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ABSTRACT

Sustained contact interactions like scraping and rolling produce a
wide variety of sounds. Previous studies have explored ways to
synthesize these sounds efficiently and intuitively but could not
fully mimic the rich structure of real instances of these sounds.
We present a novel source-filter model for realistic synthesis of
scraping and rolling sounds with physically and perceptually rele-
vant controllable parameters constrained by principles of mechan-
ics. Key features of our model include non-linearities to constrain
the contact force, naturalistic normal force variation for different
motions, and a method for morphing impulse responses within a
material to achieve location-dependence. Perceptual experiments
show that the presented model is able to synthesize realistic scrap-
ing and rolling sounds while conveying physical information sim-
ilar to that in recorded sounds.

1. INTRODUCTION

Collisions, scraping, and rolling are commonplace in daily life,
and the sounds they produce convey information about physical
events in the world. Often this information is uniquely available
via sound. For instance, the visual evidence that an object is in
contact with another is often ambiguous, but objects in contact
will make sound if they move.

The synthesis of contact sounds is accordingly important for a
wide range of applications including virtual reality, game engines,
auditory displays, and the training of machine perception systems.
Such synthesis requires mapping physical variables (object ma-
terials, shapes, and motions) to sound. These generative models
of sound could also contribute to theories of perception, which
involves inferring physical causes from sound [1], potentially by
inverting internal generative models [2].

Contact sound synthesis is possible via detailed but expensive
physical simulations [3, 4, 5, 6, 7, 8, 9]. However, many appli-
cations require more efficient synthesis, as might be enabled by
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lower-dimensional characterizations of objects. Previous meth-
ods have either used signal-based heuristics [10, 11] or physics-
inspired intuitive modelling [12, 13, 14, 15]. These models are
able to convey some intended physical parameters, but thus far
have not been fully perceptually convincing.

We previously introduced a method to synthesize impact
sounds by characterizing material-specific impulse response dis-
tributions, sampling from them, and convolving them with simple
spring-based models of impact forces [16]. In that paper, we ex-
tended the method to synthesize scraping sounds using force de-
rived from a surface depth map, but the sounds produced were
not fully realistic, sounding excessively rough and not producing a
fully accurate sense of motion.

Here we introduce a new method to synthesize scraping and
rolling sounds from object properties. The key innovations are a
nonlinearity in the calculation of the contact force from the surface
depth map and the use of normal forces that more accurately reflect
typical scraping motions. These are combined with a method for
generating more realistic location-dependent impulse responses via
morphing within the same material, similar to that proposed in
[17], and a periodic force produced by rolling objects due to mis-
alignment of the center-of-mass with the geometric center [18, 10].
We term the approach ‘object-based’, as it relies on perceptually-
relevant macroscopic properties of objects and their motions.

The resulting sounds are substantially more realistic and rec-
ognizable than those from previous methods. We first describe and
evaluate our scraping synthesis. We then show that the scraping
synthesis can be extended to generate realistic rolling sounds. You
can listen to demos of sounds from all our experiments at http:
//mcdermottlab.mit.edu/scraping_rolling.html.

2. SCRAPING SOUND SYNTHESIS MODEL

We use a source-filter approach depicted in Figure 1. Similar to
[16, 11, 19], we generate a sound waveform by the convolution
of a contact force function and a net impulse response (IR). The
contact force f(t) is obtained by modelling the microscopic tra-
jectory of the scraper on the scraped surface. We use a weighted
sum of the impulse responses of both the scraper and the scraped
surface to get the net impulse response of the interaction. To re-
flect the variation in object resonances with position, the impulse
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Figure 1: Complete scraping synthesis model. Yellow boxes: inputs to model. Green boxes: intermediate representations computed from
inputs. Blue box: sound waveform computed from contact force and net impulse response.

response of the surface changes continuously over the motion. We
describe the force, impulse response and audio waveform calcula-
tion in more detail below.

2.1. Contact force for scraping

The contact between scraper and surface causes the two bodies to
undergo continuous micro-collisions. Previous authors have sam-
pled the friction force as 1/fβ noise [19, 10] or from a distribu-
tion over concentrated impact events [11, 20, 21]. In our model,
the only major assumption is that the scraper follows the surface
without bouncing. We also assume that the masses of the scraper
and surface do not change over the course of the motion.

The microscopic interaction force is modelled in two parts - a
vertical force fv (from pressing the scraper down) and a horizontal
force fh (from horizontal micro-collisions with surface asperities).
We also calculate an additional macroscopic normal force (§2.3),
which modulates the microscopic interaction force.

The vertical force fv is estimated as:

fv(t) = mpS̈(x, y) (1)

= mp

(
∂2S(x, y)

∂x2
|vx(t)|2 +

∂2S(x, y)

∂y2
|vy(t)|2

)
(2)

where mp is the mass of the scraper, S(x, y) is the scraper’s verti-
cal trajectory over the surface, and vx(t) and vy(t) are the veloc-
ities of the scraper in the x and y directions respectively (which
define the plane of the surface).

We assume the horizontal contact force fh to originate from
the horizontal collisions of the scraper and steep asperities of the
surface texture. Based on previous literature [16], we assume the
following relation:

fh(t) = β1

∣∣∣∣vx(t)∂S(x, y)∂x
+ vy(t)

∂S(x, y)

∂y

∣∣∣∣β2

(3)

where the partial derivatives with respect to the position (x,y) re-
flect the slopes of the surface texture and determine the intensity of

the micro-impacts. The velocities vx and vy determine the density
of these impacts in time. β1, β2 are free parameters that we set to
0.05 and 1, respectively.

We model the contribution of the horizontal and vertical force
components to the resulting sound as a convolution with the same
impulse response. Because the convolution operator is linear and
the resulting sound waveforms add together (y(t) = fv(t)∗h(t)+
fh(t) ∗ h(t)), for notational convenience we denote a total force
term given by a scalar sum ftot(t) = fv + fh.

2.2. Trajectory of the scraping object

One of the most critical components of our model is the vertical
trajectory S(x, y) of the scraper near the surface. Most previ-
ous models have assumed the scraper’s vertical trajectory to be the
same as the surface depth profile z(x, y) [16, 11]. In our model, we
use z(x, y) to derive the estimated vertical trajectory of the scraper
but additionally incorporate nonlinear physical constraints on the
scraper-surface interaction. As in previous work, we assume the
scraper to be in contact with the surface at a single point.

We obtained surface depth profiles for several everyday mate-
rials using a scanning confocal microscope (Keyence VK-X260K,
horizontal resolution of 5.6 µm, vertical resolution of 0.1 nm) [16].
In the future, we plan to synthesize surface depth maps as textures
using relevant texture statistics of measured depth profiles [22].

The assumption that the scraper exactly follows the surface
depth profile z is physically unrealistic for two reasons: 1) the
forces involved would be exceptionally high near the locations on
the surface where the slopes change rapidly, and 2) both the surface
and scraper materials would have to be abnormally elastic.

To solve these issues, we have to constrain the allowed curva-
tures of the scraper trajectory S(x, y) to limits that are physically
realizable given bounded applied force. The applied force bounds
the curvature of the turns that the scraper can take over the surface
asperities, limiting its acceleration and hence the second derivative
of S (Figure 2). To achieve this, we used a tanh non-linearity with
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Figure 2: Trajectory S of the scraper point. The trajectory is de-
termined by the surface depth profile (z(x), shown in grey) and the
normal force N . Larger normal forces (red) produce more extreme
scraper trajectories than smaller normal forces (yellow).

limits dictated by the elasticity of the material and the macroscopic
normal force N .

∂2S(x, y)

∂x2
=

1

αx(N)
tanh

(
αx(N)

∂2z(x, y)

∂x2

)
(4)

∂2S(x, y)

∂y2
=

1

αy(N)
tanh

(
αy(N)

∂2z(x, y)

∂y2

)
(5)

αx and αy change the limits of the non-linearity depending on the
normal force:

α(N) = (1− ν)αmax + ναmin (6)

ν =

(
N −Nmin

Nmax −Nmin

)ζ

(7)

Nmax and Nmin are determined by the variation in normal force
described in the next section; for constant N we substitute fixed
values for αx and αy . The current synthesis process is dependent
on a judicious choice of ζ, αmax and αmin (we found values of
0.95, 0.05, and 0.01, respectively, to yield realistic sounds). In
the future, we aim to estimate these parameters from the applied
vertical force and hardness of the material.

This procedure is a form of soft clipping which introduces
high-frequency components, presumably because the tanh func-
tion does not limit the higher-order derivatives of the scraper tra-
jectory to an extent that is physically correct. To obtain realistic
sounds, we found it necessary to apply a Gaussian moving av-
erage following the non-linearity to remove these high-frequency
components. The window size in each dimension was proportional
to αx and αy , with an average half window size of 5 samples at
a sampling rate of 44.1kHz. Alternative choices of non-linearity
might obviate the need for this additional step.

2.3. Effect of macroscopic normal force

The applied force dictates how closely the scraper tracks the sur-
face, which in our model is reflected in the force-dependent non-
linearity parameters (αx, αy) that influence the modulation of the
normal force (Figure 2). The applied force can vary over the scrap-
ing trajectory, in part due to constraints on how the human hand ap-
plies forces. For example, consider back-and-forth scraping with a
cylindrical object held by hand (Figure 3). This action can be ap-
proximated as simple harmonic motion with an angular frequency
ω. We calculate the resulting normal force assuming that 1) the
applied force is along the length of the cylinder 2) the force is
proportional to the horizontal acceleration of the cylinder, and 3)
the cylinder is at an angle θ from the horizontal. As a result, the

force is maximal when close to the torso and minimal when fur-
thest away. The normal forces at both ends of the trajectory are
then given by:

Nmax =
mg + ω2mL tan θ

1− µ tan θ
(8)

Nmin =
mg − ω2mL tan θ

1− µ tan θ
(9)

This normal variation is characteristic of back-and-forth scraping
motion (e.g. from sanding or scrubbing). The normal force vari-
ation influences the scraping sound via αx and αy as described
in the previous section. For each motion trajectory, we similarly
modelled the normal force variation assuming a scraping cylinder
held at a fixed angle to the surface.
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Figure 3: Macroscopic forces on the scraper when undergoing
human-produced simple harmonic motion (as when scraping a
held object back and forth on a surface). The normal force (red
vector) varies with position due to the variation in the applied
force Fapplied.

2.4. Morphing impulse responses

The impulse responses on the surface depend on the location on
the surface currently being excited, because the boundary condi-
tions change with the scraper position. Our measurements of ob-
ject impulse responses indicated that the modal frequencies and
their powers typically vary smoothly with location. To generate an
impulse response for an arbitrary surface location, we thus morph
from one measured impulse response to another by smoothly inter-
polating between both the modal frequencies and powers (similar
to [17]), in contrast to our previous work where we cross-faded
impulse responses [16].

We used impulse responses measured in previous work [16] at
different locations on the surfaces of objects. We then extracted
the mode parameters of the 50 strongest modes using sinusoidal
modelling, giving us the frequency fi of each mode and its time-
dependent mode power Ai(t). To obtain the mode parameters for
an impulse response at a location intermediate between two mea-
sured impulse responses we logarithmically interpolated between
the measured modes in both frequency and amplitude. The im-
pulse response for the location was then synthesized as a superpo-
sition of decaying sinusoids using these morphed parameters.

As the scraper applies a force on the surface, the surface ap-
plies an equal and opposite reaction force on the scraper. If the
scraper is not damped, it also contributes to the overall sound be-
cause of the effect of this forcing on the scraper’s resonances. To
account for this, we sum the synthetic impulse response calculated
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using morphed parameters with the measured impulse response of
the scraping object weighted by η, which determines the relative
amplitude of the surface and scraper impulse responses.

Since each position on the surface has a different impulse re-
sponse, and because the scraper moves continuously, the tradi-
tional linear view of the sound waveform being the result of a
convolution of force and a fixed impulse response does not hold.
To accommodate a different impulse response at each location, we
calculate the waveform y(t) using a modified convolution:

hsur
x,y(τ) =


50∑
i=1

Ai(τ) sin(2πfiτ) 0 ≤ τ ≤ t0

0 otherwise

(10)

htot
x,y(τ) = hsur

x,y(τ) + hscr(τ) (11)

f(t) =

{
ftot(t) 0 ≤ t ≤ t1

0 otherwise
(12)

y(t) =



t∑
m=1

htot
x,y(t−m)f(m) 0 ≤ t ≤ t0

t0∑
m=1

htot
x,y(t0 −m)f(t+m− t0) t0 ≤ t ≤ t1

t2−t∑
m=1

htot
x,y(t0 −m)f(t+m− t0) t1 ≤ t ≤ t2

(13)

where t2 = t0 + t1, hscr(t) has the same form as hsur
x,y(t) but is

independent of position, htot
x,y(t) is the total impulse response when

the scraper is at (x, y), and ftotal is the excitation at the surface.

3. PERCEPTION OF SYNTHETIC SCRAPING

To assess whether our synthesis model produces perceptually com-
pelling scraping sounds, we conducted two psychophysical experi-
ments in which listeners made judgments about synthesized scrap-
ing sounds. We compared our synthesis model to several ‘ablated’
versions of the model, in which we omitted model components
in order to test their perceptual relevance. For baselines, we also
compared our model to our implementations of previous synthesis
methods based on (1) physical synthesis [16], (2) signal manip-
ulation [11], and (3) minimalist modulated noise that has previ-
ously been shown to elicit accurate motion judgments [23]. These
experiments were conducted online using Amazon’s Mechanical
Turk platform, using a standardized test to verify that participants
were wearing headphones [24]. We have previously found that
online participants can perform about as well as in-laboratory par-
ticipants [25, 26, 27] provided basic steps are taken to maximize
the chances of reasonable sound presentation by testing for ear-
phone/headphone use and to ensure compliance with instructions.
All participants had self-reported normal hearing and had IP ad-
dresses from North America.

3.1. Experiment 1. Realism of synthetic scraping sounds

We first tested whether our model could convincingly render de-
scriptions of physical scraping events, by asking listeners to rate
the realism of synthetic scrapes. Participants were presented with
a text description of the scraping event, which specified the ma-
terial of the scraper, its motion, and the material of the surface
(Fig. 4A, top). The scraper material was either PVC or poplar

wood and the surface material was basswood, poplar wood, or ce-
ramic. The motion was one of five variants: slow back-and-forth,
fast back-and-forth, circular, short single scrape, and long single
scrape. Each listener evaluated a total of 30 trials comprising a
fully-crossed set of these parameters (2 scraper materials × 3 sur-
face materials × 5 motions). For each description, listeners rated
the realism of seven synthetic sounds, each generated with a dif-
ferent method. The methods were (1) the full model, (2) an ablated
model using only the surface impulse response (η = 0), (3) an ab-
lated model lacking variation in the normal force (omitting §2.3)
(4) an ablated model without a non-linearity to constrain the tra-
jectory curvatures (omitting §2.2), (5-7) the baseline models. All
seven sounds were presented in a single trial using a MUSHRA-
like paradigm (Fig. 4A). The order of the sounds was randomized
on each trial. We did not include audio recordings in this exper-
iment because they typically have distinguishing features that do
not relate to scraping (e.g. room noise).

The results (Fig. 4B) show that our model produces scrap-
ing sounds that are more realistic than previous scraping synthesis
methods. The non-linearity ablation caused the biggest decrease in
the realism. The ‘Only surface IR’ and normal force ablations pro-
duced relatively small impairments of the realism, potentially be-
cause there exist alternative realistic physical explanations of those
sounds (e.g. damping of the scraper).
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Figure 4: Experiment 1: Realism of synthesized scraping. A) Par-
ticipants (N=40; mean age = 38.3 years) rated the realism of 7
different renderings of an object scraped back-and-forth over a
surface, using a MUSHRA paradigm. Each rendering was via a
different synthesis method. Participants were given a text descrip-
tion of the scraping event. B) Results of Experiment 1, showing
mean realism for each synthesis method. Error bars plot SEM.
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3.2. Experiment 2. Perception of motion from scraping sounds

We next asked whether participants could infer the motion that
produced the scrape. In addition to testing whether the synthesis
conveys an important physical parameter, this experiment provides
a more fine-grained examination of the effect of the various abla-
tions as it allows analysis of confusions between different motions.

Listeners were presented with a single scraping sound and then
asked to choose the most probable path (Fig. 5A) traced by the ob-
ject from five options: 1) a scribble, 2) four scrapes in a straight
line, 3) four back-and-forth scrapes, 4) a single long line, or 5)
a circle (Fig. 5B). The scribble motion was obtained by optical
tracking [16] and the other motions were modelled using ideal
trajectories. We chose these motions because they provide pairs
which share a velocity profile, but differ spatially: back-and-forth
and four-in-one line, and the circle and single line. Based on previ-
ous literature [23] we expected that listeners would make mistakes
within these pairs but would make accurate judgments between
them. We tested the seven synthesis conditions of Experiment 1 as
well as real audio recordings.

As expected, the confusion matrices (Fig. 5C) show that lis-
teners experienced confusions when listening to recorded as well
as synthesized audio. However, the confusion patterns for our full
model are more similar to those of recorded audio than were the
other synthesis methods. We quantified this similarity between the
confusion matrix for recorded audio Crecorded and each synthesis
method Csynth,i as follows:

Similarity(i) = 1− ∥Crecorded − Csynth,i∥2
∥Crecorded∥2

(14)

As shown in Figure 5D, the full model achieves the highest
similarity to listeners’ judgments on recorded audio. The ‘Only
surface IR’ model performs similarly to the full model, while the
normal force and non-linearity ablations greatly decrease the sim-
ilarity. These results indicate that capturing naturalistic variation
in the normal force and constraining the trajectory curvature are
important for the perceptual estimation of motion from scraping.

4. ROLLING SOUND SYNTHESIS MODEL

To synthesize rolling sounds, we use a similar source-filter model
where the filter changes with time due to the change in the position
of the rolling object, but with a contact force that differs from that
for scraping. Pure rolling is a unique form of sustained contact
where the surface is excited without the point of contact on the
object being in relative motion with the surface. Previous efforts to
synthesize rolling sounds have proposed a force term arising from
the offset of the object’s centre of mass from its geometric center
(due to slight deviations from perfect sphericity). We hypothesized
that there would be an additional contribution from a scraping-like
term due to the catching and release between surface asperities
that would depend on the trajectory of the point in contact. Figure
6 depicts a schematic of the overall contact force for rolling. The
first two terms reflect the same calculation used in scraping, and
the third term is unique to rolling.

4.1. Contact force for rolling

We used a rolling-specific force term similar to that previously
proposed [18, 10], including a non-linear dissipative component.

Our implementation of this force differed from prior work in be-
ing based on the trajectory of the ball, derived as in our scraping
model as a nonlinear function of the surface depth map:

froll(ρ, ρ̇) = kρ3/2 + λρ3/2ρ̇ (15)

where ρ denotes penetration depth (the deviation of the ball center
of mass from its mean vertical position), k denotes the equivalent
spring constant of the ball material and λ is a dissipation constant
which we set by ear. ρ and its derivative are given by

ρ = R− r cos
x

R
+ S(x, y) (16)

ρ̇ =
r

R
ẋ sin

x

R
+ ẋ

∂S(x, y)

∂x
(17)

where x is the horizontal position of the center of mass:

x = Rθ − r sin θ (18)

with r the distance between the center of mass and the geometric
center, R the mean radius of the ball, and θ the angular displace-
ment of the ball.

The total contact force is given by

f(t) = β1

∣∣∣∣∂S∂x v(t)

∣∣∣∣β2

+mp
∂2S

∂x2
|v(t)|2 + (kρ3/2 + λρ3/2ρ̇)

(19)

The relative contribution of the scraping and rolling terms likely
depends on how much slip is present in the rolling motion and the
roughness of the materials, and can be adjusted using the existing
free parameters β1, β2, k and λ .

For all three force terms, the vertical trajectory S(x, y) of the
point of contact on the surface is determined as in the scraping
model. A tanh non-linearity was used to constrain the curvatures
of the vertical trajectory based on the amount of normal force. The
only difference is that the normal force varies periodically over the
rolling interaction due to the offset between the center of mass and
the geometric center of the sphere, being maximal when the centre
of mass moves downwards, and minimal when it moves up (Figure
6). This variation in the normal force affects the penetration of
the ball into the surface, which we modeled by varying the non-
linearity parameter α and the subsequent smoothing.

4.2. Impulse responses

Location-dependent impulse responses for rolling were synthe-
sized in the same way as for scraping. An impulse response for
the rolling object is added to the surface impulse response, with
the relative weighting depending on the ball material. At present
we set the relative weighting by hand. In the rolling sound record-
ings we sought to emulate in our experiments, the surfaces were
planks, and typically had a much higher contribution to the overall
sound than the balls. If modeling the sound of a ball rolling on
a floor, which is typically damped, the weighting would instead
upweight the contribution of the ball.

5. PERCEPTION OF SYNTHETIC ROLLING

To evaluate the synthesis model, we asked human listeners to rate
the realism of synthetic sounds generated in various ways, using
the MUSHRA paradigm from Experiment 1. We again compared
our model to ablated models with omitted components and to two
previous baselines using types of physics-based [18] and signal-
based synthesis [11].
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the path traced by the scraping object. B) Sounds were generated for each of five possible motions. C) Confusion matrices for each of the
eight conditions. D) Similarity of the confusion matrix of each synthesized condition compared to that for the recorded sounds.

5.1. Experiment 3. Realism of synthetic rolling sounds

In each trial, online participants were presented with a test descrip-
tion of a rolling event which specified the material of the rolling
object and the surface, incline of the surface and the motion of the
object (Figure 7A). The ball material was ceramic, glass or wood.
The surface material ceramic, bass wood or poplar wood. The sur-
face had a gradual incline in all the sounds and the ball was rolled
up or down the incline. The different synthesis conditions were
(1) full model, ablated models with (2) only the surface IR contri-
bution, (3) a constant surface IR (omitting the location-dependent
morphing), (4) only the ball IR contribution, (5) no nonlinearity
in the calculation of contact force from the depth map, and (6-7)
baseline methods [18, 11].

As shown in Figure 7B, our model produced more realistic
rolling sounds than the previous baseline models. The surface res-
onance was more important than the ball resonance for overall re-
alism (‘Only Surface IR’ vs. ‘Only Ball IR’). As with the scraping
sounds of Experiment 1, the non-linearity had a significant impact
on the realism of rolling sounds (without it, sounds were unreal-
istically rough). In contrast, morphing the impulse responses did
not significantly contribute to the realism.

6. DISCUSSION

We developed a novel method for synthesizing scraping and rolling
sounds and evaluated it with perceptual experiments. The model is
object-based, in the sense of depending on relatively macroscopic

properties of objects and their motions. The key innovations com-
pared to previous methods are the introduction of a nonlinearity in
the relationship between contact force and the surface depth map
and the use of normal forces that more accurately reflect scrap-
ing by biological organisms. We combine these two ideas with
variants of several previous proposals for synthesis in this domain.
The resulting synthesis is substantially more realistic than previous
methods.

Our experiments explored the contribution of different com-
ponents of the synthesis model. We found that the non-linearity
used to constrain the curvatures of the vertical trajectory of the
scraper (and thus the resulting contact force) was critical. Without
the nonlinearity, the contact force is unrealistically high and the
sounds are unrealistically rough.

The normal force variation was also important for compelling
synthesis. Its effect was most evident in the motion estimation
experiment, where it was necessary to convey motion comparable
to actual audio recordings. Motion recognition for the full model
containing this normal force variation qualitatively matched that
for audio recordings, despite using ideal velocity profiles which do
not follow empirical relations for human-generated profiles [23].

Several synthesis components did not produce a clear bene-
fit in some of the experiments, but this may be be a limitation of
the experiments rather than of the synthesis. For instance, real-
ism judgments for scraping did not distinguish between the full
model and the ablated model without the normal force variation.
This is plausibly because sounds without variation in the normal
force correspond to an alternative physically possible situation in
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Figure 6: Synthesis of contact force for rolling. Yellow boxes are
inputs to the synthesizer, which are combined to yield the contact
force. The contact force is combined with location-specific impulse
responses in the same manner as for scraping (shown in Figure 1).

which the normal force does not change over the path. Participants
would rate the sound as realistic because they can envision a phys-
ical scenario that could have produced the sound, even though that
scenario deviates from the one that was intended. The same issue
may explain why there was little effect of omitting the contribu-
tion of the scraper impulse response, as this could correspond to a
situation with damping.

We suspect that the failure to demonstrate a benefit of location-
dependent impulse response morphing (Experiment 3; Fig. 7) is
also a limitation of the realism judgments we used. There are re-
alistic physical explanations for both the cases where impulse re-
sponses change with position and where they do not. For example,
rolling on a damped floor would not lead to location-dependent im-
pulse responses, whereas rolling on a small wooden plank yields
a much more appreciable location-dependence. Overall, our sub-
jective sense is that all components of the synthesis that we tested
here contribute meaningfully to the resulting sound, but additional
work is needed to better understand and demonstrate the situations
in which each component of the synthesis is most perceptually rel-
evant.

The model presented here can be further improved in several
respects. At present several parameters of the model are set by
hand. For instance, we currently lack an empirical relationship be-
tween the non-linearity parameter and the normal force. We plan
to investigate the impact of the softness/hardness of the materi-
als empirically and to base this parameter on empirical measure-
ments in the future. At present we also set the balance between
the rolling and scraping components of rolling sounds by hand,
when this should ultimately be determined by physical parameters
of the motion and surface characteristics. It also seems likely that
the perception of scraping and rolling is based on summary statis-
tics [28] that capture surface roughness (as opposed to detailed
representations of the underlying depth maps). Synthesis could
thus plausibly be based on depth maps synthesized from summary
statistics, which would make for a more parsimonious model.

Efficient and high-fidelity synthesis will open the door to new
perceptual studies of ecological audition by enabling sound gen-
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Figure 7: Experiment 3: Realism of synthesized rolling. A) Par-
ticipants (N=33; mean age = 36.2 years) rated the realism of 7
different renderings of a ball rolling down or up an inclined sur-
face, using a MUSHRA paradigm. Each of the 7 renderings was
from a different synthesis method. The ball and surface varied in
material. B) Results of Experiment 3, showing mean realism for
each synthesis method. Error bars plot SEM.

eration for physical events whose properties can be varied in a
controlled manner. Relatively simple synthesis methods with in-
put variables that are both physically meaningful and perceptu-
ally consequential can also provide the foundation for models of
human auditory perception. If prior distributions are determined
for the physical variables, the principles of Bayesian inference
can be leveraged to invert the synthesis method and thereby es-
timate latent physical variables from sound [29, 2]. We plan to de-
velop a complete contact sound synthesis model (including scrap-
ing, rolling, and impacts) within an inference framework that can
be used to make predictions about the mechanisms underlying hu-
man physical inference. In principle, this could be combined with
inverse graphics [30, 31] to achieve multimodal physical event per-
ception. Bayesian inference could also provide a way to set the
values of the free parameters, given corpora of recorded contact
sounds.
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