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ABSTRACT
Based on the existing research on sound symbolism and crossmodal correspondence,
this study proposed an extended research on cross-modal correspondence between
various sound attributes and color properties in a group of non-synesthetes. In
Experiment 1, we assessed the associations between each property of sounds and colors.
Twenty sounds with five auditory properties (pitch, roughness, sharpness, tempo and
discontinuity), each varied in four levels, were used as the sound stimuli. Forty-nine
colors with different hues, saturation and brightness were used to match to those
sounds. Result revealed that besides pitch and tempo, roughness and sharpness also
played roles in sound-color correspondence. Reaction times of sound-hue were a
little longer than the reaction times of sound-lightness. In Experiment 2, a speeded
target discrimination task was used to assess whether the associations between sound
attributes and color properties could invoke natural cross-modal correspondence and
improve participants’ cognitive efficiency in cognitive tasks. Several typical sound-
color pairings were selected according to the results of Experiment 1. Participants were
divided into two groups (congruent and incongruent). In each trial participants had
to judge whether the presented color could appropriately be associated with the sound
stimuli. Result revealed that participants responded more quickly and accurately in the
congruent group than in the incongruent group. It was also found that there was no
significant difference in reaction times and error rates between sound-hue and sound-
lightness. The results of Experiment 1 and 2 indicate the existence of a robust crossmodal
correspondence between multiple attributes of sound and color, which also has strong
influence on cognitive tasks. The inconsistency of the reaction times between sound-
hue and sound-lightness in Experiment 1 and 2 is probably owing to the difference in
experimental protocol, which indicates that the complexity of experiment design may
be an important factor in crossmodal correspondence phenomena.

Subjects Ophthalmology, Psychiatry and Psychology, Statistics
Keywords Crossmodal correspondences, Phylosophy, Sound, Color, Speed-discrimination,
Attributes

INTRODUCTION
Research on crossmodal correspondences between sound and color has a long history in the
field of experimental psychology. Crossmodal correspondences between color and auditory
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stimuli are well-established in the literature, especially in synesthetes (Karwoski, Odbert &
Osgood, 1942; Cytowic, 2002; Day, 2005; Ward, Huckstep & Tsakanikos, 2006; Hänggi et al.,
2008; Spector & Maurer, 2009; Menouti et al., 2015; Farina, Mitchell & Roche, 2016). For
example, most synesthetes tend to associate high pitch sounds with light colors—middle
‘C’ on a piano might be red but the note three octaves higher might be green. Some
studies have also compared performance to those of non-synesthetes (Ward, Huckstep
& Tsakanikos, 2006). Moreover, crossmodal audiovisual mechanisms exist in the normal
population more generally. There are some reviews of the literature on crossmodal corre-
spondences in non-synesthetes (e.g., Calvert, 2001; Martino & Marks, 2001; Spence, 2011;
Parise & Spence, 2013).

Early crossmodal matching studies, as well as those studies involving the matching of
soundwith color, suggest that peoplemake reliable associations between certain dimensions
of color and sounds. Such attributes, loudness, visual size, and hues/brightness of colors
have mostly been studied in audio-visual correspondences. Marks devoted himself to
studying on the correspondence between certain features of vision and hearing (Marks,
1974;Marks, 1987). He confirmed that higher pitch and louder sound were associated with
lighter color. Caivano (Caivano, 1994) reported his studies about the relationship between
luminosity of color and loudness of sound, saturation and timbre and size and duration
based on psychological and physical parameters. Hagtvedt (Hagtvedt & Brasel, 2016)
conducted three eye tracking studies on correspondence between frequency of music and
lightness of colored object. In his research, participants’ visual attentions weremore likely to
be guided toward light-colored objects with the influence of high-frequency sounds. Some
researchers also conducted similar studies on specific populations. For example, Simpson
(Simpson, Quinn & Ausubel, 1956) confirmed the existence of correspondence between
hue and pitch in children and concluded that high-pitch were more likely to be associated
with yellow, midlevel pitch responded to orange and low-pitch matched blue. In follow-up
studies, Stevens (Stevens & Marks, 1965) and Bonds (Bond & Stevens, 1969) studied both
children and adults using sample waveform sounds and demonstrated that both groups
with different ages matched light grey color with louder sound and darker grey color
with quieter sounds. Kim (Kim, Nam & Kim, 2015) performed experiments using vowel
sounds and several colors in both synesthetes and non-synesthetes. The results revealed
that both synesthetes and non-synesthetes showed statistically significant color-matching
consistency (e.g., high vowel sounds were mapped with brighter colors).

Also, there are some studies involving sound-color correspondence that used more
complex stimuli. For example, Bresin (Bresin, 2005) selected different music to study the
emotional relationship between different color attributes (hue, saturation, brightness)
and music. He concluded that different hues or brightness of colors were associated
to different emotional music, for instance, dark color to music in minor tonality and
light colors to music in major tonality. However, we notice that the music he used was
made by different musicians with various instruments, which made it impossible to
identify the most influential factors among the sound properties in those music. Barbiere
(Barbiere, Vidal & Zellner, 2007) did similar research and pointed out that ‘‘red’’, ‘‘yellow’’
corresponded to happier music, whereas ‘‘gray’’ to sadder music. Same as Bresin’s research,
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four musical stimuli were studied and there were no actual colors but only words presented
in the experiment. Palmer (Palmer et al., 2013) used colors instead of color-words and
demonstrated that robust crossmodal matches between music and colors are mediated
by emotional associations. Lindborg (Lindborg & Friberg, 2015) studied on music-color
correspondence using several film music excerpts and demonstrated that happy music was
associated with yellow, music expressing anger with large red color patches, and sad music
with smaller patches towards dark blue.

In addition, there are some evidence which indicated that sound was also matched
to other visual attributes besides colors, such as timbre and visual shapes (Adeli, Rouat
& Molotchnikoff, 2014a; Adeli, Rouat & Molotchnikoff, 2014b), music and space (Salgado-
Montejo et al., 2016; Hidaka et al., 2013), sound and size (Evans & Treisman, 2010; Rojczyk,
2011), or matched to other senses like gustatory attributes, such as sound and taste
(Knoeferle et al., 2015; Knöferle & Spence, 2012).

Having demonstrated the ubiquitous nature of such crossmodal correspondences, the
next question to be addressed by researchers is whether or not these correspondences
would impact the efficacy of human information processing. Several researchers started to
investigate the impact of crossmodal correspondences on human information processing
using the speeded discrimination task. For instance, as one of the pioneers in this field,
Bernstein in his research (Bernstein, Eason & Schurman, 1971) found that participants
responded more slowly to visual stimuli when the pitch of sound in the task is inconsistent
with them. Marks (Marks, 1987) did a series of discrimination experiments between
vision and hearing. He pointed out that there was a strong correspondence between
certain properties of vison and hearing (e.g., pitch-brightness and loudness-lightness)
and concluded that subjects responded more quickly and accurately with ‘‘matching’’
stimuli than ‘‘mismatching’’ stimuli from the two modalities. In another research,
Marks (Marks, Benartzi & Lakatos, 2003) also demonstrated that it was more difficult
to discriminate the size of visual stimuli with the incongruent pitch of sound than with
the congruent pitch of sound. In our experiments, we partly replicate the research method
which Mark adopted. Other researchers also performed similar experiments in this field
using the speed discrimination task (Hubbard, 1996; Marks, 1989; Melara, 1989; Gallace
& Spence, 2006). Meanwhile, several researchers began to research on the underlying
mechanism of this phenomenon. Hagtvedt (Hagtvedt & Brasel, 2016) studied with eye-
tracking equipment and revealed that the influence was automatic without goals or
conscious awareness. Evans (Evans & Treisman, 2010) demonstrated that there were strong
crossmodal correspondences between auditory pitch and visual location, size, spatial
frequency. He also pointed out the existence of spontaneous mapping and interaction at
the perceptual level with several speeded discrimination experiments.

According to previous research (Spence, 2011), as Spence introduced in his review,
the correspondences have been documented about simple stimulus dimensions, such
as loudness and brightness, pitch and color-words, or more complex stimuli, such as
pictures and music. There are a few restrictions when using simple waveform sounds, as
we can only investigate one sound attribute in one trial. There are also some interference
factors when using different music pieces, such as differences in genres, arrangements
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and instruments, which make it difficult to identify which sound attributes play a decisive
role in correspondence. In addition, most of the previous studies have been focusing
on a single property of sound, such as pitch, loudness and timbre, without comparison
between different attributes. Considering the multidimensional aspects of sound, physical
properties of sound and psychoacoustic (psychoacoustics is the scientific study of sound
perception and audiology) of hearing determines the sound impression: pitch, tempo,
sharpness, roughness, discontinuity. Pitch is the perceived frequency of sound; tempo is
the speed or pace of a musical piece; Roughness belongs to psychoacoustics and it refers
to the level of dissonance; sharpness is related to how much a sound’s spectrum is in
the high end; discontinuity means that music lacks coherence or cohesion (Knöferle &
Spence, 2012). Pitch and tempo levels are physical quantities, while roughness, sharpness
and discontinuity are psychoacoustic quantities. Whether other psychoacoustic properties
of sound besides pitch and tempo, such as roughness, sharpness and discontinuity, can
also have associations with colors remains unknown. For previous studies on speed
discrimination task, direct comparison between sound-hue and sound-lightness or other
factors has never been conducted.

Both of our studies reported here are based on previous studies. In the first experiment,
we investigate whether the psychoacoustics attributes (e.g., roughness, sharpness) of sound
could also have significant associations with colors. Furthermore, we record and compare
the reaction times when participants match each properties of sound to color. Based on
the result of the first experiment, a speed discrimination task with bidirectional trails is
used in the second experiment to verify whether participants’ cognitive-responses to target
stimuli (color or sound) are influenced by the existence of sound-color correspondence.
Participants are instructed to respond as rapidly and accurately as possible to a series
of unimodal target stimuli. We compare the reaction times and error rates between
congruent condition and incongruent condition, sound-brightness and sound-hue. It
should be noted that this is the first study to have made a direct comparison between
sound-hue and sound-lightness using the speed discrimination task.

EXPERIMENT 1
The aim of this experiment is to replicate and extend previous findings about crossmodal
correspondence between sound and color and to highlight the existence of a strong
crossmodal correspondence among various attributes of sound and color, including five
sound properties (pitch, roughness, tempo, sharpness and discontinuity) and three colour
attributes (hue, saturation and brightness). Furthermore, we record and compare the
reaction times when participants match each property of sound to color.

Materials and methods
Participants
Fifty-two participants (Mage= 28.1, SDage= 8.943, range 20–55 years), including 26 females
and 26 males, are recruited to take part in the experiment. The number of participants are
determined by G power analysis. None of them report any synesthetes experience. Given
that cross-cultural differences may influence the results (Knoeferle et al., 2015), only those
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1All musical stimuli can be download at
https://soundcloud.com/user-791045757/
sets/20sounds.

2Soundtrap Online: https://www.soundtrap.
com/.

participants who are born in China are included in this experiment. All participants have
normal color vision and sound hearing. The University of Xi’an Jiaotong University School
of Medicine granted ethical approval to carry out the study within its facilities (Ethical
Application Ref: No. 2017-726). All participants give their written informed consent before
the start of the experiment.

Sound stimuli
Twenty (5×4) pieces of music1 are created by Soundtrap online2, which systematically
varies the five low-level properties (pitch, sharpness, roughness, discontinuity, tempo)
of a 20-second piece of piano chord. The pitch is manipulated by changing the musical
intervals from C2 (65.406 Hz) through C6 (1,046.5 HZ). Tempo is varied from 65 through
200 BPM. It is influenced through the application of a tremolo effect with a constant
modulation frequency of 70 Hz at varying modulation amplitudes (0–100%). Sharpness is
changed by applying a frequency filter that attenuated or boosted frequencies below/above
1,000 Hz from +12/−12 dB through −12/+12 dB. Discontinuity is manipulated by
changing the decay duration of all notes from 870 through 100 ms. We use the slider in
Soundtrap to increase or decrease (in several steps) the sounds’ pitch, roughness, sharpness,
discontinuity and tempo. The values of each auditory parameter are set at four levels: (a)
pitch: C2 (65.406 Hz), C3 (130.81 Hz), C4 (261.63 Hz) and C5 (523.25 Hz) (C5 is a high
tone but is still comfortable for human ears); (b) roughness: 0%, 30%, 70% and 100%; (c)
tempo: 65, 120, 150 and 200 BPM; (d) sharpness: we use 1–4 to represent the four levels
of sharpness, 1 is the weakest and 4 is the strongest; (e) discontinuity: 0%, 40%, 70% and
100%. Loudness is anchored at 65 dB—a relatively comfortable sound level for human
ears. Before we create the music pieces, we created a neutral tune with the value of each
sound attribute set at the second lowest level (pitch: C3 (130.81 Hz); roughness: 30%;
tempo: 120 BPM; sharpness: level 2; discontinuity: 40%) by Soundtrap. For each music
piece, we only adjust the value of one of the five attributes, with the other four being kept
at the second lowest level.

Color selection
Forty-nine color squares (100×100 pixels) are used to match the sound stimuli. Colors are
coded using the Hue Saturation Brightness (HSB) scheme. Seven standard web colors with
different hues, including red, orange, purple, yellow, green, blue and cyan (hex codes were
FF0000, FFA500, FF00FF, FFFF00, 00FF00, 0000FF, 00FFFF, respectively), are chosen as the
main colors. The other forty-two colors are manipulated by varying either the saturation
or brightness values of the main colors. Saturation value is set at 40%, 60% and 80%,
making the main colors lighter. Brightness value is set at 50%, 30% and 10%, making the
main colors darker. Hence, all the 49 colors can also be ordered by lightness. All 49 colors
are listed in Fig. 1. The background color of the experiment interface is gray (hex code
AAAAAA).

Procedure
We develop a customized software program based on C# to administer the task
in Experiment 1. Given that the experiment is performed online, the apparatus
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Figure 1 Colors used in Experiment 1. The 49 colors that were presented during the sound-color asso-
ciation task, including: (1) seven main colors with different hues: red, orange, purple, yellow, green, blue,
cyan; (2) forty-two colors manipulated from the main colors, varied in six different levels of saturation-
brightness. The vertical y-axis represented different hues, and the horizontal x-axis represented changes
from light (left) to dark (right) in saturation-brightness.

Full-size DOI: 10.7717/peerj.4443/fig-1

(i.e., participant’s computer and monitor) varies by participants, and participants are
free to choose the place they feel comfortable to perform the experiment, either at home
or at the lab, as long as it can meet our requirements of the experimental environment.
We send web links to the experiment page directly to participants. Each participant is
asked to prepare a headphone and be seated in front of a computer in a quiet room.
We guide participants through the remote assistance to help the participants get familiar
with the operation process. Before starting the main study, participants were given voice
instructions and got familiar with the experimental protocol in the practice mode. In the
meantime, participants are required to listen to each music piece (sound stimuli) at least
twice to familiarize themselves with these music pieces. They are required to ensure the
sound playback is active and to set a comfortable sound level.

After familiarization, participants click on the ‘‘start’’ button and the main study
commence. The experiment interface is shown in Fig. 2. There are 20 trials for each
participant. In each trial, participants are required to match a color to a sound stimulus.
The sequence of the sound stimulus is randomized across participants, while the colors
always shown in the same order. Each music piece lasts 9s. Each trial consists of three steps:
the first step is a familiarization period. A white fixation point is presented at the center
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Figure 2 Screenshot illustrating the task used in Experiment 1. Participants should judge which of the
given colors on the screen can best match the sound they hear by clicking the corresponding color square
directly when they decided to choose. Participants responded with the mouse.

Full-size DOI: 10.7717/peerj.4443/fig-2

of the screen for an interval of 18s. In this period, we present a random sound-stimuli
to participants twice so that they are able to get familiar with the sound-stimuli. Second,
after the removal of the fixation point, timer is initiated. The sound stimulus continues
throughout this period. Participants are shown the seven main colors (with different
hues) and are asked to select the color that they feel best matched to the sound stimulus.
Each music piece repeats for at most three times for participants to make choice. Third,
participants are shown another group of seven color squares. The middle square is exact
the same color they have selected in the first step. The other six colors have the same hue
value with the middle one, but with different saturation or brightness value. For instance,
participants choose blue color in the first step. Then, they are shown seven blue color
squares, visually from light blue to dark blue. The brightness value the first three squares
is changed to 50%, 30% and 10% respectively. The middle square is exact the same blue
square as in the first step. The saturation value of the last three squares is changed to 80%,
60% and 40% respectively, as is shown in Fig. 3. Participants listen to the same sound as
in the first step and made a second-round decision. Participants are required to confirm
their selection by clicking on a certain color square in a limited time. Otherwise, the data
would be invalid if the selection is not made within valid time. Once participants confirm
and make a selection, the sound will stop and ready to start the next trial or step in 3 s.
Each trial takes about 30 s∼45 s. It takes about 10∼15 min to finish the protocol. The
experiment system records participants’ basic information (including name, gender, age),
colors they select for best matching those sounds stimuli, the reaction time (RT) for each
selection in the first step (H-RT) and the RT for each selection in the second step (L-RT) in
each trial. H-RT and L-RT are recorded from the onset of the color stimuli in the second
and third step, respectively, until participants make their decisions.
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Figure 3 Specific explanation of the color-selection task in Experiment 1. Each trial consisted of two
steps. First, participants had to judge which hue of color best matched the presented sound stimuli.
Second, participants should judge which saturation-brightness of color best matched the same sound.
For example, as shown in plot (A), participants choose ‘‘blue’’ from seven different hues to match the
presented sound stimuli in the first step. Then, they should judge the saturation-brightness based on
‘‘blue’’ to match the same sound. Similarly, if they choose ‘‘red’’ in the first step, then they should judge
the saturation-brightness based on red, as shown in plot (B).

Full-size DOI: 10.7717/peerj.4443/fig-3

Results
Sound-hue mappings
The results for sound-hue mappings are shown in Fig. 4. In order to determine whether
color selections are independent from different levels of each sound attribute, chi-square
test of independence is performed in SPSS. Post-hoc pairwise comparison with Bonferroni
adjustment of alpha level is used to compare the difference between every two levels.
Chi-square goodness of fit test is also conducted in further analysis to find out which levels
of each sound attribute induce a distribution of color selection that is different from that
expected by chance.

The results for pitch are shown in Fig. 4A. Results of chi-square test of independence show
that color selections are significantly associated with the levels of pitch [χ2(18)= 24.192,
p= 0.001]. Post-hoc analysis (alpha level adjusted at α < 0.05/6= 0.0083) reveals
significant differences between C2 and C4 [χ2(6)= 23.053, p= 0.001] and between
C2 and C5 [χ2(6)= 34.906, p< 0.001] (results for all possible combinations of pairwise
comparison are listed in Table S1). Results for chi-square goodness of fit test indicate that
red and yellow are most strongly linked with high pitch (C5) [χ2(6)= 15.038, p= 0.020],
whereas blue and orange are most strongly linked with low pitch (C2) [χ2(6)= 31.462,
p< 0.001].When the pitch was set at C2 (lowest level), only 1.9% of the participants choose
red color, while 32.7% choose blue. However, when the pitch was changed to C5 (highest
level), the proportion of red color increased to 25.0%, with blue decreased to 5.7%.

The results for roughness are shown in Fig. 4B. Although color selections are found to
be independent from different levels of roughness [χ2(18)= 22.356,p= 0.217], significant
difference is found between 0 and 100% [χ2(6)= 19.500, p= 0.003] in post-hoc test
anyway. Chi-square goodness of fit test reveals that purple and orange are associate with
higher roughness [χ2(6)= 13.692, p= 0.033], whereas green and cyan are linked to lower
roughness [χ2(6)= 14.796, p= 0.022].
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Figure 4 Results for sound-hue mappings. Five plots (A–E) depicting the frequency with which the
different hues were selected for each of the five properties of sound (pitch, roughness, sharpness, tempo,
discontinuity, in sequence). For each plot, the seven colors are shown along the x-axes, each color has four
different values corresponding to the four levels of the property of sound. For example, in the ‘‘pitch’’ plot
(A) and ‘‘tempo’’ plot (E), blue and red have four different values corresponding to the four levels of pitch
(C2, C3, C4, C5) and tempo (65BPM, 120BPM, 150BPM, 200BPM). In the ‘‘roughness’’ plot (B), orange
and green also have four different values corresponding to the four levels of roughness. But as shown in
the plot (C) and (D), color selections are found to be independent from different levels of sharpness and
discontinuity.

Full-size DOI: 10.7717/peerj.4443/fig-4

The results for sharpness are shown in Fig. 4C. Chi-square test of independence reveals
that color selections are independent from different levels of sharpness [χ2(18)= 9.508,
p= 0.947].

The results for discontinuity are shown in Fig. 4D. Color selections are found to be
independent from different levels of discontinuity [χ2(18)= 8.769, p= 0.965].
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The results for tempo are shown in Fig. 4E. No significant difference is found in
chi-square test of independence [χ2(18)= 26.717, p= 0.084]. However, post-hoc analysis
reveals significant difference between 65 and 180 BPM [χ2(6)= 23.557, p= 0.001]. Results
for chi-square goodness of fit test indicate that red and yellow colors are most strongly
linked with fast tempo [χ2(6)= 13.154, p= 0.041], whereas blue and orange colors seem
most strongly linked with slow tempo [χ2(6)= 24.192, p< 0.001]. The percentage of red
color was only 3.8% while blue color was 34.6% with the tempo set at 65 BPM(slowest).
When the tempo was set at 200 BPM (fastest), 23% of the participants chose red and only
9.6% chose blue.

Sound-lightness mappings
The results for sound-lightnessmappings are shown in Fig. 5. For pitch (Fig. 5A), chi-square
test of independence reveals that color selections are not independent from different
levels [χ2(18)= 72.480, p< 0.001]. Results for post-hoc pairwise comparisons show
significant differences exist between C2 and C3 [χ2(6)= 16.592, p= 0.007], C2 and C4
[χ2(6)= 27.820, p< 0.001], C2 and C5 [χ2(6)= 36.154, p< 0.001] and C3 and C5
[χ2(6)= 26.397, p< 0.001] (results for all possible combinations are listed in Table S2).
Higher pitch was associated with lighter colors, while lower pitch was more related to
dark colors.

For roughness (Fig. 5B), color selections are found to be associated with different
roughness levels [χ2(18)= 43.745, p= 0.001]. There’re significant differences between 0
and 70% [χ2(6)= 22.692, p= 0.001] and between 0 and 100% [χ2(6)= 23.847, p= 0.001].
With the increase of roughness, participants were more tended to choose dark colors rather
than light colors.

For sharpness (Fig. 5C), since the frequencies in three cells are zero, Fisher’s exact
test is used to test the independence between variables. Results reveal that there’s a weak
association between color selections and different sharpness levels (p= 0.045). There’s
a tendency that with the increase of sharpness, participants are inclined to choose more
colorful (higher saturation and brightness) colors. However, no significant difference is
found between any possible pair in post-hoc test.

For discontinuity (Fig. 5D), chi-square test of independence reveals no significant
difference between color selections and different levels [χ2(18)= 5.819, p= 0.448].

For tempo (Fig. 5E), results of Fisher’s exact of independence show that color selections
are associated with different tempo levels [χ2(18)= 33.591, p= 0.004], where fast tempo
appeared to be associated with the main colors, whereas slow tempo was related to dark
colors. Post-hoc pairwise comparisons reveal significant differences between 65 BPM and
180 BPM (p< 0.001).

Reaction times
The results for RTs are shown in Fig. 6. A 5×4×2 (sound attribute× level× color attribute)
three-way repeated ANOVA is performed.Mauchly’s test of sphericity is performed and any
data indicate a violation of sphericity were adjusted using Greenhouse-Geisser adjustment.
Bonferroni’s t -test was also used in the post hoc test to identify where significance occurs.
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Figure 5 Results for sound-lightness mappings. Five plots (A–E) depicting the frequency with which the
different colors (saturation and brightness) were selected for each of the five properties of sound (pitch,
roughness, sharpness, tempo, discontinuity, in sequence). For each plot, different levels of lightness are
shown along the x-axes, the corresponding values are shown along the y-axes. For example, in the ‘‘pitch’’
plot (A), four-line graphs represent the different data distribution in four levels of pitch, and higher pitch
is associated with lighter colors, while lower pitch is more related to dark colors. Similarly, in the plot (E),
fast tempo is also associated with lighter colors, slow tempo is related to dark colors. As shown in the plot
(B), with the increase of roughness, participants are more tended to choose dark colors rather than light
colors. In the plot (C), there’s a tendency that with the increase of sharpness, participants are inclined to
choose more colorful. In the plot (D), color selections are found to be independent from different levels of
discontinuity.

Full-size DOI: 10.7717/peerj.4443/fig-5
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Figure 6 RTs for color-soundmappings. Five plots (A–E) depicting the time taken to assign hue and
lightness for a given sound (four different levels of five properties). Five plots (A–E) describe the time
taken to assign color for five different properties of sound respectively, which correspond to pitch, rough-
ness, sharpness, tempo, discontinuity from A to E in sequence. For each plot, four levels of the corre-
sponding property are shown along the x-axes. For legend, we denoted the response time to assign hue to
sound as ‘‘H-RT’’ and the time taken to assign saturation or lightness to sound as ‘‘L-RT’’, and the error
bars indicate standard deviation of the reaction time.

Full-size DOI: 10.7717/peerj.4443/fig-6

The results reveal that there is a significant main effect for sound properties [F(4,43)=
3.064,p= 0.018] and color properties [F(1,46)= 60.161,p< 0.001]. There is also a
significant sound attribute× color attribute interaction [F(2.91,31.29)= 8.207,p< 0.001].
Irrespective of different levels and color attributes, RTs for hue-pitch mappings are
significantly shorter than hue-tempo mappings (95% CI [−1,018.49-−70.68], p= 0.014).
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Irrespective of different sound attributes and levels, L-RTs are significantly shorter than
H-RTs (95% CI [−1,777.12-−1,044.79], p< 0.001). Post-hoc analysis confirms that L-RTs
are shorter than H-RTs in all sound attributes (roughness: 95% CI [−2,406.63-−1,314.03],
p< 0.001; sharpness: 95% CI [−2,173.57-−1,176.55], p< 0.001; discontinuity: 95% CI
[−2,089.26-−1,167.12], p< 0.001; tempo: 95% CI [−2,101.42-−1,096.68], p< 0.001),
except for pitch (95% CI [−963.96–379.70], p= 0.386). Further analysis also revealed
that H-RTs for pitch were significantly shorter than those for other sound attributes
(roughness: 95% CI [−1,702.31-−628.80], p< 0.001; sharpness: 95% CI [−1,520.51-
−512.51], p< 0.001; discontinuity: 95% CI [−1,739.96-−607.98], p< 0.001; tempo:
95% CI [−1,608.71-−787.38], p< 0.001), but no significant difference was found when
comparing L-RTs for pitch to other sound attributes (roughness: 95% CI [−112.81–
918.10], p= 0.123; sharpness: 95% CI [−233.41-−966.25], p= 0.225; discontinuity:
95% CI [−394.29–718.46], p= 0.560; tempo: 95% CI [−386.95–604.69], p= 0.661). No
significant main effect was found for level [F(3,44)= 2.150, p= 0.097]. There is also no
interactive effect for sound attribute × level [F(5.78,16.85)= 0.814, p= 0.556], level ×
color attribute [F(3,44)= 1.513,p= 0.214] or sound attribute × level × color attribute
[F(6.64,19.37)= 1.564, p= 0.150].

Discussion
In Experiment 1, we investigate the crossmodal correspondence of sound-hue and sound-
lightness. In the study of correspondence between sound and color, participants match
sound to color based on how they feel when they hear the sound. We extend previous
research on the associations between sound properties and colors by investigating the
psychoacoustic properties (roughness, sharpness and discontinuity) in addition to physical
properties (pitch and tempo) of sound.

The results of Experiment 1 confirm pitch and tempo associate with color (hue, lightness,
saturation). For example, high-pitch is associate with red, yellow and light-color, while
low-pitch is associate with blue and dark-color. Furthermore, we find that roughness and
sharpness are also related to color. Although chi-square test of reveals that roughness is
independent to hue, post-hoc pairwise test finds significant difference between 0 and 100%
levels, where purple and orange are associate with high roughness, while green and cyan
are linked to low roughness. The insignificant overall association may be caused by the
middle levels (30% and 70%), since the results of chi-square test of goodness of fit didn’t
violate the randomness assumption at these two levels. We also find high roughness is
significantly associated with low lightness in sound-lightness mappings. For sharpness,
there’s a weak association between lightness and sharpness. Higher sharpness is linked to
more colorful colors. To the best of our knowledge, this is the first study that finds the
association between roughness and sharpness and color properties. Previous research has
found that roughness and sharpness were associated with tastes (Knöferle & Spence, 2012;
Knoeferle et al., 2015). Our findings can add to the literature that roughness and sharpness
may also linked to visual aspects.

The result of RT is not significantly different between different sound properties or levels,
but interestingly, participants make choice a little faster in sound-lightness mappings than
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in sound-hue mappings. There are two possible explanations for the differences: one is
the potential practice effect, as participants always do sound-hue mappings followed by
sound-lightness mappings. However, since participants have familiarized with all the 20
music pieces before experiment session and have familiarized with the same music piece
as they listened to in sound-hue mappings and sound-lightness twice at the beginning
of each trial, the practice effect is not likely to happen. A more reasonable explanation is
that participants feel easier to match sound to lightness than to hue. Since the colors in
sound-lightness are listed from light to dark, it may be more natural to link different levels
of lightness to different levels of sound properties, while for sound-hue mappings, pure
spectral colors with different hues are more like categorized options, which might make
participants take more time to make a decision.

EXPERIMENT 2
Experiment 2 is generally a revalidation experiment after Experiment 1. The aim of
Experiment 2 is to reconfirm the correspondence between sound and color using a simple
cognitive task, and assess whether the result of the cognitive task is consistent with the
result in Experiment 1. We hypothesize that the correspondence between sound and color
would impact on response latencies in a simple cognitive task.

Materials and methods
Participants
Twenty-two participants (11 males and 11 females, Mage = 22.95, SD age = 1.889,
range 20–30 years) are chosen from Experiment 1 to take part in the Experiment 2. In
Experiment 2, we design a speeded target discrimination task which includes a memory
task. Considering that memory is related to age, in the selection of participants, only young
participants whose ages range from 20 to 30 are included in Experiment 2. Participants are
randomly divided into two equal groups—Group A and Group B. Participants from each
group are required to finish three sets of cognitive tasks: Group A (Congruent sound-hue,
Congruent sound-lightness, Control A); Group B (Incongruent sound-hue, Incongruent
sound-lightness, Control B). The type of consistency to be discriminate (congruent pairing
and incongruent pairing) is tested in two different groups in order to avoid any conflict
in participants’ memory. The participants also give their written informed consent before
the start of the experiment. Two participants are excluded from further analysis due to
technical reasons. Thus, only 20 participants are included in the data analyses.

Apparatus and materials
The apparatus and materials used in this experiment are identical to those used in
Experiment 1.

Stimuli
The sound stimuli are selected from those used in Experiment 1 on the basis that they have
been found to be associated with certain colors. Since pitch has been found to have the
strongest association with color among the five sound attributes, we specially chose pitch to
focus on in Experiment 2. According to the results of Experiment 1, red and light colors are
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associated with high pitches, while blue and dark colors seem to be linked to low pitches.
Therefore, two waveform sounds, high pitch (523 Hz) versus low pitch (130 Hz), are used
in this experiment. Two pairs of typical colors with different hue or lightness include red
(FF0000) versus blue (0000FF) and light grey (F3F3F3) versus dark grey (262626) are
used to make congruent or incongruent pairings with the sound stimuli for sound-hue
pairings and sound-lightness pairings, respectively. Green (00FF00) and Cyan (00FFFF),
both of which show no association with pitch in Experiment 1, are also used as the control
treatment (Control A and Control B).

Procedure
Experiment 2 is conducted about one month after the completion of Experiment 1. Stimuli
and operation are presented using E-prime software. Participants from both groups are
required to memorize the predefined sound-color pairings, i.e., which two are ‘‘Correct’’
pairings, which two are not. All predefined pairings are shown in Fig. 7. The sound-color
pairings in two groups are predefined in the opposite way. In Group A, we define the
congruent sound-color pairings which have higher relevance as the ‘‘Correct’’ pairings.
For example, high pitch with red or light grey, low pitch with blue or dark grey. Instead,
in Group B, incongruent sound-color pairings are defined as the ‘‘Correct’’ pairings. For
example, high pitch sound with blue, low pitch with red or light grey. For the control
treatment, in Control A, high pitch with green and low pitch with cyan are defined as
‘‘Correct’’ pairings. In Control B, ‘‘Correct’’ pairings are defined in the opposite way. All
predefined pairings are shown in Fig. 7.

Participants are asked to be seated in front of a computer and wear a headphone.
Before the experimental session begins, participants are asked to listen to the sound
stimuli for familiarization. Each participant also has 15 min to memorize the predefined
sound-color pairings. Participants are also given instruction and practice mode prior to the
trials. They were told that they would hear some sounds presented over the headphones.
After completing their memorizations, participants are required to play a simple puzzle
game—Magic Puzzles, the purpose of which is to distract participants’ attention instead
of performing the speeded target discrimination task directly after memory. Then the
experimental session begins. The given sound is presented for 2 s prior to the presentation
of the target color. Participants are instructed to discriminate the target color as rapidly
and accurately as possible by pressing the keys (‘‘q’’ and ‘‘p’’). They are instructed to choose
‘‘Yes’’ by pressing the ‘‘q’’ key when it is the ‘‘correct’’ pairing, and to choose ‘‘No’’ by
pressing the ‘‘p’’ key when it is the ‘‘incorrect’’ pairing. For example, when it is a high-pitch
tone followed by red color, Group A should judge it is the ‘‘correct’’ pairing as rapidly as
possible by pressing the ‘‘q’’ key, while Group B should judge it is the ‘‘incorrect’’ pairing
and press the ‘‘p’’ key. Target stimuli persist until participants make a decision by pressing
the key (‘‘q’’ and ‘‘p’’) and the next trail starts after 2 s pause. Each of the possible pairings
(e.g., red/high-pitch, blue/low-pitch, red/low-pitch, blue/high-pitch) would repeat for five
times. Stimuli present randomly in the experiment. Each group have to accomplish 60 trails
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Figure 7 The experimental protocol of the speed discrimination task. Three plots provide a graphi-
cal illustration of the pairs in (A) sound-hue, (B) sound-lightness, (C) Control. For each plot, two groups
(Group A and Group B) are required to memorize the different predefined sound-color pairings. For ex-
ample, in plot (A), Group A regarded ‘‘high pitch with red—congruent pairing’’ as ‘‘correct’’ pairing,
whereas group B regarded ‘‘high pitch with blue—incongruent pairing’’ as ‘‘correct’’ pairing. Participants
were instructed to discriminate the target color as rapidly and accurately as possible.

Full-size DOI: 10.7717/peerj.4443/fig-7
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Figure 8 Screenshot illustrating the task used in Experiment 2. Participants were instructed to discrimi-
nate the target color as rapidly and accurately as possible by pressing the keys (the ‘‘q’’ and ‘‘p’’ keys). Par-
ticipants made responses with the keyboard. For example, when a red color square is shown with high-
pitch tone presented over the headphone, participants in Group A should judge it was the ‘‘correct’’ pair-
ing as rapidly as possible by pressing the ‘‘q’’ key, while Group B should judge it was the ‘‘incorrect’’ pair-
ing and press the ‘‘p’’ key.

Full-size DOI: 10.7717/peerj.4443/fig-8

which are consisted of three treatments—sound-hue pairings, sound-lightness pairings
and control treatment. Each trail begins with the presentation of a fixation point in the
center of the screen for an interval of 500 ms. Screenshot for one of the trails is shown in
Fig. 8.

Results
Reaction time
RTs were measured from the onset of the given stimulus. The conclusive evidence is
depicted in Fig. 9. Two-way (group × treatment) repeated measures ANOVA reveals that
both group [F(1,18)= 26.177, p< 0.001] and treatment (sound-lightness, sound-hue
and control) [F(1.339,24.102)= 241.052, p< 0.001] have significant effects on the
RTs for speed discrimination. Significant group × treatment interaction is also found
[F(1.339,24.102)= 105.801, p< 0.001]. Pairwise comparisons reveal that RTs are shorter
in Group A than Group B for both sound-lightness (95% CI [−1,016.82-−510.60],
p< 0.001) and sound-hue (95% CI [−1,075.40-−653.48], p< 0.001) treatments, whereas
no significance is found for control treatment (95% CI [−142.00–299.54], p= 0.463).
These results indicate that, in non-synesthetes, the effect of sound-color congruency
can influence their performance in speeded discrimination, which is analogous to the
weak-Stroop effect.

Irrespective of groups, there’s no significant difference between sound-lightness and
sound-hue (95% CI [−50.36–59.54], p= 1.000). However, RTs in both sound-lightness
(95% CI [−791.40-−558.08], p< 0.001) and sound-hue (95% CI [−778.64-−580.03],
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Figure 9 RTs for speed discrimination task.Group A: Congruent; Group B: Incongruent. *** indicate
statistical significance of p< 0.001, and the error bars indicate standard deviation of the reaction time.

Full-size DOI: 10.7717/peerj.4443/fig-9

p< 0.001) are found to be shorter than in control, even for Group B (sound-lightness
and control: 95% CI [−384.84-−122.16], p= 0.001; sound-hue and control: 95% CI
[−319.52-−95.93], p< 0.001).

Errors
Results for error rates are shown in Fig. 10. Error data are relatively scant as many
participants make none or virtually none. Hence, changes in error rates are generally not
reliable within individual conditions. Therefore, we accumulate the error frequencies of
all participants in the same treatments and groups, and compare the differences between
different treatments. Chi-square test is used to compare the difference of error rate and
correct rate and to identify whether there is difference between Group A (Congruent) and
B (Incongruent) in each treatment. Results reveal the existence of significant interaction of
congruency in both sound-lightness and sound-hue treatments. Error rates are significantly
higher in Group B than Group A (for sound-lightness: χ2(1)= 27.530, p< 0.001; for
sound-hue, χ2(1)= 10.462, p= 0.001). No significance is found between Group A and
Group B (χ2(1)= 0.018, p= 0.893).

Comparing the error rates in Group, it seems that there was a tendency that error rates
in sound-lightness are much higher than in sound-hue. However, results reveal that the
difference between these two treatments is not significant (χ2(1)= 3.320, p= 0.068). For
congruent condition, no significance is found between sound-lightness and sound-hue
(χ2
= 0.233 p= 0.630).

Discussion
In Experiment 2, we focus on studying the impact of sound-color correspondence on a
cognitive task, which involves a speeded target discrimination to assess whether participants
could invoke naturally crossmodal correspondence. Pitch of the sound properties and red
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Figure 10 Error rates for speed discrimination task.Group A: Congruent; Group B: Incongruent. ***
indicate statistical significance of p< 0.001.

Full-size DOI: 10.7717/peerj.4443/fig-10

and blue colors are specially chosen for they were found to have the strongest sound-hue
association in Experiment 1. Light and dark grey are used for sound-lightness pairings.

The result of Experiment 2 reveals that there are significant differences on RTs and
error rates between congruent and incongruent, both RTs and errors of congruent group
(Group A) ismuch lower than that of incongruent group (Group B). The strong connection
between pitch and hue and between pitch and brightness have counterparts in speeded
discrimination, with responses to high (or low) pitch being faster and more accurate
when accompanied by red/light-grey (or blue/dark-grey). This result further supports the
autonomic association between sound and color in non-synesthetic individuals. It also
demonstrates that crossmodal correspondence does have an influence on cognitive task.
In addition, control treatment is also set and we find that the RTs in controls (both Group
A and Group B) are higher than those in congruent group of sound-hue treatment and
sound-lightness treatment. This phenomenon may have some referential value for the
design of multimodal man-machine interface. An interesting finding is that in incongruent
groups, participants react faster in control treatment than in sound-hue or sound lightness
treatment. We speculate this is caused by an effect of reverse memory, at least a certain
inverse relationship is established in incongruent pairs, which make the participants
memorize the incongruent pairs more easily.

GENERAL DISCUSSION
In this study, Experiment 1 investigates the crossmodal correspondence between sound
and hue and between sound and lightness. Instead of using simple stimulus dimensions,
such as pitch and color-words, or more complex stimuli, such as pictures and music, in
the present study, we manipulate twenty sounds with five auditory properties, each varies
in four levels, to assess whether these attributes have an influence on the association.
Forty-nine colors with different hues, saturation and brightness are also selected to match
the sounds. Experiment 2 are concerned with the automaticity and effect of crossmodal
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correspondence, comparing the difference between sound-hue and sound-lightness in the
speed discrimination task,

The results of experiment 1 demonstrate the ‘‘one-to one’’ association between each
sound property and each color property in non-synesthetic participants. Results confirm
the existence of clear correspondence relations between sound and hue and sound and
lightness. Certain color properties are found to be easier for people to associate with certain
sound, which indicates that these properties may be better suited to conveying certain
sound attributes. For sound and hue, high pitch and fast tempo are generally associated
with red and yellow colors, whereas low pitch and slow tempo are related to blue and
orange. Our finding is consisted with previous research (Marks, 1974; Hagtvedt & Brasel,
2016). In addition, the results demonstrate that other sound attributes besides pitch and
timbre, such as roughness and sharpness, also have influence on the association between
sound and color. Roughness is generally associate with green, cyan, purple, orange, but not
with red and yellow; Sharpness has significant association with red and cyan. For sound
and lightness, higher pitch and fast tempo seem to be more related to pure spectral colors
or lighter colors, while low-pitch and slow tempo seem to be most strongly associated with
dark color, which is in line with previous findings. We find that roughness and sharpness
are also associated with lightness. With the increase of roughness, the associated color
gradually changes from dark towards light. With the increase of sharpness, pure spectral
colors are more frequently chosen by participants.

For RTs in the result of Experiment 1, we find that there is no difference of RTs among
different types or levels of some sound properties, such as pitch and tempo, low-pitch
and high-pitch. However, there is a little difference on RTs between sound-hues and
sound-lightness. RTs is a little larger when participants respond to the hues for the given
sounds than to lightness. That is, participants feel easier when they arematching sound with
lightness rather than hues, which is an interesting finding that came to our attention. Thus,
Experiment 2 is designed to assess the difference between sound-hue and sound-lightness
using a speed discrimination task.

A forced-choice matching task which involves a speeded target discrimination to assess
whether participants could invoke naturally crossmodal correspondence, which is suited
for comparing the difference between sound-hue and sound-lightness. The results of
Experiment 2 further support the association between sound and color in non-synesthetic
participants. Participants in congruent group respond much quicker than in incongruent
group. It also demonstrates that crossmodal correspondence has obvious interference on
cognitive memory tasks under incongruent conditions. However, RT data show that there
is no significant difference between sound-hue and sound-lightness. The inconsistency
between the results of Experiment 1 and 2 probably lies on the difference of the experimental
protocols. As we have discussed in Experiment 1, we speculated that L-RTwas a little shorter
than H-RT because participants felt easier to link different lightness levels to different levels
of sound properties than the ‘‘categorized’’ hues. In Experiment 2, the experiment protocol
of sound-hue pairings and sound-lightness pairings are same. The insignificant result may
support our hypothesis to some extent.
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In the present study, there are several potential limitations that should be mentioned.
First, the piano chord we use in the Experiment 1 may more or less influence the results.
Every musical sound has its own emotional influence, which is even inevitable although
we manipulate the sounds with five properties based on the same chord. Second, the
different complexity of the experimental designs results in inconsistency between our two
experiments, which needs to be further investigated. Third, although we have demonstrated
that pitch, tempo, roughness and sharpness are associated with hue and lightness, it is
generally unclear which properties have the biggest influence on the association of sound
and color. We will devote ourselves to answering this question in future.

CONCLUSIONS
In conclusion, the present study is designed to investigate whether various sound attributes,
such as pitch, tempo, roughness, sharpness, have varying degrees of influence on the
crossmodal correspondence with each attribute of color, and to assess the impact
of crossmodal correspondence on human information processing using the speeded
classification task. Our findings replicate and extend previous research. Results of
experiment 1 show that pitch, tempo, roughness and sharpness are associated with hue and
brightness. Participants respond to the lightness for the given sounds a little more quickly
than to hue. The results of Experiment 2 confirm that cognitive responses to color or sound
are influenced by the sound-color correspondence. People respond to high (or low) pitch
much faster and more accurate when accompanied by red/light-grey (or blue/dark-grey).
There is no difference between sound-hue and sound-lightness, which is probably owing
to the different experimental design to Experiment 1. Our findings highlight the existence
of crossmodal correspondence between sounds and colors in psychology and the effects on
cognition task.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
This research was supported by the National Natural Science Foundation of China (No.
61472314). The funders had no role in study design, data collection and analysis, decision
to publish, or preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
National Natural Science Foundation of China: 61472314.

Competing Interests
The authors declare there are no competing interests.

Author Contributions
• Xiuwen Sun conceived and designed the experiments, performed the experiments,
analyzed the data, contributed reagents/materials/analysis tools, prepared figures and/or
tables, authored or reviewed drafts of the paper, approved the final draft.

Sun et al. (2018), PeerJ, DOI 10.7717/peerj.4443 21/24

https://peerj.com
http://dx.doi.org/10.7717/peerj.4443


• Xiaoling Li and Yao Chen performed the experiments, authored or reviewed drafts of
the paper, approved the final draft.
• Lingyu Ji analyzed the data, authored or reviewed drafts of the paper, approved the final
draft.
• Feng Han performed the experiments, analyzed the data, contributed reagents/material-
s/analysis tools, prepared figures and/or tables, authored or reviewed drafts of the paper,
approved the final draft.
• Huifen Wang, Yang Liu and Zhiyuan Lou prepared figures and/or tables, authored or
reviewed drafts of the paper, approved the final draft.
• Zhuoyun Li analyzed the data, authored or reviewed drafts of the paper, approved the
final draft, translation work.

Human Ethics
The following information was supplied relating to ethical approvals (i.e., approving body
and any reference numbers):

The University of Xi’an Jiaotong University School of Medicine granted Ethical approval
to carry out the study within its facilities (Ethical Application Ref: No. 2017-726).

Data Availability
The following information was supplied regarding data availability:

The raw data is provided in the Supplemental Files.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.4443#supplemental-information.

REFERENCES
Adeli M, Rouat J, Molotchnikoff S. 2014a. Audiovisual correspondence between

musical timbre and visual shapes. Frontiers in Human Neuroscience 8(8):Article 352
DOI 10.3389/fnhum.2014.00352.

Adeli M, Rouat J, Molotchnikoff S. 2014b. On the importance of correspondence
between shapes and timbre. International Conference on Auditory Display [56].
Available at http://hdl.handle.net/ 1853/52093 (accessed on 22 June 2014).

Barbiere JM, Vidal A, Zellner DA. 2007. The color of music: correspondence through
emotion. Empirical Studies of the Arts 25(2):193–208
DOI 10.2190/A704-5647-5245-R47P.

Bernstein IH, Eason TR, Schurman DL. 1971.Hue-tone sensory interaction: a negative
result. Perceptual & Motor Skills 33(3):1327–1330 DOI 10.2466/pms.1971.33.3f.1327.

Bond B, Stevens SS. 1969. Cross-modality matching of brightness to loudness by 5-year-
olds. Perception & Psychophysics 6(6):337–339 DOI 10.3758/BF03212787.

Bresin R. 2005.What is the color of that music performance? In: Proc. Int. Computer
Music Conf. ICMC 2005. 367–370. Available at http://www.diva-portal.org/ smash/
record.jsf?pid=diva2:465214 (accessed on 14 December 2011).

Sun et al. (2018), PeerJ, DOI 10.7717/peerj.4443 22/24

https://peerj.com
http://dx.doi.org/10.7717/peerj.4443#supplemental-information
http://dx.doi.org/10.7717/peerj.4443#supplemental-information
http://dx.doi.org/10.7717/peerj.4443#supplemental-information
http://dx.doi.org/10.3389/fnhum.2014.00352
http://hdl.handle.net/1853/52093
http://dx.doi.org/10.2190/A704-5647-5245-R47P
http://dx.doi.org/10.2466/pms.1971.33.3f.1327
http://dx.doi.org/10.3758/BF03212787
http://www.diva-portal.org/smash/record.jsf?pid=diva2:465214
http://www.diva-portal.org/smash/record.jsf?pid=diva2:465214
http://dx.doi.org/10.7717/peerj.4443


Caivano JL. 1994. Color and sound: physical and psychophysical relations. Color Research
& Application 19(2):126–133 DOI 10.1111/j.1520-6378.1994.tb00072.x.

Calvert GA. 2001. Crossmodal processing in the human brain: insights from functional
neuroimaging studies. Cerebral Cortex 11(12):1110–1123
DOI 10.1093/cercor/11.12.1110.

Cytowic RE. 2002. Synesthesia: a union of the senses. 2nd edition. Cambridge: MIT press.
Day S. 2005. Some demographic and socio-cultural aspects of synesthesia. In: Synesthe-

sia: perspectives from cognitive neuroscience. Oxford: Oxford University Press.
Evans KK, Treisman A. 2010. Natural cross-modal mappings between visual and

auditory features. Journal of Vision 10(1):Article 6 DOI 10.1167/10.1.6.
Farina FR, Mitchell KJ, Roche RAP. 2016. Synaesthesia lost and found: two cases

of person- and music-colour synaesthesia. European Journal of Neuroscience
45(3):472–477 DOI 10.1111/ejn.13492.

Gallace A, Spence C. 2006.Multisensory synesthetic interactions in the speeded clas-
sification of visual size. Attention, Perception, & Psychophysics 68(7):1191–1203
DOI 10.3758/BF03193720.

Hagtvedt H, Brasel SA. 2016. Cross-modal communication: sound frequency influ-
ences consumer responses to color lightness. American Marketing Association
53(4):551–562 DOI 10.1509/jmr.14.0414.

Hänggi J, Beeli G, Oechslin MS, Jäncke L. 2008. The multiple synaesthete ES—
Neuroanatomical basis of interval-taste and tone-colour synaesthesia. Neuroimage
43(2):192–203 DOI 10.1016/j.neuroimage.2008.07.018.

Hidaka S, TeramotoW, Keetels M, Vroomen J. 2013. Effect of pitch–space correspon-
dence on sound-induced visual motion perception. Experimental Brain Research
231(1):117–126 DOI 10.1007/s00221-013-3674-2.

Hubbard TL. 1996. Synesthesia-like mappings of lightness, pitch, and melodic interval.
American Journal of Psychology 109(109):219–238 DOI 10.2307/1423274.

Karwoski TF, Odbert HS, Osgood CE. 1942. Studies in synesthetic thinking: II. The rôle
of form in visual responses to music. Journal of General Psychology 26(2):199–222
DOI 10.1080/00221309.1942.10545166.

KimHW, NamHS, Kim CY. 2015. Non-random association between vowel sounds and
colors. Journal of Vision 15(12):130–130 DOI 10.1167/15.12.130.

Knöferle K, Spence C. 2012. Crossmodal correspondences between sounds and tastes.
Psychonomic Bulletin & Review 19(6):1–15 DOI 10.3758/s13423-012-0321-z.

Knoeferle KM,Woods A, Käppler F, Spence C. 2015. That sounds sweet: using cross-
modal correspondences to communicate gustatory attributes. Psychology & Market-
ing 32(1):107–120 DOI 10.1002/mar.20766.

Lindborg PM, Friberg AK. 2015. Colour association with music is mediated by emotion:
evidence from an experiment using a CIE lab interface and interviews. PLOS ONE
10(12):e0144013 DOI 10.1371/journal.pone.0144013.

Marks LE. 1974. On associations of light and sound: the mediation of bright-
ness, pitch, and loudness. The American Journal of Psychology 87(2):173–188
DOI 10.2307/1422011.

Sun et al. (2018), PeerJ, DOI 10.7717/peerj.4443 23/24

https://peerj.com
http://dx.doi.org/10.1111/j.1520-6378.1994.tb00072.x
http://dx.doi.org/10.1093/cercor/11.12.1110
http://dx.doi.org/10.1167/10.1.6
http://dx.doi.org/10.1111/ejn.13492
http://dx.doi.org/10.3758/BF03193720
http://dx.doi.org/10.1509/jmr.14.0414
http://dx.doi.org/10.1016/j.neuroimage.2008.07.018
http://dx.doi.org/10.1007/s00221-013-3674-2
http://dx.doi.org/10.2307/1423274
http://dx.doi.org/10.1080/00221309.1942.10545166
http://dx.doi.org/10.1167/15.12.130
http://dx.doi.org/10.3758/s13423-012-0321-z
http://dx.doi.org/10.1002/mar.20766
http://dx.doi.org/10.1371/journal.pone.0144013
http://dx.doi.org/10.2307/1422011
http://dx.doi.org/10.7717/peerj.4443


Marks LE. 1987. On cross-modal similarity: auditory-visual interactions in speeded
discrimination. Journal of Experimental Psychology Human Perception & Performance
13(3):384–394 DOI 10.1037/0096-1523.13.3.384.

Marks LE. 1989. For hedgehogs and foxes: individual differences in the perception
of cross-modal similarity. In: Ljunggren G, Dornic S, eds. Psychophysics in action.
Berlin: Springer Verlag, 55–65.

Marks LE, Benartzi E, Lakatos S. 2003. Cross-modal interactions in auditory and
visual discrimination. International Journal of Psychophysiology 50(1):125–145
DOI 10.1016/S0167-8760(03)00129-6.

Martino G, Marks LE. 2001. Synesthesia: strong and weak. Current Directions in Psycho-
logical Science 10(2):61–65 DOI 10.1111/1467-8721.00116.

Melara RD. 1989. Dimensional interaction between color and pitch. Journal of
Experimental Psychology: Human Perception & Performance 15(1):69–79
DOI 10.1037/0096-1523.15.1.69.

Menouti K, Akiva-Kabiri L, Banissy MJ, Stewart L. 2015. Timbre-colour synaesthe-
sia: exploring the consistency of associations based on timbre. Cortex 63:1–3
DOI 10.1016/j.cortex.2014.08.009.

Palmer SE, Schloss KB, Xu Z, Prado-León LR. 2013.Music–color associations are
mediated by emotion. Proceedings of the National Academy of Sciences of the United
States of America 110(22):8836–8841 DOI 10.1073/pnas.1212562110.

Parise C, Spence C. 2013. Audiovisual cross-modal correspondences in the general
population. In: Oxford handbook of synesthesia. Oxford: Oxford University Press,
790–815.

Rojczyk A. 2011. Sound symbolism in vowels: vowel quality, duration and pitch in
sound-to-size correspondence. Poznań Studies in Contemporary Linguistics PSiCL
47(3):602–615 DOI 10.2478/psicl-2011-0030.

Salgado-Montejo A, Marmolejo-Ramos F, Alvarado JA, Arboleda JC, Suarez DR,
Spence C. 2016. Drawing sounds: representing tones and chords spatially. Experi-
mental Brain Research 234(12):3509–3522 DOI 10.1007/s00221-016-4747-9.

Simpson RH, QuinnM, Ausubel DP. 1956. Synesthesia in children: association of
colors with pure tone frequencies. The Journal of Genetic Psychology 89(1):95–103
DOI 10.1080/00221325.1956.10532990.

Spector F, Maurer D. 2009. Synesthesia: a new approach to understanding the develop-
ment of perception. Developmental Psychology 45(1):175–189 DOI 10.1037/a0014171.

Spence C. 2011. Crossmodal correspondences: a tutorial review. Attention, Perception, &
Psychophysics 73(4):971–995 DOI 10.3758/s13414-010-0073-7.

Stevens JC, Marks LE. 1965. Cross-modality matching of brightness and loudness.
Proceedings of the National Academy of Sciences of the United States of America
54(2):407–411 DOI 10.1073/pnas.54.2.407.

Ward J, Huckstep B, Tsakanikos E. 2006. Sound-colour synaesthesia: to what extent
does it use cross-modal mechanisms common to us all? Cortex 42(2):264–280
DOI 10.1016/S0010-9452(08)70352-6.

Sun et al. (2018), PeerJ, DOI 10.7717/peerj.4443 24/24

https://peerj.com
http://dx.doi.org/10.1037/0096-1523.13.3.384
http://dx.doi.org/10.1016/S0167-8760(03)00129-6
http://dx.doi.org/10.1111/1467-8721.00116
http://dx.doi.org/10.1037/0096-1523.15.1.69
http://dx.doi.org/10.1016/j.cortex.2014.08.009
http://dx.doi.org/10.1073/pnas.1212562110
http://dx.doi.org/10.2478/psicl-2011-0030
http://dx.doi.org/10.1007/s00221-016-4747-9
http://dx.doi.org/10.1080/00221325.1956.10532990
http://dx.doi.org/10.1037/a0014171
http://dx.doi.org/10.3758/s13414-010-0073-7
http://dx.doi.org/10.1073/pnas.54.2.407
http://dx.doi.org/10.1016/S0010-9452(08)70352-6
http://dx.doi.org/10.7717/peerj.4443

