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Liquid-solid interaction produces a characteristic sound which is different from the sound of bubbly water flows.
This paper explores liquid-solid interaction sound (LSIS) synthesis. The resulting LSIS consists of two components:
bubble sound and impact sound, which corresponding to liquid-liquid collision and liquid-solid collision, respec-
tively. To improve the quality of LSIS, we propose a novel sound enrichment method called Feature Transfer
Synthesis (FTS), which is designed to compensate for the differences between the real-world recording and the
synthesized sound. We also greatly resolve the synchronization problem during blending the two components of
LSIS through a key frame algorithm with normal force and grid surface. Moreover, a generalized dipole model
for sound radiation is performed to estimate the LSIS pressure at a listener position. We illustrate our approach
through a series of experiments and a perceptual user study, demonstrating the utility of our LSIS synthesis
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pipeline in producing realistic sounds at practical computational times.

1. Introduction

Liquid is common in natural environments, and different forms of liq-
uid would produce different sound effects. Recently, sound simulation
[1,4,16,19,21,28,30] attracts more and more interests from researchers
in computer graphics community. However, little attention has been
paid to sound synthesis of liquid-solid interaction, e.g., water drops
falling onto disks with different materials. In this paper, we seek to au-
tomatically synthesize the liquid-solid interaction sound (LSIS), which
may help distinguish the liquid sounds of different interaction scenes.

In the existing methods of liquid acoustic research, it is known that
liquid sound is produced by the bubble vibration caused by liquid-
liquid collision. Thus, liquid sound is usually simulated by the harmonic
bubble-based method [12,29]. In the process of bubble sound simula-
tion, all of the different forms (spherical or non-spherical) of bubbles
[19] and the positions of bubbles [13] in liquid may affect the result-
ing liquid sound. However, to simulate the LSIS, we need to consider
not only the bubble sound generated by bubble vibrations, but also the
impact sound caused by liquid-solid collision. To the best of our knowl-
edge, we take the first step to simulate LSIS, instead of just considering
liquid sound like previous work. Our approach is positioned to offer
practical runtimes and richer, more recognizable LSIS (Fig. 1).

Although there are several researches [2,3,5-7,22] focusing on the
solid-solid collision, liquid-solid collision is quite different from the col-
lision between solids. The collision area between liquid and solid is dy-
namically evolving due to the fluid’s characteristics of deformation. One
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of the main challenges of liquid-solid interaction is that the solid modes
are changing continuously (because it is easier for the solid to move
air than water). What’s more, another challenge for LSIS synthesis is
that liquid-solid interaction is a composition of myriad vibration events
which incorporates both bubble and solid. Besides, the spectrum of the
LSIS depends on the vibration modes of the solid and variation modes
of bubble, but the modes are various. That is, liquid-solid interaction
may cause myriad and various modes which are visually imperceptible
yet audible when liquid impacts on the solid surface. For example, it
is difficult to simulate the entire range of collision modes by mesh ani-
mation when a water ball falls into a metal box. Brute force analysis of
the collision events for each sound clip is expensive, while simply su-
perimposing two types of sounds would produce unrealistic results. The
above two major challenges should be overcome to make LSIS practical,
which are the focuses of our research.

For the aforementioned challenges, this paper proposed LSIS syn-
thesis, which is a new recording-driven sound synthesis framework ac-
counting for different solid surfaces. LSIS consists of two components:
bubble sound and impact sound. The bubble sound and the impact sound
are simulated based on the physical liquid-solid model in order to be
consistent with the continuous change of input animations. To generate
myriad and various modes, a feature transfer synthesis (FTS) is specially
designed for sound enrichment. FTS is proposed to compensate for the
differences between the real-world recording and sound synthesized. To
transfer the acoustic features, we convert the sound signal to an image
via short time Fourier transform (STFT) and modify the color transfer
algorithm to the spectrograms. To enhance the power of frequency on
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Fig. 1. An example of interaction sound between pouring faucet and basins of different materials. Given an animation of liquid-solid interaction, our system is able

to synthesize accompanying foley with different material-aware sound effects.

local pixels, we incorporate the local constraint and position constraint.
Later, by using the inverse short time Fourier transform (ISTFT), we can
get the enriched sound which contains both recording and synthesized
sound features. Thus, we can fully adapt to the range of frequencies and
damping of all modes. To estimate a LSIS pressure at a listener position,
we perform a generalized dipole model with surface vibration data pro-
vided by our animation simulation. Moreover, in order to further resolve
the synchronization problem during blending myriad vibration events
of the LSIS in an efficient way, we seek to develop a key frame blending
algorithm with normal force and grid surface to determine the weight
of impact sound. Our method offers the following contributions:

1. A new framework is proposed to synthesize the LSIS for liquid-
solid interaction animation. To the best of our knowledge, this is the
first attempt to synthesize LSIS accounting for different solid materials.

2. We introduce a novel data-driven binary constrained FTS method,
which can greatly enhance the quality of LSIS and distinguish among
different solid materials.

3. Akey frame blending algorithm with normal force and grid surface
is developed to efficiently synchronize the bubble sound and the impact
sound with liquid-solid interaction animation.

2. Related work

Fluid simulation has been carried out for several years which can
be found widespread success applications [10,15,26,31] in computer
graphics and animation. Thus, to achieve more realistic animation, more
and more attention has been paid to fluid sound simulation in the com-
puter graphics community. In this paper, we focus on LSIS synthesis
which can be classified into two parts, namely the liquid sound synthe-
sis and the impact sound synthesis.

2.1. Liquid sound synthesis

Investigation of liquid sounds produced by bubbles dates back al-
most a century, however, relatively little work has been done on simu-
lating them. Imura et al. [12] proposed a harmonic bubble based sound
synthesis method, unfortunately, this method cannot capture the time-
varying spatial structure of three-dimensional sound radiation informa-
tion. Zheng and James [29] proposed a practical method of automat-
ically synthesizing synchronized liquid sounds from three-dimensional
fluid animations. Although this method can synthesize liquid sounds
synchronized with the fluid animation, the time consumption is huge
because of the complexity of the bubble calculation algorithm. Subse-
quently, Moss et al. [19] proposed a new physics-based harmonic bubble
modelling method. This method takes into account the bubble shapes

and proposes complex non-spherical bubbles based on Leighton’s bub-
ble theory [14,17,20]. Later, Langlois et al. [13] proposed a complex
sound of bubble synthesis technique to deal with the problems of the
two aforementioned methods. However, since the bubble shape varies,
consideration of the shape with each bubble in one frame would signif-
icantly increase the time consumption, and users cannot tell the sound
differences generated by the bubble shape. Without affecting the audi-
tory effect, we simplify the sound model for efficiency. What’s more,
different from the earlier methods of liquid sound synthesis, for LSIS
synthesis, we need to consider not only the liquid sound generated by
bubble vibrations, but also the impact sound generated by solid vibra-
tions. Thus, our approach is positioned to calculate the vibration of solid
which is caused by fluid motion and offer more real sound for collision
events between liquid and solid surface.

2.2. Impact sound synthesis

In the last couple of decades, there has been strong interest in digital
sound synthesis with modal synthesis techniques for simulating rigid-
body sound. The modal model is used to generate impact, rolling, and
sliding sounds. We need to consider the vibration of solid surface to gen-
erate LSIS, thus our approach is closely related to previous modal syn-
thesis techniques. Van Den Doel et al. [5] used modal models derived
from sound samples captured by striking an object at different loca-
tions on its surface. For rigid body vibration, the standard linear modal
synthesis technique [25] is often used in dynamic deformation model.
Subsequently, Ren et al. [24] adopted tetrahedral finite element models
and proposed the modal sound synthesis method for different materials.
However, this method is only suitable for the rigid-body sounds, and it
is not fully applicable to liquid-sound interaction. Moreover, since the
fluid is easy to deform, the collision area between liquid and solid sur-
face is dynamically evolving during the collision events which we should
solve in our algorithm.

3. Algorithm overview

Our LSIS synthesis pipeline is illustrated in Fig. 2. Firstly, a physi-
cally based liquid model [9] is used to simulate the animation of liquid-
solid interaction. Then, the fluid field and surface vibration are exported
from the liquid-solid interaction model to evaluate the velocity diver-
gence integral. With the given liquid-liquid collision and liquid-solid
collision model, we synthesize the bubble sound and impact sound, re-
spectively. Actually, the liquid-solid interaction simulation has limited
spatial and temporal resolution to synthesize detailed sound result. To
address this problem, we design a new sound enrichment method named
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Fig. 2. The LSIS synthesis pipeline. We present an end-to-end solution for simulating LSIS as shown in the blue region. The pipeline can be divided into three major
components: sound modelling, FTS, and synchronization. All the components are automatic. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

FTS through feature transfer to enrich the details of the sound. We uti-
lize STFT and ISTFT to complete the conversion of sound signals and
spectra. After obtaining the FTS results, we further elegantly synchro-
nize the two parts of the sounds so as to obtain the LSIS. A key frame
blending algorithm with normal force and grid surface is proposed for
synchronization. Moreover, to estimate the acoustic pressure at listener
position, we seek to resolve the sound radiation through a dipole sound
model and obtain the final LSIS.

4. Sound modelling

We divide the LSIS into the bubble sound from liquid-liquid collision
and impact sound from liquid-solid collision, respectively. Therefore,
we will first analyze the physical mechanism of the two collisions and
calculate the corresponding acoustic functions.

4.1. Bubble sound

Liquid-liquid collision. For the liquid-liquid collision, although
fluid sounds can arise via numerous mechanisms, harmonic bubble
based fluid sounds[14] come with almost all kinds of fluid movement.
In the case of fluids, sound is primarily generated by bubble formation
and resonance, creating pressure waves that travel through both the
liquid and air media to the listeners. Thus, we utilize bubble sound to
simulate the sound of the liquid-liquid collision. For implementation,
we estimate pointlike bubble creation rates and size distributions with
ad-hoc stochastic models [8].

Acoustic bubbles. The varying of acoustic bubbles over time in real
situations is very complex. In order to ensure the efficiency of the al-
gorithm, the sound modelling of fluid is simplified. However, for im-
portant missing sound details, we enrich them by FTS, which will be
introduced in Section 5. Therefore, in this paper, the spherical and non-
spherical bubbles are modelled as a same sound model. The simplified
sound model does not affect the audio results. We show this in the ac-
companying video. Besides, in a similar experimental environment, the
liquid sound synthesized by Langlois et al.’s [13] method needs to take
hour as measurement unit, but our simplified model only takes a few
seconds.

The Minnaert’s formula [18] deduces the resonant frequency of per-
fectly spherical bubbles, and provides a physics-based approach to gen-
erating sound. The sound produced by bubbles can be determined by
the resonant frequency. The Minnaert’s formula is written as follows:

_ 1 [3rp
2 pr(z)

Jo 1
where y represents the specific heat ratio of the gas, p, expresses the gas
pressure inside the bubble, p is the fluid density, and f, denotes the fre-
quency. For air bubbles in water at an atmospheric pressure, Eq. (1) can

be simplified as fyry ~ 3m/s. We model the bubbles in liquid as damped
harmonic resonators and use the Minnaert frequency for resonation. The
impulse response equation is

S gussie(t) = Ag sinQz f(1))e P! o

where A, is determined by the initial excitation of the bubble, and
By = 7 fy6,,; represents the rate of damping 6,,, due to damping. In the
standard harmonic oscillator, according to Doel et al. [8] and Moss
et al. [19], we use f(t) to substitute f,, and f(t) = fy(1 + £fy?), where
é~0.1 by Doel’s work. As the bubble survives and grows closer to the
surface, it helps to avoid the situation that sound pressure for bubble be-
comes infinite by adjusting the frequency f(t). The final sound pressure
for bubbles in liquid can be expressed as

Spuppie(t) = Ao Sin[27 fo(1 + Efgnrie ™" 3
4.2. Impact sound

Liquid-solid collision. From the point of view in Langlois et al.’s
[13] work, the liquid-solid coupling sounds is an important sound source
which have not been explored. Small-scale vibration of solid surface
caused by liquid leads to variation in air pressure, which propagates
sounds to listeners. However, for real-time applications, linear modal
sound synthesis has been widely adopted to synthesize impact sounds.
Thus, we utilize the modal model to synthesize impact sound for simulat-
ing the sound of liquid-solid collision. The details of parameter transfer
between rigid body collision and modal synthesis can be found in [22].

Modal synthesis. To synthesize the impact sound, we calculate the
solid material parameters from the real collision sound generated by
solids, then apply the material parameters to the collision phenomenon.
In order to model the impact sound, we calculate the modal parameters
according to multi-level sound spectrum extraction which was inspired

Energy Entropy
— Spectral Centroid
Spectral Roll Off
Zero Crossing Rate

Frequency

—— Spectral Flux
Short Time Energy

Frequency
Frequency

Time Time

Fig. 3. Spectrogram of original sound signal and six signal features. The original
signal is a 32s sound of pouring water onto a metal surface. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 4. Spectra comparison between Spupace Spmpactseed @0 Spmpacericn- (@) illustrates the spectra for Sppace Smpactseed @0 Simpacericn- (b) shows frequency analysis plots
at arrows (B and C) in (a). The top row in (b) corresponding to the frequency value at time B and the bottom row corresponding to the frequency value at time C.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

by Ren et al.’s method [24].To generate richer modal sound without
resort to expensive high resolution simulation, we stochastically inject
small-scale collision events such that each collision event corresponds to
amode. The combination of frequency, damping, and amplitude defines
the characteristics ¢ of mode i: ¢; = (f;,d;, a;). The value of ¢; depends
on the solid material properties, geometry and interaction at runtime.
We extract parameters f;, d;, and q; from the real solid collision sound
generated by solid with different materials, where f; indicates the fre-
quency of the mode, d; represents the damping coefficient, q; is the ex-
citation amplitude, 6; represents the initial phase.

Since we will enrich the impact sound by FTS, different from the
greedy manner in [24], we only track the top three peak values of the
original sound signal. Then, for each extracted mode, we first select
a suitable level of the sound spectrum and search for the peak in the
sound spectrum, and evaluate the estimated value to obtain the modal
parameters. We briefly describe the process of the modal synthesis. The
energy spectral density feature of a single mode decaying sinusoidal
curve contains peak features. Thus, the sound energy spectral density
of the signal is first obtained from the sound waveform in time-domain,
and then the peak feature can be found. In order to obtain the modal
parameters, we evaluate the decaying sinusoidal model parameters, and
the parameter value is ¢, = (f;, d;,g,). Through the iterative adjustment
of $, = (7,-,3,-,5,-), we can calculate the error of the result of the real
energy spectrum parameters and estimated values. If the total error of
the two parts is less than a certain threshold, we regard the estimated
value ¢, = (f,.d,.a,) as the modal parameter of the current mode.

By analysing the sound energy spectral density, the modal parame-
ters of modes can be obtained. We integrate them to get the final impact
sound as follows:

S tmpact®) = Y a;e™ " sin@z f;t +6,) @)

i
5. Sound enrichment

We can get plausible LSIS through the above procedures by com-
bining the bubble sound and impact sound. However, when comparing
with the recording, we can observe that there exist more sound details
than the synthesized sound. What’s more, during the liquid-solid inter-
action, the solid modes are continuously changing. These problems are
limited to fluid simulations. Although the detail retention of fluid mod-
elling is getting higher and higher, there are a lot of things that are not
resolved in fluid simulations with concern to sound (very small bubbles,

bubble popping, etc.) And for liquid-solid interaction animation, there
are a lot of insignificant collision events which are visually impercepti-
ble yet audible that lead to detailed recorded sound. So, it is challenging
to estimate the parameters from limited liquid-solid interaction model.
Thus, in this section, we propose a sound synthesis method for enriching
the synthesized sound details. The main idea of the method is regarding
the sound spectrogram as an image and exploiting image color trans-
fer techniques to transfer the statistical aspect of a recorded sound to a
synthesized one.

In this section, we take the impact sound as an example, and the
synthesis process of enriching bubble sound is the same. Given the fluc-
tuations in the original impact sound recordings, there are a lot of unre-
lated, small fluctuations in them, which can influence the effect of the
feature transfer. Thus, we need to extract the sound clip with salient
features. We test the six common signal features: spectral roll off, spec-
tral flux, energy entropy, spectral centroid, short time energy and zero
crossing rate. The top row of Fig. 3 illustrates the six curves of sound fea-
tures. In the spectrogram, the color is used to identify intensity which
the brighter the color is, the stronger the intensity is. Hence, through
the curves, we observe that energy entropy and short time energy can
describe the changes of impact sound in a better way as illustrated in

Liquid body

Y - Solid surface
Container boundary

Fig. 5. Normal force calculation for different bottoms of containers with differ-
ent shapes. The left illustrates the force analysis of liquid hitting on a flat bot-
tom. The right presents the force analysis of liquid hitting on a non-flat bottom.
The red arrows in each figure represent the normal force. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 6. (Left) A 3D diagram of the interaction area at time t. (Right) A dipole
sound field geometry and notation.

Table 1
Physical constants used in our simulations.

Parameter Value Description

& 0.1 rise factor for frequency
p 1000 kg/m®  water density

y 1.4J/(kgJ) specific heat ratio of air
Do 101.325kPa  atmospheric pressure

o 343 m/s sound speed in air

Po 1.29 kg/m? atmospheric density

the bottom row of Fig. 3. Consequently, we calculate the energy entropy
and short time energy for the impact sound recordings. Then we calcu-
late the inflection point of the two curves and extract the impact sound
with salient timbral features when the inflection point appears. After
the extraction, we can obtain the feature seed (a short recording)! from
the original input recording of the impact sound.

After we get the feature seed (a 3s recording) of impact sound
Simpactseed and the synthesized impact sound Sjppq.- A feature transfer
synthesis (FTS) method is proposed to enrich the synthesized impact
sound. Firstly, the two input acoustic signals {Sypaciseed> Stmpact? are
processed as input by applying short term Fourier transform (STFT),
respectively. The equation for STFT is shown as follows:

STFT,(r,0) = / [X(OW (t — 7)le™ /" dt )
t

where x(t) is the input signal to be analysed, W is the windowing func-
tion (Hamming window in our experiments) and  is the length of time
window. Through the STFT, we can get the time-frequency spectrogram
which can be viewed as a 2-D image as shown in Fig. 5(a). After we
convert the sound signal to an image via STFT, then we can transform
the features by image processing techniques. In the following sections,
we define the spectra corresponding to feature seed of impact sound
Simpactseea and synthesized impact sound Sy, represented by the im-
age as I ¢(o) and I,(0) as follows:

STFT STFT
SlmpactSeed(t) - IS(O)’ Slmpac[(t) - II(O) (6)

o = (¢, f) is a two-dimensional coordinate on the time-frequency (dis-
crete) domain. The spectrogram through the STFT can be viewed as a
color map that each pixel value in I¢(0) and I, (o) indicates the power
of the frequency f at the time t. The goal of our work is to compensate
for the differences between S;ypaciseed a0 Simpacr- Thus, this means that
we would like to transfer the statistical aspects of a recorded sound to
a synthesized one between spectra. So we turn the sound enrichment
problem into a special color transfer problem.

However, different from general images, in a spectrogram, the inten-
sity of the color denotes the power of the frequency and the position of
the color represents the distribution of the frequency. Therefore, in our
FTS, we need not only to transfer color values, but also to transfer color
distributions. In order to achieve this, we design two constraints in the
FTS algorithm. We will describe the two parts in detail in the following
two sections.

1 In the experiment, each feature seed is 3s which can provide enough features
and ensure a real-time computing efficiency.
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Table 2
Timings for different scenarios (Fig. 12).

Scenarios Time consumption (s)
FTS Synchronization  Total
metal basin 0.404(0.360) 0.058(0.044) 0.771
glass bowl 0.410(0.363) 0.057(0.043) 1.027
plastic basin 0.548(0.496) 0.058(0.045) 1.212
wood plate 0.347(0.312) 0.052(0.041) 0.673
Table 3
Recording statistics.
Material Container Time (s) Identifier
«€3
Metal 3.0 (30.8) ME
Wood 3.0 (29.1) wo
(& 4
Plastic e s0@n B
Glass (pouring) 3.0(33.2) GLP
\
Glass (shaking) | / 3.0(33.2) GLS
Porcelain " 3.0(25.1) PO
\
Liquid | / 3.0(31.2) L

5.1. Local constraint

Given the spectra after the STFT, we will first transfer the intensity of
the color which correspond to the power of the frequency in sound sig-
nals. Reinhard et al. [23] proposed a classical global algorithm for color
transfer which matches the average and variance. However, it is not
suitable for spectrogram to add the high frequency details missing form
synthesized sound. The reason is that the distribution of the frequency-
power in the spectrogram is relatively sparse, the overall color trans-
fer to the spectrogram will diminish the strength of the features. Thus,
we effectively incorporated the local mean and standard deviation con-
straint on local pixels in order to enhance the power of the acoustic
features.

Firstly, we subtract the mean value from each pixel in the synthesized
impact sound as follows:

It [ = 1@, f)= < I1(0) > @)

where < I;(0) > represents the mean value of I;(0) and I;(¢;, f;) repre-
sents the color value of pixel i in I;(0). Then, for each pixel in I;(0), we
scale the data points comprising the synthetic image by factors deter-
mined by the respective standard deviations:

Ip;(@, )= Z—SI,(I[,f,-)*+ < Ig(0) > ®)
1

where I (t;, f;) is the pixel after enrichment in the impact sound spec-
trogram. < Ig(0) > represents the mean value of I4(0), o; represents
the standard deviation of 7;(0) and the calculation formula is shown as
follows:

N
01 =\ % 21 )= < 10) >)? ©)
i=1

where N is the number of pixels in the extracted spectrogram I;(o) and
Ii(t; f;) represents the ith pixel. The standard deviation of feature seed
og is calculated in the same way.

In order to avoid the influence of relatively sparse distribution in
the spectrogram, we design a local constraint to ensure the intensity of
the color transfer. Firstly, we get the maximum value in the I4(0) and
I;(0), respectively. Then we store the maximum value corresponding
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(b) LSIS for containers of different sizes.

Fig. 7. Sound results for different scenes. (a) shows the animation frames (top) and spectra (spectra in the middle row and the bottom row correspond to water
droplets and water balls, respectively) of sound results for liquid of different volumes. (b) illustrates the animation frames (top) and spectra (bottom) of sound results

for different shapes of wine glasses.

pixel and its eight neighbor pixels as a local constraint block. The mean
and standard deviation for local blocks are calculated in the same way
as above. After we get the local standard deviations of I¢(0) and I;(0),
Eq. (8) becomes the following form after adding local constraints:

!
o c
Ip (i f) = (wl U—f + wzd—f> At )+ < Ig(0) > (10)
I

where o"I and "Is are the local standard deviation of I4(0) and I;(0). We
can get a preliminary enriched spectrogram I, (o) after color transfer
with local constraint. A final notable detail is that w; and w, are the
adjustable weight values of global and local standard deviation values.
In practice, we set different values to test and finally choose w, = w, =
0.5 in our experiment.

5.2. Coordinate constraint

Different from an ordinary image, in a spectrogram, the position of
the color represents the distribution of the frequency which should also
be considered in the transfer process. This is not involved in traditional
color transfer methods. Thus, we need to add coordinate constraint in
the FTS to ensure the result spectrogram not only keeps the same color
style but also keeps the same color distribution. The spectrogram after
transferring should be roughly the same in color distribution and the
frequency features of the synthesized impact sound should be retained.

In the spectrogram I;(0), o = (1, /), the ordinate f is corresponding to
the frequency value. In order to distinguish between the frequency sym-
bol in the sound formula, we choose to use y; to represent the ordinates
in the spectrogram. We use the Euclidean distance from the ordinate
of the frequency as constrains and design the following coordinate con-
straint:

Lns(t. f)=© \/(lyf,-_, — e M <Is©@> Ay

1
where © = WIZ—: + wz;%. yri—y is the ordinate of pixel i in I;(0) and
¥ rmax—s Tepresents the ordinate of pixel with max color value in (o).
In order to avoid the denominator for the 0 case, we add 1 after the

distance. The FTS factor # is the variable that controls the intensity. We
set n = 10 in the experiment and test the effect on sound results when 7
is in different values in Section 7.3.

Through Eq. (11), we can add the high frequency details missing
form synthesized sound. The closer to the high frequency information
ordinate y,,_g. the higher the frequency will be. We can thereby get
the enriched impact sound whose color distribution is similar to the
recording. Because high frequency information is not necessarily con-
centrated in one area, we each time mark the ordinate y;,,,_g used to
prevent repeated reading. We repeat the above steps several times (gen-
erally 5-6 times in our experiments) to get the final enriched impact
sound.

We summarize the FTS in Algorithm 1. A simple example is shown in
Fig. 4, and the bottom row (FTS result) of Fig. 4(a) contains both Sypacss
Simpactseed frequency distribution. For a clearer display of the results of
FTS, we choose two points (B and C) for frequency analysis plots as
shown in Fig. 4(b). The Sjypacricn result (blue line) matches well with
the Spppaciseed (0range line).

6. Blending and propagation

After obtaining the enriched bubble sound and impact sound with
FTS, we need to blend the sounds and get the final LSIS. In this step,
there are two following problems should be resolved:

(1) The amplitude range of the impact sound should be scaled due
to the vibrational modes of a solid (such as continuous water pouring)
will be affected by how much water is contained by the solid. Thus, a
strategy needs to be designed to synchronize the impact sound.

(2) The sound radiation with near-field scattering should be sought
for further improvement of the LSIS.

Synchronization rectification.

To resolve the first problem, we propose a key frame blending algo-
rithm with normal force and grid surface to synchronize the two parts
of the sounds. Firstly, we calculate the normal force which excites the
solid modes on the collision surface as shown in Fig. 5. As shown in
Fig. 5 (left), for the container with a flat bottom, the normal force is
easy to calculate. For the container with a non-flat bottom (right part in
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Fig. 8. Comparison of FTS results with real-
word recordings. Given one recording sample
(WO and LI for (a), GL and LI for (b)), the fea-
tures of the recording can be applied to differ-
ent scenes of the same material (middle), and
the results are comparable to the real-world
recordings (right).
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(a) Wood plates with different water injection rate.
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(b) Rotating glass board.

Algorithm 1 Feature Transfer Synthesis (FTS).
Input:
The synthesized impact sound S;,,,,5c;5
The feature seed of impact sound Sy,,,4c15ced 3
Output:
The enriched impact sound Sg;ch1mpacis
1: // Transform the sound signals to spectra.

STFT
2 Simpact - Ip(o);

T

3 SImpactSeed - IS(O);

: // Local constraint parameters calculation (take S;,,,,,., as an exam-
ple).

: [column, line] « size(1;(0))

: N « column X line

: initialize M axPixel < 0

: fori=1to N do

Calculate o; based on Eq. (9);

10:  Update MaxPixel,;

11:  Calculate aj based on Eq. (9);

12: end for

13: // Coordinate constraint parameters calculation.

14: fori=1to N do

15:  Update ordinate of the MaxPixel;

16:  Update Ig,(1;, f;) based on Eq. (11);

17: end for

18: // Transform the spectrogram to sound signal.
ISTFT
- SRichImpact;

N

© ® N o U

19: Ip;(0)

Fig. 5), we first calculate the angle a between the tangent plane and the
horizontal plane of the contact surface. According to the properties of
triangles, we can find that the angle of calculating the normal force is
equal to the angle between the contact surface and the horizontal sur-
face. Moreover, we assume in our experiments that liquids move at a
uniform speed, so the normal force is a component of gravity. There-
fore, the normal force Fy,, = Gj;4,4 - cos « and when the bottom of the
container is horizontal, the normal force is equal to gravity. For contin-

Time

uous inflow scenarios, we choose unit time water injection to calculate
liquid gravity.

Then, we consider another key factor, the liquid contained by the
solid container. Based on the fact that a large amount of liquid on the
collision surface will suppress the solid vibration, we approximate this
factor by calculating the volume of liquid per unit collision area. When
the liquid surface collides with the solid, there will be a contact area. We
calculate the number of meshes N,, that located in the contact area as
the scale factor of the interaction sound. For the meshes which located
at the boundary of the contact area, the area of these mesh boundary
grids are added as the total area Zﬁ';’ Sgrid_area; With the area of a single
mesh g,y greq,- We define the collision area is the area in the direction
of motion which is calculated as follows:

Nm
SColI = 2 sgrid_urea,» X |’75 . Eul (12)
i=1
where 7i; is the unit normal vector of a single mesh s,y 4.q, and 7, is the
unit vector of velocity. Thus, the proportion of sound through changes
in normal force Fy,, and collision area as follows:

W = Fer — FNor'SC0ll (13)
Varia ! Scon Veria

After we calculate W, then we times the enriched impact sound to blend

with enriched bubble sound. The above procedure is calculated as fol-

lows:

LSIS@,t) =W - Sgichimpact®s 1) + SRichBubbie(® 1) (14)

where Sgichimpace and Sgichpusbieare the impact sound and the bubble
sound after enrichment, respectively. After scaling, the bubble sound
and the impact sound can be merged to produce the resulting sound
LSIS(t) for liquid-solid interaction animation.

Sound radiation.

We approximate the sound field radiating from a dipole as a linear
superposition of contributions due to the radiated sound field of point
source near the water surface is characterized by dipole acoustic field.
Following the theory of linear acoustics, we seek to approximate the
acoustic pressure field with the derivation in [27] as follows:

k2 poco Dy (1) cos 6

yp e/ reR3 15)

P(r,1) = —
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Fig. 9. A conical flask scenario. Sound results
with different recordings. We used GLP and
GLS as input for sound synthesis and the wave-
form of corresponding results are illustrated in
the bottom row (GLP for the left and GLS for
the right) separately.
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Fig. 10. Spectra of impact sound, impact seed sound and FTS results with different n values. The bottom row is spectral centroid (orange line) and spectral flatness
(blue line) varying according to the FTS factor #. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

Table 4

Material recognition rate matrix: recorded sounds.

Recognized material

Recording LSIS ~ Wood (%)  Plastic (%)  Metal (%)  Porcelain (%) Glass (%)
Wood 70.1 29.9 0.0 0.0 0.0
Plastic 22.7 63.4 3.9 5.8 4.2
Metal 3.7 1.8 88.3 1.9 1.2
Porcelain 0.0 0.0 1.2 51.2 47.6
Glass 0.0 0.0 0.0 42.7 57.3

where r = |r||, k = w/c, is wavenumber. We define the intensity of the
sound field as D,(r) = Q,(1)d, Q,(t) is the volume flow of a single sound
source. The radiation map is shown in Fig. 6. The value of some afore-
mentioned parameters are given in Table 1.

7. Results and discussion
7.1. Implementation

Based on the above algorithms, we synthesized the sound for col-
lision events between liquid and solid surface in different scenes. All
experiments were run on a computer configured as follows: Core i5-
4460 3.20GHz CPU, NVIDIA GeForce GTX745 GPU, 8GB RAM. All the
liquid-solid interaction models were constructed based on an improved
FLIP method [9]. We used the particles for bubble sound calculation
and grid-particle coupling for impact sound calculation. The resolution
of our animation is 1280 by 720, and the duration of the animation is
less than 10 s. The sample rate of sound is 44.1 kHz and the window
size is 1024 in our experiment. The runtime for different examples is
given in Table 2. The number in the bracket represents the self-time

of the function and the number outside represents the total-time of the
function.

Input recordings In our experiment, there were seven recordings
collected in total as shown in Table 3. We recorded sound using a shot-
gun microphone and applied a denoising process [11] for each record-
ing. Each recording was about 30 s through starting over to get the initial
impact many times with water pouring motion. We recorded the sound
of pouring water onto different solid surfaces for five recordings (ME,
WO, PL, GLP and PO), recorded the sound of pouring water onto a tank
of water for recording LI and recorded the sound of shaking the tank of
water for recording GLS. In the following experiments, we marked out
the recordings we used with different identifiers illustrated in Table 3.

7.2. Liquid-solid interaction examples

LSIS for liquid of different volumes. The top row of Fig. 7 (a) shows
the animation frames of water droplets and water balls falling on sur-
faces of different materials. The animated images from left to right are
the collision between metal surface and water, the collision between
porcelain surface with the water as well as the collision between wood
surface and water. The middle row of Fig. 7(a) shows the spectra of a
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Table 5

Graphical Models 103 (2019) 101028

Material recognition rate matrix: synthesized sounds using our method.

Recognized material

Synthesized LSIS Wood (%) Plastic (%) Metal (%) Porcelain (%) Glass (%)
Wood 67.3 29.7 1.4 1.6 0.0
Plastic 27.7 65.7 3.4 2.0 1.2
Metal 4.2 2.3 86.6 3.7 3.2
Porcelain 0.0 0.0 2.2 57.5 40.3
Glass 0.0 0.0 1.6 47.8 50.6
*_.Q‘”A \&Av; Example Recording Synthesized IfIS
.9 . ¥
Sl & 5]
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Fig. 11. Sound radiation maps of listener in different positions. From the left
to the right, the listener keeps close to the tank.

water droplet falling onto a plate made of different materials. The bot-
tom row of Fig. 7(a) shows the spectra of a water ball falling into a tank
made of different materials. Since the volume of a water droplet and
the volume of a water ball are different, the content of bubble sound
is different. However, for the objects with same material, such as metal
plate and metal tank, they should sound like coming from the same ma-
terial. We can observe the similarity in the spectra although the volumes
of liquid are different. Since we utilized same input recordings for the
both water droplet and water ball scenes, the results proves that we can
synthesize LSIS for liquid of different volumes.

LSIS for containers of different sizes. The top row of Fig. 7(b)
shows the animation frames of pouring red wine into different sizes of
wine glasses. The bottom row of Fig. 7(b) shows the spectra of sound for
different scenes. In these three different scenarios, the water injection
rate and the direction of the liquid inflow are the same, so only the
shape of the glass leads to the different sound. When the wine glass is
thin (the middle part in Fig. 7(b)), according to the Eq. (13), the Sioy is
smaller than the other two glasses, thus, the impact sound decays faster
than the other two scenes. The sound results prove the reasonableness
of our blending algorithm.

7.3. Validation

In this section, we designed four experiments to evaluate the gener-
ality and performance of our simulate pipeline. We first compared our
sound result with recordings and utilized different recordings for a same
scenario. Then we validated the parameter selection for FTS and the ef-
fect of sound radiation. The differences of sound results can be heard in
the supplementary video.

Comparison with real recordings.

Fig. 8 shows comparisons of the sound results for different scenes. As
shown in Fig. 8(a), from a recording of wood plate (WO), the features for
wood are estimated and transferred to other virtual wood plates with dif-
ferent volume of water. In Fig. 8(b), the glass board is rotated at different
angles which affects the value of normal force. It can be seen that al-
though utilize a same feature seed, we can synthesize LSIS that matches
the animation. Moreover, the perception of material is preserved, as can
be verified in the accompanying video.

Then, we further tested different recordings in Fig. 9. We can observe
that the changes of waveforms on the left and right sides are identical.

Frequency

Frequency

Frequency

Time Time

Fig. 12. Spectra comparison between recording and synthesized LSIS for differ-
ent solid materials.

Therefore, different recordings have an impact on timbre, but they do
not affect the synchronization of the results.

Verification of the selection of FTS factor 5. In our FTS scheme,
we are able to set different FTS factor 5 for each experiment indepen-
dently. However, the choice of the FTS factor # used in Eq. (11) forces
the resulting spectrum to be as close as possible to the Syy,qcrseeq and
Simpact DY keeping both frequency contents. Thus, we get the ideal value
through experimental tests. Fig. 10 shows an example of the result LSIS
according to varying FTS factor 5 of spectral centroid and spectral flat-
ness while preserving a constant value for the rest. From the spectra
we can see that when 7 = 10, the synthesized LSIS can be better com-
bined with the two part of the sound characteristics. According to the
experiment, we finally choose n = 10 for the best performance.

Sound radiation. We show in the video the modification of sound
depending on the position of the listener (top row of Fig. 11). The bottom
row of Fig. 11 corresponds to glass tank with pouring water while chang-
ing its distance with respect to the listener. The time-domain sound ra-
diation of the LSIS causes the sound shift that we can hear in the video.

7.4. Perceptual user study

In order to further evaluate the effectiveness of our approach, we
design three experiments. 50 volunteers (30 males and 20 females) are
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Fig. 13. User survey results of the first experiment. Boxplots show the interquar-
tile range, the minimum and the maximum values of the score for each pair of
sound clips.

invited in the survey. Among them, 12 have specialized computer graph-
ics knowledge and all of them have normal hearing. The details of four
experiments are illustrated as follows.

Realistic tests. The first experiment is designed to evaluate the sim-
ilarity of synthesized LSIS and recordings. In the first experiment, we
present three pairs of video clips. Each page contains the audio from one
of our demo scenarios as shown in Fig. 12 and the recording for same
scene. In each scenario, the participants are asked the realistic score of
the sound they heard. Participants answer using a Likert scale (1:Not
at all, 7:Definitely yes). We can observe that there is no statistically
significant difference of the spectra between recorded and simulated
sounds in Fig. 12 which also can be verified in the accompanying video.
User survey results are analyzed using standard tests and reported in
Fig. 13 which also show that the synthesized LSIS and recordings sound
similar.

Distinguishability tests. The third experiment is to verify the cu-
mulative recognition rates of the sounding materials in two separate ma-
trices: Table 4 presents the recognition rates of sounds from real-world
materials, and Table 5 reflects the recognition rates of sounds from syn-
thesized LSIS. The numbers are normalized with the number of subjects
answering the questions. We find that the successful recognition rate of
virtual materials using our synthesized sounds compares favorably to
the recognition rate of real materials using recorded sounds. We also
can find in the tables, for both recorded and synthesized sounds, sev-
eral subjects have reported difficulty in reliably differentiating between
wooden and dull plastic materials and between glass and porcelain.

The third experiment is to verify the match between video clips and
audio clips, we design three test scenarios, including water droplets, wa-
ter ball and faucet experiments as described above. Each scene consists
of video clips and LSIS. For the same scene, we mix the video clips pro-
duced by different materials and LSIS, volunteers need to match video
clips and sound clips. Each material video clip has three levels, from 1
to 3. 1 means the lowest score, i.e., the lowest matching degree between
video clips and audio clips. During the test, volunteers do not know the
name of the sound clip, they could only hear the sound. Fig. 14 shows
the matching results under three test scenarios, respectively. In each fig-
ure, the ordinate represents the total score and the red dotted lines mean
the average score. Each video clip contains three columns representing
the sound fragments produced by three different materials. We can eas-
ily find that video clips have the highest matching degree with the same
name of the audio clips. For users, different materials of water droplets
are the most easy to judge, which means that volunteers can correctly
identify the resulting sounds and animations of the water through our
methods.

Graphical Models 103 (2019) 101028
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Fig. 14. The matching results of video and audio of different materials in the
faucet scene.
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8. Conclusion and future work

In this paper, we proposed a novel LSIS synthesis framework ac-
counting for different solid interfaces. To the best of our knowledge, this
was the first attempt to synthesize liquid sound considering the influ-
ence of liquid-solid interaction. We separated the LSIS into two compo-
nents: bubble sound and impact sound. Bubble sound and impact sound
were based the physical liquid-solid model in order to make the sound
more consistent with the input animations. To compensate for the dif-
ferences between the real-world recording and synthesized sound, we
designed a new sound enrichment method called FTS to enrich the syn-
thesized sound. We further estimated the LSIS pressure at a listener po-
sition through a generalized dipole model. By synchronizing the two
sounds with a proposed grid-volume algorithm, the final high quality
LSIS for various scenarios could be synthesized.

Of course, our method still has some room for improvement. For
example, the feature extraction of the sounds may be limited by the
recordings. If there is no obvious sound features in a liquid-solid inter-
action scenario, our method may fail. Moreover, sometimes the back-
ground recording may be transferred into the synthesized sound, lead-
ing to some noise in the sound results. Moreover, the synchronization
rectification model we design is relatively simple, which typically only
considers the gravity. It is therefore interesting to explore the momen-
tum of the liquid and other factors for further improvement. In the fu-
ture, we will take into account human perception to strengthen realistic
of the LSIS. On the other hand, we will also exploit the ability of GPUs
(Graphics Processing Units) to further accelerate our method.
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