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Can VR Help Understand Auditory-Visual
Associations and Synaesthesia Through Immersive
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Patrick O’Toole
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Abstract—This paper gives an overview of my PhD research
in the area of auditory-visual associations in Human-Computer
Interaction (HCI). My project explores the condition called
synaesthesia, and auditory-visual cross-modal associations, in
order to gain a better understanding of how our auditory and
visual senses combine to inform our perceptive and decision-
makings skills. I seek to understand how technology can be
used to help strengthen our auditory-visual associations. Previous
work suggests that creating effective and immersive environments
using Virtual Reality (VR) can help in gaining new insights into
auditory-visual perception. Firstly, I will create a VR version
of standard auditory-visual and synaesthesia tests, and conduct
user studies using both traditional and the VR based tests,
with a comparison of the results being investigated to see
what impact using a more immersive environment, like VR,
has on auditory-visual associations. Secondly, armed with new
knowledge concerning auditory-visual associations using VR, I
will create a framework that uses auditory-visual associations to
help designers create interfaces that are personalised, adaptive
and accessible to everyone.

Index Terms—auditory-visual associations, synaesthesia, vir-
tual reality, music

I. MOTIVATION AND RESEARCH QUESTIONS

Virtual Reality (VR) has become a popular and increasingly-
used technology in recent years, with prices and size of head-
sets decreasing and the technological capabilities increasing,
it has become a very useful tool in scientific experimenta-
tion (see [1], [2]). My research interests involve gaining a
meaningful understanding of music and non-speech sound in
general, and their effects on the visual sense, while pushing the
boundaries of our creative capabilities. Using VR as a platform
for the exploration of auditory-visual cross-modal associations
and the condition called synaesthesia (see Section II-A for
description), new knowledge can be created that can shape
our understanding of the relationship between the senses and
how they can be used to make our interactions more effective.

Previously, auditory-visual associations were understood by
conducting tests using pen and paper or standard computing
devices. Many different types of tests have been used to
understand associations between the auditory and visual senses
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and the condition called synaesthesia [3]–[7]. These tests have
been useful in furthering our understanding of associations
between the senses. However, with access to new technolo-
gies like Virtual Reality, can developing and adapting these
auditory-visual and synaesthesia tests using more immersive
environments give us a better understanding of how we form
associations between our senses? Can synthesizing synaes-
thetic perception using VR help users gain the creative benefits
that have been shown in people with synaesthesia (see [8])?

To breakdown the question above into research questions for
my PhD, that will help towards this ultimate goal, I present
three questions.

• Q1: Can research into an immersive platform, like Virtual
Reality, show the potential to be a more effective testing
environment for auditory-visual associations/synaesthesia
tests?

• Q2: Will there be a difference in the results from
auditory-visual/synaesthesia tests in VR compared to the
tests performed using standard (i.e., non-VR) methods?

• Q3: Can a personalised, congruent, auditory-visual pro-
file, similar to synaesthesia, and captured in the afore-
mentioned application, strengthen associations between
the two senses and amplify creativity?

In Section II, a background on synaesthesia, auditory-visual
associations, the different testing methods and related work in
VR will be presented. This will be followed by the methodol-
ogy in Section III and Section IV will look at my contributions
so far and future work, finishing with Section V that outlines
how my research contributes to Affective Computing.

II. BACKGROUND

A. Synaesthesia

Synaesthesia is a rare condition that affects around 2-4% of
the population. It can arise as one sense (an inducer) receives
stimulation that triggers a reaction in an unstimulated second
sense (a concurrent) [9].

Chromaesthesia is a type of synaesthesia between the au-
ditory and visual senses, and affects around 0.2% of the
population [10]. Within synaesthesia, the person can have very



different experiences in a number of ways. Firstly, people
with synaesthesia can be categorised as either projectors and
associators. Projectors describe their experiences as, seeing
colours which are often projected outside the body and into ex-
ternal space. Associators describe experiencing colours in “the
minds eye” or “knowing the colour” when a different sensory
module is stimulated [9]. The second experiential difference
is that there is no single correct association between auditory
and visual stimuli, with each synaesthete having an individual
association [11]. VR has the potential to deliver an immersive
synaesthesia-type experience to the general population, that
could be compared to the projector synaesthete’s viewpoint.

Another characteristic of synaesthesia that has been found
in past research, is that synaesthetes tend to be seven times
more creative then non synaesthetes [8]. VR has the ability
to simulate synaesthesia experiences and explore areas such
as enhanced creativity and adaptive learning for the general
population. Creativity research has shown that originality is
the main component of creativity but must also involve some
other aspect like effectiveness, which might take the form of
usefulness, fit or appropriateness [12]. With VR technology
still been relatively new to research, applications created in a
VR environment have a sense of originality, with the potential
to strengthen our associations between your senses providing
usefulness in terms of adaptive learning and future interface
design interactions. A study by Lee et al., [13], shows how VR
can help support creativity as well as cognitive action with the
area of fashion design. When comparing a 2D digital tool to
a VR design tool, it was shown that the VR design tool had
1.7 times more cognitive design actions and also had a higher
percentage of perceptual and conceptual design actions than
the 2D digital tool [13].

B. Auditory-Visual Cross-Modal Associations

Similarities between synaesthesia and normal cross-modal
associations have been found [5], [14], [15]. Research into
auditory-visual associations has found certain associations that
are seen in the general population. Higher-pitched sounds have
been found to associate with brighter colours, while lower
sounds associate with darker colours [9], [14], [16]. Musical
key, also can impact how we perceive colours, with the major
key associating with brighter colours and the opposite for the
minor key [17]. Other associations that have been studied
previously are between timbre and saturation, loudness and
brightness and pitch and size, to name a few [18].

Emotion can play a vital role in understanding associa-
tions between the auditory and visual senses. According to
the emotion mediation hypothesis, when a person listens to
music they have emotional responses and pick colors with
similar emotional content [17]. In [17], [19], they tested the
emotion mediation hypothesis on associations between sound
and colour and the results showed a high consistency for
the hypothesis. Plutchik’s wheel of emotions and Hevner’s
model both use a wheel-like structure to inform associations
between emotion and, colour in Plutchik’s case, and music
in Hevner’s case [20], [21]. Understanding how emotion can

impact our perception can play an important role in designing
new systems, especially in more immersive environments like
VR.

C. Auditory-Visual Association Tests

Several different tests have been created to understand
synaesthesia and cross-modal associations in the population.
The goal of my PhD research is to investigate these different
tests and look to replicate and improve them in a VR environ-
ment. This section will explore the Implicit Association Test
(IAT), Synaesthesia Battery, Test of Genuineness (TOG-R),
NeCoSyn method and an Altered State of Consciousness test
(OAV) below to give more of a background.

1) Implicit Association Test (IAT): The IAT has been used
in previous research to understand cross-modal associations.
It is a popular tool to use when studying both implicit and
explicit associations between different items [4]. In [4], they
replicated several classic cross-modal association tests as well
as highlighting two new correspondences with their modified
IAT test. They studied the takete-maluma, mil-mal and audio
pitch-size of visual object, as well as presenting new cross-
modal correspondences between audio pitch-size of visual
angle and between waveform-spikiness/roundedness of visual
stimuli.

In [5], a test was conducted using the implicit association
test (IAT) to explore associations between auditory pitch-
visual elevation, auditory pitch-visual size and auditory pseudo
words-visual shapes in synaesthetes and non-synaesthetes. It
found the idea of a continuum between synaesthesia and cross-
modal correspondences is only partly consistent. The IAT
method might be a useful test to implement in VR with added
visual and spatial audio that can enhance the experience of
associations between the senses.

2) Synaesthesia Battery: The Synesthesia
Battery test1 is used to determine if a person can
be considered a synaesthete or not, with tests for many of
the 60+ types of conditions that are known being available
on this testing platform [10]. The synaesthesia battery test
is one of the most used tests for synaesthesia research to
date. It has been validated and has shown to use a valid
methodology for assessing synaesthesia [3]. It is usually used
as part of an experiment to find true synaesthetes and separate
them from control participants. However, it also has the
potential to test non-synaesthetes to understand the strength
of their associations between the auditory and visual senses,
viewing it on a spectrum between high synaesthete-like level
to a low non-synaesthete-like level. In [22], it was found
that non-synaesthete participants, who took the Synaesthesia
Battery test, scored very differently on the spectrum and in
the follow up comments section found that participants closer
to the synaesthesia end of the spectrum mentioned more
detailed colour associations that they experienced.

Other methods have been used along side it, like the IAT
[11] or OAV test [23] to first find people with synaesthesia and

1https://synesthete.ircn.jp/home



then test and compare to non-synaesthetes. These tests have
also created a discussion regarding the relationship between
synaesthesia and cross-modal correspondences and the idea
of a continuum between them [5], [24]. If we are to judge
synaesthesia as part of a continuum with cross-modal associa-
tions, the Synaesthesia Battery test can help us understand the
strength of people’s associations on this continuum.

3) Test of Genuineness (TOG-R): The Test of Genuineness
(TOG) has been used and improved on throughout the years as
the central tenet for assessing the consistency of synaesthetes
reports [6]. Baron-Cohen made great improvements on the
TOG method in his works in 1987,1993,1996 but these tests
did not include tests for the auditory sense [25]–[27].

The revised Test of Genuineness (TOG-R) was introduced
by Asher et al, featuring new material, and a more precise
scoring system [6]. It included 48 sounds (instrumental, natural
occurring, man-made environmental sounds and vocal excla-
mations) and used the Cambridge Synaesthesia charts that
consisted of 238 numbered colours. This test showed a consis-
tency of 71.3% for synaesthetes and 33% for non-synaesthetes,
suggesting that this test can accurately distinguish between the
two groups [6].

In [24], some studies support the fact that there was a dif-
ference between synaesthesia and cross-modal correspondence
and the suggestion of weak synaesthesia was downplayed.
The TOG-R seems to have a similar testing method as The
Synaesthesia Battery and has potential to crossover into a
virtual reality testing scenario easily.

4) NeCoSyn: The NeCoSyn test was developed by Campen
and Froger to understand the personal profiles of color synaes-
thesia. It is based on the Swedish Natural Color system and the
TOG for color-word synaesthetes, mentioned in Section II-C3,
and it provides individual profiles of color synaesthesia in the
dimensions of hue, chroma and blackness [7]. It can test for
associations between color-word, color-taste, color-odor, and
color-music.

In [7], they refer to cross-sensory correspondence in “nor-
mal” people as general synaesthesia, and synaesthesia as
we know it as “particular” synaesthesia. They found that
“particular” synaesthesia is related to the dimension of hue,
while general synaesthesia is related to the dimension of
blackness. Also from there results, we can see, for color-
music synaesthesia that chroma has a higher consistency than
blackness and hue which could be an important aspect in
designing synaesthetic associations between the two senses.
While this again is an improvement on the TOG test especially
for color-music associations and has some similarities to the
TOG-R test, it could be an interesting research direction
in designing personal color profiles based on synaesthetic
associations for “normal” people.

5) Other Tests: The other tests relating to synaesthesia or
cross-modal correspondence are mostly based on the tests
presented above and are not dissected thoroughly in summaries
into the field [11], [24]. The OAV test, while not a test for
cross-modal correspondence or synaesthesia, is a questionnaire
to assess alterations of consciousness during music listening

[23]. In [23], results showed that most synaesthetes, but no
controls (non-synaesthetes) reported alterations of conscious-
ness during the test.

It could be an important aspect to study and within a
VR space might present more promising results for non-
synaesthetes where we could see more out-of-body experi-
ences, alterations of time and alterations in limb ownership, as
was presented in [23] for most participants in the synaesthetes
group.

D. Related Work in Virtual Reality

Related research work, regarding different assessment tests
within a virtual reality environment are sparse. To date, I have
found little information on any VR studies on auditory-visual
association tests but there are a few other areas that have
conducted similar tests with a VR environment.

In [28], an experiment was conducted to compare stress
perception in VR and on a regular desktop. This was done
using a Stroop word color test, and found that stressful tasks
were perceived to be less stressful in the VR environment
than on a desktop if no additional stress factors, such as
head movement were involved. In a follow up study, the
authors created an open-source Stroop room, which is a virtual
reality enhanced Stroop test, where they found a 30-40%
improvement in some metrics when compared to the traditional
Stroop test [29].

In [30], a study was carried out to understand the optimal
arousal level for an individual to improve performance. Again,
a word-color Stroop test was conducted in VR, with the
background presenting different levels of stress in the form
of driving through a wartime scenario. They were able to
identify the optimal arousal level and found that moderate
levels of arousal can lead to improved performance. Parsons
and Phillips reviewed different psychological assessments in
relation to clinical practices and how VR can be used to
improve these assessments. They looked at three virtual envi-
ronments (virtual classroom, virtual grocery store and a virtual
apartment), to understand more about patients, with different
ailments, and what they needed to get better [31]. Assessments
in VR have the power to add more ecological validity, where
more traditional measures of assessment might lack [31].

While these different studies have shown that VR can help
improve on certain tests like the Stroop test, there is still a lack
of research into the use of VR for synaesthesia or auditory-
visual cross-modal correspondence tests. There is a gap in this
area where we can build upon the previous work to, firstly,
develop a more effective test environment that will lead to
clearer and more reliable data and, secondly, help build the
understanding of how we should be designing auditory-visual
interactions in VR environments that can help in adaptive
learning and understand emotions role in associations between
senses.

III. METHODOLOGY

The methodology for my PhD research, that will help me
answer the three questions posed in Section I will be presented



Fig. 1. Process of my research question on comparing VR to standard testing
methods in Auditory-Visual Associations

in this section where I will highlight what has been done
already and what is left to do. I have reviewed previous
research and literature in multiple disciplines that align with
my research, these include synaesthesia, auditory-visual cross-
modal associations, virtual reality, sonification, digital art,
affective computing, and human-computer interaction. An un-
derstanding of how single musical notes associate with visual
aspects such as colour and also what impact emotion has on
the association was investigated in a more standard setting
outside of a virtual environment [22].

To help answer research questions, Q1, Q2 and Q3, I will
take all my knowledge gained in the different areas mentioned
previously and build a VR experience that will give the users
a more immersive and emotionally-driven environment where
I can test how they form associations between their auditory
and visual senses. This will be built in Unity, using an Oculus
Quest 2 for debugging and testing. Next, I will conduct an
experiment where users will be tested for their auditory-visual
associations on standard desktop tests mentioned in Section
II-C and then using the VR program. The users’ emotional
insights on their auditory-visual associations in both tests
will also be captured to understand the role of emotion in
associations between the senses, which will also help towards
testing more personalised profiles. These steps will inform the
first two questions from my research proposal, and the results
from the data will help shape the design of a more personalised
system to test if auditory-visual associations or synaesthesia-
like experiences can strengthen the associations between the
two senses and impact creativity.

IV. PREVIOUS CONTRIBUTIONS AND FUTURE WORK

During the first year of my PhD, I focused on the required
modules for my program and researching the different areas of
interest for my research area outside of virtual reality. These
areas of focus were synaesthesia, auditory-visual cross modal
associations, emotion and personality research. I contributed to
the publication of three conference papers that were submitted
and accepted to two conferences. One paper was published
for the Affective Computing and Intelligent Interaction (ACII)

conference [32] and two papers were published for the Inter-
national Conference on Multimodal Interaction (ICMI) [33],
[34].

This year I moved my research focus into the VR space
and started learning Unity and how to create VR applications.
This next year, I will continue my research into auditory
and visual senses within VR environments and I will start
to create the VR auditory-visual association test and conduct
an experiment to compare the VR version of the test with the
standard desktop test.

I will follow up this experiment by creating a framework
for more personalised mappings on auditory-visual associa-
tions in a VR environment to see if this personalised profile
can strengthen participants’ auditory-visual associations. I am
hoping the Doctoral Consortium will connect me with other
researchers in my area to create a network of people that can
support each other and collaborated in the research field. I
am also taking part in work experience as part of my program
and the consortium would be a good way to find opportunities
either with industry partners or in a research lab to undertake
this.

V. CONTRIBUTION TO AFFECTIVE COMPUTING

My research proposal looks to investigate standard associa-
tion tests using the auditory and visual senses and adapt these
tests using newer technologies, such as VR. By comparing the
results of both the standard and VR tests, we can understand
if testing in a more immersive environment improves on the
scores and helps the participants form stronger associations
between the auditory and visual senses. Research into VR
has not only shown efficient creation of learning contexts but
has shown its use in enhancing affect, with different degrees
of influence over the user’s emotive states [35]. Riva et.al.
conducted a study in which they observed participants’ inter-
actions with virtual environments which were based on parks
and manipulated to be variously relaxing or to induce anxiety
(e.g. sound and music, shadows, lights and textures) [36]. The
results showed that the feeling of presence increased in the
emotional environment, with the emotional state influencing
the level of presence. The VR application I propose, to test
associations between the auditory and visual senses, will also
provide a contribution to Affective Computing. As mentioned
in Section II-B and III, emotion plays a vital role in how
we associate between our senses, and participants’ emotional
state will be captured during both tests. It will provide other
researchers with a new tool to be used in research regarding
auditory-visual associations or other similar areas. I think VR
can be an invaluable tool for research in Affective Computing
and we can see interesting research already being done in the
field with VR [37]–[40]. Previously, I have contributed two
papers to the affective computing field, investigating auditory-
visual-emotion associations [22] and also transactive memory
systems using a virtual agent [32]. I am excited to move my
research forward into the virtual reality sphere, where I believe
new knowledge can be built on top of previous research in
affective computing and other similar fields.



REFERENCES

[1] V. Wright and G. Kefalidou, “Can you hear the Colour? Towards a
Synaesthetic and Multimodal Design Approach in Virtual Worlds,” in
33rd British Human Computer Interaction Conference, (London), British
HCI Conference, 2021.

[2] S. Malpica, A. Serrano, M. Allue, M. G. Bedia, and B. Masia, “Cross-
modal perception in virtual reality,” Multimedia Tools and Applications,
vol. 79, pp. 3311–3331, Feb. 2020.

[3] D. Carmichael, M. Down, R. Shillcock, D. Eagleman, and J. Sim-
ner, “Validating a standardised test battery for synesthesia: Does the
Synesthesia Battery reliably detect synesthesia?,” Consciousness and
Cognition, vol. 33, pp. 375–385, May 2015.

[4] C. V. Parise and C. Spence, “Audiovisual crossmodal correspondences
and sound symbolism: A study using the implicit association test,”
Experimental Brain Research, vol. 220, pp. 319–333, Aug. 2012.

[5] S. Lacey, M. Martinez, K. McCormick, and K. Sathian, “Synesthesia
strengthens sound-symbolic cross-modal correspondences,” European
Journal of Neuroscience, vol. 44, pp. 2716–2721, Nov. 2016.

[6] D. Johnson, C. Allison, and S. Baron-Cohen, The Prevalence of Synes-
thesia. Oxford University Press, Dec. 2013.

[7] C. van Campen and C. Froger, “Personal Profiles of Color Synesthesia:
Developing a Testing Method for Artists and Scientists,” Leonardo,
vol. 36, pp. 291–294, Aug. 2003.

[8] M. D. Murgia, “Teaching Synaesthesia as a Gateway to Creativity,”
Exchanges: The Interdisciplinary Research Journal, vol. 2, pp. 305–313,
Apr. 2015.

[9] C. Curwen, “Music-colour synaesthesia: Concept, context and qualia,”
Consciousness and Cognition, vol. 61, pp. 94–106, May 2018.

[10] F. R. Farina, K. J. Mitchell, and R. A. P. Roche, “Synaesthesia lost and
found: Two cases of person- and music-colour synaesthesia,” European
Journal of Neuroscience, vol. 45, pp. 472–477, Feb. 2017.

[11] N. Sagiv and J. Ward, “Chapter 15 Crossmodal interactions: Lessons
from synesthesia,” in Progress in Brain Research, vol. 155, pp. 259–
271, Elsevier, 2006.

[12] M. A. Runco and G. J. Jaeger, “The Standard Definition of Creativity,”
Creativity Research Journal, vol. 24, pp. 92–96, Jan. 2012.

[13] J. H. Lee, E. Yang, and Z. Y. Sun, “Using an Immersive Virtual Reality
Design Tool to Support Cognitive Action and Creativity: Educational
Insights from Fashion Designers,” The Design Journal, vol. 24, pp. 503–
524, July 2021.

[14] J. Ward, B. Huckstep, and E. Tsakanikos, “Sound-Colour Synaesthesia:
To What Extent Does it Use Cross-Modal Mechanisms Common to us
All?,” Cortex, vol. 42, no. 2, pp. 264–280, 2006.

[15] R. Williams, S. Gumtau, and J. Mackness, “Synesthesia: From Cross-
Modal to Modality-Free Learning and Knowledge,” Leonardo, vol. 48,
pp. 48–54, Feb. 2015.

[16] A. I. Goller, L. J. Otten, and J. Ward, “Seeing Sounds and Hearing Col-
ors: An Event-related Potential Study of Auditory–Visual Synesthesia,”
Journal of Cognitive Neuroscience, vol. 21, pp. 1869–1881, Oct. 2009.

[17] S. E. Palmer, K. B. Schloss, Z. Xu, and L. R. Prado-Leon, “Music-
color associations are mediated by emotion,” Proceedings of the National
Academy of Sciences, vol. 110, pp. 8836–8841, May 2013.

[18] C. Spence, “Crossmodal correspondences: A tutorial review,” Attention,
Perception, & Psychophysics, vol. 73, pp. 971–995, May 2011.

[19] T. Tsang and K. B. Schloss, “Associations between Color and Music
are Mediated by Emotion and Influenced by Tempo: (525772013-006),”
2010.

[20] R. Plutchik, “The Nature of Emotions: Human emotions have deep
evolutionary roots, a fact that may explain their complexity and provide
tools for clinical practice,” American Scientist, vol. 89, no. 4, pp. 344–
350, 2001.

[21] K. Hevner, “Experimental Studies of the Elements of Expression in
Music,” The American Journal of Psychology, vol. 48, p. 246, Apr.
1936.

[22] P. O’Toole, D. Glowinski, and M. Mancini, “Understanding Chro-
maesthesia by Strengthening Auditory -Visual-Emotional Associations,”
in 2019 8th International Conference on Affective Computing and
Intelligent Interaction (ACII), (Cambridge, United Kingdom), pp. 1–7,
IEEE, Sept. 2019.

[23] C. Lebeau and F. Richer, “Emotions and Consciousness Alterations in
Music-color Synesthesia,” Auditory Perception & Cognition, pp. 1–10,
Feb. 2022.

[24] O. Deroy and C. Spence, “Why we are not all synesthetes (not even
weakly so),” Psychonomic Bulletin & Review, vol. 20, pp. 643–664,
Aug. 2013.

[25] S. Baron-Cohen, M. A. Wyke, and C. Binnie, “Hearing words and
seeing colours: An experimental investigation of a case of synaesthesia,”
Perception, vol. 16, no. 6, pp. 761–767, 1987. PMID: 3454433.

[26] S. Baron-Cohen, J. Harrison, L. H. Goldstein, and M. Wyke, “Coloured
speech perception: Is synaesthesia what happens when modularity breaks
down?,” Perception, vol. 22, no. 4, pp. 419–426, 1993. PMID: 8378132.

[27] S. Baron-Cohen, L. Burt, F. Smith-Laittan, J. Harrison, and P. Bolton,
“Synaesthesia: Prevalence and familiality,” Perception, vol. 25, no. 9,
pp. 1073–1079, 1996. PMID: 8983047.

[28] R. Poguntke, M. Wirth, and S. Gradl, “Same Same but Different:
Exploring the Effects of the Stroop Color Word Test in Virtual Re-
ality,” in Human-Computer Interaction – INTERACT 2019 (D. Lamas,
F. Loizides, L. Nacke, H. Petrie, M. Winckler, and P. Zaphiris, eds.),
vol. 11747, pp. 699–708, Cham: Springer International Publishing, 2019.
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