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An Intuitive Synthesizer of
Continuous-Interaction
Sounds: Rubbing,
Scratching, and Rolling

Abstract: In this article, we propose a control strategy for synthesized continuous-interaction sounds. The framework
of our research is based on the action-object paradigm that describes the sound as the result of an action on an
object and that presumes the existence of sound invariants (i.e., perceptually relevant signal morphologies that carry
information about the action’s or the object’s attributes). Auditory cues are investigated here for the evocations of
rubbing, scratching, and rolling interactions. A generic sound-synthesis model that simulates these interactions is
detailed. We then suggest an intuitive control strategy that enables users to navigate continuously from one interaction
to another in an “action space,” thereby offering the possibility to simulate morphed interactions—for instance, ones

that morph between rubbing and rolling.

Synthesis of everyday sounds is still a challenge,
especially the control of sound-synthesis processes.
Indeed, it is of interest to intuitively control sounds
obtained with a synthesis model, that is, to be
able to create sounds that carry or evoke specific
information. To achieve this, we need to offer
users the possibility to create and control sounds
from semantic descriptions of sound events or
from gestures. Intuitive sound-synthesis control
provides interesting alternatives to indexed sound
databases in domains such as the development of
video games (Lloyd, Raghuvanshi, and Govindaraju
2011; Bottcher 2013), and is of great interest for
sound design (Farnell 2010), sonification (Dubus and
Bresin 2013), and virtual and augmented reality—for
instance, for motor rehabilitation (Danna et al. 2013;
Rodger, Young, and Craig 2013).

In previous studies, intuitive control of sounds
based on acoustic descriptors or features has
been proposed through so-called feature synthesis
(Hoffman and Cook 2006). Other authors either have
suggested that sounds can be directly generated from
semantic descriptions of timbre (Gounaropoulos and
Johnson 2006; Le Groux and Verschure 2008), or
have evoked motion of the sound source (Merer et al.
2013). Aramaki et al. (2006, 2009a) proposed the use
of semantic labels describing the perceived material,
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size, and shape of the object producing a sound to
intuitively control an impact-sound synthesizer. In
particular, that control strategy allowed the user
to apply a continuous control to the perceived
material to simulate continuous transitions (i.e.,
morphing) from one material to another (e.g., from
glass to metal, through a continuum of ambiguous
materials).

This article is devoted to the synthesis and control
of continuous-interaction sounds. By continuous
interaction we mean any kind of friction phenomena
(Akay 2002) or rolling. We look at a subset of
continuous interactions—i.e., rubbing, scratching,
and rolling sounds. Similarly to the continuous
control space of perceived material offered by
Aramaki and co-workers (2009a), we would like
to present a control space for actions that enables
continuous transitions, for instance, from rubbing
to rolling. From a synthesis point of view, we have
a generic model that allows for such continuous
sound transformations. We have achieved this
by investigating previous synthesis models: some
based on physical modeling or physically informed
considerations (Gaver 1993; Hermes 1998; van
den Doel, Kry, and Pai 2001; Rath and Rocchesso
2004; Stoelinga and Chaigne 2007) and others on
analysis-synthesis schemes (Lagrange, Scavone, and
Depalle 2010; Lee, Depalle, and Scavone 2010). Such
a generic tool is of interest for sound design and for
fundamental studies in sound perception (Aramaki
et al. 2009b; Micoulaud-Franchi et al. 2011).
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In the next section, we describe the action-
object paradigm within which we developed our
synthesizer. We then examine sound morphologies
that convey the evocation of rubbing, scratching,
and rolling interactions, and describe how these
interactions can be reproduced by synthesis. Further,
a control strategy of the proposed synthesis model
is presented. In the last section, we provide some
general conclusions and outline future research.

The Action-Object Paradigm

Inspired by William Gaver (1993), who proposed
an independent synthesis of actions and objects,
we developed a conceptual description of sounds
through an action-object paradigm. This concept
consists of considering the sounds as resulting from
an action on a resonant object—e.g., “plucking a
metal string” or “hitting a wooden plate.” This
approach suggests the existence of specific acoustic
patterns in the perceived signal, enabling the
auditory identification of objects, on the one hand,
and actions, on the other. For instance, a vibrating
string produces a particular spectral content that
enables the listener to recognize it, whether it is
bowed (e.g., violin), plucked (e.g., guitar), or struck
(e.g., piano). Similarly, it is possible to recognize a
bottle by the sound it produces, whether it bounces
or breaks (Warren and Verbrugge 1984), or a bouncing
or rolling cylinder, and the material it is made of
(Lemaitre and Heller 2012).

The psychological theory underlying this
paradigm is known as the ecological approach
of perception, first introduced by James Gibson for
visual perception (Gibson 1966, 1979; for a more
accessible introduction to Gibson’s theory, refer to
Michaels and Carello 1981). He proposed that the
perception of visual events is constrained by our
interactions with the surrounding world, and, more
precisely, that the recognition of the properties of
a visual event is provided by invariant structures
contained in the sensory flow. Concerning the audi-
tory recognition of acoustic events, this theory was
first exploited by Warren and Verbrugge (1984) and
later formalized by McAdams and Bigand (1993). It
supposes the existence of invariant structures that
carry the necessary information for the recognition

Figure 1. The action-object
framework for the
synthesis and control of
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of sound events. The so-called invariants are split in
two categories: structural invariants, which enable
recognition of physical properties of a sounding ob-
ject (its material, shape, etc.) and transformational
invariants describing the type of change or the
action on the object (breaking, rolling, etc.).

Some studies have already identified such acous-
tic invariants. For instance, it has been shown that
impact sounds contain sufficient information to
perceptually discriminate the material (Wildes and
Richards 1988) or the size (Lakatos, McAdams, and
Caussé 1997; Carello, Anderson, and Kunkler-Peck
1998) of the sound-producing, impacted objects.
In particular, it was shown that the perception of
material is mainly related to frequency-dependent
damping of spectral components (Klatzky, Pai, and
Krotkov 2000; Tucker and Brown 2002; Giordano
and McAdams 2006) and to roughness (Aramaki
et al. 2009b). A study by Warren and Verbrugge
(1984) revealed that, from the rhythm of a series
of impact sounds, it is possible to predict if a glass
will break or bounce. More recently, Thoret and
colleagues (2014) highlighted that, by listening to
friction sounds produced when someone is drawing,
subjects were able to recognize (to a certain extent)
the shape that was drawn and that the relevant
information was conveyed by the velocity profile
of the writer’s gesture. The general action-object
framework, on which the synthesis model presented
in this article is based, is illustrated in Figure 1.

Invariants Related to Continuous Solid Interactions

In this section, acoustic invariants related to
rubbing, scratching, and rolling interactions
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rubbing a surface (d).
In the schematic
representations, the
y-axis represents the
detailed surface height
(greatly exaggerated for
clarity); the x-axis

Figure 2. Recorded sounds
100 percent associated
with scratching (a) and
with rubbing (b), as well as
schematic representations
of a nail scratching a
surface (c) and a finger
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are described. Technical details related to the
implementation of both the object and the action
parts will be provided later.

Rubbing and Scratching Interactions

To our knowledge, the auditory ability to distinguish
rubbing sounds from scratching sounds has not pre-
viously been formally investigated. To ascertain that
it is possible to distinguish a sound that evokes rub-
bing from one that evokes scratching and to reveal
the signal properties responsible for this ability, a
series of perceptual experiments was conducted by
Conan and colleagues (2012; the related paper and
experimental material are available online at www
Ima.cnrs-mrs.fr/~kronland/RubbingScratching).
We summarize the main results here. From the
first experiment, qualitative analyses were made of
recorded sounds for which all subjects agreed that
the sound evoked one of the interactions, scratching
or rubbing. These analyses implied that rubbing
sounds resulted from a higher temporal density of
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impact events than scratching sounds. A sound that
was associated with scratching by all subjects is
plotted in Figure 2a, and a sound that was associ-
ated with rubbing by all subjects is in Figure 2b.
The differences in temporal density of impacts can
be explained as follows. Sounds produced when
scratching a surface, for instance, with a nail, are
due to the interaction between surface irregularities
and the nail and therefore can be considered to
be the result of successive impacts. Scratching a
surface can be considered as scanning deeper into
the surface than rubbing, which implies that each
surface irregularity is encountered one after another
and more intensely than in the case of rubbing. In
rubbing, several surface irregularities are encoun-
tered simultaneously and less intensely, implying a
more noisy sound, due to the higher density of im-
pacts (see Figures 2c and 2d). The perceived surface
irregularities therefore seem to be closely linked to
the type of interaction.

These observations led us to set up a second
experiment to validate the previous hypothesis. The
experiment investigated how impact density, as a

Computer Music Journal



Figure 3. Results of the
experiment with
synthesized sounds.

The x-axis represents the
temporal density of
impacts (log scale,

increasing from left to
right), and the y-axis
represents the percentage
of association to the
scratching category for
each sound.
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relevant acoustic cue, could serve to distinguish
rubbing from scratching sounds. The stimuli used
for the experiment were synthetic friction sounds
generated with different impact densities. The
synthesis model was based on the pioneering work
of Gaver (1993), relying on phenomenological
considerations, and later improved by van den
Doel, Kry, and Pai (2001). It consists of simulating
the interaction force as a result of successive
“microimpacts” of a plectrum on the irregularities
of a surface. The successive impacts are modeled
by low-pass filtered noise with a cutoff frequency
related to the plectrum velocity, and the roughness
of the surface is defined by the nature of the
noise. Thirty synthetic sounds, representing a
continuous transition from low- to high-density
impact series, were generated. These sounds were
then presented randomly to 35 subjects who were
asked to associate each sound with one of the two
interaction categories, rubbing or scratching. The
results of the perceptual experiment are displayed in
Figure 3 (details provided in Conan et al. 2012) and
confirm our hypothesis that low impact densities are
associated with scratching and high impact densities
with rubbing, and there is a less clear perception
of the type of interaction for moderate densities (at
intermediary positions of the continuous transition).
In summary, these experiments allowed us to
conclude that one invariant (possibly among others)
that contributes to the discrimination between
these two interactions is the temporal density of
the impacts contained in the interaction force. That
is, the higher the impact density in the signal,
the higher the probability for the sound to evoke
rubbing. Similarly, lower impact density in the
signal tends to evoke scratching. Therefore, from
a synthesis point of view, rubbing and scratching

interactions can be simulated by controlling the
characteristics of the impact series.

Rolling Interaction

The rolling interaction has been fully investigated
by Conan and co-workers (2014). The main points
are summarized in this section.

Similarly to rubbing and scratching interactions,
we address here the determination of acoustic
morphologies related to the auditory perception of
rolling: Which signal information is responsible for
the recognition of a rolling object? To answer this
question, we investigated a physics-based model
of rolling sounds. In the literature, most authors
consider that the physics of a rolling ball is similar
to the physics of a bouncing ball. The model of
a bouncing ball generally takes into account a
nonlinear sphere-plane interaction that relates the
force f applied to the sphere to the penetration x
and the penetration velocity x of the sphere into the
surface (following the model of Hunt and Crossley
1975):

kx* +x*%, x>0
flxs) =1 o ()

) x=0,

where kis the stiffness and A the damping weight of
the force. The parameter o takes into account the
local geometry around the contact surface (« = 3/2
according to Hertz’s theory of contact mechanics,
cf. Johnson 1987). By taking into account the effect
of the gravity on the ball, this model simulates the
behavior of a bouncing ball (see, for instance, Falcon
et al. 1998; Avanzini and Rocchesso 2001).

To adapt this model to the simulation of a
rolling ball (Rath and Rocchesso 2005; Stoelinga and
Chaigne 2007) or a rolling wheel (Nordborg 2002),
consider that the rolling object moves along an
irregular surface and the height of the irregularities
is added as a perturbation to the penetration term xin
Equation 1. The rolling interaction can be considered
as a ball that bounces on surface irregularities with
a randomly changing height.

We simulated the rolling of a ball over an irregular
surface using the fourth-order Runge-Kutta method
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The ball has a mass

of 5g and a velocity

of 0.5m/sec. The surface
is assumed to be fractal
with B = 1.2 and a
maximum amplitude
of 1077 m.

Figure 4. Simulated rolling
interaction force (a) and a
magnified (zoomed in)
excerpt (b). The force
parameters are « = 3/2,
k=107 N/m*/2,

A= 10"N-sec/nr/?.

Force (arbitrary units)

(as described by Papetti, Avanzini, and Rocchesso
2011, where numerical issues of Equation 1 are
studied). Note that we do not consider here the
vibration of the surface itself, as do Rath and
Rocchesso (2005). The surface, therefore, is modeled
by noise with a specific spectrum, adjusted according
to tribological observations (Ben Abdelounis et al.
2010) and phenomenological considerations (van
den Doel, Kry, and Pai 2001; Rocchesso and Fontana
2003). In practice, the spectrum is characterized
by S(w) o 1/w? where B enables the control of
the perceived roughness. The amplitude of S(w) is
normalized to provide a maximum asperity of 10~°m.
Also called fractal noise, such a spectrum accurately
models most physical surfaces. An example of a
simulated nonlinear interaction force f with such a
surface is plotted in Figure 4.

Based on results from informal listening tests,
such an interaction force f was found to convey
sufficient information to evoke a rolling object
(and was often perceived as a small, hard marble
ball). Moreover, it has been shown that this model
produces rolling sounds spontaneously recognized
as such by naive listeners (Rath 2004). From a signal
point of view, this force can be considered as a series
of impacts (see Figure 4b). This assumption has
already been exploited by Dik Hermes (1998) for the
purpose of sound synthesis, and by Lagrange and
colleagues (2010) in an analysis-synthesis context.
In particular, if we consider the amplitude of the im-
pacts and the time interval between two successive
impacts as time series, the autocorrelation and the
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cross-correlation between the previously simulated
time series obtained from the interaction force f
can be computed. As shown in Figure 5b, these time
series have a strong autocorrelation. That is, suc-
cessive impacts have strong mutual dependencies.
They are also strongly cross-correlated. These obser-
vations are coherent with the physics of a bouncing
ball (recall that the rolling model is derived from a
bouncing model), since within a bounce event, suc-
cessive impacts are mutually related. Hence, a first
conclusion that can be made is that the temporal
structure of impact series associated with a rolling
interaction seems to follow a specific pattern.
Another important characteristic of the rolling
interaction force f is the dependency of the contact
time on the impact velocity, which is related to the
amplitude of the impact. This dependency has been
studied by several authors (Chaigne and Doutaut
1997; Avanzini and Rocchesso 2001) and seems to
be an important auditory cue that is responsible
for evoking the rolling interaction. Indeed, to
informally test this assumption, we first detected
all the impact durations and amplitudes in the
simulated force plotted in Figure 4. We then created
two modified versions of this force by replacing the
impact windows by a raised cosine window (van
den Doel, Kry, and Pai 2001) that fits the original
impact shapes well, one with a duration depending
on the impact amplitude, the other with a fixed
duration. It was always found that the version with
varying, amplitude-dependent impact durations
clearly produced the most realistic evocations
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cross-correlation between
A and Ar time series
(dashed black) (b). The
amplitudes of the
correlations functions are

Figure 5. Notations for the
impacts amplitudes A and
time interval At Series (a).
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of the rolling interaction, confirming previous
findings.

Finally, some authors have suggested that a
rolling object should never be considered perfectly
spherical or perfectly homogeneous, so they have
applied a sinusoidal modulation to the interaction
force (Hermes 1998; Rath and Rocchesso 2005).
From a perceptual point of view, the asymmetry of
rolling objects is likely to contribute to the sensation
of velocity. This auditory cue has been shown to
strongly influence the perception of rolling objects’
size and speed (Houben 2002). Hence, we considered
amplitude modulation as a significant sound effect
for evoking the sound of rolling.

Summary of Invariants Related to Continuous
Interactions

The previous considerations allowed us to con-
clude that the interaction forces associated with
rubbing, scratching, and rolling interactions can all
be represented as impact series. Based on results
from listening tests, it was shown that the tem-
poral density of impacts conveys the information
needed to recognize rubbing or scratching sounds.
As opposed to rubbing and scratching interactions,
the intrinsic structure of the impact series (corre-
lations and statistics of durations and amplitudes)
seems to be an indispensable signal morphology for
evoking the rolling interaction. In the next section,
we will describe a generic model to simulate rub-
bing, scratching, and rolling sounds based on the

0.34
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reproduction of the characteristics of these impact
series.

Implementation of the Generic Sound-Synthesis
Model

As described in the previous section, the interaction
force carries relevant perceptual information related
to rubbing, scratching, and rolling interactions. For
these three types of interaction, the forces are series
of impact events with specific relations. Such a
signal can be formally described as:

fle)=>Y" A"¢"t—T"), 2)

where A" and T™ are, respectively, the amplitude and
time-position of each impact, and ¢" represents the
“impact pattern,” i.e., the shape of the n* impact.
Because the absolute time position of the impact
is not a relevant parameter, we consider the time
interval between successive impacts, defined as
A% = T — T? in the remainder of this article
(cf. Figure 5).

The aim of this section is to describe a synthesis
process that is generic enough to simulate rubbing,
scratching, and rolling interactions and, further, to
design an intuitive control allowing a continuous
navigation between these interactions. According
to the action-object paradigm, the interaction
forces constitute the action part of the general
action-object framework, in which actions and
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Figure 6. Autocorrelation
of At (black) and A
(gray) time series,
cross-correlation between
CA and “A+ time series
(dashed black) are
displayed in (a). The

amplitudes of the
correlation functions are
normalized. Probability
density of A (b) and A+
(c). The gray bars are the
measures and the black
line is the Gaussian fit.
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objects can be simulated independently and freely
associated. The properties of the resonant object
(such as perceived material or shape) are included in
the object part (as proposed by Gaver 1993) based on
the synthesizer developed by Aramaki et al. (2006,
2009a).

In practice, the implementation process that
associates the action with the object is based on
a source-filter model, and the resulting sound is
obtained by convolving the force (source) with the
impulse response of a resonant object (filter bank).
It is important to note that such a process based on
a source-filter model does not limit the synthesis
possibilities to the simulation of linear interaction
phenomena. Indeed, nonlinear effects that are
perceptually relevant can be taken into account
in the source part. This has, for instance, been
successfully accomplished for piano tone synthesis
(Bensa, Jensen, and Kronland-Martinet 2004) and for
synthesis of flute sounds (Ystad and Voinier 2001),
but also for synthesis of nonlinear friction sounds
(such as squeaking sounds, see Thoret et al. 2013).
The implementation of the action and object parts
will be described in the following sections.

Action Part Implementation

As previously presented, the force f that conveys
the perceptual information about the interaction
type (rolling, scratching, or rubbing) can be modeled
as an impact series (Equation 2). The specific
behaviors of the amplitude A" and time interval

1 series seem to be an important perceptual
cue associated with these interactions. We will
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experimentally characterize the time series
CYA= A— jua 0o °Ar = A7 — ua, (ie., the centered
versions of A and A7) in order to, first, delineate
a synthesis scheme for rolling sounds. Then we
will describe how this model can be extended to
simulations of rubbing and scratching sounds.

As pointed out in the section on the rolling
invariants, A and Ar are strongly autocorrelated
(as are °A or ‘At). We consider these two time
series as autoregressive moving average processes.
To characterize their behaviors, these series are
“whitened” (as in Ninness, Wills, and Gibson 2005),
and we experimentally noted that the whitening
filters need have no more than one pole and one
zero. Let X be one of the two processes A or ‘At; we
can then write in the z domain:

1+>7 bz
1+371,

where X is the whitened version of X. As X is white,
we can properly estimate its probability density
function and transform X into Wy, which follows
a uniform law, thanks to the inverse-transform
sampling method (i.e., Wy = Fx(X), where Fy is the
cumulative distribution function of the random
variable X).

Figure 6a displays the autocorrelation of ‘A7 (black
line) and °A (gray line), the whitened version of ‘At
and “A. The Aand A7 time series were obtained from
the force f computed with the physics-based model.
As experimentally observed, this figure shows that
a one-pole, one-zero whitening filter is well suited
to whiten the time series. The probability densities
of °A and A7 are plotted in Figure 6b and Figure 6c,

X(z) ~ Hx(z)X(z), Hx(z)= (3)

i !
a;z1
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Figure 7. Schematic
representation of the
analysis—synthesis process.
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respectively, showing that for the rolling force,
they can be modeled as Gaussian processes. The
analysis process of the impact series is schematically

described in Figure 7.

In Figure 6a, C(WZIWXT)(]() the cross-correlation
between the whitened process Wy and W,, is
displayed. Given the long-term autocorrelation of ‘A
and of ‘A7, we assume that W} ! has a poor influence
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on W% (and, similarly, that W4~ has a poor influence
on W, ), and that Gy, wy (K is proportional to

8(k), the unit impulse that equals 1 if k=0 and

equals O elsewhere. This led to the proposition
of the synthesis scheme presented in Figure 7

where, according to the previous

on C(W%WT)(H/ we start from a single white and

observations

uniform process W to synthesize both Aand A (the
hat designates for “estimated values,” and no hat

designates “measured values”).

A sinusoidal modulation of the amplitude time
series is further included in the synthesis process:

s(t) = [1 + m sin (2 vyt)],

(4)

with me [0, 1] the modulation depth, controlling
the perceived asymmetry of the rolling ball. The

modulation frequency follows:

v
Vm X —

R

(5)

where v is the transversal velocity and R the ball

radius (i.e., the modulation frequency increases with
the rolling object’s speed and decreases with its size.)
As previously explained, this is done to emphasize
the perceived velocity and size, as proposed in
several studies (Hermes 1998; Houben 2002; Rath

and Rocchesso 2005).

Finally, to simulate the whole force, we consider
the “impact pattern” ¢* (cf. Equation 2) defined as a
raised cosine function (van den Doel et al. 2001) :

|:1 + cos <%lt>} , te [—%, %ﬂ ,

otherwise

1

2
0,

¢"(t) =

(6)
where t] is the duration of the nth impact. As
previously discussed, the impact duration varies
with the impact amplitude, and we suggest the
following relation:

g = (A7 (7)

where ¢ is a constant that depends on the mass
of the ball and on the stiffness k (see Equation 1),
A" is the n'" impact amplitude, and 6 is a positive
value that controls the strength of the dependence
between the impact amplitude and the duration.
This mapping was chosen based on several physical
studies of impact sounds (Chaigne and Doutaut
1997; Avanzini and Rocchesso 2001).

Although this model was derived to synthesize
rolling sounds, it is also well suited to reproduce
rubbing and scratching sounds. As previously high-
lighted, the latter interaction forces are satisfactorily
reproduced with stochastic processes such as white
noise. Hence, by ignoring correlations between
impacts, which in the present model corresponds
to setting the (aj, by) coefficients of the filters Hy|.)
and Ha,(.) (Equation 3) to zero. In this case, the
amplitude series A follows a Gaussian process and
At follows an exponential distribution.
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Object Part Implementation

The synthesis of impacted resonant objects was
previously addressed by using an additive synthesis
process (Aramaki and Kronland-Martinet 2006;
Aramaki et al. 2006, 2009b). In this case, the
frequencies of the oscillators corresponded to the
eigenfrequencies of the resonant object. Noise could
be added at the output of the oscillators to simulate
the stochastic part of the impact. Then, the summed
signal of noise and sinusoids was filtered into
different frequency bands according to the Bark scale
(Zwicker and Fastl 1990). A different time-varying
envelope was applied to each band to take into
account the frequency dependency of the damping.
This synthesis process is effective for simulating
single impacts, but not suitable when increasingly
complex interactions are to be combined with the
object. For instance, to synthesize bouncing objects,
the signal of noise plus sinusoids has to be triggered
precisely, as do the time-varying gains of the filter
bank. This becomes computationally too expensive
for more complex and continuous interactions such
as rubbing, scratching, or rolling.

To overcome this limitation, a subtractive syn-
thesis process is used to implement the object
part. A resonant filter bank, whose frequencies and
damping coefficients are tuned according to the
eigenmodes and material properties of the resonant
object, is used to simulate the object’s impulse
response. Each resonant filter’s impulse response
is an exponentially decaying sinusoid (Mathews
and Smith 2003). With this approach, complex and
continuous interactions can be fed into the resonant
filter bank in a computationally efficient manner.
A similar synthesis algorithm has already been
proposed by van den Doel and Pai (2003).

Intuitive Sound-Synthesis Control

In this section, we detail our control strategy for

continuous navigation between rubbing, scratching,
and rolling interactions. The intuitive control of the
perceived material of the object part was suggested
by Aramaki et al. (2011), and the interface allows the
user to morph between different material categories
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(i.e., wood, metal, or glass) by moving a cursor in
a two-dimensional space. The material categories
are represented by anchors (prototypes) in the
navigation space and correspond to specific sets
of parameters. Thus, by interpolating spectral and
damping parameters between the anchors according
to the cursor’s displacement, the synthesis process
enables one to morph between materials and

to create in-between (or hybrid) materials. Note
that high-level control of the resonant object’s
shape is also available and allows the user to
specify whether the object is one-dimensional
(string-bar), two-dimensional (plate-membrane), or
three-dimensional (shell).

Similarly to this material space for the control
of objects, we present a navigation space for an
intuitive control of the interaction type based on the
definition of a “prototype” for each interaction. We
will present here the navigation strategy between
these prototypes, which are defined from the low-
level parameters of the synthesis model as:

Impact model—two parameters control the
impact duration ¢ (Equation 7) in the chosen
impact model (Equation 6): ¢ and 6.
Probability density—the probability density
is sampled as a set of discrete values, which
are used to derive the cumulative distribution
function Fx (the cumulative sum 9f the
probability density), giving °A and °Ar series.
Two sets are defined, for the ¢4 and ‘A7 series
respectively, and are written as P4 and P,
Whitening filters—as previously pointed out,
one pole and one zero are sufficient for these
filters. Each filter is described by a set of two
coefficients (aj, by), and each set is noted Cx
and Ca,, for Hy(.) and Ha,(.), respectively.
Offset coefficients—these correspond to the
centered values pua and pua, for Aand Ar,
respectively.

Amplitude modulation—the parameters

are the modulation depth m and the fre-
quency modulation v, (depending on

the size and speed of the rolling object).
The global set of parameters is called:

“p ={¢,0, ]PA/ ]PAT; CA/ CAT/ H A, /’LAT}-
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Prototypes for Interaction Sounds

In this section, we will offer a set of parameters
that can be used to calibrate “prototypes” for the
three interaction sounds. Regarding the rubbing and
scratching interactions, the precise parameter values
have been documented in another paper (Conan
et al. 2012). Regarding the rolling interaction, we
have documented the parameter values, as well
as the rolling controls such as size, velocity, and
surface roughness, in a recent article published in
IEEE/ACM Transactions on Audio, Speech, and
Language Processing (Conan et al. 2014).

Rubbing Prototype

As shown by Conan et al. (2012) and noted in the
section on sound invariants, small time intervals
between impacts are perceptually associated with
rubbing sounds (a maximum impact density implies
a source signal that is white noise). For the rubbing
sound prototype, we set the parameters to obtain
a Gaussian white noise: the coefficients of Cxy
and Cp, were equal to zero, ua=pua, =0, 60 =0
(no dependency between impact amplitude and
duration), P,, was defined to get one impact at each
sample, and P4 to follow a Gaussian distribution.
The parameter ¢ is set to get an impact duration
of one sample and is used to control the perceived
size of the object that rubs (longer impact durations,
corresponding to low-pass filtering, evoke bigger
objects). This set of parameters is called B,yp.

Scratching Prototype

The set of parameters for the scratching sound proto-
type is the same as for the rubbing prototype except
for the A% time series. As described previously, the
scratching is associated with a low impact density
(i.e., to high A7 values), and we propose that the Ay
series follows an exponential distribution (defined
empirically by Conan et al. 2012). This parameter
set is called Bycratch-

Rolling Prototype

We set P4 and P, as Gaussian distributions. The
values of the filter coefficients C4 and Cy,, which

Figure 8. Schematic
control space of the
interaction sound
synthesizer.

Scratching

Rolling™

are nonzero here, are based on the experimental
analysis of the rolling force previously simulated.
0 is set to 0.29, based on numerical simulations
of the impact model (Equation 1). From a per-
ceptual point of view, as ¢ controls the contact
duration, it is related to the size of the rolling ball.
The filter coefficients C4 and Ca,, as well as the
probability densities P4 and P,,, are linked to
surface parameters such as roughness. The per-
ceived asymmetry lies within the interval [0, 1].
The modulation frequency is set to v, =3V/S,
with S €]0, 1] the perceived ball size and V € [0, 1]
the perceived ball velocity. This parameter set is
called B,on1-

Navigation Strategy

The control strategy that we designed is inspired by
the one described by Aramaki and colleagues (2011}
to control the perceived material in an impact sound
synthesizer. The three sound prototypes of perceived
material (wood, metal, and glass, for which synthesis
parameters were determined based on behavioral
and electrophysiological experiments) are placed on
the border of a disk that represents the so-called
material space. The user can thereby navigate
continuously between wood, metal, and glass

by moving a cursor in this space, and the synthesis
parameters are interpolated according to the distance
to the three prototypes. A similar control space
dedicated to interaction sounds is schematized in
Figure 8.

The sound prototypes for rubbing, scratching, and
rolling are placed as anchors on the circumference
of a unit disk, at angles of 0, 27 /3, and 4x/3,
respectively. Along this circumference, a sound
S, characterized by its angle 6, is defined by the

Conan et al. 33



Figure 9. Synthesizer
interface. One can see the
user controlling the
synthesizer by means of a
graphical tablet that
captures gesture velocity.

rolling &

Press Spacebar
to hit

parameters P (0) as follows:

2

Bs ('9) = T(Q) Prp + T <‘9 - %) PBscratch

+T <9 - 4?”) Y‘prolb (8)

The function T(#) is defined as follows:

3 [ 27
——0+1, 0 0; —
2 T e_'3[
(27 4xm
TO)=10 0 —_—; = 9
0)=10 Skt 9)
3 [4m
299 i)
Zne , 96_3, n|:

Inside the disk, a sound &', characterized by both its
angle 6 and radius r, is defined by the parameters

Ps':
Ps (0,1r) = (1 —r)Pc +1Ps(0), (10)

where

1
mC = g (%rub + mscratch + ‘Broll) ’ (11)

and P (0) is as defined in Equation 8.

34

UL string/bar |MeMOrane

In addition to the navigation in this “action
space,” the gesture is taken into account in the
control strategy. Indeed, for such continuous inter-
actions, the underlying gesture is a fundamental
attribute that can be conveyed in the dynamics
of the sound (Merer et al. 2013; Thoret et al.
2014). Following the synthesis process discussed
by van den Doel, Kry, and Pai (2001), the result-
ing interaction force is low-pass filtered with a
cutoff frequency that is directly related to the rel-
ative transversal velocity between the object that
interacts (hand, plectrum, etc.) and the surface.
When associated with a biological law, a specific
calibration of the velocity profile enables the evo-
cation of a human gesture (Thoret et al. 2014). The
synthesizer interface is displayed in Figure 9. A
demonstration video showing intuitive navigation
in the action space and a gestural control on a
graphic tablet is available online at www.lma.cnrs
-mrs.fr/~kronland/CMJ2014 and is also at
www.mitpressjournals.org/doi/suppl/10.1162/
COMJ_a_00266/.

Conclusions

In this article, we described specific signal mor-
phologies that are related to the auditory perception
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of rubbing, scratching, and rolling interactions.
Phenomenological considerations, physical mod-
eling, and qualitative signal analysis were investi-
gated, and we concluded that the interaction forces
conveyed the relevant perceptual information about
the type of interaction. A generic synthesis model
aiming at reproducing these interaction forces (char-
acterized by particular statistics of impact series)
was designed. Then an intuitive control space
that enables continuous transitions between these
interactions was described.

Further studies will be done to expand this
control space to other interactions such as nonlinear
friction (squeaking, squealing, etc.; also see Thoret
et al. 2013; Avanzini, Serafin, and Rocchesso 2005).
The synthesis parameters associated with rubbing
and scratching could be refined from the analysis
of a large set of recorded sounds by using methods
such as those discussed by Lagrange, Scavone,
and Depalle (2010). The influence of the physical
velocity profiles (rolling marble in a bowl, sliding
object on an inclined plate, etc.) on the perceived
interaction can also be studied, as already done by
Thoret and co-workers (2014) on the evocation of
human gestures by using specific velocity profiles.
Such synthesis tools and morphing capabilities are
of interest for motor rehabilitation purposes (Danna
et al. 2013).

More interestingly, the proposed action—object
framework is suitable for the creation of sound
metaphors. This means that by freely combining
objects with actions, unheard-of action-object
combinations could be synthesized. With further
experiments on new sound textures, the salience of
the sound morphologies related to the evocations
of the actions highlighted in this study can be
accurately examined. For instance, is it possible
to modify a given sound texture by means of the
highlighted invariants, so that this texture evokes
a rolling interaction? The determination of such
transformational methods is useful in various
domains related to musical as well as sonification
applications. In particular, direct applications can
be found in the current “MétaSon” project, in
which specific sound-design issues are raised by the
automobile industry. Because an increasing number
of electric cars making very little noise will be

used in the future, they should be equipped with
sounds that clearly evoke a rolling object and that
are recognizable as potentially dangerous objects for
pedestrians. The model offered, together with the
intuitive control strategy, constitutes a relevant tool
for such investigations.
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