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Abstract—Can cross-modal associations between notes and
colours and between notes and emotions be strengthened by using
an ad-hoc designed computer program? In this paper we present
an experiment that we conducted to see (H1) if participants’
associations between the auditory and visual senses could be
strengthened through immersion in a multi-sensory program and
(H2) if there was any correlation between auditory-visual and the
auditory-emotion associations. In our experiment, participants
were asked to use the SoundStrokes program, an application
that translates notes played on an analog music instrument (i.e.,
a guitar) into coloured graphical shapes (i.e., rectangles). After
several training sessions with the program, participants were
asked to associate single music notes to colours and emotions.
Applications of our work may vary from entertainment, to enrich
in a systematic manner the user emotional experience in, for
example, videogames or immersive experiences, to digital health,
in which relatively simple tools can be developed, for example,
to reduce anxiety through music.

Index Terms—chromeasthesia, cross-modal association, emo-
tion, sound, colour

I. INTRODUCTION

This paper investigates the area of cross-modal associations
between the auditory and visual modalities and the role emo-
tion plays in these sense modalities. The research questions
this paper seeks to provide an answer are:

1) Can cross-modal associations be strengthened through
immersion using a theory connecting sound to colour?

2) Does emotion emitted from colour correspond to emo-
tion emitted from sound?

Synaesthesia, particularly chromaesthesia, and its relationship
with cross-modal associations is also investigated to keep a
better understanding on the topic. Synaesthesia is defined as
an individual experiencing sensation in an expected sensory
modality but also involuntarily experiencing a sensation in
another sensory modality [1]. In chromaesthesia, the above
description is experienced between the auditory and visual
modalities. Synaesthesia is a rare condition that affects be-
tween 2 - 4% of the population [2], [3], with chromaesthesia,
roughly occurring in only 0.2% of the population [3].

While this paper’s main focus is the investigation into the
possibility of strengthening auditory-visual associations and
the role of emotion in the general population (can single mu-
sical notes elicit a strong emotional response?), Ward et al. [4]
see the study of synaesthesia, and in particular chromaesthesia,

as important to inform theories on normal cognition and that
it might be present in us all from a young age. That is, while
understanding can be gained from synaesthesia, it is important
to understand how non-synaesthetes associate different sensory
modalities and, as we will show later, maybe the concept
of synaesthete vs. non-synaesthete is the wrong way to refer
chromaesthesia/auditory-visual associations.

Interest in synaesthesia spanned mainly the fields of Neu-
roscience, Psychology and Art, receiving a lot of attention
during the 19th century with many artists interested in sensory
fusion [1]. Art and creativity have been shown to be a popular
outlet for synaesthetes. Campen [5] highlights a correlation
between artistic people and synaesthesia, i.e., the University
of Arizona conducted an interview with 358 fine art students at
three universities and found 23% of them to have synaesthesia.
Two artists that stood out as revolutionary for the use of
synaesthetic perception in their art were Wassily Kandinsky
and Alexander Scriabin. The aforementioned artists theorised
about sound-colour associations for most of their life, creating
many pieces of work as well as Scaribin’s “circle of fifths”
theory and Kandinsky’s “aesthetic” theory [6].

II. BACKGROUND

A. Synaesthesia: Classification, Categories and Types
Different fields have investigated synaesthesia in an attempt

to establish a firm hypothesis on how and why synaesthesia
appears in a small number of the population. With the large
number of synaesthetic associations and the different situations
it can arise from, it is tough to postulate one theory for
synaesthesia.

Hill [7] describes Baron-Cohen and Harrison’s theory of 4
primary classifications for synaesthesia: Developmental (de-
velops in early childhood and is vivid, automatic, involuntary
and unlearned), Metaphorical (linguistic expression of one sen-
sory experience in terms of a differing experience), Acquired
(revealed after injuries or physiological conditions), and Drug
induced (temporary effects that wear off).

As stated, chromaesthesia is one of many categories of
synaesthesia. There are over 60 known categories of synaesthe-
sia, including odor-colour, taste-colour, sound-tactile, sound-
colour, and grapheme-colour which is the most common
category.
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Synaesthesia can be perceived as either one of two types.
Associators can be described as experiencing colours in “the
minds eye” or “knowing the colour” when a different sensory
module is stimulated. Projectors, on the other hand, describe
seeing colours which are often projected outside the body and
into external space [2]. It has been shown that the brain reacts
differently in associators when stimulated, than that of projec-
tors. A study has found projectors to have structural differences
in other brain regions than those classified as associators [8].
This led them to suggest that experiencing internal versus
external concurrents differs in terms of underlying neural
substrates [8]. With these different neural mechanisms, colour
memory is possibly crucial to associator synaesthetes [8].

If colour memory is crucial to associator types and, with
cross-modal correspondence in non-synaesthetes and how they
associate colour with other sensory stimuli (see also Section
II-B), it could be suggested that everyone has the potential
to be synaesthetic and that the question of, “do you have
synaesthesia?” could be the wrong question. Campen [5] views
this question as being too straightforward. She tested 223
fine art students, some of which were synaesthetes and some
who were not, so she expected to view two peaks in her
graph. However, she found a more gradual distribution of
synaesthesia scores between 0 - 100% with no clear line
between synaesthetic and non-synaesthetic scores. This led her
to change the question above to the more fitting “How strong
is your synaesthesia?”.

B. Cross-Modal Correspondence

While a lot of understanding can be gained from synaes-
thesia, it is important to understand the links between how
synaesthetes and non-synaesthetes use cross-modal correspon-
dence when associating different senses, that can build a
strong narrative around the question of “How strong is your
synaesthesia?”.

Many different theories can be found on colour and how
it connects to our senses, emotions and has importance in
chromaesthetic perception. There have been numerous studies
undertaken in sound and areas related to chromaesthesia.
They shown that high sounds can be associated with brighter
colours, while low sounds are associated with darker colours
[2], [4], [9]. Studies have also found other low-level associa-
tions between timbre-saturation, loudness-brightens and pitch-
size [10]. While this paper will deal with mostly low-level
associations, it briefly points out some high-level associations
in sound. Studies show that the major mode can be associated
with brighter colours and minor mode with darker colours,
showing that melodies (or a collection of notes) can influence
associations [11]. The colour theories researched in this paper,
relating to sound are those of Isaac Newton [12], of composer
Scaribin [6], whose theory was based on chromaesthesia and
spent a lot of time researching the connection between sound
and colour, and the one mathematically connecting light and
sound frequencies [13], [14].

C. Emotions

This paper also seeks to provide indications about connec-
tions between emotion-colour and sound-emotions. Plutchik’s
wheel of emotions [15] is a theory based on the comple-
mentary colour wheel, where opposite colours in the wheel
are connected. In his wheel of emotion, the four main
emotional opposites: happy/sad, anger/fear, distrust/trust and
surprise/anticipate sit across from each other on the wheel.
These emotions are connected to certain colours and the eight
outer segments are blends of closely situated colours and
emotional words (“joy” & “trust” = “love”, “yellow” & “light
green” = “wedge of lime”). Plutchik’s wheel of emotion is
shown as a way to understand emotion-colour connections,
with Hevner’s model used for sound-emotion connections [16].

Emotions play a role in every human action, it has been
shown that enhancement of emotional perception is significant
in, not just conscious, but also subconscious conditions [17].
This shows that we can be oblivious to the fact that every
decision we make is informed in some way by emotion and
shows the importance of considering emotion in any research
on human perception.

Cytowic [1] states that our species evolution was not just
brought about by our large frontal lobes that would benefit
logical and more computational abilities, but developed along
with the limbic system and hippocampus. The limbic system
decides questions of salience and relevance and how we
act on information, it is the place where all information
passes through before being redistributed to the cortex for
analysis, the gateway to perception [1]. With this thought, it
would be hard to investigate sound-colour associations without
investigating how emotion plays a role.

Palmer et al. [11] conducted tests showing that sound-colour
associations were highly consistent with the emotional medi-
ation hypothesis (i.e., when people listen to music, they have
emotional responses and pick colors with similar emotional
content). Tawny & Schloss [18] show similar results when
testing connections between sound, colour and emotion, where
subjects perceived music in major scale and at a faster tempo
to be lighter in colour and be happier, and the opposite for
music in the minor scale.

Hevner [19] created a model where emotive language is
split into groups, with each group containing similar emotional
expressions. Participants were given musical excerpts to listen
to with different tempo, rhythm, keys and asked to provide
their emotional response. The study found out strong connec-
tions between emotional responses and music keys, with major
keys eliciting mainly happier emotions while minor keys being
perceived more sad.

Compared to the works described above, our experiment fo-
cuses on lower-level associations between single notes (instead
of musical excerpts) and emotional states.

III. EXPERIMENT

We now present our study aiming at confirming or rejecting
the following hypotheses:



• H1 - participants’ associations between the auditory and
visual senses are strengthened through immersion in our
program SoundStrokes;

• H2 - there is correlation between auditory-visual and
auditory-emotion associations.

A. Participants’
18 people agreed to take part in the study, that was con-

ducted in accordance with the Declaration of Helsinki. The
study was approved by the competent local Ethics Committee
The test took 7 people with minimal musical experience
and 11 people who were proficient musically. Out of the 18
participants’, 16 declared themselves as right-handed and 2 as
left-handed. Everyone was asked to state their age group, with
9 people declaring that they were between 26 - 35, 4 people
within the 18 - 25 group, 5 people between 36 - 45.

B. Pre-testing
Before commencing the experiment, participants were

emailed a brief explanation and instructions to take a prelimi-
nary online test for synaesthesia called The Synesthesia

Battery

1.
This is a website that allows people to take online tests for

various forms of synaesthesia, to check if they are synaesthetic.
The participants’ were instructed to choose only the “music
pitch to colour” synaesthesia test as that would correlate with
the rest of our experiment. The test took roughly 5 mins and
comprised of the participant listening to 12 different notes,
3 times, and to choose a colour on the RGB scale that they
represent with that note. At the end, a score was given, with
the score for synaesthetes expected to be below 1.0 and for
non-syntesthetes to be around the 2.0 mark. Out of the 18
participants’, no one scored below 1.0, so no one could be
classed as being a synaesthete. However there was a range
of different scores, with the lowest being 1.2 and the highest
being 2.8 that gives strength to Campen’s [5] idea that there
is not clear line between synaesthetic and non-synaesthetic
abilities. The average score of all participants’ was 2.03,
which is classed as non-synaesthetes who use memory or free
association.

C. Apparatus
The SoundStrokes program was run using

Processing on a MacBook Pro 13”, which used an external
screen to display the program. With the SoundStrokes

program being displayed on the external monitor, the
MacBook Pro 13” screen was used to conduct the cross-
modal association tests. Logic Pro X was set up to output
the sound from the guitar, connected to the audio interface, to
the headphones. The audio interface used was an Audient

iD14, which managed the input of the guitar and brought
the signal into the SoundStrokes program to extract the
correct frequency of notes. It was also used to output the
sound from Logic Pro X and from the sound files in the
survey to the headphones. An iPad was used to make the

1https://www.synesthete.org/

colour choices using an app called Color Picker. A ’72
Fender Telecaster electric guitar was chosen as the musical
instrument to emit sound in this experiment.

D. Sound and Colour Stimuli

The sound stimuli used for the experiment came from
two sources: the guitar, providing sound feedback to the
participants’ while they use the SoundStrokes program,
and sound files previously created in Logic Pro X using
the same guitar, where each note was recorded to a mono
track with each note lasting 6 seconds. The same guitar
was used to help promote reliable answers because, with
instruments having different timbres, the same note can cause
different associations, which could skew the results of the test
[4]. The guitar signal was also sent to the SoundStrokes

program which read the default sound input and calculated the
frequency of the signal.

The colour stimuli used for the experiment also came from
two sources: the colours produced from the SoundStrokes
program and the colours to associate with a certain sound.
In both cases, the colours were the same 12 colours: Blue,
Blue-Indigo, Indigo, Indigo-Red, Red, Red-Orange, Orange,
Orange-Yellow, Yellow, Yellow-Green, Green, Green-Blue.
Within the SoundStrokes program, these colours were
assigned to certain frequencies using RGB format and when
that frequency was triggered by the note played on the guitar,
it drew a rectangle to the canvas in the colour associated
with the note. This outputted a form of geometric abstraction
influenced by Concrete or De Stijl styles of art [20]. For the
colour image used in the Color Picker App in testing, an
image was created by drawing boxes and using the fill tool
and the RGB scale to fill each box with the colours congruent
in the program.

E. Procedure

Figure 1 shows one of the participants’ performing the
experiment.

Each Participant was involved in a one-on-one experimental
session with the experimenter lasting 60-70 minutes and
consisting of 4 stages, once the pre-test (see Section III-B)
was taken. Each session stage involved 1 training and 1 test
phase.

At the beginning of the session, participants were given an
information sheet outlining what the research being carried
out was and a breakdown of how the experiment session will
be run with an approximate running time and information
regarding opting out of their data being used. Everyone gave
consent to take part in the test. Participants also took an online
hearing test2, which lasted roughly 5 minutes. Results of the
hearing test showed that no one had any hearing problems that
would affect their ability to make informed decision during the
session.

Before beginning the experiment, participants were in-
structed on how the SoundStrokes program works and

2https://www.beltonehearingtest.com



Fig. 1. One of the participants being tested and the setup for the testing stage.

were given a feel for the guitar and, for people unfamiliar
with playing it, a basic instruction on how to play basic notes.
Participants’ were also instructed by the experimenter that only
the first 12 notes would give output to the display and to focus
on the first 12 frets of the Low E string. They were also told
to concentrate on the display in relation to what note they
play on the guitar but no rigid instruction on how to play the
guitar was given. It is our opinion that this learn-by-playing
approach promotes more engagement.

During the experiment, participants had to perform 3 sound-
colour (s-c) and 1 sound-emotion (s-e) association stages, each
one preceded by a training phase lasting 5 minutes. So, the
entire procedure was the following: training 1, s-c test 1,
training 2, s-c test 2, training 3, s-c test 3, training 4, s-e
test.

The three s-c stages were identical, except the first one
which was preceded by a questionnaire on the participants’
musical experience, age group and left/right hand inclination.
The 12 questions on sound-colour associations were present
in all the three s-c stages. Each question contained a link to
a sound file containing one musical note played on the guitar,
ranging from E0 to D#0. So, each participant had to listen to
12 different notes, whose order was randomised during each
stage of the experiment. An iPad using the Color Picker

app displayed 12 colour choices the participant could choose
from upon hearing a sound stimuli. When choosing a colour
it gave a numerical value that the participant could then input
into the answer field for each question. They could listen to
the sound stimuli as many times as they wished but once they
had moved to the next question they could not go back.

At the end of the third s-c stage, participants could train with

the program for 5 additional minutes and, after that, they took
the final sound-emotion association test. Participants’ were
guided to take the s-e association survey, where they were
given 4 basic emotional responses (joy, anger, sadness and
fear) to choose from after listening to the sound stimuli. If the
exact emotion that they felt was not available, they were asked
to choose the emotion from the available ones that was closest
to it. Once the 12 questions were answered, participants were
invited to express any overall feedback or insights they had
on the entire session.

F. Data Handling

Google Forms was used to gather participants’ answers
from each sound-colour and sound-emotion test which was
connected to a Google Sheet which housed all the data. A
script was run on all the sound-colour answers to present the
data in a visual way, helping to compare colours between
answers and participants.

G. Analysis

For the sound-colour tests, we converted participants’ colour
choices to integer scores. Since the use of two circular con-
structs with a colour wheel and musical note system were re-
searched, a similar approach for scores was ideal to rate which
sound-colour associations are more congruent than others. If a
participant chose the expected sound-colour association (i.e.,
the one that was used by the SoundStrokes program), they
would score a zero; if they chose the furthest option in respect
to the correct association, they would score a six. So, the
higher the score, the more the association is incorrect, and
vice-versa. This is because they could only be six spaces away
in either direction to the correct option. The scores for each
question in a sound-colour test were added together for each
participant to give a total score for that test, which could be
then compared with the other two test phases to look for a
trend. Once the data was ready for analysis, Page’s trend test
[21] was chosen to check for significant trends in the data.

For the sound-emotion test, each emotional word was coded
to a number, with Sadness = 0, Anger = 1, Joy = 2, and
Fear = 3 (following the colour order in the Plutchik’s wheel
of emotions [15]). To analyse the association of emotions to
sound, the Intraclass Correlation Coefficient (ICC) statistical
test was used to measure the agreement between participants
choices. Additionally the Tableau and Voyant software
was used to do some extra visual analysis on the datasets and
to visually represent the best and worst colour-notes scores,
and word clouds for emotions chosen.

H. Results

1) Sound-colour association tests: Page’s trend test run on
all participants showed that no significant result was present.
While the test showed an overall improvement between the
3 s-c tests (mean difference of 0.1 between tests 1 & 2;
mean difference of 0.36 between tests 2 & 3), there was not
enough improvement to find a significant trend between them.
To evaluate socio-demographic aspects we conducted separate



TABLE I
RESULTS FROM PAGE’S TREND TEST ON THE DIFFERENT GROUPS FOR THE

SOUND-COLOR (S-C) ASSOCIATION TEST

Groups Participants’ L Score

All Groups 18 224.5
Musical 11 142.5*
Non-Musical 7 82
Age: 36-45 5 66.5*
Age: 26-35 9 112.5
Age: 18-25 4 45.5

* A significant trend was found (p < .05)

checks for musical experience and age groups. The Page’s
trend test was run again on age groups: the 18-25 and the
26-35 groups did not exhibit any significant trend, while the
36-45 age group produced significance (see Table I). Next,
a Page’s trend test on the 11 musical and the 7 non-musical
participants’ was run. While the non-musical participants did
not exhibit any significant trend, the musical participants did
(see again Table I).

2) Sound-emotion association test: We evaluated the par-
ticipants inter-agreement for the sound-emotion test by com-
puting the Intraclass Correlation Coefficient (ICC), which was
.639[.239� .884]. This value is considered as acceptable and
may show a relative good agreement between participants in
evaluating the emotional correlates for each listened note. As
for the possible socio-demographic aspects, musical experi-
ence and age did not give significant results showing that such
emotional interpretation of notes is potentially valid beyond
the variety of participants peculiarities. These results will need
further confirmation by testing a higher number of participants.

I. Discussion

1) H1 - Sound-colour association: The results described
in Section III-H1 suggest that H1 can be accepted, that
is, is appears to be possible to strengthen cross-modal as-
sociations through immersive use of the ad-hoc designed
SoundStrokes program, at least for some participants
groups. While the overall results accepted the null hypothesis,
results from two subgroups (musical & 36-45 age group)
rejected it and showed significant improvements between the 3
test phases after time immersed in the program. To dissect why
these two groups were able to strengthen their sound-colour
associations, it can be argued that older people had more years
to build cross-modal associations and to better develop sensory
input processing. The musical groups results might be easier to
explain, as they already have experience and a stronger musical
ear, they might not be familiar with the guitar but would have
a better reference point to start from than the non-musical
participants.

Figure 2 shows the total scores for each sound-colour
associations across the 3 tests, the lower the score the stronger
association. This shows that improvement was made in 7 out
of 12 associations between the first two tests and 8 out of 12
associations between the second and third tests. The strongest

Fig. 2. Ranging from test 1 - 3, this visualisation shows the total score from
all participants’ for each sound-colour association

overall associations were the three lowest notes followed
by the highest note. Most participants’ were able to closer
associate the dark colour group with low notes, and light blue
with high notes, as it is highlighted in previous research works
on sound-colour associations [2], [4], [9]–[11]. Associations
with red, orange and yellow, that are in the middle, produced
the worst scores. Participants could identify with more ease
the colours associated at either end of the spectrum, with the
lowest-darkest and the highest-brightest association scoring
well across all participants.

One interesting insight received from a participant after the
session was that they did not agree with some of the associa-
tions in the test. While this participant did not emerge from the
pre-test as having synaesthesia, they did score strongly towards
the synaesthetic spectrum. They believed that the “red note
should have been a dark brown” and that “the green colour
was wrong for the note that was played, I think it should have
been more of a blue-grey colour. I think maybe a rose colour
would have suited the green”. These observations lead us to
think that the question “How strong is your synaesthesia?” (see
Section II-A) could be a way to view associations between the
senses, especially for chromaesthesia [5]. Another participant
expressed that, when associating colours in the test, they not
only used the musical note but also the position of where the
musical note was on the neck to make an informed choice. It
is impossible to get a perfect agreement between two sense
modalities because of the many senses used when interacting
with the surrounding environment and while there are primary,
secondary and tertiary senses, everyone takes in different
amounts of information from each sense which shapes how
they perceive what they see, touch, feel, smell and hear [22].

2) H2 - Sound-emotion association: Figure 3 aims to pro-
vide further insights on the sound-emotion test, which exhib-
ited an acceptable agreement between participants as described
in Section III-H2, suggesting that H2 could be confirmed.
The word clouds in the figure show which emotions were
chosen the most, overall (above) and within each colour group



Fig. 3. Word cloud for all participants’ emotional choices and broken down
into sound-colour associations

(below). While participants could choose among 4 Plutchik’s
basic emotions (anger, sadness, joy, fear) the majority picked
joy and sadness, as shown by the word clouds.

The Figure shows a basic correspondence between our
findings and the colour-emotion choices in Plutchik’s theory,
with joy being the most chosen emotion in the orange-yellow
group and sadness being the most chosen one in the blue-
violet group. It also shows that, for the green-light blue group,
joy is the most chosen emotion and sadness is the most
chosen one in the red-orange group. Participants’ found it
hard to make emotional connections to single notes, with one
participant pointing out that the note from a previous question
affected how they chose the emotion for the current one, with
ascending notes being perceived as happy and descending ones
more somber. However, a connection between our findings and
Plutchik’s theory appears possible. As mentioned in Section
II-C, emotional decisions can be made subconsciously, which
could play a part in the disconnect between the positive results
shown here and participants’ comments on struggling to make
an emotional connection [17].

The above speculations are in line with previous research
works on music-emotion associations [11]. Compared to them,
we aimed to show that people could consistently associate
single notes (instead of chords, or melodies [19]) to emo-
tional states, after some cross-modal training on sound-colour
correspondence. We hypothesise that, by strengthening sound-
colour associations, and by taking into account previous find-
ings about the associations between colour and emotion, par-
ticipants have also strengthen their ability to perform sound-
emotion associations.

IV. CONCLUSION

In this paper we present an experiment exploiting an im-
mersive program to strengthen cross-modal auditory-visual-
emotional associations. Results show that, at least for some
participants groups, some of these associations (e.g., the
auditory-visual one) have been improved while other ones
(e.g., the auditory-emotional one) will require further inves-
tigation, even if results are encouraging.

A. Limitations

Being present during each phase of the experiment, we
noted a few factors that could have affected the outcome.
The time constraints and the amount of work needed to test
a single participant (a single long session of roughly 60-70
minutes) were probably not ideal, as a perceptual study is
highly demanding in terms of focus and concentration for
the participant. We noticed, on a few occasions, participants
copying and pasting their previous colour choice to the next
one or making quick and unfocused choices. With the im-
mersive interaction using the SoundStrokes program and
an instrument like the guitar, there is a degree of freedom
to how the instrument is played. This is important to keep
the interest of the participant high and give them a licence
to express themselves, to favour deeper connection between
stimuli. However, with this approach, even under guidance
that only the first octave range will be drawn to the canvas,
and connections are between single notes and colours, there
were participants’ that either strummed chords, played outside
of the range, scratched the strings or made weird noises.

B. Future work

To continue and extend our investigation on chromaestesia
and cross-modal association, it will be important to be able to
spread out the test into different sessions. Each session would
test the participants once after they use the program, with more
time allowed for immersion in the SoundStrokes program.
Testing participants over longer periods of time and with more
than 3 training sessions would also strengthen the argument
that the sound-colour associations being tested will remain.
By spending more time and resources in future improved
experiments, a control group taking the test in the same time-
frame, showing no improvement could also help to exclude
the test-retest effect. Another aspect that might be explored in
future experiments is changing the instrument and to adopt,
e.g., a piano. While even the non-musical participants’ were
able to play notes on the guitar, they did not always play clear
notes and had to look down sometimes to the fretboard to hit
a string.

C. Applications

The potential of the setup exploited in the experiment is to
enable a user to develop their own associations, and to test
whether such associations are consistent over time. The work
presented in the paper shows that it should be possible, for
example, to develop simple portable apps that could be used
to train and test user’s “sound-colour-emotion profile” over
various time-spans (e.g., 1 week, 1 month). The app could
also provide insights about the external factors that could have
contributed to the profile variability. The user’s profile could
be exploited, for example, in entertainment, to enrich the user’s
emotional experience in videogames or immersive application,
or in digital health, to develop simple tools to, for example,
reduce anxiety through music [23].
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