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ABSTRACT This article investigated the timbre of musical sound and visual color; comprehensively
used experimental psychology, audio information processing and other experimental methods and technical
means; and conducted research on the relationship between timbre attributes and visual color. First,
we designed and implemented a subjective perception experiment based on audiovisual cross-modal
timbre-color correlation. Through the statistical analysis of the experimental data, we obtained a complete
timbre-color cross-modal correlation dataset. Second, through the visual processing and correlation analysis
of the timbre-color correlation data, it is proven that there is a certain correlation between the timbre
dimension and the color dimension. On this basis, we used three algorithms to construct a timbre-color
correlation model, namely, multiple linear regression, BP neural network and SVR, and we verified the
accuracy of the three models. The timbre-color correlation dataset constructed in this paper can provide basic
data support for audiovisual cross-modal research. The timbre-color correlation model constructed in this
paper can provide a theoretical basis for cross-modal audiovisual applications. In addition, the timbre-color
cross-modality research method in this paper can provide new research ideas for audio-visual cross-modality
research.

INDEX TERMS Timbre, color, audiovisual cross-modality, timbre feature extraction, timbre-color correla-
tion model.

I. INTRODUCTION
A. BACKGROUND AND SIGNIFICANCE OF THE RESEARCH
The connection between vision and hearing refers to a phe-
nomenon ofmutual association between vision and hearing in
people’s mind, which is a synaesthesia phenomenon. Synaes-
thesia is widespread in nature and has a long history. It has
been widely used in painting, architecture, environmental
layout, pattern design and so on. In psychology, synesthe-
sia is defined as mental activity that induces another feel-
ing from one sense; that is, stimulation of one sense organ
causes other sense organs to be stimulated [1]. Synaesthesia
involves a variety of senses, such as vision, hearing, touch,
taste. Audiovisual synaesthesia belongs to one of them. The
connection between music and color belongs to one kind of
audiovisual synaesthesia. People associate music with color
psychologically. The famous master of color composition
and modern French composer Messiaen once described this
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feeling ‘‘when I think of chords and sound complexes, they
always have a combination of color’’.

At present, much research has been conducted in the phys-
iology and psychology fields on the phenomenon, process,
mechanism and law of multisensory information integra-
tion; these research endeavors and have led to the proposal
of a variety of theoretical hypotheses, strategies and mod-
els for multisensory information integration. For example,
Calvert et al. used fMRI to investigate the neural mecha-
nism that integrates visual and auditory speech signals. As a
result, a significant integration effect was detected in the
posterior part of the left superior temporal sulcus [2]. Later,
by presenting synchronous and asynchronous visual (black
and white alternate checkerboard stimuli) and auditory white
noise stimuli, as well as audiovisual single sensory stimuli,
they found that synchronous and asynchronous audiovisual
stimuli produced super-increased and inhibited responses
in the superior temporal sulcus [3]. In the PET study by
Bushara et al., participants were asked to determine whether
pure auditory tones and colored circles presented in visual
form were present at the same time. It was found that the
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prefrontal lobe and the posterior parietal lobe are part of the
multisensory brain area network that detects the synchro-
nization of audiovisual stimuli [4]. Therefore, many research
results show that the interactive integration effect of vision
and hearing is universal for people of different ages, cultures,
and genders, and has considerable stability.

Timbre and color have similar characteristics in some
respects, which aremanifested in the blending and connection
of the two fields of music and painting. The famous musician
Marion once said that ‘‘Sound is audible color, and color
is visible music’’ [5]. This kind of cross-art communication
makes audiovisual synaesthesia more fully integrated with
artistic expression. In the art world, the color of painting is
often described in the language to describe timbre, such as
harmony and disharmony. A group of music painters have
also emerged. These individuals try to express music with
painting and use musical terms to improve themselves, and
form the special expression language of modern painting.
In the field of music, the form, style and content of music
can also be expressed in language describing colors [6]. Some
famous composers have put forward specific views on the
relationship between color and tonality, such as the Western
composer Rimsky-Korsakov believed that the key of C is
white, the key of G major is yellow, and the key of D major
is golden [7]. The composer Alexander-Skryabin thought the
key of C major is red, the key of G major is orange or rose,
the key of D major is warm gray and black [8]. Although
they have their own views on tonal color, the color sense
for certain tones is basically the same. In fact, as early as
the seventeenth century, the emergence of ‘‘color music’’
in the west can show that the relationship between vision
and music can be established in some inevitable or symbolic
way [9]. Alexander-Laszlo invented the color piano with
color music, Frederick-Benton invented the color console
with color music, people invented the music color therapy
with the direct influence of color concert on human physi-
ology and psychology, the appearance of music fountain, etc.
This series of rational applications of color music not only
provides an important way to enhance aesthetic education,
but also provides a deep understanding of the spiritual side
of individuals on another level, which has a very important
enlightening effect in art therapy.

Music and color, as two forms of art, are closely related to
our daily life. Related research on timbre and color also has
important practical significance. In the field of audio-visual
synaesthesia, the correlation study of timbre and color is the
basis of audio-visual association, which provides technical
means and data support for audio-visual synaesthesia, thus
providing ideas for multi-modal emotion recognition, clas-
sification and prediction. From the psychological point of
view, the correlation between timbre and color can provide
basic data for art (music) therapy theory, improve the effect
of art therapy, and provide new inspiration for psychology.
In terms of aesthetic education, the correlation study of timbre
and color can be used as the basis of aesthetic education,
enhance people’s ability to understand beauty, love beauty

and create beauty, and enhance people’s ability to understand
and feel art. In the field of performing arts technology, the
relationship between music and color provides a theoretical
basis. For example, the music fountains use the principle
of the correlation between timbre and color to reasonably
integrate the lighting and sound effects.

B. RESEARCH STATUS
For the study of the correlation between timbre and color,
there are twomain correlationmechanisms, namely, the direct
correlation of timbre-color and the indirect correlation medi-
ated by emotion. Direct correlation refers to the direct cor-
respondence between sound elements and color elements.
Early studies on the direct correlation between timbre and
color were explained by the physical isomorphism of timbre
and color [6]. The physical isomorphism here means timbre
and color similarities in physical structure. Physicist Newton
compared the vibration of light with the vibration of air,
the former stimulates different color sensations based on the
wavelength of light, while the latter stimulates different sound
sensations based on the length of the air. He speculated that
the harmony or disharmony of colors depended on the propor-
tion of vibrations transmitted through the visual nerve, just as
harmony or disharmony of sound came from the proportion of
air vibrations [10]. And Newton put forward the synaesthesia
theory of color and music. He believed that the seven tones
of ‘‘do, re, mi, fa, sol, la, si’’ in music are the same as the
seven colors of ‘‘red, orange, yellow, green, cyan, blue, and
purple’’, and he confirmed the connection between music and
color through data calculations. The vibration frequencies of
the seven sounds have a certain range, and the wavelengths
of the seven colors are also distributed in a certain range.
The ratio of the minimumwavelength to the maximumwave-
length of the seven basic colors is similar to the ratio of
the minimum and maximum frequencies of the seven basic
musical levels [7]. In addition, for the production of color
and music, the reflection of light produces color, vibration
produces sound, and to some extent, color and sound are
derived from the physical effects of external forces [5]. For
the representation of color and sound, both can be digitized
in a spectral manner. In addition, sound and color have the
characteristics of synthesis and decomposition; sound has
pitch and overtone, and color has monochromatic light and
composite light. Usually, we hear a compound sound and see
a compound color [7].

With the continuous deepening of the research, the direct
correlation between timbre and color has become a major
research method. In reference [1], Zhou Haihong used the
method of experimental psychology to prove through qual-
itative research that there is a certain correlation between
visual and auditory attributes. The auditory attributes used
in the experiment were pitch, sound intensity, time change
rate, auditory tension and new heterosexual experience. The
author found that when people have different perceptions of
music, the corresponding visual perceptions are also differ-
ent, which proves that there is a certain connection between
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vision and hearing. The experimental results show that there
is a certain relationship between vision and hearing, but it
does not specify what influencing factors are related to vision
and hearing, and which characteristics of vision are related to
which characteristics of hearing.

The indirect association mediated by emotion means that
music and color are respectively associated with emotion.
Color is visual art, andmusic is auditory art. Although the two
perceptual experiences differ in their relevant sensory organs,
they have the same inner emotional connection. Different
sound creates will present different auditory effects, such as
concord, incongruous, thick, soft, and light. Different color
combinations will also produce a visual experience similar to
the abovementioned auditory effects.

Researchers at the University of California, Berkeley con-
ducted a series of studies on the association between music
and color. In the early stage of the research, the relation-
ship between music and color was studied with emotion as
a medium. In the reference [11], Palmer and others used
Mozart, Bach and Brahms’ melodies; changed the length of
the melody and made the rhythm faster to obtain 18 audio
segments; and specified four emotional dimensions. Partici-
pants were required to choose the emotion that best matched
the audio segment and then determine the matching color
based on the emotion. They calculated the correlation based
on the experimental data and believed that both music and
color are related to a specific emotion. Based on the pre-
vious researches, the researchers proved this association
mechanism, that is, the emotional mediation hypothesis.
The reference [12] proved this point. In the reference [12],
Palmer et al. used four kinds of Mozart melody, and changed
the melody in major and minor, fast and slow tempo, note
density, high and low level. Then, they got 64 audio materials.
The experimental method is like the experimental method
in the reference [11]. Finally, they proved the emotional
mediation hypothesis.

With the deepening of the research, the experimental
materials, experimental methods and experimental subjects
were adjusted accordingly. Reference [13] adopted the same
research idea. Different from previous research, this study
included subjects who do not have synesthesia ability. Sub-
jects are asked to choose a more matching one from the
two color pairs according to the sound they hear, and it is
necessary to score each sound and color on five emotional
dimensions. Finally, according to the correlation analysis,
the authors concluded that non-synthetic participants showed
color associations consistent with musical sounds. They pro-
posed studying the connection between more different audi-
tory characteristics and visual characteristics. Reference [14]
continued to use the previous research ideas. On the basis of
the previous research, William S. Griscom and Stephen E.
Palmer used 16 different musical instrument audio, and
increased two characteristics, that is, edge contrast and tem-
poral dynamics. According to the analysis of experimental
results, it can be concluded that subjects without synaesthe-
sia ability still show consistent visual associations in terms

of color, edge contrast and temporal dynamics. Emotional
intermediary can better explain color associations, but the
correlation with edge contrast and temporal dynamics is
affected by low-level features, such as attack time. In addi-
tion, this research also proposes to investigate and more
connection of different visual features, such as texture and
shape.

Based on the previous research results, the reference [15]
explored the cross-modal correspondence in the music con-
text, and researched the following questions: Whether people
have consistent connections between different colors, musical
intervals, and chords. Whether there is a consistent visual
association between timbre and music. What is the rela-
tionship between normal cross-modal correspondence and a
neurological condition called ‘‘sympathetic’’. Using experi-
mental methods similar to previous studies, the researchers
found that the subjects were highly consistent in demon-
strating the connection between visual features and musical
features; at the same time, they proved the role of semantic
features and emotional features in guiding these cross-modal
correspondences.

Researchers from Cornell University also used emotion
as an intermediary in their experiment. In reference [16],
the experiment explored the extent to which music color
associations could be explained bymusic selections and color
emotional associations. The experimental subjects included
non-musicians, musicians, absolute pitch owners, and musi-
cal color synesthetes. Through three experiments, the author
supported the view that music color association can be
explained by the association between music and emotion,
color and emotion.

In addition, domestic researchers have also used similar
methods to study this concept. For example, reference [17]
conducted a more in-depth study on the basis of a certain
relationship between vision and hearing. It focused on color
in vision and music in hearing to study the relationship
between music and color. The author also used the method
of experimental psychology to conduct qualitative research.
Through three experiments, the author proved that there is
a connection between music and color, and emotions play a
bridge role in it, that is, emotion is the influencing factor of
the connection between music and color.

Researchers at Institute of Image Communication and Net-
work Engineering, Shanghai Jiao Tong University conducted
a serious of audio-visual cross-modal analysis studies. For
example, visual signals often come along with audio, so it
is necessary to investigate the influence of audio on visual
attention. In reference [18], Min X et al. focused on the
problem of when will audio influence visual attention during
videowatching. They performed eye-tracking experiments on
a set of 60 videos in audio-visual (AV) and visual (V) con-
ditions. Based on the eye movement data, they found that
the influence of audio on visual attention depends on the
consistency between the visual and audio signals. If the
salient objects from the visual perspective are not consistent
with the salient objects from the audio perspective, audio
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will influence visual attention. Otherwise, audio has little
influence on visual attention.

Audio could have influence on visual attention and such
influence has been widely investigated and proofed by many
psychological studies. But traditional visual attention mod-
els generally make the utmost of stimuli’s visual features,
while discarding all audio information. In reference [19], they
fused both audio and visual information to predict fixations.
At last, the audio, spatial and temporal attention maps are
fused, and they generated their final audio-visual saliency
map. Experiment results show that we can achieve better
performance when considering both audio and visual cues.
Besides, they conducted a subjective study of audio and
video (A/V) quality, which is used to compare and develop
A/V quality measurement models and algorithms [20].

Based on the previous researches, they proposed a novel
multi-modal saliency (MMS) model for videos containing
scenes with high audio-visual correspondence. And they
detected the audio saliency map from both audio and visual
modalities by localizing the moving-sounding objects using
cross-modal kernel canonical correlation analysis, which is
first of its kind in the literature. Experimental results on
audio-visual attention databases show that the introduced
models incorporating audio cues have significant superiority
over state-of-the-art image and video saliency models which
utilize a single visual modality. The results of this research
institute on audio-visual cross-modal analysis provide ideas
for our experiment [21].

In summary, at present, experimental psychology methods
are mainly used to study the relationship between visual
features and auditory features. Visual features mainly include
color, texture, shape, and so on. Auditory features mainly
include music, major and minor tones, rhythm, and so on.
The current research mainly uses emotion as the medium;
that is, it is mainly qualitative research. The research results
can prove that music is related to color or music and color
are related through emotion and perception as the media.
However, there are few quantitative studies on the relation-
ship between the objective characteristics of music and color
characteristics, and there are relatively few studies on the
establishment of the relationship model between music and
color from the characteristic level. Since quantitative research
will provide new theoretical ideas for future research, our
research will focus on quantitative analysis, extract the objec-
tive characteristic parameters of timbre, and study the rela-
tionship between timbre and color by constructing models.
In addition, most of the timbre materials used in the current
related research on timbre and color come from Western
musical instruments. According to previous research results,
namely reference [22], it can be seen that the timbre of
Chinese musical instruments and Western musical instru-
ments are quite different, therefore, in this study, in order
to make the sound material library more abundant and com-
plete, the sound materials of Chinese national musical instru-
ments and Chinese minority musical instruments have been
added.

In response to the above problems, in this study, a material
library containing Western and Chinese musical instruments
was selected as the experimental material, and a database
related to timbre and color was constructed to support the
experimental data. The relationship between timbre percep-
tion attributes and color attributes was studied, and the rela-
tionship between timbre objective characteristic parameters
and color attributes was studied.

This paper focuses on the relationship between timbre and
color using experimental psychology and using both signal
and information processing methods, respectively. The spe-
cific chapters are arranged as follows: the first part is the
introduction, which introduces the research background and
significance of the related research on the timbre of music
sound and visual color and then analyzes and summarizes
the current research. The second part introduces the process
of establishment of the timbre-color association database,
including two parts, namely, the construction of the timbre
perception feature dataset and the perceptual experiment of
timbre-color association. The third part is a qualitative anal-
ysis of the relationship between timbre and color, which is
based on the dataset constructed in the second part. The fourth
part describes the construction of the timbre-color correlation
models and quantitatively analyzes the correlation between
timbre and color. The fifth part summarizes the research
content and conclusions of this article and discusses the next
research plan. The chapter arrangement of this paper is shown
in figure 1.

FIGURE 1. Chapter of the paper.

II. CONSTRUCTION OF TIMBRE-COLOR CORRELATION
DATA SET
The construction of timbre-color correlation data set in this
part is mainly divided into two parts. The first is the con-
struction of timbre perceptual feature data set. The five per-
ceptual dimensions of timbre are evaluated by series category
method, and the evaluation score of each timbre material in
five dimensions of timbre is got. It can provide data for the
third part of timbre and color correlation analysis. The sec-
ond is the perceptual experiment of timbre-color association,
which requires the subjects to match the timbre material with
the color material, to get the matching result of timbre and
color, and then to process the data, so that the perceptual data
associated with timbre and color can be got. It can provide
data support for the construction of the fourth part of the
model.
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A. CONSTRUCTION OF TIMBRE PERCEPTUAL FEATURE
DATA SET
1) EXPERIMENTAL MATERIAL
In the experiment, we should select the representative tim-
bre material, and consider the following three factors when
selecting the timbrematerial [23]: First, the experimental tim-
bre material should have a suitable sample number, too little
material can not guarantee the accuracy of multi-dimensional
scale analysis, too much material will make the subjects
tired, and the judgment criteria are easy to change, which
leads to the reduction of the reliability of the evaluation
results. Second, the timbre material should have a wide
range of variations. Third, after determining the range of
timbre changes, we must pay attention to the uniformity of
the distribution of timbre materials. Considering the above
three factors, 72 kinds of musical instruments were selected
in this experiment, including 24 kinds of western musical
instruments and 48 kinds of Chinese musical instruments,
among which 36 kinds of Chinese national musical instru-
ments and 12 kinds of Chinese minority musical instruments
were selected. These 72 kinds ofmusical instrumentmaterials
can also be divided into two categories according to the
time domain characteristics of musical instruments: sustain-
able musical sound signal and non-sustainable musical sound
signal. The proportion of musical instruments in the timbre
library is shown in figure 2, and the list of specific instruments
is shown in Appendix 2.

FIGURE 2. Proportion of musical instrument composition of timbre
material library.

In addition, this subjective evaluation experiment adopts
five timbre evaluation dimensions, which are based on the
previous results of the laboratory, and the specific calculation
process is in reference [22]. The five evaluation dimensions of
timbre are bright-dark, raspy-mellow, sharp-vigorous, coarse-
pure, hoarse-consonant, each pair of evaluation dimensions
is opposite, and can describe the five main dimensions of
timbre perception. The correlation coefficient of each timbre
evaluation dimension is shown in TABLE 1.

All the timbre materials used in the experiment were
recorded in the recording studio by players with professional
performance level, and the contents were single tone, scale
and music fragment of medium strength (mf) content. The
Protools software is used to clip each material segment for
6-10 seconds, the sampling rate is 44100 Hz, the quantization
accuracy is 16 Bit, and saved into wav format.

TABLE 1. Correlation coefficient of five evaluation dimensions of timbre
in their original language(chinese) and the associated english
translations.

In order to avoid the influence of playing content on
timbre perception, the timbre material used in this experi-
ment is scaled. In addition, loudness also has an important
effect on timbre. For example, in reference [24], Zhu Siyu
studied the pitch loudness and timbre brightness of typical
Chinese and Western musical instruments, research shows
that for typical Chinese and Western musical instruments,
timbre brightness increases with the increase of loudness,
but the degree of influence of loudness on the brightness of
the timbre is affected by the range of loudness. The results
have been verified in the previous pre-experiment. And we
designed the loudness balance experiment for Chinese and
Western musical instruments. Through the analysis of the
data, we summarized the loudness balance mode of different
kinds of musical instruments. The experimental materials are
normalized by this model. The specific operation method can
be referred to reference [25].

2) EXPERIMENTAL METHODS
This experiment adopts the series category method, which
assumes that the psychological perception is a random vari-
able from normal distribution, and converts the cumulative
probability into the psychological scale (category boundary).
The boundary of each category in the series category method
is not a given definite value in advance, but a random variable
based on experimental data. Therefore, in the experiment,
the boundary of each category is determined according to
Thurstone algorithm, and then the relationship between the
psychological scale and the boundary of each evaluation
object is calculated, so as to determine the distribution of each
object in each category.

3) EXPERIMENTAL CONDITIONS
The experiment was carried out in the standard listening
room. The reverberation time of the listening room was
0.3 seconds, the sound field distribution was uniform, and
there was no bad acoustic phenomenon and body noise. Gen-
elec 1038B three-way activemidfieldmonitoring speaker was
used to replay the experimental signals. Its parameters are
shown in TABLE 2. It conform to international standard [26].

Because the experimental results will be affected by the
listening sound pressure level, it is necessary to ensure that the
subjects listen at the standard listening sound pressure level,
and the sound pressure level of the listening sound remains
unchanged throughout the experiment. The equipment used
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TABLE 2. The parameters of Genelec three-way active midfield 1038B
monitoring speaker.

in the calibration test system is: Lenovo T460 notebook
computer, BK4231 sound calibrator, BK2250 sound level
meter, YAMAHA 01V96i digital mixer. The actual listening
pressure level is 75 dBA, which conforms to the international
listening standard [26]. Adobe Audition software for playing
experimental material. The seats in the listening room are
arranged in triangles. In the process of listening, the ear height
of the subjects should be at the same level as the midpoint of
the vertical line in the high and low sounds of the speakers.

4) EXPERIMENTAL SUBJECTS
The number and category of experimental subjects are the
factors to be considered in the selection process. In theory,
the number of subjects can be determined according to the
distribution of test results and the accuracy required for mea-
surement, but in practical experiments, the distribution of test
results is difficult to determine, and there are many factors
affecting the distribution of measurement results. So the gen-
eral number of subjects is selected according to the empirical
value [23], Tuliis and Wood indicated that the average corre-
lation coefficient between the results of 20 to 30 evaluations
and 168 evaluations is 0.95 [27]. So it is more appropriate to
select 20-30 subjects when selecting the number of subjects.
This experiment selected 31 subjects, including 11 men, aged
20-30 years old. The subjects had no hearing impairment,
they had certain listening experience, and they had a good
understanding of each attribute of timbre.

5) EXPERIMENTAL PROCESS
Experiment 1 consists of three stages: familiarity stage, train-
ing stage and formal experiment stage. Familiarity stage: Play
all the audio samples used in the experiment in sequence,
so that the participants are familiar with and perceive their
range of changes. Training stage: Select 3 out of the total
timbre material randomly and let the subjects evaluate the
tone color according to the subjective feeling of the timbre
material. The purpose of this step is to make the subjects
more familiar with the experimental process and avoid the
impact caused by unfamiliarity with the experimental process
in the formal experimental stage. This part of the data is not
used for the analysis of the final results. Formal experimental
stage: Play each tone pigment material in turn, the subjects
are asked to evaluate and score the five evaluation dimen-
sions of timbre, namely, bright-dark, raspy-mellow, sharp-
vigorous, coarse-pure, hoarse-consonant, and there are nine
grades. After scoring, the subjects need to fill in the results
in the form. In order to avoid the fatigue of listening for a

long time, the experimental materials were divided into three
groups, each groupwas not more than 30minutes, and the rest
between each group was 15 minutes. According to the above
steps in turn experiment, and complete the data collection
work.

6) CHECKING THE COMPLETENESS OF THE DATA SET
After processing the collected data, it is found that 72 kinds
of musical instrument sample materials are distributed in five
timbre perception dimensions, and the sample distribution
of timbre material in the specific timbre evaluation scale is
shown in Appendix 1. On the whole, the timbre of different
musical instruments is distributed evenly in the dimension
of timbre evaluation, but there are also some differences,
such as the western musical instruments are brighter, more
vigorous, mellower and pure, compared with the Chinese
national musical instruments, the Chinese minority musical
instruments are raspier, coarser and hoarser. Therefore, it can
be seen that the timbre material library of Chinese musical
instruments and Western musical instruments is richer and
more complete than that of Western musical instruments
alone.

B. PERCEPTUAL EXPERIMENT OF TIMBRE-COLOR
ASSOCIATION
1) EXPERIMENTAL MATERIAL
The timbre material of this experiment is the same as that
of the first experiment. For color material construction,
we choose the HSV color space, because HSV color space
can reflect visual perception, and it is closely related to visual
perception. Among them, H means hue, it is the most intu-
itive feature to distinguish different colors. The color block
diagram used in this subjective evaluation experiment selects
eight colors, corresponding to 0◦, 30◦, 60◦, 90◦, 120◦, 180◦,
240◦ and 300◦ of the hue ring. Red, green, yellow and blue
are four primary colors. Red and green, yellow and blue are
opposite. Orange, yellow green, blue green, purple are four
middle colors. The color circle system used in this exper-
iment is two-dimensional, two features are selected to rep-
resent the hue, namely, red-green and yellow-blue. S means
saturation, it refers to the brightness of color. Considering
the experimental data workload, saturation only selects 50%
and 100% levels. V means value, it mainly depends on the
intensity of the light. Also considering the experimental data
workload, value only choose 50% and 100% two levels.
Figure 3 shows the HSV used in this experiment, the upper
layer represents 100% value, the following layer represents
50% value, the outside circle represents 100% saturation, the
middle circle represents 50% saturation. The four dimensions
of color are shown in TABLE 3.

Taking red as an example, figure 4 shows the principle of
the design color block diagram. In figure 4, the upper left
corner is red with saturation and value of 100%, the upper
right corner is red with saturation of 50% and value of 100%,
the lower left corner is red with saturation of 100% and value
of 50%, and the lower right corner is red with saturation
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FIGURE 3. Distribution of color material.

TABLE 3. Four dimensions list of colors.

FIGURE 4. The design principle of the color block diagram.

and value of 50%. According to this design method, each
hue corresponds to four colors. According to the arrangement
and combination, there are 32 color blocks corresponding to
the eight hues. And the hue, saturation, value of each color
block change separately, so as to ensure that the experimental
results are universal. The specific color block diagram is
shown in figure 5.

2) EXPERIMENTAL METHODS
According to the timbre material, the subjects selected the
first matching color, the second matching color, and the third
matching color, and then chose the first mismatch color,
the second mismatch color, and the third mismatch color.
In experimental data processing, the difference between the
matched weighted average and the mismatched weighted
average is used as the criterion to judge the timbre. Specific
calculation formula see formula (1), (2).

Cd,m =
(
3C1,d,m + 2C2,d,m + C3,d,m

)
/6 (1)

Id,m =
(
3I1,d,m + 2I2,d,m + I3,d,m

)
/6 (2)

Among them, Cj,d,m represents the value of the j-th match-
ing color dimension for the m-th timbre material selected
by the subjects. For instance, the C1,R−G,clarinet represents
the value of the first matching color’s Red-Green degree
selected by the subjects for the timbre material of the clarinet;
Ij,d,m represents the value of the j-th mismatching color

FIGURE 5. Color block diagram for subjective evaluation of timbre-color
association.

dimension for the m-th timbre material selected by the sub-
jects, I2,Y−B ,clarinet represents the value of the second mis-
matched color’s Yellow-Blue degree selected by the subjects
for the timbre material of the clarinet. The value range of j
is 1-3, and the value range of m is 1-72.

Define CTAd,m as the standard to measure the association
between timbre and color, where C stands for color, T stands
for timbre, A stands for analyze, and CTAd,m stands the
timbre-color associated value of the m-th timbre material in
the color dimension d, for example, CTAR−G,clarinet repre-
sents the Red-Green values of the corresponding color of
the clarinet. The specific calculation formula is shown in
formula (3).

CTAd,m = Cd,m − Id,m (3)

3) EXPERIMENTAL CONDITIONS
In this experiment, the experimental conditions of sound
field are the same as that of experiment 1. We used SONY
KD-75 × 9400D to render the color blocks. Its screen ratio
is 16:9, the screen resolution is 3840 × 2160, the high-
definition format is 2160P, and the backlight performance is
LED backlight. It conform to international standard. Digital
TV display equipment and experimental process conform to
international standard [28]. The connection of the experimen-
tal system is shown in figure 6. One end of the notebook com-
puter is connected to the display to realize the presentation of
the color material, and the other end is connected to the left
speaker and the right speaker respectively to realize the play
of the music material.

The subjects were the same as the subjects in experiment 1,
and the subjects had no visual impairment.

4) EXPERIMENTAL PROCESS
The experiment consists of three stages: familiarity stage,
training stage, and formal experiment stage. In the familiar
stage, all the audio samples used in the experiment can be
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FIGURE 6. The connection diagram of listening system in experiment 2.

played sequentially, the subjects can feel the range of tone
color change, in order to avoid too much deviation in the
color selected in the formal experiment. We use the display
screen to present the color block diagram so that the subjects
are familiar with the color block diagram in advance. In the
training stage, three pieces are randomly selected from the
musical instrumentmaterial tomake the subjects try to choose
the color chart according to the subjective feeling of the tim-
bre material. The purpose of this step is to make the subjects
more familiar with the experimental process and avoid the
influence caused by the unfamiliar experimental process in
the formal experiment stage. This part of the data is not used
for the analysis of the final results. In the formal experi-
ment stage, each tone pigment material was played in turn.
According to the timbre material, the subjects selected the
first matching color, the second matching color and the third
matching color, and then selected the first mismatch color,
the second mismatch color and the third mismatch color, they
also need to fill in the selection in the form used by the
subjects. In order to ensure the fatigue of listening for a long
time, the experimental time of each group was not more than
30 minutes, and the rest between each group was 15 minutes.
The experiment was divided into three groups. According to
the above method, the experiment was completed, and the
data were collected.

Through the processing and statistics of the experimental
data, a perceptual data set containing 31 subjects on 72 musi-
cal instrument timbre materials was constructed. The data set
can be used for qualitative analysis of timbre and color asso-
ciation in the third part (Analysis of Relationship between
Timbre and Color). It can also be used for the construction
of timbre - color correlation model in the fourth part (Con-
struction of Timbre-Color Correlation Model), and then the
correlation between timbre and color can be quantitatively
analyzed.

III. ANALYSIS OF RELATIONSHIP BETWEEN TIMBRE
AND COLOR
The main content of this part is to process the data and ana-
lyze the relationship between timbre and color qualitatively.

First, the reliability test of the data obtained from the sub-
jective evaluation experiment is carried out, and then the
data is analyzed from three aspects: color visualization of
musical instrument timbre, correlation analysis of musical
instrument type and color attribute, correlation analysis of
timbre perception attribute and color attribute.

A. RELIABILITY CHECK
The subjective judgement of the correlation between the tim-
bre attributes of musical sound and visual color is subjective.
This can also be seen from the experimental data, namely,
the judgement of different subjects may be quite different.
Therefore, in order to ensure the reliability of experimental
data, firstly, we conducted a reliability calibration test on
the selection results of 31 subjects. The reliability statistical
results are shown in TABLE 4.

TABLE 4. Reliability calibration test results.

Cronbach’s alpha are all greater than 0.67. It can be con-
cluded that the experimental data are reliable, the subjective
judgement of different subjects are highly reliable.

In order to facilitate the visualization of the data, the data
were arranged neatly in a 6×5matrix, so we need to eliminate
one data from the first match, second match, third match,
first mismatch, second mismatch, and third mismatch cor-
responding to each instrument. Firstly, the histogram corre-
sponding to the first matching, the second matching, the third
matching, the first mismatch, the second mismatch and the
third mismatch are drawn in the data culling link. There are
72 × 6 histograms. The color sequence number farthest
from the highest frequency in the histogram was selected for
culling.

Taking the first mismatched of Gehu as an example,
figure 7 is the histogram of the first mismatched color.
According to the culling principle, we need to eliminate the

FIGURE 7. Histogram of the first mismatched color of Gehu.
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lowest frequency color serial number, but there are two lowest
frequency color serial numbers 2 and 29, the color farthest
away from the color with the highest frequency on the tonal
diagram is selected for cull processing. The frequency of
color serial numbers 1 and 9 are the same and highest, and
colors serial number 29 are further away from colors with
numbers 1 and 9 on the tonal diagram, so let’s get rid of the
color with the number 29.

According to the above method, all data are processed.

B. DATA ANALYSIS
The data analysis of this part is divided into three parts.
First, visualize the color of the musical instrument timbre,
and the correlation between timbre and color can be proved
by drawing 72 kinds of musical instruments. Then, based
on the correlation between timbre and color, the correlation
between musical instrument type and color attribute is ana-
lyzed. Finally, on the basis of the former two, the correlation
between the perceptual attribute of timbre and the attribute of
color is analyzed.

1) COLOR VISUALIZATION OF MUSICAL INSTRUMENT
TIMBRE
In order to make the data more intuitive, we need to draw the
matching color block diagram and the non-match color block
diagram corresponding to each instrument. According to the
calculation method described in the experimental method
in the second chapter, the average matching color and the
average mismatch color of each instrument can be calculated.
The calculation formula is as follows:

RC =
(
3RC1 + 2RC2 + RC3

)
/6 (4)

RI =
(
3RI1 + 2RI2 + RI3

)
/6 (5)

GC =
(
3GC1 + 2GC2 + GC3

)
/6 (6)

GI =
(
3GI1 + 2GI2 + GI3

)
/6 (7)

BC =
(
3BC1 + 2BC2 + BC3

)
/6 (8)

BI =
(
3BI1 + 2BI2 + BI3

)
/6 (9)

Among them, RCj, GCj and BCj represent the RGB value
of the j-th matching color, RIj, GIj and BIj represent the RGB
value of the j-th mismatching color, and R̄ Ḡ B̄ represent the
R, G, B average value of the color selected by all subjects,
RC, GC and BC represent the weighted average color of the
j-th matching color, RI, GI and BI represent the RGB value
of the weighted average color of the j-th mismatching color.

According to the above calculation method, the color
visualization results of 72 musical instrument timbre can
be drawn, see Appendix 3. Taking chimes as an example,
C1, C2, C3, I1, I2, I3 represent the first matching color,
the second matching color, the third matching color, the first
mismatch color, the second mismatch color and the third
mismatch color, the weighted average color of the matching
and mismatch is drawn at the bottom of the color block
diagram. As can be seen from figure 8, the matching color of
the chimes is green, while the mismatching color is purple.

FIGURE 8. Color visualization of the timbre(chimes).

Combined with the clear and pleasant sound characteristics
of the chimes, it can be proved that the matching color
selected by the subjects is related to the timbre of the chimes.
According to this method, the color visualization results of
all musical instruments can be analyzed, which can prove that
timbre is related to color.

2) CORRELATION ANALYSIS BETWEEN MUSICAL
INSTRUMENT TYPE AND COLOR ATTRIBUTE
Through the experiment of the second part, we can get
the red-green, yellow-blue, value and saturation of each
instrument’s matching color. We can analyze the relationship
between the timbre of the instrument and the four color
attributes by drawing the scattered plot, and we can also
compare the similarities and differences between the timbre
and the color attribute of different kinds of instruments.

Because the color space of the HSV includes three parts:
hue, saturation and value, and the red-green, yellow-blue
degree can represent hue, so in this part, we will draw
three pictures, which are the average hue scatter plot of the
instrument, the value scatter plot of the instrument and the
saturation scatter plot of the instrument. The abscissa of
the scatter plot of the average hue of musical instruments
is the CTAYellow−Blue degree of the timber color of each
instrument, and the ordinate is the CTARed−Green degree of the
timber color of each instrument. Fill the background color of
the scatter diagram with the corresponding yellow-blue and
red-green degrees, then the hue at the position of each point is
the hue of the instrument. See Figure 9 for the average scatter

FIGURE 9. Scatter plot of average hue.
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diagram of hue. The abscissa of the scatter diagram of the
value of instruments is the CTAValue of the timber color of
each instrument, and the ordinate is the instrument number.
The background color of the scatter diagram is filled with
color according to its corresponding value, so the value at
the position of each point is the value of the instrument. See
Figure 10 for the scatter diagram of the value. The abscissa is
the CTASaturation value of the tone color of each instrument,
and the ordinate is the instrument number. The background
color of the scatter diagram is filled with the corresponding
color’s saturation, so the saturation at the position of each
point is the saturation of the instrument. See Figure 11 for
the saturation scatter diagram. The dotted lines in the scatter
plot correspond to average value, with orange for Western
instruments, blue for Chinese national musical instruments,
and green for Chinese minority instruments. Among them,
CTA is the standard for measuring timbre, and the calculation

FIGURE 10. Scatter plot of average value.

FIGURE 11. Scatter plot of average saturation.

formulas of CTA are shown in Formula (1), Formula (2) and
Formula (3).

As can be seen from the above figure, the color correspond-
ing to sustainable instruments has a larger red-green degree,
while the color corresponding to non-sustainable instruments
has a smaller red-green degree. In other words, the color cor-
responding to sustainable instruments tends to be red, while
the color corresponding to non-sustainable instruments tends
to be green. The value distribution of the color corresponding
to the musical instrument is relatively dispersed, and the
average value of the Chinese national musical instruments is
greater than that of theWesternmusical instrument and that of
the Chinese minority musical instrument. The saturation dis-
tribution of the color corresponding to the musical instrument
is relatively concentrated, which indicates that the saturation
has no significant influence on the sound color. The average
saturation of the Western musical instrument is higher than
that of the Chinese national musical instrument.

3) CORRELATION ANALYSIS OF TIMBRE PERCEPTION
ATTRIBUTES AND COLOR ATTRIBUTES
In order to get the relationship between the timbre perception
attribute and the color attribute, we use the method of correla-
tion analysis to analyze the two. The five perceptual attributes
of timbre are Bright-Dark, Raspy-Mellow, Sharp-Vigorous,
Coarse-Pure and Hoarse-Consonant. The four attributes of
color are red-green, yellow-blue, saturation and value. The
correlation coefficient is shown in TABLE 5. The absolute
value of the correlation coefficient in TABLE 5 is greater than
or equal to 0.6.

TABLE 5. Correlation coefficient tables.

In order to further present the results, we draw scat-
ter plots, whose ordinate is CTA and abscissa is timbre
perception attribute. Western musical instruments, Chinese
national musical instruments and Chinese minority musical
instruments are represented by graphs of different colors.
Different shapes are used to represent the sustainable and
non-sustainable instruments. According to the correlation
coefficient matrix, 0.7 is selected as the threshold value. If the
correlation coefficient is greater than 0.7, linear fitting will
be carried out for each point; otherwise, nonlinear fitting
will be carried out. In the scatter plots, the orange curve
represents the trend line of Western instruments, the green
curve represents the trend line of Chinese national instru-
ments, the blue curve represents the trend line of Chinese
minority instruments, the solid black line represents the trend
line of sustainable instruments, and the black line represents
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the trend line of non-sustainable instruments. Considering
that the trend line of each type of musical instrument is
not convenient for practical application, the trend line of all
musical instruments is fitted linearly and the expression is
given.

According to the above method, the scatter plot and its
fitting curve are drawn for five timbre perception attributes
and four color attributes (only the correlation coefficient is
not less than 0.6). The specific analysis is as follows:

Figure 12 is Red-Green and Coarse-Pure scatter plot. It can
be seen from the diagram that coarse-pure of timbre is nega-
tively correlated with red-green.

FIGURE 12. Red-green and coarse-pure scatter plot.

Overall, most Western instruments are located above Chi-
nese instruments, that is, Western instruments tend to favor
red colors. For more pure sounds, they tend to associate
brighter colors such as green. In addition, sustainable instru-
ments are rough relative to non-sustainable instruments.

Figure 13 shows the scatter plot of the yellow-blue degree
of color and the three perceptual attributes of timbre, respec-
tively. As can be seen from the figure, the coarse-pure of
timbre is positively correlated with the yellow-blue. The
bright-dark of timbre is negatively correlated with the yellow-
blue, and the correlation coefficient is 0.77, showing a strong
linear correlation. The sharp-vigorous of timbre is negatively
correlated with the yellow-blue.

In general, most Western instruments are located below
the Chinese instruments, namely, Western instruments make
people think of blue, Chinese instruments make people think
of yellow. For instruments with purer and bright timbre, it is
easier to think of bright colors such as yellow; for instruments
with a thicker timbre, it is easier to think of blue. Most of
the non-sustainable instruments are distributed in the upper
half of the picture, that is, non-sustainable instruments can be
associated with yellow, sustainable instruments can be
associated with blue, and, non-sustainable instruments are

FIGURE 13. Yellow-blue and timbre dimensions scatter plot.
(a) Yellow-blue and bright-dark scatter plot. (b) Yellow-blue and
sharp-vigorous scatter plot. (c) Yellow-blue and coarse-pure scatter plot.
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concentrated in the right half of the Yellow-Blue and
Coarse-Pure Scatter Plot, indicating that non-sustainable
instruments are more pure than sustainable instruments.

Figure 14 shows the scatter plot of color saturation and tim-
bre dimensions. It can be seen from the diagram that bright-
dark, sharp-vigorous of timbre are negatively correlated with
saturation.

FIGURE 14. Saturation and timbre dimensions scatter plot. (a) Saturation
and bright-dark scatter plot. (b) Saturation and sharp-vigorous scatter
plot.

In general, the distribution of Western instruments and
Chinese instruments is more uniform and concentrated in
the center of the scattered plot, indicating that saturation and
timbre dimension are not significantly related. And, relative
to non-sustainable instruments, sustainable instruments are
dimmer.

Figure 15 shows the scatter plot of the value of the color
and the four perceptual attributes of the timbre. It can be seen
from the diagram that the coarse-pure of timbre is positively

FIGURE 15. Value and timbre dimensions scatter plot. (a) Value and
bright-dark scatter plot. (b) Value and sharp-vigorous scatter plot.
(c) Value and coarse-pure scatter plot. (d) Value and hoarse-consonant
scatter plot.
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FIGURE 15. (Continued.) Value and timbre dimensions scatter plot.
(a) Value and bright-dark scatter plot. (b) Value and sharp-vigorous
scatter plot. (c) Value and coarse-pure scatter plot. (d) Value and
hoarse-consonant scatter plot.

correlated with value, and the correlation coefficient is 0.71,
showing a strong linear correlation. The hoarse-consonant of
timbre is positively correlated with value. The sharp-vigorous
of timbre is negatively correlated with value. And the
bright-dark of timbre is negatively correlated with value, and
the correlation coefficient is 0.88, showing a strong linear
correlation.

On the whole, for the purer, bright, hoarser, sharper instru-
ments, people will think of a preference for bright colors.
Moreover, most non-sustainable instruments are distributed
in the upper half of the picture, indicating that non-sustainable
instruments make people think of brighter colors.

To sum up, there is no obvious correlation between satura-
tion and the five dimensions of timbre; Western instruments
tend to favor red and blue colors; non-sustainable instruments
tend to think of brighter colors such as yellow; for purer, soft,
hoarse instruments, people think of brighter colors such as
green and yellow; and compared with non-sustainable instru-
ments, sustainable instruments are purer, brighter and hoarser.

From a psychological point of view, colors can make peo-
ple feel warm and cold psychologically. Such as red, yellow,
orange and other colors give people a warm, exciting feeling.
People call this series of colors warm; blue, green, green and
other colors give people a cold, quiet feeling. People call
this series of colors cold; while gray, purple and other colors
give people feel not cold and warm, people call it ‘‘neutral
color’’ [29]. The color material used in this experiment can
be divided into cold color, warm color and neutral color
according to this classification method. In the experiment,
the subjects will have corresponding psychological feelings
about these colors, whichwill echo the psychological feelings
brought by timbre to the subjects.

In addition, the more crisp tone will give people a lighter
feeling, the thicker tone will give people a heavier feeling,

TABLE 6. Trend line list of red-green and coarse-pure.

TABLE 7. Trend line list of yellow-blue and timbre dimensions.

similar to the color also has a sense of weight. This weight is
not the actual weight, but the weight that the color produces
in the senses [30]. The same tone, the color with low value
is heavier than the color with high value, and the color with
low brightness is heavier than the color with high bright-
ness. The weight of the color depends mainly on the value
and saturation of the color. The color with high value and
saturation generally has a lighter feeling. From this point
of view, the light and heavy feeling of musical instrument
timbre will correspond to the weight feeling of color, and the
choice of subjects in the experiment is also affected by this
factor.

IV. CONSTRUCTION OF TIMBRE-COLOR CORRELATION
MODEL
In order to predict the relationship between timbre and color
in practical application, this part mainly constructs the model
of timbre and color association. Firstly, we extracted the
objective characteristic parameters of timber, and then we
built the correlation model by using these objective charac-
teristic parameters and the CTA value of color perception
data. After model testing, the conclusion can be drawn by
comparing and analyzing the model at last.

A. EXTRACTION OF OBJBCTIVE CHARACTERISTIC
PARAMETERS OF TIMBRE
In order to obtain the parameters needed in the model,
we extracted the objective characteristic parameters of the
timbre that can describe the timbre. These objective char-
acteristic parameters of timbre can be divided into four
categories: time domain objective characteristic parame-
ters, frequency domain objective characteristic parameters,
harmonic objective characteristic parameters and time-
frequency objective characteristic parameters. The name and
classification of the specific feature parameters are shown
in TABLE 10.

The calculation method of the important objective charac-
teristic parameters of timbre is as follows.
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TABLE 8. Trend line list of saturation and timbre dimensions.

TABLE 9. Trend line list of value and timbre dimensions.

TABLE 10. Summary of objective features of timbre.

1) TIME-DOMAIN OBJECTIVE CHARACTERISTIC
PARAMETERS
Temporal centriod(TC) is the center of gravity of the signal’s
energy on the time axis, in seconds(s), which reflects the area
where the signal’s main energy is concentrated [31], and is

an important parameter for describing high-transient shock
signals. The formula is as follows:

TC =

n=n2∑
n=n1

tn · e (tn)∑
n
e (tn)

(10)

Among them, n1 and n2 are the first and last values of n
that can make e(tn) greater than 15% of its maximum value,
respectively, in order to avoid including silent segments in the
TC calculation.

Zero-crossing rate(ZCR) is the number of times the signal
passes through the zero value in each frame, reflecting the
speed of the signal change [32]. When calculating the zero-
crossing rate, first subtract the amount of DC slices of the
signal in each frame, and then normalize the zero-crossing
rate of each frame with the window length Lt (in seconds) as
the normalization factor. The formula is as follows:

ZCR =
1
2

N∑
m=0

|sgn [xn(m+ 1)]− sgn [xn(m)]| (11)

Among them, N is the length of the window function;
n represents the number of sampling points in each frame of
signal; x(n) is the positive or negative of the amplitude of a
certain frame of signal; x(m) and x(m − 1) are the positive
and negative signal amplitudes of the adjacent two sampling
points, and sgn[] is the sign function.

sgn[x(n)] =

{
1, x(n) ≥ 0
−1, x(n) < 0

(12)

Attack slope(AS) is the ratio of the energy difference
between the end point and the starting point of the sound
signal to the time difference [33]. This parameter can better
distinguish between steady-state sound and impact sound
(percussion sound). The formula is as follows:

AS =
Emax − Emin

tend − tst
(13)

Among them, Emax is the energy value at the time of tend,
Emin is the energy value at the time of tst.

2) FREQUENCY-DOMAIN OBJECTIVE CHARACTERISTIC
PARAMETERS
Root mean square energy(RMS) describes the total energy
value of the sound signal in the time domain, which is related
to the loudness of the sound. The formula is as follows [34]:

RMS =

√√√√ 1
N

N∑
n=1

x(n)2 (14)

Spectral centroid is the first moment of the spectrum
energy distribution, representing the geometric center of the
spectrum, the unit is Hz. This parameter can describe the
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brightness of the sound. The higher the center of mass,
the brighter the sound [35]. The formula is as follows:

Centroid (tm) =

fmax∑
f=fmin

f · a(f )

fmax∑
f=fmin

a(f )

(15)

Spectral Spread is the second-order moment of the spec-
trum energy distribution, indicating the degree of spectrum
diffusion near the center of mass of the spectrum, the unit
is Hz. This parameter can reflect the frequency range of the
energy concentration of the sound near the center of mass of
the spectrum [36]. The formula is as follows:

Spread =

√√√√√√√√√
fmax∑
f=fmin

(f − Ct)2 · a(f )

fmax∑
f=fmin

a(f )

(16)

Spectral skewness is the third-order moment of the energy
distribution of the spectrum. It describes the asymmetry of
the spectrum near the centroid of the spectrum. It is a measure
of the direction and degree of the skewness of the statistical
data distribution [37]. When the skewness coefficient is 0,
the spectrum is symmetrical. When the skewness coefficient
is greater than 0, when the heavy tail is on the right, the dis-
tribution is skewed to the right, that is, the spectrum energy
is more biased toward the low frequency end. When the
skewness coefficient is less than 0, when the heavy tail is
on the left, the distribution is left skewed, that is, the spec-
trum energy is more biased towards the high frequency end,
the calculation formula is as follows:

Skewness (tm) =

(
K∑
k=1

(fk − Centroid (tm))3 · pk (tm)
)

Spread3

(17)

Spectral kurtosis is the fourth-order moment of the spec-
trum energy distribution, describing the flatness of the spec-
trum near the center of mass. When the kurtosis coefficient
is 3, the spectrum is normal (Gaussian distribution); when
the kurtosis coefficient is greater than 0, the spectrum is more
energy concentrated near the mean; when the kurtosis coeffi-
cient is less than 0, the spectrum is flat, that is, the energy
distribution of the spectrum energy concentrated near the
mean is more average [38]. The formula is as follows:

Kurtosis (tm) =

(
K∑
k=1

(fk − Centroid (tm))4 · pk (tm)
)

Spread4
(18)

Spectral decrease indicates the degree of spectrum ampli-
tude decline [32]. The formula is as follows:

decrease (tm) =
1

K∑
k=2

ak (tm)

K∑
k=2

ak (tm)− a1 (tm)
k − 1

(19)

Spectral-flatness measure(SFM) describes the flatness of
the spectrum distribution, which is the ratio of the geomet-
ric mean of the spectrum to its arithmetic mean, and is
used to extract the speech signals of turbid and non-turbid
sounds [23]. The unit is decibels (dB). For modulated signals,
the SFM value is close to 0(peak spectrum), and for noisy
signals, the SFM value is close to 1(flat spectrum). The
formula is as follows:

SFM (tm) =

(
K∏
k=1

ak (tm)
) 1

K

1
K

K∑
k=1

ak (tm)

(20)

Spectral crest measure(SCM) refers to the ratio of the peak
value of the spectrum energy to the arithmetic mean [23]. The
formula is as follows:

SCM (tm) =

a
maxk
k

(tm)

1
K

K∑
k=1

ak (tm)

(21)

3) HARMONIC OBJECTIVE CHARACTERISTIC PARAMETERS
Harmonic Energy(EH) is the sum of energy for all detected
harmonic components [33]. The formula is as follows:

EH (tm) =
H∑
h=1

a2h (tm) (22)

Among them, ah(tm) represents the amplitude correspond-
ing to tm time, H represents the total number of components.

Noisiness Part Energy(EN) is the total energy of the
non-harmonic part of the sound signal, which can be approx-
imated as the total energy minus the harmonic energy [39].
The formula is as follows:

EN (tm) = ET (tm)− EH (tm) (23)

Among them, ET represents total energy, EH represents
harmonic energy.
Tristimulus is the timbre equivalent of color attribute in

vision introduced by Pollard and Jansson [39]. T1 represents
the ratio of the first harmonic energy to the total harmonic
energy, T2 represents the ratio of the energy of the first three
harmonics to the total harmonic energy, T3 represents the
ratio of the energy of the first five harmonics to the energy
of the total harmonics. The calculation formula is as follows:

T1 (tm) =
a1 (tm)
H∑
h=1

ah (tm)

(24)
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FIGURE 16. Neural network diagram.

T2 (tm) =
a2 (tm)+ a3 (tm)+ a4 (tm)

H∑
h=1

ah (tm)

(25)

T3 (tm) =

H∑
h=5

ah (tm)

H∑
h=1

ah (tm)

(26)

Among them, H is the total number of harmonics, usually
taking H = 20.
Odd-to-even harmonic energy ratio(OER) distinguishes

between odd harmonics and smooth spectral envelopes [22].
This parameter can distinguish the timbre with outstanding
odd harmonics from the timbre with smooth spectrum enve-
lope. The formula is as follows:

OER (tm) =

H/2∑
h=1

a22h−1 (tm)

H/2∑
h=1

a22h (tm)

(27)

Noisiness is a numerical value proportional to the ‘‘noisy’’
degree of people’s subjective judgment of noise. The unit is
noy. It is defined as the ratio of noise energy to total energy
and reflects the proportion of signal noise components to total
energy. The formula is as follows:

noisiness (tm) =
EN (tm)
ET (tm)

(28)

4) TIME-FREQUENCY OBJECTIVE CHARACTERISTIC
PARAMETERS
Spectral flux(SF) is a time-varying descriptor calculated by
STFT values, indicating the extent to which the spectrum
varies with time [40], defined as one minus the normalized
mutual coefficient of the amplitude spectrum of tm and tm−1
at two consecutive moments. If the spectrum changes little
at the adjacent time, the spectrum flux is close to 0, and if
the similarity of the spectrum at the adjacent time is very
high, the spectrum flux is close to 1. The formula is as
follows:

SF = 1−

K∑
k=1

ak (tm−1) ak (tm)√
K∑
k=1

ak (tm−1)2
√

K∑
k=1

ak (tm)2
(29)

FIGURE 17. Comparison of the accuracy of three algorithms to build
models.

TABLE 11. Experimental results.

B. CONSTRUCTION OF TIMBRE-COLOR ASSOCIATION
MODEL
When constructing the correlation model of timbre and color,
in order to predict the correlation between timbre and color
more accurately, three algorithms are selected: multivariate
linear regression model, Back Propagation neural network
and Support vector regression model.

When people have a fuller understanding of the internal
characteristics of the research object and the relationship
between the various factors, they generally use the mecha-
nism analysis method to establish a mathematical model. The
statistical regression model is a very commonly used mathe-
matical model, and when there is more than one independent
variable associated with the dependent variable, then the least
squares criterion should be considered to establish a multiple
linear regression model [41]. Suppose the linear regression
model of random y and general variable xk is:

y = β0 + β1x1 + β2x2 + · · · + βkxk (30)

Among them, β0, β1, . . . , βk are unknown parameters,
β0 is called regression constant, β1, . . . , βk are called regres-
sion coefficients; y is called the explained variable; x1,
x2, . . . , xk are general variables that can be precisely con-
trolled, called explanatory variables. Use the least square
method to estimate the estimated regression coefficient β0,
β1, . . . , βn in the above formula, obtain the β value, and then
use the multiple linear regression model to predict.

Back Propagation neural network(BP neural network) is
a multi-layer feedforward network trained according to the
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FIGURE 18. The sample distribution of timbre material in the specifific
timbre evaluation scale.

FIGURE 18. (Continued.) The sample distribution of timbre material in the
specifific timbre evaluation scale.

error back propagation algorithm. Its principle is to input
learning samples and train the deviation andweight of the net-
work repeatedly through back propagation algorithm. Make
the final output value as close as possible to the expected
value [42]. The BP neural network model in this article sets a
total of three input layers, one hidden layer and one output
layer structure. The number of neurons in the three layers
is 31, 9, and 1, respectively. The learning rate and the number
of iterations are set as 0.01, 1000. Figure 16 shows the neural
network diagram of the algorithm.

Support vector regression model(SVR) is based on the
VC dimension theory of statistical learning theory and the
structural risk minimization principle, the support vector
machine approach seeks the best compromise between the
complexity of the model (the learning accuracy for a spe-
cific training sample) and the learning ability (the abil-
ity to identify arbitrary samples without error) based on
the limited sample information in order to obtain the best
generalization ability. In solving the problem of small
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FIGURE 19. Color visualization results of western musical instrument.
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sample, nonlinear and high dimensional pattern recognition,
it has shown a lot of performance better than the existing
methods, and greatly improves the generalization ability of
learning methods. Kernel function, as the core of SVR regres-
sion algorithm, plays an important role in the accuracy of
SVR model [43]. The kernel function used in this paper is
the Gaussian radial basis kernel function, see Formula (31).

K
(
xi, xj

)
= exp

(
−

∥∥xi − xj∥∥2
σ 2

)
(31)

When using SVR for regression prediction, we need to
adjust the relevant parameters, mainly the penalty parameters
c and the kernel function parameter g. The K-CV interactive
test method is used to optimize the parameters. First, the orig-
inal sample data is divided into K groups, each subset data is
made a verification set, and the other K − 1 sets of subset
data are used as training sets. The range discretization search
is needed in the process of determining the model parameter c
and parameter g of the K-CVmethod. In order to improve the
efficiency of the operation, it is first determined that both the
c and the g parameters are in [2−10, 210], with a search step
of 1 in this exponential coordinate system, locking a rough
coordinate of the best parameter combination according to the
position of the minimum average square error (Mean Squared
Error, MSE) after the interaction test in the whole network,
and then reducing the mesh to [25, 210], taking 0.5 as the
search step, we find the combination of parameter c and g that
makes the interaction verification set MSE minimum. The
optimal penalty parameter c and kernel function parameter g
of SVRmodel are optimized by interactive test method. After
optimizing the parameters of the support vector machine
model through the interactive verification method, use the
program to determine the optimal penalty parameter c and the
kernel function parameter g. Regressor training is performed
on CTA(Red-Green), CTA(Yellow-Blue), CTA(Value), and
CTA(Saturation) to obtain the best performance regression
prediction model.

In order to evaluate the accuracy of the model, the coeffi-
cient of determination R2 can be used for judgment. R2 can
be understood as how much the predicted value explains the
variance of the independent variable, and it measures how
well the predicted value fits the true value, which is defined
as:

R2 =
SSR
SST
= 1−

SSE
SST
= 1−

∑
(y− ŷ)2∑
(y− ȳ)2

(32)

Among them, SSR is the sum of regression squares, SSE
is the sum of residual squares, and SST is the sum of total
deviations. And 0 < R2 < 1, the closer it is to 1, the better
the prediction results are.

C. EXPERIMENTAL RESULTS AND DISCUSSION
According to the principle of the above algorithm, the predic-
tion results of the three models are shown in TABLE 11 and
figure 17.

TABLE 12. List of musical instruments.

When the multiple linear regression model is used to pre-
dict each attribute of color, the expression can be obtained.
The expression of the prediction of color four attributes (Red-
Green, Yellow-Blue, Value, Saturation) are as follows:

CTA(RG) = 0.44+ 0.39XRMS + 0.62XCentroid
+ 0.45XSpread + 0.67XSkewness
+ 0.02XKurtosis + 0.11XSCM (33)

CTA(YB) = 0.67+ 0.47XRMS + 0.54Xf 0 + 0.25XHSD
+ 0.38XOER + 0.30XSF + 0.80XSCM (34)

CTAVal = 2.23+ 0.53XNoisiness − 0.29XT3 + 0.40XOER
− 0.66Xdecrease − 0.54XSFM (35)

CTASat = 0.22+ 0.45XEH + 0.54XEN + 0.75XCentroid
+ 0.15XSpread + 0.91XSkewness + 0.81XKurtosis

(36)

According to the evaluation criteria of themodel prediction
results and formula (38), we evaluate the above three algo-
rithms. From Table 9 and Figure 17, we can see that the accu-
racy (R2) of the threemodels in descending order are: Support
Vector Regression Prediction Model(80.6%), BP Neural Net-
work(73.4%), Multiple Linear Regression Model(55.1%),
which shows that the use of Support Vector Regression
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FIGURE 20. Color visualization results of Chinese musical instrument.
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FIGURE 20. (Continued.) Color visualization results of Chinese musical
instrument.

Prediction Model to predict color attributes is the best. Using
Multiple Linear Regression Prediction Model can reflect the
importance of each feature of timbre for color prediction,
and can also illustrate the correspondence between feature
parameters and colors. However, the accuracy of these three
models is not very high, and the amount of data needs to be
supplemented to build a more accurate model.

In the prediction of the four attributes of color, the three
models have higher prediction accuracy rates for CTA (Val)
and CTA (Y-B). This is due to the significant correlation
between the characteristics of timbre and the yellow-blue,
value of the color. It is consistent with the conclusion obtained
in the third part, that is, non-sustainable instruments can
remind people of brighter colors such as yellow; for sounds
that are purer, softer, and hoarser, they will remind people

FIGURE 21. Color visualization results of Chinese minority musical
instrument.
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of brighter colors such as yellow. The prediction accuracy
of CTA (Sat) of the three models is low, because the char-
acteristics of the timbre and the saturation of the color are
not significantly related, which is also consistent with the
conclusion drawn in the third part, that is, the relationship
between the saturation of the color and the various timbre
attributes is not obvious.

V. SUMMARY
This paper focuses on the relationship between the timbre
attributes of musical sound and visual color. Through sub-
jective evaluation experiments of cross-modal perception,
a dataset related to timbre and color was constructed, and
the completeness of the data set was tested. Through qual-
itative analysis methods, such as correlation analysis and
visualization processing, it is further verified that certain
attributes of timbre have a strong correlation with certain
attributes of color. Based on the constructed timbre-color
association database, three algorithms were used to con-
struct a timbre-color association model: a multivariate linear
regression model, a back propagation neural network and
a support vector regression model. Equations for the mul-
tivariate linear regression model and the prediction of the
three models were obtained. The results provide guidance
for predicting color using objective characteristic parame-
ters of timbre and verify the correlation between timbre and
color.

The following research can be carried out to address the
following aspects. First, it is necessary to build a richer
dataset that involves more situations. Second, because in
practical engineering applications, most of the scenarios are
real scenes, such as stage performances combining light-
ing and music, a music fountain and other engineering
applications, the color material used in this experiment is arti-
ficially generated rather than material with real color images.
Therefore, to make the research results more effective in
practical engineering applications, real color images should
be used as color materials in future research. Third, the sound
in practical application is a combination of many timbres.
To make the research results more applicable to practical
engineering, we will consider including composite timbre
material to enrich the experimental timbre material library
in future research. Fourth, the models were established on
the basis of a small sample data set currently, and we need
to further improve the algorithm of the model by increasing
the sample data set in the next research endeavor; in this way,
we can build amore accurate model and improve the accuracy
of the model.

APPENDIX
A. APPENDIX 1: SAMPLE DISTRIBUTION DIAGRAM IN
THE PAIR OF TIMBRE EVALUATION SCALES
See Figure 18a and 18b.

B. APPENDIX 2
See Table 12.

C. APPENDIX 3
1) COLOR VISUALIZATION RESULTS OF WESTERN MUSICAL
INSTRUMENT
See Figure 19.

2) COLOR VISUALIZATION RESULTS OF CHINESE MUSICAL
INSTRUMENT
See Figure 20a and 20b.

3) COLOR VISUALIZATION RESULTS OF CHINESE MINORITY
MUSICAL INSTRUMENT
See Figure 21.
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