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Abstract

Contact sounds can provide information for material per-
ception, and according to previous studies decay seems to
be one of the most important cues. This information can be
used to tune a physical model to represent various materials.
This work deals with a specific class of contact sounds, i.e.
collision sounds. A hammer-resonator physical model is de-
veloped, and subjective experiments are performed in which
listeneres are asked to indicate what material each synthe-
sized sound is coming from. Experiments show that the model
is able to convey information about material of the sound
source.

1 Introduction

The sound produced by an acoustic resonator depends on
a large number of factors, including shape, material, excita-
tion. According to ecological acoustics (Gaver 1993), these
can be grouped into two broad cathegories, namelystructural
invariants(specifying individual properties ofobjectssuch as
size, shape, material) andtransformational invariants(char-
acterizinginteractions, i.e. the way objects are played). A
still open problem is how structural invariants are conveyed
into sound signals, and to what extent they can be recovered
by a listener. This is referred to as the problem of sound-
source determination, and is a fundamental question for the
sonification of multimedia environments and for the design
of auditory icons (Gaver 1994).

At present, few studies have investigated what acoustic
cues (if any) are exploited by the auditory system in order
to recognize materials of sound sources. Based on theoret-
ical considerations, Wildes and Richards (1988) suggested
the overall decay time as a significant cue, since it is a di-
rect measure of internal friction in a given material; how-
ever, this is only true when a standard anelastic linear solid
model is assumed. Two recent studies with listening subjects
provided some experimental basis to this conjecture, but re-
sults were not in accordance. Lutfi and Oh (1997) found that
changes in the decay time are not easily perceived by listen-
ers, while changes in the fundamental frequency seem to be a

more salient cue. On the other hand, Klatzky, Pai, and Krotov
(2000) showed that decay plays a much larger role than pitch
in affecting judgement.

Even less clear is how to incorporate material properties in
synthesis algorithms. Physically based synthesis is a natural
approach for dealing with such a problem, since it provides
control parameters that are directly related to physical real-
ity. Djoharian (2000) showed that finite difference models
of resonators can be covered by a “viscoelastic dress” to fit
a given frequency-damping characteristic, which is taken as
the sound signature of the material. This approach relies on a
low-level physical description and, as a result, very accurate
yet computationally expensive algorithms are obtained.

Alternatively, one can use a much simpler model, that al-
lows for control over significant acoustic cues (namely, pitch
and decay) and neglects to a certain extent other features of
the sound source. In this paper we develop a simple hammer-
resonator physical model and show that even such an over-
simplified model can be used to convey information about
materials and to synthesize “cartoon” sounding objects made
of various materials. A similar approach has been used for
incorporating shape information into physically based sound
models (Rocchesso 2001).

The structure of the paper is as follows: Sec. 2 discusses
the physical model and the numerical implementation; Sec.
3 describes subjective experiments performed with synthetic
stimuli obtained from the model. In Sec. 4, results from the
experiments are discussed. The model and sound examples
are available atwww.soundobject.org .

2 The model

Table 1 summarizes the main variables and parameters
used throughout the paper. Since the main signal features
we are interested in are pitch and decay time, a second or-
der oscillator is a suitable structure for describing the acous-
tic resonator. In order to achieve realistic simulation of the
excitation mechanism, a hammer model is needed as well:
we assume the hammer to be a lumped mass moving freely.
During contact, interaction between hammer and resonator is
modeled through the forcefh, acting on both.

ICMC’01-1 Revised Version



quantity symbol unit

Oscillator position xo [m]
Hammer position xh [m]

Penetration x [m]

Oscillator mass mo [Kg]
Osc. el. constant ko [N/m]

Osc. damp. coeff. ro [N·s/m2]
Hammer mass mh [Kg]
fh el. constant kh [N/m3/2]

fh damp. weight λh [N·s/m5/2]
fh exponent α [adim]

Table 1: Variables, parameters and constants used throughout
the document.

As for fh we use a model originally developed by Marhe-
fka and Orin (1999) for simulating contact of robotic systems
with environment. They assumefh to depend both on pen-
etrationx = xh − xo and on penetration velocitẏx (elastic
and dissipative components):

fh(x, ẋ) =
{

khxα + λhxαẋ if x > 0
0 if x ≤ 0 (1)

whereα is given the value3/2 in (Marhefka and Orin 1999).
The continuous-time equations for the hammer-resonator sys-
tem are therefore:{

moẍo + roẋo + koxo = fh(x, ẋ)
mhẍh = fh(x, ẋ) (2)

System (2) is discretized using the bilinear transformation:

s = 2Fs
1− z−1

1 + z−1
, (3)

whereFs is the sampling rate. The numerical system is then
obtained after some calculations:

xo(n) = Āoxo(n− 1) + b̄o[fh(n) + fh(n− 1)]
xh(n) = Āhxh(n− 1) + b̄h[fh(n) + fh(n− 1)] (4)

where

xo =
[

xo

ẋo

]
, xh =

[
xh

ẋh

]
, x =

[
x
ẋ

]
,

Āo =
1

∆o

[
∆o − 2ko 4Fsmo

−4koFs 8F 2
s mo −∆o

]
,

Āh =
1

∆h

[
∆h 4Fsmh

0 ∆h

]
,

b̄o =
1

∆o

[
1

2Fs

]
, b̄h = − 1

∆h

[
1

2Fs

]
,

∆o = 4F 2
s mo + 2Fsro + ko, ∆h = 4F 2

s mh,

(5)
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Figure 1: A sample from the model (hammer and resonator
displacements): (a) waveform and (b) zoom on interaction
during attack transient.

and wherefh(n) stands forfh (x(n)). Due to this non-linear
interaction, computational problems occur in the numerical
system (4); namely, at each time stepn the three variables
xo(n), xh(n) andfh(n) have instantaneous mutual depen-
dence. Borin, De Poli, and Rocchesso (2000) proposed a
general method that allows to solve such a non-computable
loop in an efficient and accurate manner. We do not discuss
details of the method; suffice it to say thatx(n) can be written
as

x(n) = p(n) + Kfh(n), (6)

where

K = −
(

1
∆h

+
1

∆o

) [
1

2Fs

]
(7)

andp(n) is a computable vector (i.e. it is a linear combination
of past values ofxo,xh andfh). Substituting equation (6)
in the non-linear contact force (1) and applying the implicit
function theorem we can findfh as a function ofp. Such
a function can be precomputed and stored in a look-up table
for efficient implementation. In this work however we use a
slightly different approach: at each time step we first compute
p and then findfh(p) iteratively using the Newton-Raphson
method. Experimental observations show that the number
of iterations is never higher than ten; as a consequence, the
model can be suitable for real-time implementation on an or-
dinary DSP. An example of output from the model is shown
in Fig. 1.

ICMC’01-2 Revised Version



Using an accurate yet efficient physical model for sub-
jective tests is advantageous over using damped sinusoids or
other signal-based sound models, in that realistic interactions
can be reproduced. As a result, complex and realistic attack
transients can be kept in the stimuli, thus eliminating possible
biases due to oversimplified test sounds.

3 Subjective experiments

A Matlab c©/Octave implementation of the model (avail-
able atwww.soundobject.org ) was developed and used
for synthesizing acoustic stimuli. Tests were performed, in
which subjects were asked to listen to 100 sounds and to in-
dicate what material each sound was coming from, choosing
from a set of four material classes: rubber, wood, glass and
steel. Each sound was played once and followed by a pause
in which subjects had to choose the corresponding material
class. We used 22 subjects, both expert and non-expert lis-
teners, all reporting normal hearing. Subjects were not paid.

Other authors have performed similar experiments (Gaver
1993; Klatzky, Pai, and Krotov 2000). However, they used
additive synthesis models, that do not include interaction with
the hammer. The physical model used in this work provides
more realistic attack transients.

3.1 Stimuli

The contact sound produced by hammer-resonator inter-
action can give information on both hammer and resonator
properties. This is known asphenomenical scissionin ex-
perimental psychology, and indeed Freed (1990) showed that
hammer hardness can be perceived from percussive sounds.
Since we are here interested in the resonator side, all of the
stimuli were synthesized using the same hammer, i.e. the
same set of coefficientsmh, kh, λh, α. The impact velocity
of the hammer was fixed as well, thus providing a constant
excitation.

Two acoustic parameters were chosen for controlling syn-
thesis of stimuli: pitch (corresponding to the center frequency
fo =

√
ko/mo/2π of the resonator) and quality factorqo.

This relates to decay via the equationqo = πfote, wherete is
the time for the sound to decay by a proportion1/e. We used
five equally log-spaced pitches from1000 to 2000 [Hz] and
20 equally log-spaced quality factors from5 to 5000; these
extremalqo values correspond to typical values found in rub-
ber and aluminium, respectively. In a recent study on plucked
string sounds, Tolonen and Järvel̈ainen (2000) found that rel-
atively large deviations (between−25% and+40%) in de-
cay time are not perceived by listeners. With the values we
chose, the relative lower/upper spacings betweenqo values
are−31%/ + 44%.

The mapping from the two acoustic parameters and the
physical parameters of the resonator was chosen as follows:
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Figure 2: Proportion of subjects who recognized a certain
material for each sound example.

• ko was given a fixed value for all the stimuli, so that
for eachfo the corresponding mass was computed as
mo = ko/(2πfo)2.

• For eachqo, the corresponding damping coefficient was
computed asro = 2πfomo/qo.

3.2 Results

Figure 2 summarizes results for the 22 listening subjects:
it shows the proportion of subjects who assigned each sound
to a given material cathegory, as a function of the two acous-
tic cues (pitch and quality factor). The intersubject agree-
ments (proximity of the reponse proportions to0 or 1) are
qualitatively consistent with indications given by Wildes and
Richards (1988), namely (1)qo tends to be the most signif-
icant cue and (2)qo is in increasing order for rubber, wood,
glass and steel. A slight dependence on pitch can be noticed:
rubber and glass tend to be preferred at high pitches, while
wood and steel are more often chosen at low pitches.

Table 2 collects theqo ranges for each material, each one
computed as the minimum/maximum values where more than
50% of the subjects chose that material. The corresponding
ranges forte are also given.

From both Fig. 2 and Table 2, the regions corresponding
to rubber and wood appear clearly, while glass and steel are
not well discriminated. Indeed, many subjects reported that
the indication “glass” was not not immediately clear to them,
since they could not guess what sound is produced by a bar
made of glass. Another possible explanation has to do with
the synthesis model: for long decay times (such as those of
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Material qo [adim] te [s]

rubber [5, 44.3] [8 · 10−4, 1.41 · 10−2]
wood [14.9, 131.8] [2.3 · 10−3, 3.53 · 10−2]
glass [189.6, 5000] [4.34 · 10−2, 1.1254]
steel [272.8, 5000] [4.34 · 10−2, 1.5915]

Table 2: Minimum and maximum values forqo andte where
more than50% of the subjects chose a given material.

glass and steel) an exponential decay envelope is probably
a too poor approximation, and more accurate description of
the decay envelope is needed. Fig. 3 plots the same data as
in Table 2 on theq0/(2πfo), te plane, thus allowing direct
comparison with the qualitative plot reported in Wildes and
Richards (1988). Again, it can be noticed that rubber and
wood are better discriminated, while glass and steel ranges
are largely overlapping.

4 Discussion

Our findings allow to conclude that decay (or quality fac-
tor qo) plays a much larger role than pitchfo in material
perception. Moreover, material classification by subjects is
qualitatively in accordance with reported measures of inter-
nal friction coefficients for these material classes. This indi-
cates that even an extremely simple physical model can elicit
perception of material provided that it allows for control over
salient acoustical cues.

However, intersubject agreement measures have shown
that classification is unaccurate for high quality factors (glass
and steel), thus suggesting that the overall decay time does
not fully account for material properties and that control on
decay shape would be needed in order to allow for a more
accurate description of reality. Analysis and subjective ex-
periments with real sounds have to be performed, in order
to understand how classification is improved and to investi-
gate wheter decay shape can play a role in helping material
perception. This information can then be integrated in the
model by treating the resonator as a non-linear oscillator: if
the damping coefficientro is chosen not to be a constant pa-
rameter, and is instead taken as a function of the oscillator
displacement, then non-exponential decay envelopes can be
obtained.
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