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ABSTRACT

As the father of musical instruments, the piano is commonly used in solo, repertoire, accompaniment
and other performance processes. In the process of piano playing, the quality of its sound is closely
related to the playing skills. The article analyzes the structural composition of the piano as well as the
physical mechanism of sound generation, and summarizes the characteristics of the four elements of
piano music, namely pitch, intensity, timbre and duration, on the mathematical basis of the twelve
equal temperament laws and the vibration equations of the strings. Subsequently, we analyze the time
and frequency domain characteristics of the piano's musical technique evolution, and calculate the
main physical parameters that can affect the piano timbre. Finally, based on the theoretical study and
characterization, the corresponding result evaluation experiments were conducted. It is concluded
that by analyzing the root-mean-square and mean values of the vibration time-domain signals of piano
soundboards excited at different points, it can be seen that, for different structures of piano
soundboards, there are excitation points that can maximize their vibration signals. At the same time,
the time-domain characteristic index crag factor is analyzed, and it is found that there is no obvious
pattern in the crag factor value of the vibration signal of the soundboard with different point
excitations.
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1. Introduction

In the context of the network era, the rapid development of information technology, the music industry
teaching needs to keep pace with the times, increase the theoretical and practical ability of information
technology, the traditional theory of piano teaching and new information technology organic
combination [1-3]. The application of digital forms of piano teaching, which not only provides
unprecedented convenience and support for piano playing skills education and teaching, brings
revolutionary significance to “teaching” and “learning”, but also brings challenges [4-5].
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Piano performance teaching is highly specialized and requires a large amount of time to learn. The
traditional teaching method is one-on-one teaching through teachers, and this form leads to a large
number of students whose economic level cannot be afforded, and the current number of teachers
cannot realize one-on-one teaching for a large number of students [6-9]. Therefore, students can use
wearable sensors and other intelligent devices to collect a large amount of behavioral data generated
in the state of piano playing, and obtain feedback on the evaluation of the performance effect with the
help of deep learning, artificial intelligence, and other information technologies in order to carry out
independent learning [10-13]. This data-driven learning of piano playing skills, on the one hand,
reduces the time consumed by teachers, so that teachers do not need to supervise students every
moment, and only need to analyze the students' practice data through the network to obtain
comprehensive access to students' learning and training [14-17]. On the other hand, it allows teachers
to customize personalized teaching plans for different students' performance data, so that students
can obtain more targeted teaching methods [18-21]. Therefore, the study of data-driven technology
can optimize and integrate educational resources, guide teachers to pay attention to the cultivation of
practical and comprehensive high-quality piano talents in piano teaching, give full play to the
important value of networked piano teaching in colleges and universities, and improve the teachers'
awareness of discipline construction, so as to provide reference for the reform of higher piano
education curriculum [22-25].

The article firstly starts from the acoustic theory of musical instruments, and on the basis of the
theoretical foundation of the physical structure of musical instruments and the mechanism of sound
generation, as well as the mathematical foundation of analyzing the twelve equal temperament laws
and vibrational equations, the concepts as well as the characteristics of the four elements of the piano
musical sound, namely, the pitch, the intensity, the timbre and the length of the tone, are respectively
analyzed in depth. The string vibration decay envelope is then analyzed in the time domain. Then the
main objective parameters affecting the piano timbre are identified from the time and frequency
domains respectively, and the spectral analysis of the piano sound signal is analyzed in all aspects.
Then, transient excitations were applied to the soundboards of pianos of different structures at
different points to make them vibrate freely, and the effects of percussion at different points on the
time-domain and frequency-domain characteristics of the vibration signals were analyzed. Finally, the
method proposed in this paper is used to carry out experiments on the sound attenuation process of
the soundboard vibration and to analyze the vibration characteristics of the piano soundboard.

2. Fundamentals of music theory
2.1. Physical structure of the piano and the mechanism of sound production

2.1.1. Structural components of the piano. Piano is a sophisticated and complex structure of the
instrument, the development so far, there is a relatively perfect structure, it is mainly by the shell, the
sound source, the mechanical part of the three major components, and each part of the interconnected
together to play a role in the piano.

2.1.2. Piano Sound Mechanisms. Piano, its basic sound source is the strings, the player through the
keyboard to drive the hammer to stimulate the strings to vibrate, so as to produce sound waves. The
resonance box uses the principle of acoustic resonance to respond to the sound waves from the
vibration of the strings, increasing the amplitude of the sound waves, and at the same time, through
the filtering of the material, spreading the sound waves out dramatically.

2.2. Pitch of piano notes

Pitch, i.e., the height of a tone, refers to the objective judgment of the auditory system on the pitch of a
sound. A musical signal consists of a number of vibrations at different frequencies, the lowest of which
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is usually referred to as the pitch of the musical note. In musical instruments, the pitch of all notes is
usually defined by a meter. To determine the pitch of a musical instrument, a base note is determined
first, and the other notes are calculated by multiplication based on the frequency of this note according
to the meter used [26]. The piano is one of the typical twelve equal temperament instruments, in the
twelve equal temperament relationship, the same degree, octave intervals are very pure, the fourth
and fifth intervals are also very harmonious, which makes it easy for the instrument to transpose,
which is exactly what the other temperament systems can not do.

2.3. Intensity of piano notes

The sound intensity of music is an objective property of the auditory system to determine the strength
of the sound, also known as loudness, volume. The intensity of sound is generally measured objectively
in terms of sound pressure level, which is measured in decibels (db). The sound of a piano is a “musical
sound”. When striking the strings of a piano to make it sound, even if the speed, strength and manner
of touching the keys are the same, the intensity of the sound depends on the strength and tension of
the strings themselves, and is even affected by the structure of the soundboard and the quality of the
mallets in the resonance system of the piano.

2.4. The timbre of piano musical notes

2.4.1. Equation of vibration of a piano string. The vibration of the strings comes from the hammer
strikes. The movement of the drive system, driven by the keyboard playing, causes the mallets to strike
the strings and vibrate them, thus making the sound of the piano. In general, the mallets strike the
strings with a small contact surface and for a short period of time. The string length can be set to /
and the string is struck with a cosine-shaped mallet of width 2d [27]. The position of the strike point
is X=X,, and the piano string vibrates with an initial velocity of ), an acceleration of ¢, and a
vibration time of . Because of the unique shape of the mallet, the velocity is maximum at the moment
of strike X,, and the velocities at the endpoints of the strike region, X=X, —d and X=X, +d, are
zero, and thereafter the string begins to vibrate freely, and the vibration equation can be solved by the
following system of equations:

2 2
ZT? a (0<x<lt>0)
u|,_ =ul_, =0
A—O_ x=[ ~ (1)

u|x:0 - (D(X) =0

0, O<x<x,—d,x,+d <x<lI)
U =
Ot |,y v, cosx2;° T, (x,—d <x<x,+d)

Based on the eigenfunction sin(nzx/!) known from the boundary conditions, the string vibration
equation can be formulated as:

u(x,t) = Z(C cosTtJrD smTt) 1nnlﬂ (2)

n=l1
Substituting the above equation into the initial conditions yields:

(p(x)ziCn sin%x=0(0<x<z) (3)

n=l1
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The coefficients C, and D, can be obtained from Eq:
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The piano string vibration equation can be derived from the above equation as:

i 1 1 ) X nrd sin nrat sin X

Sin
_4d’n’ ! ! ! ! (7)
12

8v,d
u(x,t)=—3
7’a “Sn

1

2.4.2. Overtone characterization of piano string vibrations. Piano string vibration contains the

fundamental frequency and many integer multiples of the fundamental frequency overtone

components, and its vibration equation determines that the fundamental frequency is the lowest, and

the vibration amplitude tends to be the largest, i.e. the highest energy. From the piano string vibration

equation, it can be seen that the piano string vibration is simply superimposed on the fundamental

and all harmonics, i.e,, it is the superposition of all standing waves, and the amplitude of the 7 st
1 1

harmonic is n, 4d’n’ , the overtone columns composed of sine and cosine functions decay
1- Iz

proportionally with 1/7, while the overtone columns of the string vibration of plucked string

instruments decay proportionally with 1/#*. This is the difference between the percussive string

vibration and other plucked string vibrations [28].

2.5. Piano musical note duration

Tone length, i.e. the length of the tone, is a very important component unit in music, which specifically
refers to the time experienced by a certain musical note from the pronunciation to the end, which
mainly depends on the length of the vibration duration of the strings, so the estimation of the vibration
duration of the piano strings in the music simulation is essentially to obtain the tone length of the
corresponding note. For a piece of music, there is a certain sense of rhythm, and there is a clear
relativity between the notes, which ensures a specific relationship between the time values of the notes
in the piece.

2.6. String Attenuation Characterization

The ideal string vibrates in a relatively simple, fundamental mode of vibration called simple harmonic
vibration. It is a sinusoidal curve with no decay. The string is often subjected to some resistance during
vibration, causing its amplitude to decrease over time. A single-tone time-domain waveform of a piano
is shown in Figure 1. This is an important characteristic of the musical signal in the time domain, which
reflects the dynamic change of the piano sound, and is also an important factor affecting the piano
timbre. This characteristic can be described by the envelope of the time domain. The envelope of the
time domain is a concrete reflection of the change of the amplitude of the musical sound over time
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during the performance process, and the schematic diagram of the ADSR envelope in the time domain
is shown in Figure 2. Onset, indicates the time when the sound amplitude reaches its maximum. Load
Decrease, which indicates the time when the amplitude of the sound waveform reaches its maximum
and then decays. Hold, which indicates the amplitude maintained before the release mode for
sustained sounds, and the intersection of the decay and release modes for decayed sounds; this is the
only stage that differs from the other three in that it does not indicate the length of the hold. The
release sound, to the final stage of the sound, indicates the length of time that the sound waveform
gradually decays from the maintained amplitude to zero.
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Fig. 1. Time domain waveform of piano single tone
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Fig. 2. Schematic diagram of ADSR envelope in the time domain

A simple short-time root-mean-square energy calculation method will be used to obtain the
corresponding time-domain amplitude envelope for piano tones, which is tabulated as follows:

Agus :1/%1\/2?3((”) |2 (8)

where x(n) denotes a frame of time-domain signal and N is the frame length. After the signal is
segmented into frames, the short-time rms energy of each frame can be calculated, and then the
envelope of amplitude over time can be obtained.

A segmented envelope function matches well with the time domain amplitude envelope extracted
in this paper. This envelope function is divided into three segments, the first segment is a straight line,
the second segment is a parabola, and the third segment is an exponential decay. Its specific equation
is:



5316 N. ZHENG

25.17x (0 <x<=0.03)
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3. Techniques of piano performance music

Piano playing skills is the basic skills of piano playing, in the demonstration of a performance activity,
the basic skills training is necessary, but also the first to be trained in the piano learning is also the
same, in order to continue to improve their level of performance, a good way is to increase the amount
of exercise every day, to increase the intensity of training and perseverance in training. The first thing
a piano player needs to do in the early stages of training is to determine the correct way to play and
touch the keys. Whether it is hand strength training, finger strength training, or training in the angle
and strength of the keys, the training process is permeated with the training of playing skills. In the
early and middle stages of playing, you will not be able to reach the advanced level of playing skills by
playing more difficult pieces without practicing more practice pieces from the outside in.

3.1. Effects of fingers

Finger dexterity, independence and stability are all characteristics that affect performance. The
requirement for a piano player is to have flexible fingers, which is the basic requirement to facilitate
piano learning and training. If the fingers are not flexible enough, the player will not be able to perform
the technique, and will not be able to express the emotion and the inner part of the piece.

In the process of piano playing, the flexibility, stability and independence of the fingers are very
important, which directly affects the player's grasp of the keystrokes, as well as the effect of the
player's performance, so it is necessary to enhance a number of training of the fingers. In terms of
independence, it is required to train individual fingers, so that they are not affected by other fingers
when playing, and the degree of flexibility of individual fingers in touching the keys will have a direct
impact on the effect of the entire musical presentation. In terms of dexterity, if the fingers are not
flexible, dissonance will occur, affecting the musical expression [29]. Performers need to enhance the
flexibility of fingers and practice diligently to prepare for better music performance. In terms of
stability, players are required to keep a good mindset when playing, so that the fingers can give full
play to their functions.

3.2.  Use of keystroke techniques

During the entire piano playing process, it is necessary to relate to the intrinsic nature of the piece
being played, and then make the corresponding treatment to fully express the intrinsic emotion and
the required sound quality of the piece. This requires effective control of the fingers' keystrokes. In
piano playing, there are strict requirements for the strength of key touch, the height of key touch, the
angle of key touch and the area of key touch. In terms of the strength of the keys, it should be decided
according to the style of the piece, such as strong music requires strong wrist and finger strength, while
soothing music requires not too much strength, but lightness. In terms of the height of the keys, the
height of the keys in piano playing is categorized into the low finger and the high lifting finger. The low
finger enhances the continuity between syllables and is suitable for harmonious and soft music, while
the high finger is the opposite. In terms of the angle of touch, there are two main types of finger touch:
vertical and horizontal. Different keystroke angles give different sound effects. For example, vertical
touch is good for upbeat music, while horizontal touch is good for subdued music. In terms of the area
of the keys touched, the different areas of the fingers touching the keys in piano playing will also show
different effects. For example, a large contact area is good for deep music, while a small contact area is
good for brighter music.
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3.3.  Personal qualities of the performer

In the process of piano playing, the mental state of the performer will be affected by the music's
emotion and other factors, and may have a psychic interface with these factors. Therefore, it is
necessary for the piano player to have a good psychological quality, not to be disturbed by the music,
and to learn to relax and be confident in the process of playing, so as to present his/her best state. If
the playing skills are high, but the psychological quality is not, the performance will not be satisfactory.
Therefore, it is necessary to optimize your mental state in the course of training and performance.

3.4. Pedal utilization

The pedal is a means of piano playing technique, and the effect of playing can be directly affected by
the pedal. If the function of the pedal is not truly explored, it will also affect the effect of the piano
playing. There are two pedals in a piano, the soft pedal and the sustain pedal. If you don't step on the
pedals enough, the continuity of the piece will be affected and the performance will not be as good as
it could be. However, if the pedal is over-pedaled, the performance will also be affected. Therefore, it
is necessary to use the pedals reasonably according to the specific piece of music. Beethoven's works,
for example, have a lot of pedal markings, while Mozart's repertoire has very few. Therefore, in normal
training, do not ignore the function of the pedal, in order to achieve the best effect of the piano
performance, and to play the high quality of the pedal ability.

4. Calculation of the evolution of the piano sound signal

4.1. Frequency domain characterization of piano sound

Every sound is produced by the vibration of matter, so every sound can be represented by a sonogram.
A sonogram refers to a graph of sound vibrations on a plane rectangular coordinate system with time
as the horizontal axis and amplitude as the vertical axis. If a point is taken on the sonogram every
certain time (s), then it can constitute a set of data, which is the qata inside the commonly used sound
file. The time interval ¢ is called the sampling period, and — is called the sampling frequency.
However, such a set of data does not reflect the characteristics of the sound, but only a discrete copy
of the original sound. It must be further analyzed by digital signal processing methods to obtain the
corresponding results.
Sound signals, in general, are more complex functions. It can be expressed as a Fourier function:

f@)=4,+ Z (4, coskayt + B, sinkayt)
- (10)
=4, + Z 4, cos(kat + ¢,)
k=1

where AO,A,(,BO,A,;, etc. are the Fourier coefficients. In this way, any complex periodic vibration can
be decomposed into many simple harmonic vibrations whose frequencies are integer multiples of the
original periodic vibration. The simple harmonic vibration of k=1 has the same frequency as the
original periodic vibration and becomes the fundamental frequency vibration. The simple harmonic
vibrations of £ =2,3,--- become the kth harmonic vibrations, which are usually also called the kth
harmonics. This method of spectral analysis, which decomposes an arbitrary vibration into a number
of simple harmonic vibrations, can be used to study the main parameters affecting sound quality.
From the Fourier function formula and the piano spectrum diagram can be derived to express a
sound signal of several parameters:
1) Hum A4, : represents the frequency lower than the gene, often called “hum”, not every sound signal
has such a hum.
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T/2

=— j f@)dt (11)
—T/Z
2) Fundamental Al : In musical notes, almost all sound signals have harmonics, and the frequency of
the fundamental is generally taken as the pitch of this musical note.

2 T/2
A4 == I f(t) cos w,tdt (12)

T -T/2
3) Composition of the harmonic column 4,5, : They can indicate the composition of the harmonic
column, the essence of the piano sound is string vibration, and its harmonics into a 1:2:3:4... integer
ratio relationship. The peaks of the harmonics are found near the theoretical values. In the low
frequency part the theoretical values are very close to the actual values, but the more you go to the
high frequency, the more obvious the error is. The spectrum shows that the 12th and 14th harmonics
are not present in the theoretical values, but in reality there are two peaks. This is due to the fact that
the piano is a complex vibration system, and the coupling of various vibrations produces other sounds.
Nevertheless, the distribution of each harmonic is not far from the string vibration theory.
4) Phase @, ¢, indicates the relationship of phase, responding to the fact that harmonics of different
frequencies take off at different moments. The literature on speech acoustic analysis suggests that
changes in phase generally do not affect human hearing. Similarly, changes in phase within a certain
range have a relatively small effect on timbre.

4.2. Time domain characterization of piano sound

The process of decay of each harmonic of a single piano tone over time. According to the change of
piano sound with time, it can be divided into the following parts:

1) Excitation: According to the recorded waveform of 4' tone in 0~60ms, it can be seen that the
waveform after 19ms shows a relatively regular periodic change, and before that is the excitation
section. The excitation section is the wave generated when the string starts to vibrate after the hammer
strikes the piano string. We believe that this is related to the strength of the hammer hitting the strings,
i.e., the playing technique, and different methods of playing can produce different timbres.

2) Tapping: The synthesis of vibrations in the same direction and at different frequencies produces
tapping. This is due to:

x, = Acos gyt (13)
x, = Acosawyt (14)
X=X, +x,=Acoswt+ Acosw,t

_ _ 15
=2Acos (@, 2601)t cos (@, za)‘)t (15)

When the angular frequencies @, and @, oftwo vibrations are large, but the difference between

them is small, we can approximate the combined vibration as a “quasi-simple harmonic vibration” with
+w )t
(@, o)t , compared with frequency w
This phenomenon, in which the amplitude of the combined vibration strengthens and weakens, is
called beat. The high-frequency component of this chorus is modulated by the low frequencies, and its
(@, o)t T 1 2z 2z
envelope has a period of half the period of 2A4cos———— : 5 —,ie, " 2(0,-®) (o, -w,).However,
2

amplitude varying slowly in accordance with 24 cos————
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by programming the fluctuations in the amplitude of the beat to take the median value, and re-
enveloping the envelope, it is found that the beat has little effect on the sound quality of the piano.

3) Decay: For many musical instruments, especially the piano, the sound has to decay after excitation.
Let us find the function that describes the decay of a musical instrument. In vibration, if viscosity is
considered, then the equation of motion for a horizontal spring oscillator can be expressed as
d’ d. : . .
;f+25d—);+a)§x =0 where O characterizes the constant of the magnitude of the damping of the
o . P . d’x dx .
system. Bringing the solution of the form e* into equation WJF 25E+ w,x=0 yields the

characteristic equation A’ +284+a@], =0 with characteristic roots of J—=—_g§++/8> —* . Depending

on the degree of damping A =J&/@,, the differential equation has three different solutions
representing the three forms of vibration:
(1) 6’ <@, underdamped vibration:

x(t) = A,e”” cos(ax +¢,) (16)

(2) 5> a)(f, overdamped vibration:

x(t) = cle—w_vaz_wz)t n cze-(a-\/sz—wl)z (17)
(3) 6’ =, Critically damped vibration:
x()=(c,+c,)e”” (18)

5. Experimentation and analysis
5.1. Time-domain signal characterization of piano soundboard vibration signals

5.1.1. Time domain characterization. Entering the corresponding program code in the MATLAB
software editor, the root mean square (RMS) value and the average value of the time domain signal
amplitude of the four structures of piano soundboards vibrating freely under different point
excitations are calculated, and the RMS value of the time domain signal amplitude of the different
structures of piano soundboards vibrating freely under different point excitations, xRMS and the
average value of the time domain signal amplitude of the different structures of piano soundboards
xMean and the average value of the time domain signal amplitude of the different structures of piano
soundboards xRMS are shown in Figure 3 and Figure 4. From the figures, it can be observed that when
the soundboard of the piano vibrates freely under different point excitations, the mean value of the
time domain signal amplitude and the root mean square value are consistent with the time domain
signal energy law of the vibration of the soundboard under different point excitations. For the
soundboard T, the maximum vibration signal energy is obtained when the soundboard is excited at
point [4,7], followed by point [2,9], and the minimum at point [5,6]. For soundboard L.90, the maximum
vibration signal energy is obtained when the excitation is located at the [3,8] point location, the root
mean square (RMS) values of the signals at the [2,9] and [4,7] point locations are almost equal, and
the [5,6] point location is the smallest. For soundboard L55, the maximum vibration signal energy is
obtained when the excitation is located at the [3,8] point location, followed by the [5,6] point location,
and the [4,7] point location is the smallest. For the soundboard L180, the maximum vibration signal
energy is obtained when the excitation is located at the [5,6] point position, followed by the [4,7] point
position, and the [2,9] point position is the smallest.
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The above laws are related to the different unit splicing of the piano soundboard and the composite
structure of the surface and core boards. For different structures of the soundboard, the relationship
between the excitation point location lines and the structural texture of the soundboard is also
different, and the relationship between the excitation point location lines and the structural texture of
the soundboard is shown in Table 1.

Table 1. The angle between the excitation point connection lines and the texture of the soundboard

Angle of point connection and sound board (or core Angle of point of point and vertical Angle of table
Point bit plate) unit/° plate/°
291 | s | @1 | (56 291 | 138 | @71 | (56
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T 95 40 0 40
L90 40 0 40 95 92 40 0 50
L55 95 40 0 40 92 40 0 50
L180 40 95 40 0 92 40 0 50

In the MATLAB software editor, the corresponding program code is input to calculate the crag factor
of the vibration signals of different structures of piano sound boards under different excitation points,
and the crag factor K of different structures of piano sound boards under different excitation points is
shown in Fig. 5. Cliff factor is a parameter reflecting the degree of smoothness of the vibration signal
waveform, and the increase of the cliff factor indicates that the shock component in the vibration signal
increases and the signal waveform decays relatively fast. From the figure, it can be observed that the
vibration signals of different structures of soundboards with different points of excitation have
different crag factors. For the soundboard T, the [5,6] point excitation has the largest crag factor,
followed by the [3,8] point, and the [4,7] point has the smallest crag factor. For soundboard L90, the
[2,9] point location has the largest crag factor when excited, followed by the [3,8] point location, and
the [5,6] point location is the smallest. For soundboard L55, the [5,6] point location has the largest
crag factor when excited, the [3,8] and [2,9] point locations are very close, and the [4,7] point location
is the smallest. For soundboard L180, the crag factor is largest for [3,8] point excitation, followed by
[5,6] and smallest for [4,7]. There is no clear pattern in the effect of different point excitations on the
crag factor value of the soundboard vibration signal.
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Fig. 5. K of piano soundboards with different structures at different excitation points

5.1.2. Frequency domain signal analysis. The resonant frequencies of each order remain basically
the same when tapped at different point locations, but the amplitudes corresponding to the
frequencies have large differences. The corresponding effects of different point excitations on the
soundboard T vibration are shown in Fig. 6. The vibration spectrum of the European spruce beam-
shaped specimen is shown in Fig. 7. It can be observed from the figure that there is a large difference
between the amplitude of the frequency domain graph of the piano soundboard vibration and the
frequency domain waveform of the beam-shaped solid wood specimen. The frequency domain
diagram of the vibration of the pure solid wood beam-shaped specimen is clear, and the frequencies
of each order are approximately multiplicative. In the frequency domain diagram of piano soundboard
vibration, the amplitude of each order frequency changes with the change of excitation point position,
and the amplitude increases with the order and has no obvious decreasing or other trends. Regardless
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of the point position of excitation, there is the phenomenon that the amplitude corresponding to
individual orders is so small that it is difficult to recognize the frequency. It is also observed that certain
frequencies can be made relatively high in amplitude by tapping at different point positions, such as
21 Hz, 485 Hz, 102 Hz, 377 Hz, 554 Hz, 169 Hz, 242 Hz for point excitation in [2,9], 221 Hz, 245 Hz,
323 Hz, 171 Hz, 446 Hz, 297 Hz for point excitation in [3,8], [ 136Hz, 193Hz, 320Hz, 149Hz, 445Hz,
369Hz under [4,7] point excitation, and [5,6] 579Hz, 98Hz, 137Hz, 54Hz, 370Hz, 171Hz under [5,6]
point excitation are very obvious in the frequency domain plot and can be accurately recognized when
reading the frequency.
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In order to investigate the effect of different point excitation on the vibration frequency domain
signal of the piano sound board, identify the frequency and record the frequency corresponding to the
amplitude in the signal spectrogram, the vibration frequency and amplitude of the piano sound board
of different structures under different point excitation are shown in Fig. 8, (a) ~ (d) are solid wood
sound board composite sound, vertical splicing core board solid wood composite sound, oblique
splicing core board solid wood composite sound and horizontal splicing core board solid wood
composite sound. The effect of different point excitations on the vibration frequency amplitude of each
soundboard can be observed from Fig. From Fig. (a), it can be seen that the point excitation at [2,9]
can make the vibration amplitude of the 1st, 2nd, 4th, and 6th order of the soundboard T significant.
Excitation at [3,8] point position can make its 2nd, 7th order amplitude more obvious. Excitation at
point position [4,7] can make its 5th and 8th order amplitudes more pronounced. The excitation at
[5,6] point position can make its 2nd, 4th, 5th and 7th order amplitudes more obvious. From Fig. (b),
it can be seen that the excitation at the point position [2,9] can make the 1st, 3rd, 5th, and 8th order
amplitudes of the soundboard L90 more pronounced. Excitation at the [3,8] point position can make
its 3rd, 4th, and 6th order amplitudes more pronounced. Excitation at the [4,7] point location can make
its 2nd and 8th order amplitudes more pronounced. Excitation at [5,6] point location can make its 7th
and 8th order amplitude more obvious. From Fig. (c), it can be seen that the excitation at [2,9] can
make the 1st, 3rd, and 4th order amplitudes of the soundboard L55 more obvious. Excitation at the
[3,8] point position can make its 2nd, 3rd, 7th, and 8th order amplitudes more pronounced. Excitation
at the [4,7] point location can make its 6th and 7th order amplitudes more pronounced. Excitation at
[5,6] point position can make its 4th and 8th order amplitude more obvious. From Fig. (d), it can be
seen that the excitation at [2,9] can highlight the 1st, 3rd, and 5th order amplitudes of the soundboard
L180 more obviously. Excitation at [3,8] can make its 2nd, 4th, and 5th order amplitudes more
pronounced. Excitation at the [4,7] point location can make its 3rd, 4th, 6th, and 7th order amplitudes
more pronounced. Excitation at the [5,6] point location can make its 4th and 7th order amplitudes
more pronounced. It should be noted that obvious here is relative and refers to the excitation point
position corresponding to the higher amplitude at that order frequency under 4 different point
excitations. At the same time, it can be found that there are vibration frequencies that cannot be
highlighted by all 4 excitation points, such as the 3rd order vibration of the soundboard T. The
amplitudes corresponding to the frequencies measured at all 4 excitation points are smaller. This
situation may be due to the fact that this order of frequency has less energy, which appears from the
modal aspect, i.e., less modal mass.
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(d) Interwoven core wood composite sound board
Fig. 8. Vibration frequency and amplitude

5.2. Vibration energy attenuation and vibration sound generation mechanism of soundboards

The sound board vibration sound wave attenuation process is shown in Figure 9, (a) ~ (b) are the
sound perpendicular to the sound board direction and continuous articulation, (c) ~ (d) are the
fundamental sound wave reaches the maximum decibel after the rapid attenuation, the overtone part
of the slower attenuation. Figure (a) represents the moment when the key is played down, the sound
emitted is perpendicular to the soundboard, which shows that the soundboard absorbs the sound
waves emitted in the perpendicular direction more rapidly. Figure (b) represents the sustained
articulation sound wave after the key is played down, the soundboard absorbs the overtones of the
subsequent articulation more slowly, so when the key is played down, the sound emitted is a
combination of the two, and the human ear receives the sound signal as a combination of the two
vibration forms. There is a slight difference in the timing of the sound field formed by the vibration of
the soundboard, the reason for which is determined by the relative phase relationship of the two
components. The sound wave decay process as shown in Figure (c) Figure (d) indicates that the
fundamental sound wave reaches the maximum decibel and then decays rapidly, while the overtone
part decays more slowly, which is determined by the soundboard vibration energy decay
characteristics, independent of how much force the player uses to play the keys. This is due to the
attenuation of the vibration energy of the soundboard, which is independent of how much force the
player uses to play the keys. Due to the differences in the sound regions, the attenuation of the sound
wave is also related to the length of the strings. The bass strings are longer, with one or two layers of
copper wire wrapped around the outer layer, and their sound attenuation is relatively slow. The sound
attenuation time of the soundboard determines the fullness of the sound, when the sound attenuation
of the soundboard is too fast, the human ear will feel the sound dry and tasteless, lack of infectious
force and expressive power. When the sound board sound attenuation is too slow, the continuous
sound will appear muddy phenomenon, so that it is difficult to distinguish the front of the sound is the
end of the sound and will cause reverberation, therefore, the sound board needs to have a reasonable
sound attenuation time, in the design process, the designer will be based on the positioning of the
piano to determine the sound attenuation time of the sound board, in line with the performer and the
hall's overall acoustic needs.

The soundboard is a continuous elastic vibration of the thin plate, the excitation will produce
vibration, the soundboard has four main forms of vibration, different excitation will produce the
corresponding form of vibration, the size of the excitation force to determine the amplitude of the size
of the player to play down the keys mallet hit the strings, the strings will produce tension impulse, the
impulse force through the string code to the soundboard, the soundboard will receive the impulse
force and expand the impulse force excitation. At the same time, the soundboard is excited by the
longitudinal vibration of the string. The height and width of this impulse, i.e. the amplitude of the
soundboard, are determined by the player's key stroke and the amount of time spent on the key (the
amount of time the damper is off the string). The width of the impulse determines the width of the
frequency spectrum, and the excitation of the soundboard varies accordingly, which determines the
style of each player. When the impulse force is all over, the vibration of the soundboard will decay
rapidly until the soundboard stops vibrating, and this process is a steady-state forced vibration process,
whose response frequency is proportional to the frequency of the excitation.
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(d) The overtone attenuation is slower
Fig. 9. Sound attenuation of sound plate vibration

5.3.  String vibration

5.3.1. Transverse vibration of strings. The transverse vibration of a string is a vibration in which the
direction of vibration displacement is perpendicular to the length of the string. Transverse vibration
is the dominant type of string vibration, and the working process of string instruments is mainly
accomplished with the help of this vibration, and its basic acoustic characteristics are mainly
dependent on the characteristics of the strings in transverse vibration, so this type of vibration is the
basis on which all string instruments work, and it is a type of vibration that is hoped to be existed and
should be strengthened. The main vibration pattern of the first four orders of transverse vibration of
the string is shown in Fig. 10, and the first order vibration is the main vibration in practice.

il W s,

Fig. 10. The first four steps of the string vibration

5.3.2. Longitudinal vibration of strings. Longitudinal vibration of a string is the displacement
vibration of the string cross-section in the axial direction. This vibration creates a longitudinal wave
of stress within the string, and the resulting force will be transmitted to the soundboard via the yard
bridge, with an effect on soundboard vibration. Longitudinal vibration is undesired and is an incidental
result of the means of excitation which cannot be avoided.
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1) Longitudinal vibration due to expansion and contraction. The string may be regarded as a spring,
to which a large preload has been applied during operation. In the transverse vibration due to its own
inertia and elastic force will be elongated and shortened, each 1 cross-section in its equilibrium
position near the longitudinal vibration. This vibration is completed twice in 1 cycle of transverse
vibration, so the frequency of this longitudinal vibration is equal to 2 times the fundamental frequency
of transverse vibration of the string. This longitudinal vibration is an induced vibration, which is
generated by the production of transverse vibration and exists due to the existence of transverse
vibration until the end of articulation. Since the frequency of this longitudinal vibration can maintain
a strict harmonic relationship with the fundamental frequency of the string, its presence will
contribute to the improvement of the piano's tone, so it is a popular vibration.

2) Friction-induced longitudinal vibration. When the mallet strikes the string, friction occurs with the
string. When the mallet at the point of striking the string to produce lateral displacement of the string,
the string will elongate, in the contact area between the mallet and the string, the two will appear
relative sliding, so the string is subjected to dry friction excitation, the direction parallel to the axis of
the string. This friction can also cause longitudinal displacement of the string mass, resulting in
longitudinal vibration. However, the mechanism of longitudinal vibration caused by friction and the
formation of longitudinal vibration is different from the longitudinal vibration caused by expansion
and contraction, expansion and contraction of the string mass to produce longitudinal displacement is
due to traction, in this case the frequency of vibration and the size of the displacement of the point
depends on the characteristics of the transverse vibration, the vibration is completely subordinate.
Friction, on the other hand, produces a displacement of the string mass by virtue of “adhesion”. When
the hammer touches the string, there is a relative sliding trend between the two, keeping relatively
stationary, at this time, the friction angle increases with the increase of transverse displacement, when
the friction angle exceeds the maximum friction angle, it suddenly slips, until it remains relatively
stationary again in the new position, and then enters the next "adhesion ———slippage" motion cycle.
The resulting change in friction over time is sawtooth shaped, with a slower “sticking” phase and a
steeper slipping phase.

When the mallet leaves the string, the string enters the free vibration state and vibrates in a damped
decay cycle. The longitudinal vibration caused by friction is independent of the transverse vibration,
and its vibration frequency and the size of the displacement of the point have nothing to do with the
characteristics of the transverse vibration of the string, but only depends on the friction characteristics
of the string and the mallet. Since the vibration state and frequency of this kind of longitudinal
vibration have great randomness, the chance that its frequency can form a harmonic relationship with
the fundamental frequency of the string is very small. In other words, in most cases it is a dissonant
tone of the fundamental, so it is an undesirable vibration.

6. Conclusion

This study firstly elaborates the theoretical basis of the physical structure of the piano and the
mechanism of sound generation, and investigates the piano attenuation characteristics on the basis of
the analysis of the pitch, intensity, timbre and duration of the piano musical notes, and then calculates
the evolution of the piano playing skills in the time and frequency domains, respectively, and finally
carries out experimental exploration.

By observing the mean and root-mean-square values of the vibration time-domain signals of the
piano soundboards excited at different points, the excitation points at which the individual
soundboards obtain the maximum energy can be obtained. It is found that the maximum energy is
obtained when the soundboard T is excited at the point position [4,7]. The soundboards L90 and L55
are excited at the [3,8] point position to obtain the maximum energy. The maximum energy is obtained
when the soundboard 180 is excited at the [5,6] point. There is no obvious pattern in the values of
the crag factor of the vibration signals of the soundboard for different point excitations. Observing the
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frequency domain characteristics of the vibration signal, it can be seen that the frequency of each order
is basically the same when struck at different points, but the amplitude corresponding to the frequency
has a large gap, and the resonance frequency of the desired order can be highlighted by excitation at
different points.

References

[1] Wei, X, & Sun, S. (2024). Optimization of Piano Performance Teaching Mode Using Network Big Data
Analysis Technology. International Journal of Information and Communication Technology Education
(IJICTE), 20(1), 1-20.

[2] Song, X, & Phokha, P. (2024). Applications Of Artificial Intelligence-Assisted Computing In “Piano
Education”. Journal of Ecohumanism, 3(7), 1648-1659.

[3] Pereverzeva, M.V, Davydova, A. A., Zhilina, A. V,, Meleshkina, E. A, & Baidalinov, S. N. (2021). Digitalization
in the field of music education: assessment of prospects. In Shs Web of conferences (Vol. 103, p. 02018).
EDP Sciences.

[4] He, X, & Liy, J. (2023, August). Piano Performance Evaluation System Based on Neural Network and Its
Application in Piano Teaching. In EAI International Conference, BigloT-EDU (pp. 186-192). Cham:
Springer Nature Switzerland.

[5] Putra, Z. A, W. (2023). MIDICULOUS SOFTWARE: ONLINE PIANO LEARNING MEDIA SOLUTION IN THE
ERA OF SOCIETY 5.0. Indonesian Journal of Educational Development (IJED), 4(3), 343-352.

[6] Ma, R. (2024). Teaching Methods of Piano Playing: Concept of Universalism and Author's Philosophy.
European Journal of Education, e12881.

[71 Liu, L. (2022). TRAINING MEASURES OF PIANO TEACHING PERFORMANCE SKILLS FROM THE
PERSPECTIVE OF COGNITIVE PSYCHOLOGY. Psychiatria Danubina, 34 (suppl 5), 88-88.

[8] Laroche, J., & Kaddouch, I. (2014). Enacting teaching and learning in the interaction process:“Keys” for
developing skills in piano lessons through four-hand improvisations. Journal of Pedagogy, 5(1), 24-47.

[9] Simones, L., Rodger, M. & Schroeder, F. (2017). Seeing how it sounds: observation, imitation, and
improved learning in piano playing. Cognition and Instruction, 35(2), 125-140.
[10] Liao, Y. (2022). Educational evaluation of piano performance by the deep learning neural network model.

Mobile Information Systems, 2022(1), 6975824.

[11] Yang,]. Zhou, Y., & Lu, Y. (2023). Multimedia Identification and Analysis Algorithm of Piano Performance
Music Based on Deep Learning. Journal of Electrical Systems, 19(4).

[12] Peng, L. (2023). Piano Players’ Intonation and Training Using Deep Learning and MobileNet Architecture.
Mobile Networks and Applications, 1-9.

[13] Su, T. (2024, May). Analysis of Piano Playing Techniques Research Using Long Short-Term Memory
Networks (LSTM). In Proceedings of the 2024 International Conference on Machine Intelligence and
Digital Applications (pp. 511-516).

[14] Li,Y.(2022).Study on Intelligent Online Piano Teaching System Based on Deep Learning Recurrent Neural
Network Model. Mobile Information Systems.

[15] Carnovalini, F, Roda, A., & Wiggins, G. A. (2023). Interactive Generation of Musical Corpora for Piano
Education: Opportunities and Open Challenges. CSEDU, 1, 407-412.

[16] Shang, R. (2022). A Deep Learning - Enabled Composition System Based on Piano Score Recognition.
Mobile Information Systems, 2022(1), 9132697.



A DATA-DRIVEN COMPUTATIONAL ANALYSIS OF PIANO PLAYING TECHNIQUE EVOLUTION 5331

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

Qi, H, & She, C. (2023). Research on Improving Piano Performance Evaluation Method in Piano Assisted
Online Education. International Journal of Advanced Computer Science and Applications, 14(8).

Ghatas, Y., Fayek, M., & Hadhoud, M. (2022). A hybrid deep learning approach for musical difficulty
estimation of piano symbolic music. Alexandria Engineering Journal, 61(12), 10183-10196.

Liao, X. (2024). Neural Networks for Musical Creativity Generation in Instant Piano Performance. Journal
of Electrical Systems, 20(9s), 514-521.

Hou, Y. (2022). Research on piano informatization teaching strategy based on deep learning.
Mathematical Problems in Engineering, 2022(1), 5817752.

Zhao, X., Wang, Y., & Cai, X. (2023). A ResNet-Based Audio-Visual Fusion Model for Piano Skill Evaluation.
Applied Sciences, 13(13), 7431.

Wang, H., Howison, T., Hughes, ]J., Abdulali, A., & lida, F. (2022, April). Data-driven simulation framework
for expressive piano playing by anthropomorphic hand with variable passive properties. In 2022 IEEE 5th
international conference on soft robotics (RoboSoft) (pp. 300-305). IEEE.

Liu, L. (2024). Research on Piano Program Programming and Creative Optimization Methods Based on
Big Data Technology. International Journal of High Speed Electronics and Systems, 2440090.

Liu, Y. (2024). Enhancing Artistic Thinking and Literacy in Piano Teaching Through Biotechnological
Innovations and Digital Health Integration. Journal of Commercial Biotechnology, 29(3), 377-389.

Lin, Q. (2024). The Reform of Piano Education in Vocational Colleges under the New Productive Forces.
Journal of Modern Education and Culture, 1(2).

Julijana Sarac. (2024). Evaluation of Tone Quality in Piano Performance by Sight and Sound: A Performer's
Perspective. Music & Science.

Slade Teri,Gascon Alex,Comeau Gilles & Russell Donald. (2023). Just noticeable differences in sound
intensity of piano tones in non-musicians and experienced pianists. Psychology of Music(3),924-937.

Masaki Yasuhara,Kazumasa Uehara,Takanori Oku,Sachiko Shiotani,Isao Nambu & Shinichi Furuya. (2024).
Robustness and adaptability of sensorimotor skills in expert piano performance.iScience(8),110400-
110400.

Grace K. Wong,Gilles Comeau,Donald Russell & Veronika Huta. (2024). The effect of lessons in the
Alexander Technique on pianists’ posture during performance. Musicae Scientiae(1),159-173.



