’ comfortability. As shown in 
Table 6, significant differences were noticed between 
every calendar pair. Table 7 indicates mean and 
standard deviation values for user satisfaction. Drop-
down menu demonstrated highest comfortability 
ratings (M = 4.25, SD = 0.98), whilst Spinner did not 
prove to be a preferred option (M = 2.34, SD = 1.54). 

Accordingly, the drop-down menu’s results 
showcase that according to the participants, the 
calendar is significantly faster and more efficient than 
the other versions (M = 4.24, SD = 0.91). Spinner is 
significantly slower and the least efficient (M = 2.36, 
SD = 1.55). Radio-buttons remain having a neutral 
evaluation (M = 3.59, SD = 1.48). 

Table 5: Statistics for user satisfaction. 

 Comfortability Speed/ 
Efficiency 

Calendar type M SD M SD 
Drop-down  menu 4.25 0.98 4.24 0.91 
Radio-buttons 3.67 1.38 3.59 1.48 
Spinner 2.34 1.54 2.36 1.55 

6 DISCUSSION 

6.1 Discussion of the Findings 

First, an overview of the results of each metric can be 
made to provide a perspective of the performance of 
each calendar. 

Regarding completion time, the best option was 
the drop-down menu and the worst, by a considerable 
margin, was the spinner, which took more than 
double the time to complete compared to drop-down 
menu (the mean of drop-down menu was 6.31 
seconds, whilst spinner had one of 13.25 seconds), 
while radio-buttons was almost 2 seconds slower to 
the drop-down menu.  

User satisfaction was another important measure 
in the analysis, and the ranking in the methods 
follows the same order as with completion time, the 
drop-down menu was the preferred option, and the 
spinner the least preferred one, with radio-buttons 
being in the middle of them, closer to the drop-down 
menu than to the spinner (this order is maintained in 
both comfortability and efficiency, as evaluated by 
the users). 
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As for the errors made, it is worth noting that, 
despite not being significant differences between the 
three calendars in this regard (as shown in section 
7.B), the most error-prone method was radio-buttons, 
and the least one was the drop-down menu. 

The conclusions at which we can arrive using 
these results is that the drop-down menu is the fastest 
and most effective option. But this result may be 
conditioned by several factors, such as the other two 
calendars being more novel to the user, and also their 
implementations, which can vary more than the one 
of the drop-down menu, and the optimal 
implementation for the best user experience remains 
to be researched. Many users had operated with drop-
down menus before and were already familiar with it, 
but for others they had to gain some more expertise, 
which could be done using the explanations provided 
in the webpage (see section 4.B). One benefit that all 
of the methods share is that no formatting errors can 
be made, as it is implicit in the design of the calendar. 

6.2 Limitations 

The results suggest that spinner is an option that 
should be avoided, due to it having very poor results, 
but it has to be taken into account that there are many 
variables that affect its usage, such as its sensitivity 
or speed. The configuration used for this experiment 
has proven not to be very effective, but using a more 
user-friendly one could give results closer to the ones 
predicted by GOMS (see section 4.A), by taking 
advantage of the possibility of making a swiping 
movement in mobile devices more effectively. The 
experiment consisted in filling several dates, with no 
other field to be completed, but this is not a very 
realistic scenario, as usually there are other 
components around, so the results could change if the 
calendar was integrated in a more conventional 
environment, such as a registration form in a website. 
The role of using the same dates for each calendar has 
to be considered as well, this could have had an effect 
on the expectations of the user over the course of the 

experiment. As mentioned in the previous section, 
drop-down menu is a very popular option, and users 
were more familiar with it than with the other two 
alternatives, in order to deal with this, more dates 
could be used, so that the user can achieve the same 
level of training for each option. 

6.3 Feedback 

Several users provided some feedback after doing the 
experiment, with the goal of describing how their 
experience was and what they struggled with the 
most. Many users felt that the sensitivity in the 
spinner was too high, which suggests that for future 
research it should be lowered so that users can be 
faster and more accurate. Another user noted that the 
drop-down menu was more aesthetic compared to the 
radio-buttons, as it required much less space in the 
webpage. One common suggestion was to change the 
order of the years in the radio-buttons method, and 
start from the current year instead of the lowest one, 
as many users had to scan the page for more time and 
to scroll down in order to find the requested year. 

6.4 Future Work 

As for future related research, several things could be 
further tested in order to clarify even more which type 
of calendar is more suitable for mobile devices. Many 
of the calendars presented were not included in the 
experiment, as the GOMS estimation was used as a 
criterion for deciding which ones to include, but as 
this research has shown, the numbers are not exactly 
the ones predicted (see section 4.A), so it remains to 
be seen how they would perform in another 
experiment. Another line to be extended would be 
testing different configurations of the spinner in order 
to find the most efficient one for the users, and see 
how it would perform. 

Table 6: MLR models’ statistics for completion times. 

I compared 
calendar 

II compared 
calendar 

Intercept 
coefficient 

Calendar 
coefficient T value F statistic P value 

Drop-down menu Radio-buttons 9.08 -0.32 -12.22 50.01 > F(3, 550) < .001 

Drop-down menu Spinner 9.42 -0.74 -33.04 365.06 > F(3, 550) < .001 

Spinner Radio-buttons 9.44 -0.42 -16.41 89.94 > F(3, 550) < .001 
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Table 7: MLR models’ statistics for user satisfaction. 

 Compared calendars 
Drop down menu and 

Radio-buttons
Drop-down menu and 

spinner
Spinner and  

Radio-buttons

C
om

fo
rt

ab
ili

ty
 Intercept coefficient 3.67 2.43 3.84 

Calendar coefficient 0.57 1.9 -1.33 

T value 6.21 19.86 -12.88 

F statistic 13.55 > F(3, 550) 131.54 > F(3, 550) 55.52 > F(3, 550) 

P value < .001 < .001 < .001 

Sp
ee

d 
/ E

ffi
ci

en
cy

 Intercept coefficient 3.56 2.32 3.69 

Calendar coefficient 0.65 1.88 -1.23 

T value 7.02 19.85 -11.67 

F statistic 16.68 > F(3, 550) 131.77 > F(3, 550) 45.47 > F(3, 550) 

P value < .001 < .001 < .001 
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Abstract: The harm that social isolation and loneliness can have on physical, mental, and emotional well-being is now 
well evidenced. With social distancing and remote working now commonplace, the dangers of loneliness are 
ever more acute. Consequently, information technologies have taken on renewed importance to support 
healthy communication and reduce the negative impacts of social isolation. However, existing literature 
remains highly conflicted as to the relationship between technology use and its impact on loneliness. This is 
perhaps understandable: measures of loneliness have traditionally been examined within clinical settings, far 
removed from the everyday realities of computational interactions. Yet data logged about such interactions 
now offers potential to help identify isolation and loneliness and support those experiencing resulting health 
issues. We present a scoping review of this domain, focusing on detection of loneliness and social isolation 
through digital data. We interrogate a corpus of published articles from the HCI literature, identifying a series 
of methodological, epistemological, and ethical tensions therein, as well as emerging opportunities for future 
empirical study. We identify a need to examine such phenomena via actual behavioural data, rather than 
reliance on historical proxies such as age and gender, to help modernize our understanding of this growing 
social ill. 

1 INTRODUCTION 

"The world is the closed door. It is a barrier. And at 
the same time it is the way through. Two prisoners 
whose cells adjoin communicate with each other by 
knocking on the wall. The wall is the thing which 
separates them but it is also their means of 
communication. … Every separation is a link."  

 
The quote above by philosopher Simone Weil 

(1997) draws on Plato’s concept of metaxu, meant 
here as something that both separates and connects 
simultaneously. It was originally intended to describe 
the challenge of communion with God, but its 
metaphor of a prison wall also serves as a useful 
analogy for how contemporary researchers describe 
technology and its effect on communication between 
people more generally. Recent works summarising 
loneliness and online social interaction have shown 
how information technologies, and in particular 

 
a  https://orcid.org/0000-0003-4188-1900 
b  https://orcid.org/0000-0002-8892-6398  

interconnected digital devices, appear in the literature 
as both the cause of, and solution to, the growing 
issue of loneliness (Dunbar, 2021; Hertz, 2021). 
Much of the literature is therefore conflicted, 
illustrating that the causal relationship between the 
two categories is both complex and likely bi-
directional; such that the aetiology of loneliness is at 
least partially context dependent. Technology 
transforms social relations, and in doing so, creates 
new opportunities for alienation and communion 
alike.  

Despite the complexity involved in potential 
manifestations of loneliness, research conducted by 
social neuroscientists (Cacioppo and Patrick, 2008) 
provides scientific evidence that loneliness causes 
physiological events that wreak havoc on our health. 
Persistent loneliness leaves a mark via stress 
hormones, immune function and cardiovascular 
function (Knox and Uvnäs-Moberg, 1998) with a 
cumulative effect that brings health outcomes similar 
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to being a smoker (Holt-Lunstad et al., 2010). 
Furthermore, loneliness exacerbates the risk of 
experiencing additional subsequent problems and 
altering behaviour insofar as it increases the 
likelihood ‘of indulging in risky habits such as drug 
taking and plays a role in mental disorders such as 
anxiety and paranoia’ (Griffin, 2010). Despite this, 
many people experiencing loneliness do not interface 
with medicalized settings; and few receive clinical 
diagnosis or support. Due to the hidden nature of the 
problem, estimates of loneliness are often absent from 
national statistics despite potential to inform social 
policy. As a result, researchers have often turned to 
demographic proxies for loneliness, with much work 
throughout the 20th century seeking to theorise the 
phenomena, and the nature of those people 
predisposed to it.  In particular, the elderly (over 65s) 
and disabled, widely cited in academia as being most 
affected, underpin most analyses of loneliness 
prevalence. Yet the UK’s Office of National Statistics 
(ONS, 2018) and BBC, via the world’s largest 
empirical study of loneliness (BBC, 2019), recently 
showed that loneliness is far from constrained to these 
communities; and affects the population in far more 
ways than previously recognised 

Recently, the issue has been further exacerbated 
by Covid-19, and our increasing exposure to 
conditions conducive to loneliness (Bu et al., 2020). 
Dramatic societal change, lockdowns, and enforced 
social distancing has spawned a flurry of research to 
help identify those most at risk of loneliness and its 
myriad health consequences (Ernst et al., 2022). Yet, 
the mass transformation of work and socialization 
into increasingly online settings has also created 
opportunity for researchers: digital identification of 
those at risk. Whether in cases where digital 
technology exacerbates loneliness or in situations it 
diminishes it, human-computer interactions leave 
behind a rich corpus of digital logs. Such digital 
footprint data, if handled responsibly, can offer new 
avenues to help identify, characterize, and intervene 
in this “wicked problem”. The development of big 
data and ubiquitous digital architectures to log 
everything from library records, transport 
movements, health records, social interactions and 
even shopping habits illustrates the wide range of 
siloed information available; data that might be 
harnessed to better understand vulnerability to 
loneliness and to direct social policy accordingly. 
With such potential, of course, comes risk: 
approaches that depend on indirect, closed, or 
proprietary data sources introduce new 
methodological, ethical, and privacy challenges, 
otherwise absent in clinical settings.   

The overall aim of this work is therefore to 
establish the contexts in which digital data are being 
used when identifying people experiencing social 
isolation or loneliness, or where data are being 
inadvertently created by the interactions of those 
people experiencing loneliness (particularly those 
who are doing so in populations not typically 
recognised within clinical settings). Unlike review 
papers that have attempted to map the efficacy of 
digital technologies as loneliness interventions from 
a public health perspective (Shah et al, 2019; Ibarra et 
al, 2020), we provide a scoping review of how social 
isolation and loneliness interventions are already 
conceived, discussed, and enacted within the 
computing literatures. By examining epistemological 
and methodological bases of previous research we 
aim to expose some of the underlying intellectual 
commitments and assumptions currently being made 
in the field and contextualize ongoing debate. We first 
outline the methodology and scoping approach used 
to achieve this, before discussing emerging genres in 
the field and the key analytical differences that 
separate researchers. Finally, we discuss emerging 
issues and empirical gaps in the domain that, if 
addressed, can serve as the basis for addressing this 
phenomenon. 

2 METHDOLOGY  

While ‘loneliness’ and ‘social isolation’ are well 
accepted terms in everyday usage, definitions in 
academic contexts vary significantly by scientific 
discipline and empirical focus. Significant existing 
work has sought to characterise loneliness and social 
isolation through study of their respective aetiologies 
from a public health perspective (Holt-Lunstad, 2017; 
Elovainio et al., 2017; Stepto et al, 2013; Lubben, 
2017). Various constructs are described in the 
literature suggesting interconnectedness between the 
conditions; and in much work the terms ‘loneliness’ 
or ‘social isolation’ are used interchangeably - 
particularly in research which does not aim to 
conceptualise the respective concepts. Yet there is 
limited consensus here, with other research viewing 
the conditions as entirely distinct and to be considered 
independently (Matthews et al, 2016); and in 
psychological and clinical research it is far more 
common to differentiate the constructs. Social 
isolation is typically described as the circumstance of 
being physically alone or otherwise detached from 
contact with friends, family, or society; Loneliness, in 
contrast, is described as a negative psychological 
response to such situations, commonly portrayed as 
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‘a subjective, unwelcome feeling of lack or loss of 
companionship... [occurring] when we have a 
mismatch between the quantity and quality of social 
relationships that we have, and those that we want’ 
(Perlman and Peplau, 1981). Academic definitions 
are contested for both terms, with some authors 
speaking of multiple sub-types of loneliness (Weiss, 
1975), yet a separation is commonly recognised 
between them. As our intention is to synthesize 
literature around these concepts, we do not challenge 
such definitions - while the overlapping of language 
creates challenges for comprehensive summarisation 
of the field, it also highlights the need for consilience 
and transdisciplinarity to support further advances. 

Archetypal definitions of loneliness and social 
isolation primarily came from diagnostic scales 
developed in the latter part of the 20th century. Weiss 
(1975) saw ‘social loneliness’ as a lack of or negative 
change in social connections below a desired level, 
whereas ‘emotional loneliness’ was a lack of deep, 
meaningful (i.e. romantic or familial) connection. 
This multidimensional approach to the study of 
loneliness is not, however, reflected in the widely 
used UCLA Loneliness Scale (Russell, 1996) which 
treats loneliness as a unidimensional construct. While 
this approach has been contested (Marangoni and 
Ickes, 1989), Russell et al. (1984) have argued that, 
despite different forms existing, that the UCLA scale 
adequately summarises these different loneliness 
states. UCLALS is the most widely used 
measurement for loneliness, but several alternative 
well-cited measures exist. Almost uniformly, 
however, these predate widespread adoption of the 
Internet and digital devices - whether de Jong 
Gierveld’s Scale (De Jong-Gierveld, 1987), the 
Social and Emotional Loneliness Scale for Adults 
(DiTommaso and Spinner, 1993), Differential 
Loneliness (Schmidt and Sermat, 1983) or the 
Loneliness Rating Scale (Scalise et al, 1984).  

 One of the key, outstanding questions for digital 
identification of loneliness, is therefore the extent to 
which present-day research should revisit such 
measures, given the rapid integration of technology 
into our daily lives over the past two decades (e.g., 
mobile private messaging, social networking, and 
livestreamed video). The impact the digital world has 
had on our experience of loneliness and social 
isolation remains unclear; do traditional metrics still 
hold; and to what extent have traditional proxies 
become anachronistic? Loneliness has predominantly 
been identified in clinical settings through surveys 
and self-diagnosis, or via direct medical assessment. 
Do such environments overlook people in need of 
support but who do not seek out practitioners, either 

being unable or stigmatised from doing so? To 
consider questions of this nature, Munn et al. (2018) 
have advanced scoping reviews as useful tools to 
examine emerging evidence; especially when it is still 
unclear what other, more specific questions can be 
valuably posed and addressed by future empirical 
work. Such reviews aim to not only report on 
evidence that informs practice in the field, but to 
consider the way research has been conducted, and in 
particular ‘in contrast to traditional literature reviews 
scoping reviews are informed by an a priori protocol; 
Are systematic; Aim to be transparent and 
reproducible; and ensure data is extracted and 
presented in a structured way’ (Munn et al., 2018).    

This scoping review focuses on two databases 
containing peer-reviewed papers in computing and its 
associated sub-disciplines, the Association for 
Computing Machinery (ACM) and the IEEE Xplore 
(IEEE) digital libraries respectively. Both libraries 
were searched, isolating abstracts containing the 
terms ‘loneliness’ or ‘social isolation’. This produced 
a total of 401 results, and the resulting corpus was 
screened for non-English, inaccessible, or non-peer 
reviewed articles or conference papers. Each article 
was then reviewed to ensure that social isolation or 
loneliness was not peripheral but a relevant empirical 
or conceptual focus of the work. Papers either: (1) 
identified social isolation or loneliness as part of their 
sampling procedure; (2) used social isolation or 
loneliness as a dependent or independent variable 
within analysis; or (3) social isolation or loneliness 
was specifically being explored or researched through 
an inductive or conceptual approach. This process is 
summarised via the PRISMA diagram in Figure 1. 
The final output corpus yielded 52 articles, which 
were taken forward to fine-grained analysis. Each 
article was decomposed, and re-summarised into a 
short commentary before then being analysed in 
relation to a series of methodological questions. 
Answers to these questions were tabulated, serving as 
the basis thematic identification discussions between 
the research team, who collaboratively identified 
genres and epistemological commitments made by 
the works.  

The methodological research questions 
considered are: (1) Is the work empirical (data 
gathering) or conceptual? (2) Data provenance - if 
data are gathered what is collected and how? (3) 
Sampling - who is the focus of the research / who is 
thought to be lonely? (4) Does the study aim to 
identify people experiencing issues, intervene to help 
people, or to conceptualize what loneliness is? (5) Is 
loneliness or social isolation measured and if so, how; 
is it a pre-existing measure or newly developed? (6) 
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Is an expert identified within labelling (or not); who 
gets to identify those being labelled lonely?; (7) What 
methods were used to analyse loneliness data 
generated? (8) what metadata is likely to exist as part 
of the measures chosen e.g., social network data, 
spatial data, or time series data; and (9) What 
constitutes success and who are the beneficiaries? 
The answers to these questions were then used to (a) 
identify genres of work with clustered formulations 
of loneliness problems/challenges addressed via 
digital technology; (b) to examine contrasting 
methodology and epistemology of studies in the field, 
and (c) to indicate promising avenues for future 
research. 

3 ANALYSIS 

52 papers were included in the final corpus. Figure 1 
shows the earliest three papers from the corpus 
(Zhang, 2009; Zhou et al., 2009; Waterworth and 
Ballesteros, 2009) appeared in 2009, with a gradual 
annual increase until 2020, which saw 12 relevant 
papers published (search conducted 04/2021). 37 
articles used established loneliness measures, of 
which 16 used the UCLA loneliness scale. The vast 
majority of papers that measured loneliness or social 
isolation directly used survey questions using Likert 
Scales or specific protocols (e.g., UCLA or De Jong 
Gierveld scales). Those papers that did not use 
established measures did so primarily due to an 
inductive or exploratory qualitative focus, or because 
of emphasis on intervention development (e.g. use of 
robots) rather than intervention assessment.  

A striking feature of the corpus is that two specific 
demographics dominate the empirical work (the 
elderly – 19 papers; and student populations – 9 
papers). Such is their emphasis within the corpus that 
in the following section we examine each of these 
categories in turn as distinct genres. It is, however, 
worth noting that this bimodal split is based upon a 
priori demographic sampling decisions rather than 
selections made due to indicators of loneliness or 
social isolation. Most students graduate in their early 
twenties, whereas retirees (particularly those in 
nursing homes, a common setting of loneliness 
research) normally exceed 65 years. This >40-year 
gap reflects a large section of the populace absent 
from research.  Within the corpus 15 articles 
explicitly sought to develop methods to identify 
lonely or socially isolated people. 12 papers focused 
explicitly on loneliness or social isolation 
interventions. The remainder contained a mixture of 
inductive, exploratory, and hypothetico-deductive 

approaches in which loneliness or social isolation 
featured.  

In the following section, we describe genres 
resulting from the analysis.  Genres are structured 
from clusters of research that frame problems of 
loneliness, isolation, and digital technology in similar 
ways. Given the recent emergence of much of the 
work and the inevitable overlapping of some themes 
within papers the genres should not be thought of as 
internally consistent movements to which the authors 
are aligned, rather the aim here is to illustrate 
similarity of agendas and offer a lens through which 
some of the key debates can be seen. There are five 
identifiable genres within the corpus that describe all 
but one paper (related to testing a loneliness scale in 
Italy (Senese et al., 2020), albeit unrelated to digital 
footprints); these are now discussed in turn.  

 
Genre 1: The Elderly 
18 papers contained an explicit focus on loneliness or 
social isolation in the elderly, making it the largest 
genre in the corpus (Broadbent et al. 2018; Eldib et 
al.,2015; Yang and Bath, 2018; Pedell et al., 2010; 
Baecker et al., 2014; Light et al., 2017; Zadeh et al., 
2020; Martinez et al., 2017; Austin et al., 2016; Ring 
et al., 2013; Ha and Hoang, 2017; Bacciu et al., 2016; 
Noguchi et al., 2018; Chang and Kalawsky, 2017; 
Yoshida et al., 2018; Mulvenna et al., 2017; Petersen 
et al., 2013; Waterworth et al., 2009). In these, older 
people are identified as an at-risk group due to the 
intersection of multiple life events - for example: 
leaving the workforce through retirement; losing 
family through bereavement; having children leave 
home; or being forced into care homes for health 
reasons. In each case, elderly people see 
transformations of their social networks, losing 
opportunities for meaningful social interaction. Such 
features of ageing are well known; and because elderly 
populations often tend to have limited geospatial 
mobility and higher chances of interfacing with 
medicalised settings, visibility of loneliness and 
isolation is increased, allowing for more easily targeted 
interventions. It is therefore understandable that this 
genre also features the highest relative share of 
interventions detailed within the corpus. In clinical 
practice, algorithmic risk-based estimates of loneliness 
in the elderly are likely to perform well, particularly 
where personal data is available and where trust in the 
robustness and explainability of the method can be 
secured. Indeed, recent work showcases machine-
learning approaches already yielding reliable 
performance (Yang and Bath, 2018). However, current 
risk-based methods typically depend on presentation 
or referral within a clinical setting. 
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Figure 1: (Left) Review Screening Process; (Right) Yearly breakdown of publications within final corpus. 

Sampling issues of this nature raise concerns about 
potentially under-served sub-populations (e.g., those 
living alone), not evident in clinical settings; and who 
may be more effectively identified via non-traditional 
means (e.g., via digital footprint data).  
 
Genre 2: The Student Experience 
Academics have historically been criticised for an 
overreliance on sampling students as part of 
psychological and clinical research, but in this 
instance, the need for research on the experience of 
loneliness within student populations is of clear 
relevance. Students often move cities to attend 
university, with a sizeable minority moving 
internationally to an unfamiliar place to live and work 
amongst unfamiliar people. A range of papers use 
students as an explicit empirical focus or do so 
implicitly by only sampling from student populations 
(Fuentes et al., 2016; Joyner et al., 2020; Zhou et al., 
2020; Zhang, 2010; Kindness et al., 2013; Lu and 
Yao, 2010; Zhou et al., 2009; Xu et al., 2015; Ferrer 
et al., 2020). Migration is a key cause of loneliness 
for this cohort. Students can be made lonely and 
isolated via their own movement, which fragments 
prior social networks (in hope of the formation of new 
ones), while limiting familial support structures. The 
methodological tendency within this genre tends 
towards consideration of online data sources useful 
for identification of mental health problems, whereas 
for the elderly genre research methods tend to focus 
on interventions, and data generated by physical 
technology in situ. Most papers in the corpus leverage 
established survey measures to identify loneliness; 

but only three papers seek to identify loneliness as a 
dependent variable with the remainder focusing more 
on interpersonal relationships and wellbeing. One 
article (Zhou et al., 2020) notes, for instance that 
‘Previous studies on loneliness have mainly focused 
on using questionnaire-based loneliness scales, e.g., 
UCLA scale, for the measurement of loneliness. 
Nevertheless, the lonely may prevent reporting their 
real conditions since they are afraid of information 
disclosure, discrimination, unfair treatment, thus it 
makes the information accumulated by these 
questionnaires unreliable.’ The challenge of reliable 
sampling frames again raises the possibility to 
supplement traditional approaches using alternative 
health surveillance methods (particularly those that 
examine social network or communication data - e.g., 
classroom collaboration network data). Incorporating 
behavioural observation data with surveys is likely to 
help scale prevalence estimates of loneliness across 
broader populations (behavioural vs demographic 
proxies) although risk-based probabilistic approaches 
are better suited to population prevalence estimation 
than deterministic assessments used in clinical 
practice. There is likely a useful bifurcation in data 
and methods used for population and individual level 
assessment worthy of further inquiry, particularly due 
to the sensitive nature of social network data. 

 
Genre 3: Online Services, the Web, and Apps as 
Windows into the Experience of Loneliness 
A growing number of papers (Brueckner, 2020; De 
Choudhury et al., 2014; Joseph et al., 2014; Weinert 
et al., 2014; Jeong et al., 2015; Taylor et al., 2017; 
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Burke et al., 2010; Ananto and Young, 2021; Jeong et 
al., 2016; Galunder et al., 2018; Pulekar and Agu, 
2016; Rabani et al., 2020; Kaur et al., 2020; Wu et al., 
2016; Lu and Yao, 2010) draw on diverse data 
sources being used from popular Web and Smart 
Device applications such as (messaging, phone calls, 
web browser logs, gaming, teleworking applications, 
Facebook, Instagram, Twitter, Grindr, and Amazon 
Kindle) to explore loneliness within the respective 
user populations. 7 articles in the corpus used 
established survey measures, of which 5 applied the 
UCLA survey. This genre is characterised by big data 
and behavioural analytics approaches, with 
commercial Web services often being repurposed for 
prosocial reasons.  For example Gao et al. (2019) 
correlate usage of a dating website with loneliness 
measures, regressing features engineered from 
profiles, postings, and check-ins with ‘surveys [of] 
psychological states by four professional 
questionnaires measuring different kinds of mental 
disorders: depression, loneliness, anxiety, and stress’. 
Mixed method approaches of this nature, that 
combine structured data (e.g. clinical surveys) with 
wide-ranging and often unstructured social network 
data, hold promise for prevalence risk estimates 
within their user population; though are likely to 
introduce potentially hidden forms of survivorship 
bias that require triangulation within a broader 
population before they could be validated. The 
linking of social network usage (both time spent, 
words/sentiments used, and people contacted) is a 
common area of study amongst this genre. An 
illustrative example can be seen in a study (Kaur et 
al., 2020) of over 140 million tweets to analyse 
personality insight, emotion, and sentiment analysis 
in relation to social isolation during the pandemic. 
The premise is a straightforward one: how we 
describe ourselves and who we interact with is liable 
to change throughout our lives, with such transitions 
being mirrored in our digital footprints online. If this 
is true, then as the authors note, aggregated results 
might be used to support ‘a public health indicator to 
anticipate the possibility of social isolation and design 
health policies accordingly.’ However, despite 
showing initial promise, further work is needed to 
evaluate the efficacy of such claims, particularly 
where approaches can be replicated alongside robust 
clinical measures. 

 
Genre 4: Physical Technology, Robots, and 
Anthropomorphic Interactions 
A series of papers (Lazányi, 2016; Eyssel and Reich, 
2013; Lou et al., 2019; Li et al., 2020a; Li et al., 
2020b) focus on the creation or delivery of physical 

resources, often robotic interventions, to help 
alleviate social isolation and/or loneliness. The focus 
of these papers is primarily development of new 
technology rather than identification of loneliness. 
The genre emphasises intervention (or what has been 
called ‘prosocial interaction design’ – Harvey et al., 
2014), and specifically focuses on transforming the 
physical environment around people likely to 
experience loneliness. However, unlike interaction 
design strategies that aim to pair people with other 
people to foster communion and thus remove 
loneliness, a far greater emphasis is placed on non-
human subjects and mastery of anthropomorphism. 
The papers tend to focus on dyadic solutions to 
loneliness i.e., creating a surrogate partner (either 
high fidelity humanoids or non-humans such as pets 
with human-like features – Lou et al., 2019) with 
whom a person can form meaningful attachment. 
Though Eyssel and Reich (2013) found that people 
experiencing loneliness may be more likely to 
anthropomorphise robots, Li et al. (2020a; 2020b) 
find that the relationship is not so clear and that a 
more nuanced understanding of what loneliness is can 
better serve to predict efficacy of interventions, 
specifically through reference to ‘trait’ versus ‘state’ 
loneliness. Whilst this concept - effectively 
representing chronic and temporary loneliness - is not 
unique in clinical literature, it is within the papers 
identified within this corpus and suggests distinct data 
sources could be considered for more general 
measures. This genre points to the idea that 
multidimensional measures of loneliness in the digital 
world may help to develop subsequent interventions, 
it is therefore worthy of further research, particularly 
where new measures account for online experience 
and can be paired with longitudinal clinical outcomes.  

 
Genre 5: Edge Communities 
The smallest identifiable genre, covering 4 papers, 
considers differing edge communities - people living 
in more extreme physical or mental conditions, 
including refugees (Almohamed and Vyas, 2016), 
mental health patients (Bearse et al., 2020), cancer 
patients (Jacobs et al., 2015), ‘seafarers’, remote 
communities in Greenland, and welfare claimants in 
Northeast England (Jensen et al., 2020). Though these 
groups represent relatively small sub-sets of the 
broader population, they each nonetheless exhibit 
distinct behavioural characteristics which might 
prove useful in 1. generalized identification; and 2. 
understanding variance across sub-populations. All 
are characterised by transience i.e., people not 
expected to remain a in lonely state in the long term. 
They are, as Jensen et al. (2020) note, going through 
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‘digital liminal’ states and thus the data generated by 
these people is likely to experience sharp phase 
transitions. Given these demographics remain more 
likely to experience loneliness at some point than the 
general population they serve as excellent case 
studies for designing health surveillance to 
understand broader prevalence statistics. Further 
research is required to identify how digital footprints 
align across liminal populations and whether 
metadata can be ethically obtained, especially given 
the precarious lives these groups experience.  

3.1 Epistemological and 
Methodological Tensions 

Tension 1 - Sampling and Exclusion:  As noted 
earlier, research into loneliness and social isolation 
has to date heavily emphasised student and elderly 
populations. Some exceptions exist, but children and 
those in the range 21-60 have seldom been considered 
as research subjects for digital footprints and 
loneliness – a clear gap in the domain, made all-the-
more pressing due to changes in daily working 
environments since COVID-19. Such an omission is 
partly for good reason: students and the elderly are 
stable populations, relatively accessible, and with 
well reported challenges. Nonetheless, the corpus 
excludes a huge portion of the average human life 
course. Loneliness and social isolation do not, of 
course, act across such neat demographics in practice. 
A solution may be to develop encompassing 
prevalence estimates derived from digital footprint 
data. 
 
Tension 2- Validity of Loneliness Measures: The 
use of traditional scales, for example the UCLA or De 
Jong Grieveld scales, may be anachronistic with the 
forms of loneliness and social isolation occurring in 
the modern world. Digital technology is enabling new 
forms of rich and multi-faceted communication that 
do not depend on being in the same place at the same 
time. While the number of “contacts” we maintain has 
increased due to technological innovations, has this 
impacted on the shared social experience that 
prevents loneliness? And is this divergence between 
isolation and loneliness represented in the metrics 
currently used? As most influential scales were 
created prior to widespread Internet and smartphone 
adoption they have little to say about the aspects of 
social life now integral to work, play, and 
socialisation. The notion of mixed modalities of 
loneliness is something many authors note, but it is 
rarely studied due to the absence of standardised 
measures.  

Tension 3 – Clinical versus Non-clinical 
Populations and Non-overlapping Data Sets: This 
tension is best illustrated by the contrast between 
genre 1 (the elderly) and genre 3 (online services and 
their associated big data). In the former, researchers 
have excellent access to a population known to be 
more likely lonely and who also likely frequent 
clinical settings. This demographic is therefore easier 
to identify through formal methods, but they are 
likely to have sparser digital footprints when 
compared with the broader populace that could be 
used for prevalence estimates. In contrast, online 
services such as social media have rich behavioural 
data illustrative of the interactions of lonely people 
and often these data cut across multiple demographics 
but pairing clinical measures is harder from a 
methodological and ethical perspective. Here, again 
care must still be taken to avoid exclusionary bias. 
Machine learning models retain biases inherent to the 
datasets they are trained with - and the availability of 
digital footprint data (or lack thereof) in 
representative communities such as the elderly must 
be considered. As such hybrid approaches seem a 
sensible solution – there is no one size fits all. 

4 CONCLUSIONS 

Via this scoping review, several tensions, research 
gaps and opportunities have been evidenced. 
Unexpectedly, it is gaps in the current literature, that 
potentially offer the most insight, indicating the 
impact digital footprints might have in improving 
loneliness prevalence estimation and modernizing its 
characterization. If leveraged responsibly, 
behavioural datasets promise to advance 
understanding for public health and policy and help 
augment a domain that has historically been forced to 
rely on coarse proxy data such as age and general or 
limited clinical records. Social network, mobility, and 
behavioral data all hold potential to support more-
encompassing prevalence statistics of loneliness. Yet 
our scoping analysis highlights several challenges 
and tensions therein, issues that require continued 
scholarly attention. The following opportunities, if 
invested in, may help attend to these challenges, 
consolidate knowledge and advance maturity in the 
field: 
 
Opportunity 1 – Sampling - The Need for 
Longitudinal Study through the Life Course: To 
make use of digital footprints researchers need to 
ensure validity and efficacy, through ‘ground truths’ 
- labelling of loneliness in individuals, that can be 
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paired to rich, observed behavioural data to determine 
both indicators and antecedents. This is especially 
relevant for middle-aged populations, who occur far 
less in clinical contact records. Furthermore, inter- 
and intra- person reliability measurements for 
loneliness surveys are rarely conducted yet would be 
highly valuable when pairing longitudinal digital 
footprints for the purpose of identification and risk-
based prevalence estimates.  
 
Opportunity 2 – Validity - Studying Digital 
Loneliness as its Own Experience: distinct from the 
loneliness measured and identified via surveys such 
as the UCLA, the field should encourage research of 
extended multi-dimensional measures and 
identification tools to recognise new experiences 
across mixed modalities. Our contact lists are ever 
extending – however it is a lack of socially-shared 
interactions which may be at the root of modern 
experiences of loneliness.  
 
Opportunity 3 – Make Data Useful, Open and 
Transparent: As evidenced in Genre 3, much of the 
data being studied by researchers is proprietary, 
closed, and often commercial in nature. 
Notwithstanding privacy concerns the need for open 
data is a pre-requisite if the field is to develop. In 
addition, only 3 papers include any spatial data, this 
is surprisingly low because mobility/movement 
tracking is often cited as a solution for loneliness 
monitoring (particularly in the elderly). Broader 
engagement of relevant communities, co-creation of 
research studies, and focus on initiatives that engage 
sufferers through open and transparent data sharing, 
are required not only if we are to model loneliness 
effectively – but if we are to generate practical 
interventions from model explanations, with real-
world impact. Kurt Vonnegut once reportedly said 
‘What should young people do with their lives today? 
Many things, obviously. But the most daring thing is 
to create stable communities in which the terrible 
disease of loneliness can be cured.’ To this we might 
add, identifying and supporting those in need is a first 
key step. 

ACKNOWLEDGEMENTS 

This article is dedicated to the memory of the primary 
author who sadly died near completion of the 
manuscript. Dr Reedman-Flint was supported by the 
Horizon Centre for Doctoral Training at the 
University of Nottingham (UKRI Grant No. 
EP/L015463/1) 

REFERENCES 

Almohamed, A., & Vyas, D. (2016). Designing for the 
Marginalized: A step towards understanding the lives 
of refugees and asylum seekers. In Proceedings of the 
2016 acm conference companion publication on 
designing interactive systems (pp. 165-168). 

Ananto, R. A., & Young, J. E. (2021). We can do better! an 
initial survey highlighting an opportunity for more HRI 
Work on loneliness. In Companion of the 2021 
ACM/IEEE International Conference on Human-Robot 
Interaction (pp. 457-462). 

Austin, J., Dodge, H. H., Riley, T., Jacobs, P. G., Thielke, 
S., & Kaye, J. (2016) A smart-home system to 
unobtrusively and continuously assess loneliness in 
older adults. IEEE journal of translational engineering 
in health and medicine, 4, 1-11. 

Baecker, R., Sellen, K., Crosskey, S., Boscart, V., & 
Barbosa Neves, B. (2014). Technology to reduce social 
isolation and loneliness. In Proceedings of the 16th 
international ACM SIGACCESS conference on 
Computers & accessibility (pp. 27-34). 

Bacciu, D., Chessa, S., Ferro, E., Fortunati, L., Gallicchio, 
C., La Rosa, D., ... & Vozzi, F. (2016). Detecting 
socialization events in ageing people: The experience 
of the doremi project. In 2016 12th International 
Conference on Intelligent Environments (IE) (pp. 132-
135). IEEE 

BBC (2019) BBC Radio 4 - The Anatomy Of Loneliness - 
Who Feels Lonely? [Online] Available at: 
https://bbc.in/3NOjIey  [Accessed 15 May 2021]. 

Bearse, P., Manejwala, O., Mohammad, A. F., & Haque, I. 
R. I. (2020). An Initial Feasibility Study to Identify 
Loneliness Among Mental Health Patients from 
Clinical Notes. In 2020 3rd International Conference on 
Information and Computer Technologies (ICICT) (pp. 
68-77). IEEE. 

Broadbent, E., Ahn, H. S., Kerse, N., Peri, K., Sutherland, 
C., Law, M., ... & Pandey, A. K. (2018). Can robots 
improve the quality of life in people with dementia?. In 
Proceedings of the Technology, Mind, and Society (pp. 
1-3). 

Brueckner, S. (2020). Captured by an Algorithm. In ACM 
SIGGRAPH 2020 Art Gallery (pp. 458-459). 

Bu, F., Steptoe, A., & Fancourt, D. (2020). Who is lonely 
in lockdown? Cross-cohort analyses of predictors of 
loneliness before and during the COVID-19 pandemic. 
Public Health, 186, 31-34. 

Burke, M., Marlow, C., & Lento, T. (2010). Social network 
activity and social well-being. In Proceedings of the 
SIGCHI conference on human factors in computing 
systems (pp. 1909-1912). 

Cacioppo, J. T., & Patrick, W. (2008). Loneliness: Human 
nature and the need for social connection. WW Norton 
& Company. 

Chang, A. S., & Kalawsky, R. S. (2017). Future 
configurable transport for the ageing population. In 
2017 7th International Conference on Power 
Electronics Systems and Applications-Smart Mobility, 
Power Transfer & Security (PESA) (pp. 1-5). IEEE. 

CHIRA 2022 - 6th International Conference on Computer-Human Interaction Research and Applications

232



De Choudhury, M., Counts, S., Horvitz, E. J., & Hoff, A. 
(2014). Characterizing and predicting postpartum 
depression from shared facebook data. In Proceedings 
of the 17th ACM conference on Computer supported 
cooperative work & social computing (pp. 626-638). 

de Jong-Gierveld, J. (1987). Developing and testing a 
model of loneliness. Journal of personality and social 
psychology, 53(1), 119. 

DiTommaso, E., & Spinner, B. (1993). The development 
and initial validation of the Social and Emotional 
Loneliness Scale for Adults (SELSA). Personality and 
individual differences, 14(1), 127-134. 

Dunbar, R., 2021. Friends: Understanding the power of our 
most important relationships. Hachette UK. 

Eldib, M., Deboeverie, F., Haerenborgh, D. V., Philips, W., 
& Aghajan, H. (2015). Detection of visitors in elderly 
care using a low-resolution visual sensor network. In 
Proceedings of the 9th International Conference on 
Distributed Smart Cameras (pp. 56-61). 

Elovainio, M., Hakulinen, C., Pulkki-Råback, L., Virtanen, 
M., Josefsson, K., Jokela, M., ... & Kivimäki, M. 
(2017). Contribution of risk factors to excess mortality 
in isolated and lonely individuals: an analysis of data 
from the UK Biobank cohort study. The Lancet Public 
Health, 2(6), e260-e266. 

Ernst, M., Niederer, D., Werner, A. M., Czaja, S. J., Mikton, 
C., Ong, A. D., ... & Beutel, M. E. (2022). Loneliness 
before and during the COVID-19 pandemic: A 
systematic review with meta-analysis. American 
Psychologist. 

Eyssel, F., & Reich, N. (2013). Loneliness makes the heart 
grow fonder (of robots)—On the effects of loneliness 
on psychological anthropomorphism. In 2013 8th 
acm/ieee international conference on human-robot 
interaction (hri) (pp. 121-122). IEEE. 

Ferrer, M., Mancha, V., Chumpitaz, M., Begazo, J., & 
Chauca, M. (2020). Characterization of the impact of 
SARS-CoV-2 pandemic social isolation on the 
psychosocial well-being of public university students, 
based on the GHQ-28 Scale. In Proceedings of the 4th 
International Conference on Medical and Health 
Informatics (pp. 295-301). 

Fuentes, C., Rodríguez, I., & Herskovic, V. (2016). Making 
Communication Frequency Tangible: How Green Is 
My Tree?. In Proceedings of the TEI'16: Tenth 
International Conference on Tangible, Embedded, and 
Embodied Interaction (pp. 434-440). 

Galunder, S. S., Gottlieb, J. F., Ladwig, J., Hamell, J., 
Keller, P. K., & Wu, P. (2018). A VR ecosystem for 
telemedicine and non-intrusive cognitive and affective 
assessment. In 2018 IEEE 6th International Conference 
on Serious Games and Applications for Health 
(SeGAH) (pp. 1-6). IEEE. 

Gao, X., Zhang, C., Ma, L., Wang, Y., Wang, J., & Zhang, 
D. (2019). Correlating msm's mental health with usage 
behaviors on msm-specific social applications. In 2019 
IEEE SmartWorld, Ubiquitous Intelligence & 
Computing, Advanced & Trusted Computing, Scalable 
Computing & Communications, Cloud & Big Data 

Computing, Internet of People and Smart City 
Innovation IEEE. 

Griffin, J. (2010). The lonely society?. Mental Health 
Foundation.  

Ha, T. V., & Hoang, D. B. (2017). An assistive healthcare 
platform for both social and service networking for 
engaging elderly people. In 2017 23rd Asia-Pacific 
Conference on Communications (APCC) (pp. 1-6). 
IEEE. 

Harvey, J., Golightly, D., & Smith, A. (2014). HCI as a 
means to prosociality in the economy. In Proceedings 
of the SIGCHI Conference on Human Factors in 
Computing Systems (pp. 2955-2964). 

Hertz, N. (2021). The lonely century: how to restore human 
connection in a world that's pulling apart. Currency. 

Holt-Lunstad, J. (2017). The potential public health 
relevance of social isolation and loneliness: Prevalence, 
epidemiology, and risk factors. Public Policy & Aging 
Report, 27(4), 127-130. 

Holt-Lunstad, J., Smith, T. B., & Layton, J. B. (2010). 
Social relationships and mortality risk: a meta-analytic 
review. PLoS medicine, 7(7), e1000316. 

Ibarra, F., Baez, M., Cernuzzi, L., & Casati, F. (2020). A 
systematic review on technology-supported 
interventions to improve old-age social wellbeing: 
loneliness, social isolation, and connectedness. Journal 
of healthcare engineering, 2020. 

Jacobs, M. L., Clawson, J., & Mynatt, E. D. (2015). 
Comparing health information sharing preferences of 
cancer patients, doctors, and navigators. In Proceedings 
of the 18th ACM Conference on Computer Supported 
Cooperative Work & Social Computing (pp. 808-818). 

Jensen, R. B., Coles-Kemp, L., Wendt, N., & Lewis, M. 
(2020). Digital liminalities: Understanding isolated 
communities on the edge. In Proceedings of the 2020 
CHI Conference on Human Factors in Computing 
Systems (pp. 1-14). 

Jeong, E. J., Kim, D. J., & Lee, D. M. (2015). Game 
addiction from psychosocial health perspective. In 
Proceedings of the 17th International Conference on 
Electronic Commerce 2015 (pp. 1-9). 

Jeong, E. J., Kim, D. J., Lee, D. M., & Lee, H. R. (2016). A 
study of digital game addiction from aggression, 
loneliness and depression perspectives. In 2016 49Th 
Hawaii International Conference On System Sciences 
(HICSS) (pp. 3769-3780). IEEE. 

Joseph, K., Carley, K. M., & Hong, J. I. (2014). Check-ins 
in “Blau Space” Applying Blau’s Macrosociological 
Theory to Foursquare Check-ins from New York City. 
ACM Transactions on Intelligent Systems and 
Technology (TIST), 5(3), 1-22. 

Joyner, D. A., Wang, Q., Thakare, S., Jing, S., Goel, A., & 
MacIntyre, B. (2020). The synchronicity paradox in 
online education. In Proceedings of the Seventh ACM 
Conference on Learning@ Scale (pp. 15-24). 

Kaur, S., Kaul, P., & Zadeh, P. M. (2020). Study the impact 
of covid-19 on twitter users with respect to social 
isolation. In 2020 Seventh International Conference on 
Social Networks Analysis, Management and Security 
(SNAMS) (pp. 1-6). IEEE. 

I Wandered Lonely in the Cloud: A Review of Loneliness, Social Isolation and Digital Footprint Data

233



Kindness, P., Mellish, C., & Masthoff, J. (2013). How 
virtual teammate support types affect stress. In 2013 
Humaine Association Conference on Affective 
Computing and Intelligent Interaction (pp. 300-305). 
IEEE. 

Knox, S. S., & Uvnäs-Moberg, K. (1998). Social isolation 
and cardiovascular disease: an atherosclerotic 
pathway?. Psychoneuroendocrinology, 23(8), 877-890.  

Lazányi, K. (2016). Investing in social support—Robots as 
perfect partners?. In 2016 IEEE 14th International 
Symposium on Intelligent Systems and Informatics 
(SISY) (pp. 25-30). IEEE. 

Li, S., Ni, S., & Peng, K. (2020a). The Role of Good Human 
Uniqueness in Social Robot Anthropomorphism 
Influenced by Chronic Loneliness. In 2020 IEEE 
International Conference on Human-Machine Systems 
(ICHMS) (pp. 1-6). IEEE. 

Li, S., Xu, L., Yu, F., & Peng, K. (2020b). Does trait 
loneliness predict rejection of social robots? In 
Proceedings of the 2020 ACM/IEEE International 
Conference on Human-Robot Interaction (pp. 271-
280). 

Light, A., Howland, K., Hamilton, T., & Harley, D. A. 
(2017). The meaing of place in supporting sociality. In 
Proceedings of the 2017 Conference on Designing 
Interactive Systems (pp. 1141-1152). 

Lu, X., & Yao, J. (2010). The Influence of Internet 
Interpersonal Communication to Relationship and 
Loneliness of College Students. In 2010 International 
Conference on Web Information Systems and Mining 
(Vol. 2, pp. 386-390). IEEE. 

Lou, C., Zhao, J., Li, X., Wei, H., Zhang, Y., & Zhao, H. 
(2019). Pet Robot Emotional Interaction for Urban 
Autism. In Proceedings of the 2019 2nd International 
Conference on Intelligent Science and Technology (pp. 
1-6). 

Lubben, J. (2017). Addressing social isolation as a potent 
killer!. Public Policy & Aging Report, 27(4), 136-138. 

Marangoni, C., & Ickes, W. (1989). Loneliness: A 
theoretical review with implications for measurement. 
Journal of Social and Personal Relationships, 6(1), 93-
128. 

Martinez, A., Ortiz, V., Estrada, H., & Gonzalez, M. (2017) 
A predictive model for automatic detection of social 
isolation in older adults. In 2017 International 
Conference on Intelligent Environments (IE) (pp. 68-
75). IEEE. 

Matthews, T., Danese, A., Wertz, J., Odgers, C. L., Ambler, 
A., Moffitt, T. E., & Arseneault, L. (2016). Social 
isolation, loneliness and depression in young 
adulthood: a behavioural genetic analysis. Social 
psychiatry and psychiatric epidemiology, 51(3), 339-
348. 

Mulvenna, M., Zheng, H., Bond, R., McAllister, P., Wang, 
H., & Riestra, R. (2017). Participatory design-based 
requirements elicitation involving people living with 
dementia towards a home-based platform to monitor 
emotional wellbeing. In 2017 IEEE International 
Conference on Bioinformatics and Biomedicine 
(BIBM) (pp. 2026-2030). IEEE. 

Munn, Z., Peters, M. D., Stern, C., Tufanaru, C., McArthur, 
A., & Aromataris, E. (2018). Systematic review or 
scoping review? Guidance for authors when choosing 
between a systematic or scoping review approach. 
BMC medical research methodology, 18(1), 1-7. 

Noguchi, Y., Kamide, H., & Tanaka, F. (2018). Effects on 
the self-disclosure of elderly people by using a robot 
which intermediates remote communication. In 2018 
27th IEEE International Symposium on Robot and 
Human Interactive Communication (RO-MAN) (pp. 
612-617). IEEE. 

ONS (2018) Loneliness [Online] available at: 
https://bit.ly/3zd10ZL [Accessed 15 May 2021] 

Pedell, S., Vetere, F., Kulik, L., Ozanne, E., & Gruner, A. 
(2010). Social isolation of older people: the role of 
domestic technologies. In Proceedings of the 22nd 
Conference of the Computer-Human Interaction 
Special Interest Group of Australia on Computer-
Human Interaction (pp. 164-167). 

 Perlman, D., & Peplau, L. A. (1981). Toward a social 
psychology of loneliness. Personal relationships, 3, 31-
56. 

Petersen, J., Austin, D., Kaye, J. A., Pavel, M., & Hayes, T. 
L. (2013). Unobtrusive in-home detection of time spent 
out-of-home with applications to loneliness and 
physical activity. IEEE journal of biomedical and 
health informatics, 18(5), 1590-1596. 

Pulekar, G., & Agu, E. (2016). Autonomously sensing 
loneliness and its interactions with personality traits 
using smartphones. In 2016 IEEE healthcare innovation 
point-of-care technologies conference (HI-POCT) (pp. 
134-137). IEEE. 

Rabani, S. T., Khan, Q. R., & Khanday, A. M. U. D. (2020). 
Multi-Class Suicide Risk Prediction on Twitter Using 
Machine Learning Techniques. In 2020 2nd 
International Conference on Advances in Computing, 
Communication Control and Networking (ICACCCN) 
(pp. 128-134). IEEE. 

Ring, L., Barry, B., Totzke, K., & Bickmore, T. (2013) 
Addressing loneliness and isolation in older adults: 
Proactive affective agents provide better support. In 
2013 Humaine Association conference on affective 
computing and intelligent interaction (pp. 61-66). 
IEEE. 

Russell, D. W. (1996). UCLA Loneliness Scale (Version 3): 
Reliability, validity, and factor structure. Journal of 
personality assessment, 66(1), 20-40. 

Russell, D., Cutrona, C. E., Rose, J., & Yurko, K. (1984). 
Social and emotional loneliness: an examination of 
Weiss's typology of loneliness. Journal of personality 
and social psychology, 46(6), 1313. 

Scalise, J. J., Ginter, E. J., & Gerstein, L. H. (1984). 
Multidimensional loneliness measure: the loneliness 
rating scale (LRS). Journal of Personality Assessment, 
48(5), 525-530. 

Schmidt, N., & Sermat, V. (1983). Measuring loneliness in 
different relationships. Journal of personality and social 
psychology, 44(5), 1038. 

Senese, V. P., Nasti, C., Mottola, F., Sergi, I., & Gnisci, A. 
(2020, September). Validation and measurement 

CHIRA 2022 - 6th International Conference on Computer-Human Interaction Research and Applications

234



invariance across gender and age of the Italian 
Interpersonal Acceptance-Rejection Loneliness Scale. 
In 2020 11th IEEE International Conference on 
Cognitive Infocommunications (CogInfoCom) (pp. 
000289-000294). IEEE 

Shah, S. G. S., Nogueras, D., Van Woerden, H., & 
Kiparoglou, V. (2019). Effectiveness of digital 
technology interventions to reduce loneliness in adults: 
a protocol for a systematic review and meta-analysis. 
BMJ open, 9(9), e032455. 

Steptoe, A., Shankar, A., Demakakos, P., & Wardle, J. 
(2013). Social isolation, loneliness, and all-cause 
mortality in older men and women. Proceedings of the 
National Academy of Sciences, 110(15), 5797-5801. 

Taylor, S. H., Hutson, J. A., & Alicea, T. R. (2017). Social 
consequences of Grindr use: Extending the internet-
enhanced self-disclosure hypothesis. In Proceedings of 
the 2017 CHI Conference on Human Factors in 
Computing Systems (pp. 6645-6657). 

Waterworth, J. A., Ballesteros, S., & Peter, C. (2009). User-
sensitive home-based systems for successful ageing. In 
2009 2nd Conference on Human System Interactions 
(pp. 542-545). IEEE. 

Weil, S. (1997). Gravity and grace. U of Nebraska Press 
Weinert, C., Maier, C., Laumer, S., & Weitzel, T. (2014). 

Does teleworking negatively influence IT 
professionals? An empirical analysis of IT personnel's 
telework-enabled stress. In Proceedings of the 52nd 
ACM conference on Computers and people research 
(pp. 139-147). 

Weiss, R. (1975). Loneliness: The experience of emotional 
and social isolation. MIT press. 

Wu, Y., Yuan, J., You, Q., & Luo, J. (2016). The effect of 
pets on happiness: A data-driven approach via large-
scale social media. In 2016 IEEE International 
Conference on Big Data (Big Data) (pp. 1889-1894). 
IEEE. 

Xu, D., Qian, L., Wang, Y., Wang, M., Shen, C., Zhang, T., 
& Zhang, J. (2015). Understanding the dynamic 
relationships among interpersonal personality 
characteristics, loneliness, and smart-phone use: 
evidence from experience sampling. In 2015 
International Conference on Computer Science and 
Mechanical Automation (CSMA) (pp. 19-24). IEEE. 

Yang, H., & Bath, P. A. (2018). Prediction of Loneliness in 
Older People. In Proceedings of the 2nd International 
Conference on Medical and Health Informatics (pp. 
165-172). 

Yoshida, M., Kleisarchaki, S., Gtirgen, L., & Nishi, H. 
(2018). Indoor occupancy estimation via location-
aware HMM: An IoT approach. In 2018 IEEE 19th 
International Symposium on" A World of Wireless, 
Mobile and Multimedia Networks"(WoWMoM) (pp. 
14-19). IEEE. 

Zadeh, P. M., Khani, S., Pfaff, K., & Samet, S. (2020). A 
computational model and algorithm to identify social 
isolation in elderly population. In 2020 IEEE 
Symposium on Computers and Communications 
(ISCC) (pp. 1-6). IEEE. 

Zhang, M. (2010). Exploring adolescent peer relationships 
online and offline: an empirical and social network 
analysis. In 2009 WRI International Conference on 
Communications and Mobile Computing (Vol. 3, pp. 
268-272). IEEE. 

Zhou, Z., Sun, X., Chen, X., Fan, C., & Pan, Q. (2009). The 
Relation between Different Constructs in Middle 
Childhood Peer Interaction and Loneliness: A 
Mediational Model. In 2009 3rd International 
Conference on Bioinformatics and Biomedical 
Engineering (pp. 1-4). IEEE. 

Zhou, Q., Li, J., Tang, Y., & Wang, H. (2020). Discovering 
the Lonely Among the Students with Weighted Graph 
Neural Networks. In 2020 IEEE 32nd International 
Conference on Tools with Artificial Intelligence 
(ICTAI) (pp. 474-481). IEEE. 

I Wandered Lonely in the Cloud: A Review of Loneliness, Social Isolation and Digital Footprint Data

235



Low-power Machine Learning for Visitor Engagement in Museums 

Marcus Winter1 a, Lauren Sweeney1 b, Katie Mason1 c and Phil Blume2 d 
1School of Architecture, Technology and Engineering, University of Brighton, Brighton, BN2 4GJ, U.K. 

2The Regency Town House, Hove, BN3 1EH, U.K. 
marcus.winter@brighton.ac.uk, {l.sweeney3, k.mason6}@uni.brighton.ac.uk, phil.blume@rth.org.uk 

Keywords: Machine Learning, Human Pose Estimation, Embodied Interaction, Visitor Engagement, Museums. 

Abstract: Low-power Machine Learning (ML) technologies that process data locally on consumer-level hardware are 
well suited for interactive applications, however, their potential for audience engagement in museums is 
largely unexplored. This paper presents a case study using lightweight ML models for human pose estimation 
and gesture classification to enable visitors' engagement with interactive projections of interior designs. An 
empirical evaluation found the application is highly engaging and motivates visitors to learn more about the 
designs. Uncertainty in ML predictions, experienced as tracking inaccuracies, jitter, or gesture recognition 
problems, have little impact on their positive user experience. The findings warrant future research to explore 
the potential of low-power ML for visitor engagement in other use cases and heritage contexts. 

1 INTRODUCTION 

Machine Learning (ML) in cultural heritage is 
typically concerned with enhancing collections or 
supporting museum operations. Its potential for 
audience engagement is largely unexplored, despite 
the recent emergence of low-power ML technologies 
(Goel et al., 2020) and open ML model repositories, 
enabling low-budget development of interactive ML 
applications that run on consumer-level hardware and 
avoid privacy issues by processing data locally. 

This paper describes a case study developing and 
evaluating an interactive ML application using these 
technologies in a heritage context to promote visitors' 
engagement and learning. Its main contributions are:  
 a prototype application for visitor engagement, 

based on low-power ML technologies; 
 an empirical evaluation focusing on visitors' 

reaction to uncertainty in ML predictions; user 
experience and visitor engagement. 

The following sections contextualise the work, 
present the prototype application, describe the 
evaluation study and discuss its findings. The paper 
concludes by considering limitations of the work and 
setting out future research directions. 

 
a  https://orcid.org/0000-0001-6603-325X 
b  https://orcid.org/0000-0001-8312-1550 
c  https://orcid.org/0000-0001-9532-9375 
d  https://orcid.org/0000-0002-3211-3419 

2 RELATED WORK 

Museums have long been testbeds for novel 
technologies, however, their uptake of ML is difficult 
to assess. French and Villaespesa (2019:102) point 
out that "the broad language used to describe AI 
initiatives makes searching for use cases a daunting 
task". Based on a survey of 61 AI initiatives in 
museums, they focus their discussion on three 
application areas: computer vision to enhance 
collections data, ML for visitor data, and voice 
assistants for visitor engagement.  

Responses to the MAIA survey (Hughes-Noehrer, 
Jay and Gilmore, 2022:Q8) allow for a similar 
classification, with 30% describing applications for 
collections, including enhancing metadata, image 
tagging, text extraction and OCR; 17% describing 
applications to support museum operations, including 
resource planning, ticketing and programming based 
on visitor data; and 20% describing applications that 
can be related to visitor engagement such as 
interactive or personalised experiences, or production 
of exhibits (other answers mention technologies 
rather than applications). Contrasting the current 20% 
of AI initiatives focusing on visitor engagement, 76% 
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of respondents think that AI can enhance the visitor 
experience on-site, or will be able to in the future 
(Hughes-Noehrer, Jay and Gilmore, 2022:Q15).  

Clusters of past research using ML technologies 
for visitor engagement include: 
 Chatbots offering conversational interfaces to 

explore collections (e.g., Boiano et al. 2003; 
Mollica, 2017; Anne Frank House, 2017) 

 Robots engaging visitors in the gallery space 
(e.g., Burgard et al., 1999; Pitch et al. 2011; Del 
Vacchio, Laddaga and Bifulco, 2020) 

 Interfaces to explore ML-enhanced collections 
(e.g., The Metropolitan Museum of Art, 2022; 
Harvard Art Museums, 2022a) 

 Novel exhibits that would not be possible with 
conventional technologies (e.g., Tate, 2016; 
Mihailova, 2021). 

While these efforts show that ML already plays an 
important role in museums, they also suggest a need 
for research exploring the potential of emergent low-
power ML technologies for visitor engagement, 
which so far have received little attention. 

3 HERITAGE CONTEXT 

The Regency Town House, built in the 1820s as part 
of architect Charles Augustine Busby's Brunswick 
Estate, is a museum and heritage centre with a focus 
on the architecture and social history of Brighton & 
Hove between the 1780s and 1840s. Among its 
numerous collections it holds Busby's architectural 
plans, manuscripts, and aquatints, including an 
original copy of his 1834 publication, Collection of 
Designs for Modern Embellishments.  

While Busby is mainly known as a designer of 
buildings, this book features his work on interior 
designs, which has so far received little attention. To 
celebrate his interior designs in an authentic setting, 
the brief was to develop an accessible, immersive, 
and engaging application that would enable visitors to 
interact with Busby's colourful and elaborate wall 
designs in a way that is both educational and fun.  

4 PROTOTYPE APPLICATION 

The developed prototype uses light-weight ML 
models for human pose estimation and gesture 
classification to support embodied interaction 
(Dourish, 2001) with interactive projections, which 
has been shown to facilitate meaningful experiences 
(Tan and Chow, 2017) and lead to high levels of 

engagement (Lindgren et al., 2016). To satisfy a 
requirement for cross-platform support and enable 
other heritage organisations to access the application, 
the prototype is implemented as a web application. It 
runs in standards-compliant web browsers and does 
not require any specialist hardware.  

Human pose estimation is used for embodied 
interaction with designs, turning users' hands into 
virtual paint brushes to successively reveal designs. A 
representation of the user's body is shown on screen 
to support coordination (Figure 1b). The prototype 
uses the MoveNet pose detection model (Voter and 
Li, 2021), which provides sufficient performance on 
most mid-range computers available today. 

Gesture recognition is used for control operations. 
A single trigger gesture is used to start a session from 
the initial information screen (Figure 1a); progress 
from reveal action to showing the complete design; 
and progress from beholding a complete design to 
loading the next design to reveal. The prototype uses 
a pre-trained classifier based on body pose data in the 
COCO format (Lin et al., 2014) and a k-nearest 
neighbours (k-NN) algorithm. The classifier issues 
W3C standard Document Object Model (DOM) 
events for detected gestures, which are listened to by 
the web application to control the application state.  

 
a) 

 
b) 

Figure 1: Interactive wall projection, including (a) initial 
information screen first encountered by visitors, (b) partly 
revealed design, with user's body representation and a hint 
explaining the control gesture in the bottom right corner. 
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Both MoveNet and the gesture classifier use 
Tensorflow.js (Smilkov et al., 2019), a JavaScript 
implementation of the Tensorflow open-source 
software library for ML (Abadi et al., 2016). The 
prototype has no other dependencies but uses plain 
HTML, CSS and JavaScript to ensure standards 
compliance and minimal overhead. 

An admin interface provides functionality to 
control and customise the application. This includes 
loading content images, information screens, 
interaction hints and gesture classifier via URLs, 
enabling heritage organisations to customise the 
application for their specific use context and host 
critical resources in their own web space.  

5 EVALUATION 

The prototype application was empirically evaluated 
at the Town House over two days in June 2022, 
focusing on (i) usability and user experience, (ii) 
visitors' reaction to uncertainty in ML predictions, 
and (iii) visitor engagement and learning. The study 
design was scrutinised by the University of Brighton's 
ethics board and received a favourable opinion. 

5.1 Participants 

Participants were recruited through the Town House 
blog and social media channels to reach their regular 
audiences. The age distribution in the sample (n=31) 
is broadly comparable to the average age distribution 
among heritage audiences in England (DCMS, 2020) 
with the exception of 35-44 years (6.5%) and 45-54 
years (32.3%), which are typically both around 16% 
(ibid). Participants' frequency of visiting museums 
and historic buildings (55% up to 5 times per year, 
32% 6-15 times, 13% more than 15 times) is higher 
than the average among heritage audiences in 
England (ibid). Some participants (10%) say they 
usually visit on their own, while most visit with 
friends or family (42%), or say they do both (48%), 
suggesting that many participants understand 
museum visits as a social occasion. 

5.2 Experimental Setup 

The system was deployed in The Regency Town 
House first floor front dining room (Figure 2), using 
a notebook computer with Intel Core i7 processor, 
16GB RAM and integrated webcam, and a projector 
with 1920 x 1080 pixels resolution and 6,000 lumen 
brightness.  

 
Figure 2: Room layout with positions of (a) computer and 
webcam, (b) visitor and approximate interaction space, (c) 
projector and (d) interactive projection. 

The projector was fitted with a wide-angle lens to 
cover the whole sidewall, measuring 6.62m width x 
3.72m height excluding bottom skirting, from a 
distance of 5m. The spatial layout was determined by 
practical constraints preventing the projector to be 
mounted at sufficient height for the projection beam 
to clear visitors interacting in the area in front of the 
wall. Instead, the projector was mounted on a pedestal 
at 0.5m height and visitors positioned themselves to 
the side of it to get a good view of the projection. The 
computer with integrated webcam was mounted on a 
small table at 0.65m height facing the user. It was 
positioned at maximum distance to the user while still 
clearing the projector beam to not throw a shadow. 
This resulted in an effective interaction space of 
approximately 3.4m x 2.2m in which users could 
operate and their full body was recognised. 

5.3 Procedure and Data Collection 

Visitors arriving at the Town House were welcomed 
by a researcher and informed about the context and 
purpose of the study, before ascending to the first 
floor dining room. Here Town House staff introduced 
them to the prototype application, providing 
information about Busby's interior designs and their 
relation to the Town House. Participants were also 
given some initial instructions to get them started 
with the embodied interaction. A researcher present 
in the room observed visitors' interaction with the 
prototype. After visitors were finished with their 
interaction, they were invited by Town House staff to 
take part in a short interview about their experience. 
Interviews were carried out by a researcher in the 
ground floor reception room. After the interview, 
participants were asked to complete a short user 
experience questionnaire.  

Observations involved a researcher positioning 
themselves at the far end of the room to observe 
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visitors' interaction, which typically lasted 5-15 
minutes, and take notes recording their initial 
reactions, level of engagement, learnability and 
usability issues, and any comments and feedback 
directed at Town House staff present in the room.  

Interviews were designed to last 3-5 minutes and 
included a total of five questions, plus a section on 
demographic information. Following guidance in 
Valenzuela and Shrivastava (2008), the researchers 
took care to make participants feel comfortable and 
avoided or elucidated technical jargon during the 
interview. Answers were recorded in a bespoke 
coding sheet and notes were revised and clarified 
immediately after the interview while memory was 
still fresh.  

The questionnaire was based on the short form of 
the UEQ User Experience Questionnaire developed 
by Schrepp, Hinderks and Thomaschewski (2017). It 
was filled in by participants after the interview and 
took 2-3 minutes to complete.  

Observation notes, interview notes and completed 
questionnaires were digitised after the evaluation 
event to support the data analysis, while the original 
paper copies were destroyed. 

5.4 Data Analysis 

Qualitative observation notes and interview notes 
were transcribed and analysed independently by three 
researchers using an emergent coding process 
described in Miles and Huberman (1994). This 
involved first a data reduction step and then a data 
visualisation step to identify common themes. 
Themes identified in the three separate analyses were 
then discussed and synthesised by all three 
researchers together, using affinity diagrams as 
described in Courage and Baxter (2005). This 
resulted in a set of consolidated themes from these 
two datasets and allowed for triangulation between 
observed interaction (observation notes) and self-
reported views about the experience (interview notes) 
to informing the findings. 

Quantitative demographic data, as well as two 
quantitative sub-questions in the interview asking 
interviewees to rate on a fixed scale the accuracy of 
the pose estimation and the impact any inaccuracies 
had on their overall experience, were simply 
aggregated.  

Quantitative data from the short version of the 
UEQ were analysed using the UEQ Data Analysis 
Tool developed by Schrepp (2017). 

 
 
 

5.5 Findings 

5.5.1 Usability and User Experiences 

Observations show that most participants had little or 
no problems interacting with the system. While some 
were initially unsure how to start and asked staff for 
instructions, they quickly picked up on how the 
interaction works and confidently used both body 
poses and the cross-arms gesture to interact with the 
system. Overall, the observed behaviour suggests a 
good degree of usability and learnability in the 
current design, even though some aspects could be 
further improved, in particular, the gesture 
recognition (see discussion of uncertainty below). 
This is supported by interview data, with almost all 
respondents reporting that it was clear how the 
interaction works, even though some qualified this by 
attributing it to the brief introduction by staff, or 
observing others before interacting themselves, or 
saying it took them a while to work out what to do.  

Some participants reported that they found it 
difficult to reach the corners and lower areas of 
designs, or remarked that the embodied interaction 
was physically challenging, confirming similar 
reports in the literature (Hincapié-Ramos et al., 2017; 
Jang et al., 2017). A few participants linked this to 
accessibility, pointing out that it was more difficult to 
use for people at their age, and for others with 
restricted mobility or dexterity. One suggestion to 
address these issues was to not only using users' hands 
as virtual paint brushes but also their feet. Alternative 
interaction modes were also suggested, for example 
offering people with mobility issues the opportunity 
to reveal the projected designs via a touch screen.  

Several interview responses suggested alternative 
ways to provide initial instructions for situations 
where staff cannot be present (e.g., in writing; short 
animation). They also commented on the usefulness, 
design, or timing of the on-screen hints reminding 
users to cross their arms at certain points. 
Observations suggest these hints where often 
unnoticed or ignored by users, with some preferring 
to continue revealing a design with their hands rather 
than cutting short the process by crossing their arms. 
Some responses also questioned the need for an on-
screen body representation or suggested alternative 
representations. All of these comments, however, 
were in the spirit of further improving the prototype 
rather than suggesting any fundamental problems in 
its interaction design.  

Regarding their overall user experience, many 
participants were observed to exhibit behaviour or 
make comments indicating positive approval, using 
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terms like "amazing" or "extraordinary" or "really 
cool". A similar picture emerges from interviews, 
with many participants emphatic about the experience 
being fun and engaging. Several interviewees 
suggested that children would appreciate the 
embodied interaction and some suggested gamifying 
the experience to make it even more engaging.  

Results from the UEQ further support these 
findings, with particularly positive scores for scales 
relating to ease of use and stimulation (Table 1). 
Mean scores of 1.716 (SD=0.928) for pragmatic 
quality, 1.500 (SD=1.397) for hedonic quality and 
1.602 (SD=1.074) overall put the prototype in the top 
10% of scores in the UEQ benchmark dataset of 468 
studies involving 21,175 people (Schrepp, 2017), 
which indicates an excellent user experience overall 
(Figure 3). 

Table 1: UEQ scores and confidence intervals (p=0.05). 

Scale Mean Conf. Interval
obstructive supportive 1.21 0.74 1.69
complicated easy 2.14 1.73 2.55
inefficient efficient 1.31 0.89 1.74
confusing clear 2.17 1.79 2.55

boring exciting 1.14 0.56 1.73
not interesting interesting 1.76 1.22 2.30
conventional inventive 1.79 1.16 2.41

usual leading edge 1.46 0.89 2.04

 
Figure 3: UEQ mean scores against benchmark dataset. 

5.5.2 Uncertainty in ML Predictions 

Uncertainty in ML predictions manifests itself in the 
prototype in various ways. In the context of human 
pose estimation, low confidence scores can lead to 
some body parts not being rendered on screen. 
Inaccurate estimations lead to a mismatch between 
on-screen representation and actual body pose, 
whereas slight differences in estimations between 
video frames lead to jitter in the on-screen body 
representation. In the context of gesture 
classification, uncertainty can lead to false positives 

(i.e., a body pose is wrongly classified as a gesture) 
and false negatives (i.e., a correctly performed 
gesture is not recognised).  

Observations show that the cross-arms gesture 
was often triggered accidentally (false positives) and, 
conversely, in some cases did not trigger as expected 
(false negatives). The former was typically caused by 
(a) visitors crossing their arms as part of their normal 
body posture; (b) wrong classification of other body 
poses involving crossing an arm over the torso; and 
(c) poor pose estimation due to lighting conditions, 
loose clothes or shoulder bags obscuring body parts. 
The latter was typically triggered by visitors 
performing the cross-arms gesture in a different 
manner than the classifier was trained to recognise 
(e.g., several visitors performed an "X" with lower 
arms crossing diagonally, while the classifier was 
trained mostly with lower arms crossed almost 
horizontally). Observations also show tracking 
inaccuracies and body parts not rendered on screen 
due to low confidence scores, for example when 
people performed extreme body poses to explore the 
limitations of the system. Overall, these aspects had 
little impact on visitors' engagement. While there 
were some reactions expressing surprise or even 
amusement, visitors generally worked through those 
situations unperturbed and seemed to accept them as 
part of the experience.  

This is supported by interviews, which asked 
visitors to rate both the application's tracking 
accuracy and the impact of inaccuracies on their 
experience, and to expand on their ratings with open 
comments. Figure 4 shows that participants' ratings 
tend towards more positive assessments of both 
aspects. However, while more respondents rate the 
tracking accuracy as good (52%) rather than perfect 
(16%), this trend is reversed in how tracking 
inaccuracies impacted on the experience, with more 
respondents saying they had no impact (45%) rather 
than little impact (13%), suggesting a certain level of 
acceptance of the effects of uncertainty.  

 
Figure 4: Visitors' ratings of how well the application 
tracked their movements and how much any tracking 
inaccuracies impacted on their experience. 
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Open answers describe issues as experienced by 
participants. While some of these relate to uncertainty 
in ML predictions, others are caused by ML inference 
latency, or are the result of interaction design decision 
aimed at mitigating some of the challenges of 
embodied interaction:  
 Some participants remarked on the body 

representation sometimes being inaccurate or 
out of proportion or not at scale. This is only 
partly caused by uncertainty in ML predictions, 
as the prototype also makes purposeful 
adjustments that enable all participants to reach 
the top of the screen regardless of their body 
height or distance from the camera.  

 Some respondents remarked on jitters in their 
on-screen body representation, which is caused 
by slight variations in key point predictions 
between video frames. 

 Some respondents remarked on lag or delay, 
which is caused by latency in ML inference, 
and is invers proportional to the processing 
power of the machine it runs on.  

Overall, the data shows that several aspects of the 
user experience are affected by ML uncertainty or 
latency, however, it also suggests a high level of 
acceptance and willingness to work around any 
issues. Some interviewees even suggested that 
glitches made the experience more interesting as they 
added an element of unpredictability.  

5.5.3 Visitor Engagement and Learning 

Observations show how several visitors methodically 
reveal designs, often over prolonged periods of time, 
engaging with one design after an other, directing 
enquiries about specific design features and colours 
to staff during their interaction, and talking about 
designs and the differences between them with staff 
and other visitors after their interaction. While most 
participants are clearly excited about the technology, 
they also show their appreciation for the designs they 
reveal, suggesting that the prototype overall manages 
to "preserve the primacy of the object and aesthetic 
encounter" (vom Lehn and Heath, 2003, p.3) and 
raises visitors' interest in the designs, motivating them 
to enquire and learn about them. 

Interview data strongly supports this, with 
overwhelmingly positive answers when asked 
whether the prototype was an engaging way to learn 
about Busby’s interior designs. Several participants 
expressed their excitement at the vivid colours of the 
designs and at seeing them projected at scale in an 
authentic environment. While there were two 
responses saying they would prefer static images or 

written materials, most expressed their satisfaction at 
the interactive and immersive nature of the prototype, 
with some explicitly stating that it was more fun to 
reveal the designs rather than just observing them.  

Several participants pointed out the value of 
additional narrative delivered by staff, either as part 
of the introduction, or commenting about specific 
designs, or answering questions by participants 
during or after their interaction. This reinforces the 
notion that the interaction awakens interest and 
motivates visitors to learn about the designs by asking 
staff for more information. It also indicates that the 
prototype can be part of a wider engagement and 
learning strategy in museums involving staff or other 
experts who can provide additional information and 
support a more conversational form of learning. 

6 DISCUSSION 

The empirical evaluation suggests good usability and 
learnability of the developed prototype This was 
supported by participants receiving initial 
instructions by staff, the direct mapping between 
users' body pose and on-screen representation, and 
on-screen hints when to use the cross-arms gesture. 
Feedback suggests a need to improve the gesture 
recognition and explore the possibility of users 
customising or hiding their body representation.  

While the presence of staff clearly added value to 
the experience, this might not always be feasible, 
especially in smaller museums with resource 
constraints. Future work should explore how the 
prototype can be further developed for use cases with 
no staff present. Feedback suggesting to gamify the 
experience, and observations of visitors' persistence 
in trying to reveal - or "complete" - all areas of a 
design, indicate a natural challenge to build on.  

Uncertainty in ML predictions, perceived as 
tracking inaccuracies, jitter in the on-screen body 
representation, and gesture recognition problems, had 
little impact on participants' overall user experience, 
who generally showed a high level of tolerance, 
simply trying again when something did not work as 
expected. As this behaviour is likely to be influenced 
by staff readily providing hints and explanations, 
future work should explore if this tolerance holds 
without staff being present.  

Despite these issues, the UEQ results suggest an 
excellent overall user experience against benchmark 
data (Schrepp, 2017; Schrepp, Hinderks and 
Thomaschewski, 2017). The high score for pragmatic 
quality supports findings indicating good usability, 
while the high score for hedonic quality supports 
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findings that participants enjoyed the experience. 
They add further support to literature on the engaging 
qualities of gesture-based interfaces (van Beurden, 
Ijsselsteijn and de Kort, 2012) and show that ML 
uncertainty does not diminish their appeal. 

From a museum perspective, key questions 
include whether the application supports visitors' 
engagement and learning, and whether its use of ML 
is a feasible alternative to specialist hardware. The 
results show that the application is highly engaging 
and motivates visitors to ask questions about designs 
and learn more about Busby's work. Participants had 
no privacy concerns about being observed by a 
camera, and while they noticed the effects of 
uncertainty in ML predictions, these had little impact 
on their positive experience.  

The findings provide useful insights informing 
future development and research. While not allowing 
for extrapolation to other use cases or contexts, they 
give an indication of the potential of low-power ML 
as an enabling technology for visitor engagement and 
provide a snapshot of related user experience issues.  

7 LIMITATIONS 

Aiming for high ecological validity, the evaluation 
study took place in the intended target environment 
and involved participants recruited via The Regency 
Town House's social media channels. The sample size 
and composition, choice of methods and rigorous data 
analysis ensure high internal validity, however, the 
bespoke nature of the prototype and the evaluation 
environment make it problematic to generalise 
findings to other applications and environments. As 
such, no recommendations or design guidelines are 
offered for low-power ML applications for visitor 
engagement. 

8 CONCLUSIONS 

This paper describes a prototype application using 
human pose estimation and gesture recognition for 
visitor engagement with interior designs in a heritage 
setting. Unlike other applications involving embodied 
interaction, it does not require specialist hardware but 
uses pre-trained ML models and runs on a mid-range 
computer with a webcam, putting it into reach for 
smaller museums with limited budgets and 
development capabilities.  

The prototype uses low-power ML technologies, 
which are particularly well suited for interactive 

applications as they process data locally rather than 
transmitting to a server, reducing latency and 
preserving visitors' privacy.  

An empirical evaluation in the intended target 
environment found it usable, learnable and offering 
an excellent overall user experience. Besides 
engaging visitors of all ages, it motivated them to ask 
questions about the interior designs they revealed and 
to learn more about them in informal conversations 
with staff. Uncertainty in ML predictions, perceived 
by visitors as tracking inaccuracies, jitter in their on-
screen representation and gesture recognition issues, 
had little impact on their positive experience.  

The findings indicate that low-power ML holds 
great promise for visitor engagement in heritage 
contexts and warrant future research to explore this 
potential. This includes developing designs that can 
run unsupervised in the gallery space, without staff 
being present to provide information and assistance, 
and exploring how other ML capabilities can support 
visitor engagement and learning in museums. 
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Abstract: Students in online degree programs have a higher risk of dropping out (Diaz, 2002; Beard and Harper, 2002;
Baker et al., 2015). The use of learning support tools such as learner dashboards (LD) can promote self-
regulated learning, which can have a positive impact on student learning (Jivet et al., 2018; Konert et al.,
2016). This paper presents a three-stage design study and shows how the layout of the proposed LD was
implemented from the initial digital design to a low-fidelity prototype. First, the developed wireframes were
checked for consistency with respect to the Gestalt laws (Wertheimer, 1922). From the resulting wirefame
design, a clickable low-fidelity prototype was developed. In the second step, this interactive prototype was
reviewed by students (n=24) respect to the seven interaction principles (DIN EN ISO 9241-110, 2020). In
the third step, the revised prototype was subjected to an eye-tracking procedure using the Thinking Aloud
technique (n=10). The results so far show that the LD should be presented at a reduced information level during
initial access, but that this level can be supplemented by additional elements if necessary. The navigation
hierarchy should be kept flat and the information should be easy to understand.

1 INTRODUCTION

In order to be able to offer students of digital study
programs support that promotes learning during their
studies and to reduce dropout in this form of study
overall, a research project of a university network
for digital study programs with over 4,000 enrolled
students is investigating how students could be sup-
ported in their learning process (Diaz, 2002; Beard
and Harper, 2002; Baker et al., 2015). To this end,
a learner dashboard (LD) is being developed to stim-
ulate student self-regulation. The LD is to be inte-
grated as a plug-in into the university network’s Moo-
dle learning management system (LMS) and, once
completed, will be made available to the community
as open source. Within the framework of a user-
centered design (UCD) approach, it is to be inves-
tigated which indicators, representation, information
and intervention possibilities could be useful in this
process and in which way. To this end, a design-study
was conducted that employed various usability meth-
ods in three steps to obtain qualitative feedback for
the implementation of the user interface from experts

a https://orcid.org/0000-0003-4983-9862
b https://orcid.org/0000-0002-9099-2351

(see Figure 1).
The design-study is based on findings from an ini-

tial literature review with the focus on self-regulated
learning in digital learning environments and expert
interviews (n=9). Based on these findings, a first wire-
frame was implemented in the winter semester 2021 /
2022 and subsequently evaluated (Figure 1, Level 1).
During the summer semester of 2022, a low-fidelity
prototype was implemented and is to be used in the
Moodle LMS of the university network in the near
future as the first development level of an LD (Fig-
ure 1, Level 2 and 3). This first technical deployment
level provides descriptive evaluations for students. In
this paper, we present the research questions based on
qualitatively conducted studies presented in the cur-
rent version of the LD as a work in progress. This
approach has proven successful, as it has enabled suc-
cessive optimization of the design of the user interface
with the involvement of experts.

Research Questions (RQ):
• RQ1: How must the user interface elements of

an online support tool be designed to effectively
support learning?

• RQ2: How must the user interface and individual
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Figure 1: Representation of the three-level design study.

content elements of the online support tool be de-
signed to promote usability and user experience?

2 METHODOLOGICAL
APPROACH

The used investigations in the design-study were con-
ducted on the basis of three usability tests with the
focus group of students.

1. Evaluation of the wireframe by students (n=24)
using the Gestalt laws
(students of a module on human-computer inter-
action)

2. Evaluation of the low-fidelity prototype using
seven interaction principles.
(Students of a human-computer interaction mod-
ule)

3. Student evaluation of the low-fidelity prototype,
including examination of the user experience
(UX) using the User Experience Questionnaire-
Short (UEQ-S)
(Students of a usability module)

3 DEVELOPMENT AND
IMPLEMENTATION OF THE
LD

The first graphic design in the form of a wireframe
of the LD (Figure 2) formed the basis for the investi-
gations. The wireframe was developed based on the
literature review and expert interviews (n=9) as part
of the UCD process following the paper prototype
method.

3.1 Evaluation based on Gestalt Laws
and Fact and Interaction Problems
(Step 1)

The wireframe shown in Figure 2 was examined in
two parts with an additional assignment over a period
of four weeks as part of a module in the online course

Figure 2: First version of the LD wireframe.

Media Informatics in the summer semester of 2022:
In the first part, the online students (n=24) were asked
to evaluate the wireframe for the five Gestalt laws:
”Law of Proximity”, ”Law of Similarity”, ”Law of
Proximity”, ”Law of (Good) Continuation”, ”Law of
Good Gestalt” (Wertheimer, 1922) with at least one
positive or one negative example each. The findings
of Gestalt psychology are intended to reduce the cog-
nitive effort required to assimilate information in LD
in the first place (Wagemans et al., 2012). The second
part was to investigate whether factual and interac-
tional problems are present in the design. Both were
justified with examples in the elaboration. In the sec-
tion ”Created alternative solutions of the wireframe
by students” the additional task is considered sepa-
rately with an example. The result of the investigation
was a total of 75 DIN A4 pages of student findings.
Figure 3 shows an example of an identified problem
on the ”Law of Proximity”.
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Figure 3: Example from a student of an identified problem
with the Gestalt ”Law of Proximity”.

Alternative Solution of the Wireframe
Created by Students

Those students were given the additional task of cre-
ating an alternative solution for a map of their choice
based on the ”Law of Proximity”. 11 of the 24 stu-
dents solved this task. An example of such a design
can be seen in Figure 4, which illustrates how stu-
dents perceive such functionalities and which aspects
are important to them. Moreover, this demonstrates
the benefits of the approach taken in this design-study,
where the involvement of students results in high-
quality, student-centered outcomes.

Figure 4: Example of a wireframe of a card developed by a
student.

The following text describes the German text
shown in Figure 4 in English.

Bonus Task ”How would I design a mockup?” The
area outlined in red with the number one describes the
issues that would concern the student when viewing
the card:

• How much time do I have until the exam? → time-
line

• How much is still missing per chapter? (per sub-
ject / module of study) → timeline

• Timelines should be displayed side by side to see
direct comparison → ”Law of proximity”

The area outlined with the number two represents the
card of the ”Course” view. The course ”Program-

ming 1” is displayed as the heading. Next to the head-
ing, there is a possibility to go to another course us-
ing the downward arrow. Below that, bars for dif-
ferent information are displayed. The top one shows
the complete lecture period, including the start of the
exam period. The following four progress bars in-
dicate chapters to be completed within the course.
Progress bars show a subchapter view when clicked.
Click on the icon in the lower right corner to move
the card anywhere within the overall view page. A
”congratulations-badge” should not be emailed to
the student as this could result in information over-
load.

The navigation concept was revised because it was
described as contra-intuitive by those students. In or-
der to take the aspect of individualizability into ac-
count, an editing functionality was also integrated.
For the calendar, the interaction options were revised
(marker element deleted, information expanded or
summarized, navigation elements for changing the
days of the week). For the learning progress, the
graphical representation was adapted by popular re-
quest of the students. Due to the variety of infor-
mation within the LD, an additional information el-
ement in the form of a question mark was inserted
in a prominent position (in the first line of the grid,
right-aligned). This can be used to quickly obtain in-
formation about dashboard elements from any view.
Figure 5 shows the revision in detail.

3.2 Evaluation based on the Seven
Interaction Principles (Step 2)

The revised wireframe served as the basis for creat-
ing a low-fidelity prototype. There were 14 different
views with different modal dialog boxes in the final
version of the LD prototype. The individual interac-
tion elements of the LD (question mark icon, zoom
icon, pencil icon, and menu) were designed to be
clickable.

The prototype was made available to students of a
human-computer interaction module (n=24) for eval-
uation during a four-hour online workshop via an
Internet browser. The experts tested and evaluated
the seven interaction principles using a two-part task
(DIN EN ISO 9241-110, 2020). The workshop was
accompanied by 3 persons from the university sector.
The result of the study was a total of 54 DIN A4 pages
with the students’ findings.
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Figure 5: Revised variant of the LD’s wireframe.

3.3 Performing the Eye-tracking
Procedure with Thinking Aloud
(Step 3)

The entire low-fidelity prototype was revised with the
new findings (Figure 5 shows part of the revised LD).
Afterwards, it was evaluated by a group of students
from a usability module (n=10). The entire study was
conducted in one day. Each session lasted a total of
30 minutes (including a welcome, introduction of the
project, and explanation of the procedure). Students
were presented with several subtasks to complete dur-
ing the 20-minute testing period and were guided by
moderators. After the eye-tracking study, students
performed a rating of the LD using the short ver-
sion of the User Experience Questionnaire (UEQ-S)
(Schrepp et al., 2017). This was used to evaluate the
overall usability of the prototype. Since eye-tracking
study was conducted only recently, only the already
available results are presented below.

First Results of the Third Step of the
Design Study

The students confirmed the implementation of the
navigation concept and the general structure of the
LD. Specifically, they stated that the descriptions
should be precise and brief and can be expanded by

Figure 6: Low-fidelity prototype of the LD.

clicking on further or more detailed information as
needed. This applies, for example, to the recommen-
dations on learning progress, which should initially be
presented only in condensed form when the detailed
view is called up. The reason for this is that the LD is
accepted as an additional element to support learning,
but this should not interfere too much with the actual
learning time of the students. It should be possible to
add additional user-defined information to the assess-
ments (e.g., current exam grades or progress in read-
ing the learning content). However, this needs further
research as students expressed that the functionality
might be too complicated or time-consuming. For
the top-level help page, students would like to see a
walkthrough or short slideshow for the LD instead of
textual information (also time-consuming). In the us-
ability test, it was found that the navigation structure
is not always intuitive: for example, the icon for more
information about the displayed content was not al-
ways recognized as such. One solution would be to
make the entire map clickable. The individual views
(overall view, semester view and module view) could
not be distinguished in some cases. Here, the way the
content is displayed should be reconsidered in order
to better distinguish between the different views.
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3.4 Student Opinions from the
Evaluations

The evaluations clearly showed that the students got
a good idea of the future purpose and benefit that
the shown wireframes depicted. For example, the
students commented in particular on the interaction
principle ”User Engagement” that the interest was
aroused ”[...] whether the learning behavior has im-
proved (or worsened) after a few days - the ambition is
aroused, game character”. Further feedback showed
that the students were pleased with the LD in their
studies and could imagine ”[...] that the available in-
formation would lead to structuring my studies fur-
ther or better and thus increase the chances of success.
Which in turn leads to using the system permanently.”

4 OUTLOOK & DISCUSSION

The next steps include the evaluation of the eye-
tracking study, the revision of the LD and subsequent
transfer as a plug-in into the LMS. The results so far
show that the direct exchange with the students is cru-
cial in order to be able to offer a LD that is used and
accepted. Important aspects and impulses for the in-
formation transfer, the design as well as the structure
and conception of a learning-supporting LD could be
gained. It is important that no additional (time and
cognitive) effort is required when using the LD, e.g.
for familiarization and understanding of its use, as it
bears the risk of not being used by online students.
The design study brought substantial results for fur-
ther research and implementation of the LD in the
LMS.
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Abstract: Public-facing autonomous systems present society with significant ethical challenges, not least of which is 
the need for stakeholder understanding and discussion of how these systems balance competing ethical 
principles. In this paper we present EETAS: a structured, gamified process for obtaining stakeholder input 
into the ethical balances and trade-offs which they consider it acceptable for a proposed autonomous system 
to make. We describe how outcomes from the EETAS process can be used to inform the design of specified 
autonomous systems, as well as how the process itself can improve stakeholder engagement and public 
understanding of ethics in AI and autonomous systems. In support of this we present the findings from an 
initial EETAS pilot study workshop, which shows an indicative trend of improvement in public understanding 
and engagement with AI following participation.

1 INTRODUCTION 

One of the most complex obstacles to public 
acceptance of autonomous systems (AS) and AI is the 
understanding of how competing ethical 
requirements in these systems may be managed. 
Standards such as BSI 8611 (British Standards 
Institute, 2016) on the ethical design and applications 
of AS, the IEEE guidance on ethically-aligned design 
(IEEE, 2018) and the Turing Institute guidance on 
understanding artificial intelligence ethics and safety 
(Leslie, 2019) provide information to developers on 
ethical imperatives to be satisfied by the system, but 
there is very little existing guidance for either 
stakeholders or developers on managing and 
understanding ethical complexities and balances.  

Furthermore, conversation around AI has 
traditionally focused on the technology and its 
capabilities, rather than the diverse ethical concerns 
of stakeholders and wider society. Nonetheless, 
autonomous systems cannot exist in an ethical 
vacuum; rather, they will be expected to conform to 
the social, legal and ethical norms of the community 
in which they operate (IEEE, 2018). This is a non-
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trivial task, as different societies – and different 
stakeholders within those societies – may prioritise 
ethical principles differently. For example, societies 
with a relatively greater regard for governmental 
authority may be comfortable with autonomous 
systems which prioritise public safety over data 
privacy, as demonstrated in the adoption of the 
TraceTogether app in Singapore (Lee, 2020). 
Similarly, stakeholders within other societies which 
prioritise individual choice over public cohesion may 
have an ethical preference for AS which obey user 
commands even where this could compromise public 
safety, such as allowing customisation, or 
“individuation” into autonomous vehicle technology 
(Hancock, 2019). In addition to this, societies are of 
course not homogenous, and individual stakeholders 
within any given society may also prioritise ethical 
principles differently depending on age, class, gender 
and perceived technical competence (Park, 2021). 

In this paper we present a structured process for 
obtaining stakeholder input into the acceptability of 
ethical trade-offs in a proposed autonomous system. 
This structured process enables stakeholders to 
identify potential trade-offs between different ethical 
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principles and to work collaboratively to identify 
constraints, or limits, within which they consider 
these trade-offs to be ethically acceptable. We 
hypothesise that the benefits of this structured process 
are two-fold: firstly that participation will improve 
public understanding of, and willingness to engage 
with, ethical complexities of AS and secondly that AS 
designers will gain insight into potential design 
choices which may be made to render the autonomous 
system more acceptable to the public. 

We also present an interactive tool (Figure 1) 
which we have created to provide a visual 
representation of the outcomes of the EETAS 
process. This tool serves as a record of the public 
discussion, which can be retained by end-users or 
stakeholder organisations and used to illuminate 
diverse public perspectives on AS ethics. In addition, 
the tool can be used later in the lifecyle to 
communicate the autonomous system’s ethical 
prioritisations and to increase end users’ 
understanding of it. 

In Section 2 we present a discussion of existing 
literature which considers questions of ethical 
prioritisation in autonomous systems. Section 3 
contains our description of the EETAS process, while 
Section 4 provides a description of an initial pilot 
study workshop which has demonstrated an 
indicative trend between participation in EETAS and 
enhanced public understanding of AS. Section 5 
identifies our conclusions and some steps for further 
work. 

2 BACKGROUND 

The concept of trade-offs, or risk balancing, between 
two desirable properties is well-established as a 
research area. Expected utility theory (von Neumann, 
1947) describes how an individual’s general attitude 
to risk and benefits can change their willingness to 
accept particular specified risks. Similarly, prospect 
theory (Kahneman & Tversky, 1979) also allows a 
more complex framing of risk perception and risk 
appetite. The trolley problem (Foot, 1967) is of 
course perhaps the seminal example of risk balancing, 
and has informed much of the public discourse 
around autonomous vehicle behaviour. 

Beyond this, risk balancing as a concept is well-
explored in autonomous system development. (IET, 
2019) describes trade-offs between safety and 
security of cyber-physical systems, while 
(Akinsanmi, 2021) considers the balancing of public 
health, privacy and digital security. Within specific 
autonomous domains the concept of prioritising 

certain safety or ethical properties has also been 
discussed: (Thornton, 2018) describes the tension 
between the desire for personal autonomy on the part 
of an autonomous vehicle user, and the more general 
desire for fairness and public safety while (Lin, 2015) 
also considers how specific actions on the part of an 
autonomous vehicle – e.g. driving closer to another 
car in order to give more room to a pedestrian – 
transfer the risk from one segment of the population 
(pedestrians) to another (other drivers). In the field of 
healthcare, ethical trade-offs between privacy and 
well-being are also common (Lee, 2020), (Martinez-
Martin, 2020).  

Other existing work focuses specifically on trade-
offs which affect the design process. (Dobrica, 2002) 
presents a comprehensive survey of trade-offs in 
complex systems design, while (Goodrich, 2000) 
discusses these trade-offs within an autonomous 
context, specifically that of collision avoidance 
systems. Similarly (Bate, 2008) considers trade-offs 
more generally within safety-critical systems, while 
(Menon, 2019) proposes a methodology for 
developers of autonomous vehicles to justify and 
communicate the ways in which their system design 
has been informed by ethical trade-offs. 

The benefit of using a tangible element such as the 
interactive tool in Figure 1 to test and visualise trade-
offs in real-time is supported by a large body of 
literature, including (Schrier, 2019), (Rossi, 2019), 
(Larson 2020). More generally, games have been 
shown to be a successful vehicle for engagement with 
ethics principles, especially in industry testing. 
Examples include Judgment Call, (Ballard, 2019), a 
game developed to help AI developers to identify 
ethical questions using design fiction, as well as 
MiniCode, a design fiction toolkit developed for near-
future technology designers and developers (Malizia, 
2022). 

Much of the existing work around autonomous 
systems and AI is focused on developers, intended 
either to provide them with insight into how a system 
can be designed or to be used as guidance on making 
ethically justifiable decisions. However, there is 
comparatively little work which provides 
stakeholders and end-users with an opportunity to 
express their concerns around AI ethics, or to inform 
the design of a proposed system by providing input 
into the perceived acceptability of ethical trade-offs. 
The process we describe here addresses this gap. 
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3 EETAS PROCESS 

In this section we describe a process for obtaining 
stakeholder input into decisions about the ethical 
prioritisations embedded into autonomous systems.  
It is important that the EETAS process takes place 
relatively early in the design of such systems, to allow 
the outcomes to be fed back into the design lifecycle 
and consequently enable developers to integrate 
ethically acceptable behaviour into the system from 
the ground up. In consequence, the system may not be 
fully specified at the time the EETAS process takes 
place. This is expect, and the process allows for 
under-specification and early prototypes of an 
autonomous system to be used.  

3.1 Step 1: Provide AS Description 

A participant group is selected, including developers 
of the AS under consideration, proposed end-users, 
regulators and members of the public. The developers 
provide the group with a written, accessible 
description of the AS and its relevant functions. 
Appropriate descriptions may specify, for example, 
that this is “an assistive robot that reminds you when 
to take medication, alerts you when you have left the 
oven on and engages you in conversation”. It is likely 
that participants will have further questions around 
the functionality of the system – e.g. “does the 
assistive robot speak to me or do I access it via a 
screen?” – and these should be clarified with the 
developers as part of this step. As EETAS is ideally 
undertaken during the early stages of development 
(e.g. requirements gathering or design), it is likely 
that some questions around specific functionality 
cannot yet be answered. These, in turn, become the 
seeds for the scenarios that teams will identify in Step 
3. 

3.2 Step 2: Identify Relevant Ethical 
Principles 

The participants are divided into teams of between 4 
and 10. This follows (Curral, 2001), with the intent of 
ensuring diversity of perspectives while still enabling 
effective and equable dialogue. Each team is provided 
with a set of pre-prepared cards listing ethical and 
ethically-informed functional properties which may 
be desirable for this type of autonomous system. The 
ethical properties in this set have been identified from 
a literature review of existing and developing 
standards, including (BSI, 2016), (IEEE, 2018), 
(Leslie, 2019), (National Cyber Security Centre, 

2019).  Some sample principles, which we used in the 
initial pilot validation workshop (Section 4) are:  
 System promotes human physical safety  
 System obeys human commands 
 System promotes affinity with human user 
 System maintains data privacy 
 System is accurate 
 System is fair 
 System maintains human autonomy 
 System promotes human long-term health 
 

We note that not all the ethical or functional 
properties in the full set will be relevant for every 
system, and that for specific systems there may be 
additional ethical or functional properties. To address 
this teams are also provided with a set of blank cards 
and are encouraged to “tailor” the set of ethical 
properties to discard those they consider irrelevant, 
and identify any others considered relevant to this 
specific system, using techniques such as 
collaborative discussion, brainstorming and if-then 
thinking. 

3.3 Step 3: Scenario Construction 

Teams are then asked to generate scenarios in which 
two of the set of ethical properties are in conflict with 
each other during system operation. For example, a 
team may postulate a scenario where: “the user asks 
their assistive robot not to remind them about 
medication today, because they don’t want to take it”. 
In this scenario the ethical properties of “system 
promotes human long-term health” and “system 
obeys human commands” are in conflict. Similarly, 
allowing teams to tailor the set of ethical principles 
may give rise to a scenario for a robot doctor where 
the system attempts to “engender trust in the human 
user” by mimicking human appearance and gestures 
to make the patient feel at ease, thereby causing 
conflict with another ethical property: “system does 
not attempt to deceive”. 
To assist in generating the scenarios, teams are 
provided with a ready-made checklist of guidewords, 
to be applied in turn to each of the ethical properties. 
These guidewords enable teams to work 
collaboratively to brainstorm scenarios, following the 
principles of Hazard and Operability Analysis 
(HAZOP) studies (BSI HAZOP, 2016). The 
guidewords are presented in Table 1.  

Teams should remember that the intent is to 
identify scenarios in which two or more ethical 
principles are in conflict: it is not sufficient to identify 
scenarios which themselves simply represent ethical 
hazards. 
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Table 1: HAZOP guidewords for EETAS. 

Guide word Meaning 
TOO MUCH Ethical conflict arising from a 

scenario where the robot 
performs its functions in such a 
way that it grants this ethical 
property to too many people / 
in too many circumstances / to 
too high a degree 

NOT ENOUGH Ethical conflict arising from a 
scenario where the robot 
performs its functions in such a 
way that it grants this ethical 
property to too few people / in 
too few circumstances / to too 
restricted a degree 

UNIFORMLY Ethical conflict arising from a 
scenario where the robot 
performs its functions in such a 
way that the outcome is 
applied uniformly to 
everybody / is applied in 
exactly the same way to 
everybody 

INCONSISTENTLY Ethical conflict arising from a 
scenario where the robot 
performs its functions 
inconsistently / differently for 
different people / differently 
each time 

UNEQUALLY Ethical conflict arising from a 
scenario where the robot 
performs its functions such that 
the beneficial outcome applies 
only to some people 

 
Participants can be encouraged to apply creativity 

when identifying scenarios, and may find it helpful to 
consider the following questions:  
 Who is the user of the system? 
 Who would be negatively affected in this 

scenario? 
 Who would benefit in this scenario? 

3.4 Step 4: Identify Constraints 

Teams are then asked to swap scenarios with each 
other. Each team then works collaboratively to 
identify design, environmental or end-user 
constraints under which they would accept different 
ethical balances in each of the provided scenarios. To 
assist in this activity, we suggest participants should 
consider the following questions: 
 Which outcome, or balance of outcomes, 

would you prefer in this scenario? 
 Would you accept any alternate outcome in this 

scenario if users were told beforehand that this 

is how the system operates? What about if the 
general public were told beforehand? 

 Do you think the trade-off in this scenario is 
appropriate given the corporate goals and 
strategy of the design organisation? 

 Do you think the person benefitting from 
different balances of outcomes in this scenario 
has the moral right to do so? 

 Could some of the ethical trade-offs described 
in this scenario be acceptable in a different 
environment? With different users? If these did 
not impact the same people? 

 Is there more information which you would 
need in order to accept some of the possible 
ethical trade-offs in this scenario? 

 
To gamify this step, each team is allocated points for 
every scenario in which they identify constraints that 
render at least two different balances of ethical 
principles acceptable. Teams should be asked to vote 
on whether they think these constraints are feasible to 
implement, and additional points allocated 
accordingly.  

3.5 Use of Design Tool 

Steps 3 – 4 are to be performed with the aid of a pre-
prepared design tool, EETAS-Trade-Offs-for-You 
(EETAS-TOY), which represents the AS by a solid 
block and the relevant ethical principles as sliding 
bars, as in Figure 1. Participants connect bars end-to-
end to represent ethical trade-offs and to discuss how 
different principles may be prioritized in each 
scenario.  

 

Figure 1: The EETAS-TOY gamified tool. 

Bars may be connected to other bars further down 
the structure to represent where a single ethical 
property (e.g. “maintains privacy”) is implicated in 
multiple trade-offs (e.g. in balance with both 
“maintains security” and “explains decisions”). 
Should participants wish to decouple the two bars 
representing these two trade-offs, this can be done by 
identifying a design requirement which permits the 
decoupling of those aspects of the design which can 
provide privacy at the cost of security, and privacy at 
the cost of explainability. 
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3.6 Recording Outcomes 

The outcomes of each step are to be recorded using 
techniques such as mind-mapping (Beel, 2011). 
These records can then be used by the AS developers 
to identify further design requirements which enable 
or implement the constraints identified by each team. 
The EETAS-TOY tool itself may be retained by user 
organizations to aid in explaining ethical trade-offs or 
to act as a public record of the conversation. 

4 PILOT STUDY VALIDATION 

We conducted an initial pilot study workshop to 
investigate participants’ perception of the EETAS 
process and its effect on their own understanding of 
ethical complexities in autonomous systems. As a 
preliminary pilot study, this workshop aimed to 
provide a partial validation of the EETAS process by 
establishing a link between EETAS participation and 
understanding of, and willingness to engage with, 
ethical complexities of AI.  A further, orthogonal, aim 
of the study was to investigate the extent to which the 
EETAS-TOY tool was perceived as helpful in 
facilitating discussion and communication amongst 
participants about the ethical complexities and 
balances in autonomous systems. 

The experiment was approved by the University 
of Hertfordshire’s Health, Science, Engineering and 
Technology Ethics Committee under protocol 
number SPECS/SF/UH04940. 

4.1 Pilot Study Design and 
Methodology 

The pilot study was carried out at the University of 
Hertfordshire, with participants recruited following 
self-selection into the study. After obtaining consent, 
participants were randomly divided into teams of 4 – 
5. The random assignment was performed by the 
researchers in order to mitigate against the 
confounding effects of team members knowing each 
other, or sharing demographic characteristics. All 
participants were provided with an overview of the 
purpose of the EETAS process and the workshop, but 
were not introduced to each individual step of the 
process in advance, in order to avoid anticipation of 
some of the discussion points. 

All teams were given a high-level written 
descriptive specification of the robot chosen for 
consideration throughout the workshop: an assistive 
robot for use in a domestic environment. Owing to 
time constraints, a real-world robot prototype and 

specification could not be sourced for the workshop, 
and instead the specification was produced by the 
researchers and based on previous work carried out at 
the University of Hertfordshire Robot House (Menon, 
2019), (Koay, 2020), (Saunders, 2016).  

Some functionality ascribed to the assistive robot 
within this written specification included:  
 Moving about the house in response to user 

commands or actions 
 Reminding the user to take medication 
 Engaging the user in social interaction or 

conversation 
 Notifying the user of hazardous conditions 

such as the oven being switched on 
 Communicating with other smart device 

sensors in the house, including camera, audio 
and personal computers 

 Communicating warnings to external medical 
monitoring systems regarding the health and 
activities of the user  

Participants were given a set of pre-printed cards 
containing the eight ethical principles described in 
Section 3.2. Owing to time constraints, all teams were 
instructed to consider only these ethical principles 
throughout the workshop and not to expand their 
selction. Each team was also given an EETAS-TOY 
tool (Figure 1) and shown how this could be used to 
represent ethical trade-offs and balances. 

Participants were provided with an initial 
questionnaire and asked to provide information on 
age, gender and whether they had any background 
relating to either design or robotics. They were also 
asked to rank the eight ethical principles in order of 
how important they considered each of them to be for 
the assistive robot under consideration. 

Following this, teams were introduced to each 
other and took part in a small ice-breaker. They were 
then instructed to complete Steps 3 and 4 of the 
EETAS process, Steps 1 and 2 having been completed 
by the researchers (owing to time restrictions, the 
HAZOP guidewords were not used). Teams were 
allocated 20 – 35 minutes for each step, with the 
researchers indicating when the time for each step 
was nearing completion. All teams were given 
structured worksheets to record their identified 
scenarios (Step 3), and constraints (Step 4, following 
swapping of team records).  

Teams worked simultaneously in different parts 
of the workshop room, with each team being observed 
and monitored by one of the researchers. The 
researchers were able to answer questions and remind 
participants of the requirements of each step, but did 
not contribute to the discussions or guide them in any 
way. 
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4.2 Post-Study Questionnaires  

Following the workshop, participants were asked to 
complete some further post-study questionnaires. 
These included the following questions: 
 Participants were asked to rank the eight ethical 

principles in order of how important they now 
considered each of them to be for the assistive 
robot  

 Participants were asked to give a numerical 
score of how well they understood ethical 
trade-offs before the EETAS process, and how 
well they understood these trade-offs following 
EETAS (0 = not at all, to 5 = very well) 

 Participants were asked to give a numerical 
score of how helpful they found the EETAS 
process in understanding ethical trade-offs (0 = 
unhelpful, to 5 = very helpful) 

 Participants were asked to give a numerical 
score of the EETAS-TOY tool in a) 
understanding and b) communicating about 
ethical trade-offs (0 = unhelpful, to 5 = very 
helpful) 

4.3 Pilot Study Results 

As this was a preliminary study, with correspondingly 
low participant numbers (<20), no statistical 
significance between conditions and questionnaire 
responses was expected. Nevertheless, there were 
indicative trends to support our hypothesis of a causal 
relationship between participation in the EETAS 
process and improved public understanding of AI 
ethical complexities. 

4.3.1 Participant Demographics 

Participant selection was strongly biased towards 
both design and robotics, with 93% of participants 
identifying as having a background in design, and 
43% a background in robotics. This commonality in 
background is due to constraints around the 
recruitment and identification of participants, with 
most participants sourced via existing connections to 
the University of Hertfordshire. The age range of 
participants was 19 – 61 years old, with the average 
age being 37. The gender balance was roughly equal, 
with 57% male participants and 43% female. 

4.3.2 Participant Responses to EETAS 

As may be expected, prior to the workshop 
participants without a robotics background rated their 
existing understanding of ethical trade-offs in 
autonomous systems as lower (mean value 2.6) than 

those with a robotics background (mean value 3.4). 
Post-workshop, the gap had narrowed, with those 
from a non-robotics background rating their 
understanding of ethical trade-offs as an average of 
3.8, compared with 4.2 for those from a robotics 
background. This corresponds to an increase of 58% 
greater improvement in understanding ethical trade-
offs for those without a robotics background, as 
compared to those with. 

 

Figure 2: Change in perceived understanding of ethical 
trade-offs as a result of EETAS participation. 

When asked to identify how helpful the process 
was in understanding ethical trade-offs (0 = 
unhelpful, to 5 = very helpful), 94% of participants 
ranked the helpfulness of the EETAS process at 3 or 
above, with the mean ranking being 3.7. Interestingly, 
there was no difference noted in this result between 
those with a robotics background and those without. 

When asked about the helpfulness of the EETAS-
TOY tool in identifying ethical trade-offs, 64% of 
participants ranked this as 3 or above (mean value 
3.3) and when asked about the helpfulness of the tool 
in discussing ethical trade-offs, 71% of participants 
ranked this as 3 or above (mean value 3.7). In contrast 
to the scores for the perceived helpfulness of EETAS, 
which were independent of background, those 
without a robotics background considered the tool 
more helpful than those with. 

  

Figure 3: Perceived helpfulness of the EETAS-TOY tool in 
understanding and communicating. 
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4.3.3 Observations and Timing 

Three teams were each monitored by a researcher, 
who recorded the total time taken for each step in the 
EETAS process, and the total time spent using the 
EETAS-TOY tool. Only time spent actively and 
purposely using the tool in discussion was recorded, 
and time spent “fidgeting” with the tool or learning 
how to use it was discarded. 

On average, teams used the EETAS-TOY tool 
during 45% of the time they were engaged in Step 3 
(scenario construction). Teams did not use the tool to 
any significant extent in Step 4 (identifying 
constraints). There was no correlation noted between 
background in either design or robotics and readiness 
to engage with the tool. 

4.3.4 Discussion and Indicative Trends 

Although no statistically significant conclusions can 
be drawn, the results demonstrate some potential 
indicative trends. Firstly, the EETAS process was 
considered by a large majority of the participants to 
be helpful in understanding and discussing ethical 
trade-offs. This was not correlated with prior 
experience: those with a robotics background found it 
to be as helpful as those without. This supports our 
initial hypothesis that EETAS can be used to improve 
public understanding of, and engagement with, 
ethical complexities in autonomous systems. 

Moreover, all participants considered that their 
understanding of ethical trade-offs in autonomous 
systems had increased following participation in the 
EETAS process. In this case the extent of the effect 
could be seen to be correlated with prior experience: 
those without a robotics background considered that 
their increase in understanding was greater than those 
with. This indicates that the EETAS process may 
serve a useful purpose in raising understanding of 
autonomous system ethics amongst those who have 
traditionally been marginalised, or excluded from, 
existing conversations around AI. 

Finally, participants considered the EETAS-TOY 
design tool to be useful in identifying ethical trade-
offs, and discussing these within their teams. 
Observational monitoring supported an indication 
that the tool appears to stimulate positive interaction 
amongst participants by providing a physical aid to 
visualise trade-offs. We consider it likely that the 
tangible element of the tool is of value here in 
supporting participants in abstract reasoning and 
discussion of unfamiliar concepts. 

5 CONCLUSIONS 

We have presented a structured, collaborative process 
for improving public engagement and understanding 
of ethical complexities in autonomous systems, and 
for consequently informing the design of these 
systems. Our results from an initial pilot study 
workshop indicate that the process improves 
understanding of ethical trade-offs, most significantly 
for those who do not have prior experience in robotics 
or autonomous systems. Our results also indicate that 
the process is helpful in stimulating debate and 
discussion around ethical trade-offs, particularly 
amongst groups of people who have a varied prior 
understanding of the issues. 

We have also considered the use of a physical 
design tool, the EETAS-TOY tool, in helping 
participants understand and communicate about 
ethical trade-offs in a specified system. Our results 
indicate that participants consider this a helpful 
physical aid to concretize some of the more abstract 
concepts, an effect which is more pronounced 
amongst those without a background in robotics or 
autonomous systems. 

In terms of next steps, we plan to run a larger 
workshop involving developers and a more varied 
participant group (e.g. stakeholders, regulators, end-
users). We intend to use a real-world robot prototype 
within this workshop, in order to assess the 
effectiveness of EETAS in producing outcomes 
which can be used by the developers to inform the 
design of the robot. 

We also plan to explore the design space of the 
EETAS-TOY tool more fully. We anticipate 
developing multiple versions and configurations of 
the tool, in order to assess the beneficial effects of 
different tools on participant understanding. New 
versions will include tools with automated 
mechanisms to adapt to participant choices, tools with 
different shapes to assess the importance of visual 
balance and tools with simplified shapes and 
interaction methods to aid accessibility.  
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