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Temporal Aspects of Rolling Sounds: A Smooth
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Summary

We measured the sounds of smooth metal balls rolling over medium density fiberboard (MDF) plates. In the
spectrograms of these sounds we observed gradually varying ripples. These ripples were more closely spaced for
the sound generated in the middle of the plate than for the sound generated closer to the edge. Furthermore, the
spacing for lower frequencies was somewhat closer than for higher frequencies. It is shown that this pattern arises
from the interference between the sound directly generated at the point of contact between ball and plate, and the
sound reflected at the edge of the plate. This effect was added to synthesized rolling sounds which resulted in a
more natural sound. A discussion is presented concerning the perceptual relevance of this pattern.

PACS no. 43.40.Dx 43.66.Mk 43.20.GP

1. Introduction

This paper is concerned with a spectro-temporal pattern
in the spectogram of the sound of a ball rolling over a
plate. This study is done in the wider context of a study
into the human capabilities of extracting physical and ge-
ometric object properties, such as size and shape, from the
sounds these objects generate when impacted by other ob-
jects. Various authors (e.g., [1, 2, 3]) have shown these
capahilities. Until now, the used metal objectswith simple
geometric forms, and the sound was induced by simpleim-
pacts. The acoustical analysis of these systems, as given
in these papers, is relatively straight forward; the impact
sounds are modelled as a sum of modal frequencies with
exponentially decaying envelopes. This was further devel-
oped into algorithms to synthesize more complicated im-
pact sounds such as the sounds of balls or pebblesrolling
in metal vessals and other hollow metal objects [4]. The
results were informally compared with recorded sounds of
such systems.

The system we studied consisted of a ball rolling over
a wooden plate. Due to strong damping and the absence
of clear modal frequencies, the method by Van den Doel
et. al. could not be applied. Houben et. al. [5] demon-
strated for awooden ball rolling over such awooden plate,
that human listeners are capable of distinguishing small
from large and slowly from rapidly rolling balls on the ba-
sis of their rolling sounds. By signal analysis techniques
they then manipulated the spectral and temporal proper-
ties of these sounds and could derive from perception ex-
periments with these manipulated sounds that both tempo-
ral and spectral properties played a role in the successful
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judgement made by the listener. They additionally showed
that quasi-periodic amplitude modulation, produced by the
not perfectly spherical shape of the wooden balls, when
audible, played a dominant role in the judgements by the
listeners. For therest, Houben et. al. could not directly link
the spectral and temporal signa properties on which the
listeners based their judgements with the physical proper-
ties of the system that determined these spectral and tem-
poral properties. An obstacle to this was the lack of an
acoustic model of therolling-ball system.

We believe that an appropriate understanding of the
acoustic properties of the system is necessary, if we want
to understand the temporal and the spectral informationin
the sound signal that the human listeners use in making
judgements about the physical properties of the system,
such as the size, material, or velocity of the ball rolling
over the plate.

Other studies on rolling sounds [6, 7, 8] focus on the
road and railway noise produced by cars and trains. The
primary interest of these studies is noise reduction and,
hence, they mainly focus on the distribution of acoustic
energy over the spectrum. Hardly any attention is paid to
temporal and more complicated properties of the noise.
Moreover, the physical systems are essentially different
from a system consisting of aball rolling over a plate. For
instance, it will be shown that the presence of edgesisvery
important in modelling the acoustics of the ball-plate sys-
tem.

This study is focused on a spectro-temporal pattern in
the spectrogram of the rolling sounds of a smooth ball
approaching the edge of a wooden plate. The origin of
this pattern will be shown to lie in the reflections at the
edge of the plate. This effect is first studied by means
of cross-correlation techniques, first on unprocessed ac-
celerometer signals, and then on band-pass filtered ver-
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sions of these signals. Thisis used to determine the wave
velocity for arange of frequencies. Thisis of significance
since the waves predominantly consist if bending weaves
which obey the fourth order dispersive wave equation. For
these waves the propagation velocity is frequency depen-
dent, which will appear to be important and this effect will
be considered in more detail. A simulation model will be
proposed, which is based on signal analyses of recorded
sounds. In this model, the mentioned spectro-temporal ef-
fectsof aball rolling towardsthe edge of aplateisincluded
on the basis of asimplified physical analyses. The percep-
tual relevance of this pattern will be presented.

2. Measurement setup

Thevibrations of the plate induced by therolling ball were
recorded using the setup shownin Figure 1. The ballswere
made of stainless steel and had diameters of either 35 or
55 mm. The plates, 49 cm wide and 122 cm long, consisted
of MDF, wood fibers compressed and glued together. Their
thickness was 6, 12 or 18 mm. The results used as illus-
tration in the figures of this paper were obtained with the
thickest plate.

The setup rested on atable from which it wasisolated by
a25 mmthick layer of soft foam. Thisinsulation layer was
necessary to avoid vibrations of the table. The effect of the
plate’s support on our results has been checked by carrying
out some measurements on a plate supported by four small
soft balloons filled with air. While a reduction in damp-
ing of low frequencies is observed the relevant spectro-
temporal effects discussed further were not altered. This
indicates that the 18 mm thick plate can be considered as
“free”’. Especialy for the 6 mm plate, however, the extra
damping caused by the foam was very prominent. A possi-
ble consequence of this extra damping is a complex wave
velocity [9, p173].

In order to give the balls a well defined velocity along
the centre line of the plate, they were rolled from a slide
onto the plate. The height of the dlide was 25 cm. The
balls were released from various heights on the slide to
vary their velocity. In order to measure the velocity of the
ball, its course interrupted the beams of six independent
light-gates, placed at intervals of 20 cm. The measure-
ments showed that, during one run, the ball’s vel ocity was
constant within a few percent. The range of velocities we
used in the experiment was varied from 0.6 to 1.5 m/s.

The dlide was separated from the plate by a narrow dlit,
about 0.5 mm in width, to avoid the transmission of vibra-
tions. The slide had a smooth bend near its end to trans-
formthe vertical velocity of the ballsinto ahorizontal one.
At the other side of the plate, the ball was left free to roll
off.

This experimental setup was chosen in order to pre-
vent bouncing or amplitude modulation by less perfectly
round balls. Furthermore, relatively heavy, polished metal
balls were used, which resulted in a smooth and station-
ary rolling sound. In thisway, the spectro-temporal pattern
could best expressitself and was not obscured by bounc-
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foam layer plate screws to adjust height

Figure 1. Side-view of the experimental setup: the plate sup-
ported by afoam layer is placed on atable. The slideis separated
from the plate by a narrow gap. Light-gates are used to measure
the velocity of the ball.

ing ticks or other amplitude fluctuations. In fact, the sound
generated in this manner does not sound very much like
rolling. When the ball is gently slid over the plate, while
preventing it from rolling, a similar sound is generated.
Hence, the analyses presented here is equally valid for
balls dliding softly over the plate.

3. Acoustical analysis

Animportant variable in therolling-ball system isthe sur-
face roughness of the plate. Surface irregularities of the
ball will be ignored, since the ball was made of stain-
less steel and polished. As long as the velocity of the ball
is low, the ball will continuously keep contact with the
plate. Due to the surface irregularities it will then move
up and down and the corresponding reaction force will ex-
cite the plate continuously. When the velocity of the ball
getshigher, it may occasionally lose contact with the plate,
causing light impacts when it comes down again. Very
rough irregularities may also induce such bouncing-like
rolling behaviour at lower speeds. The smooth plates we
used did not cause such a bouncing.

Even though the ball is in continuous contact with the
plate, theinteractionis of anon-linear nature. Theimplica-
tions of these non-linear effects have not been fully inves-
tigated, but it is assumed that the ball induces aforce with
band-pass characteristics onto the plate. The plate surface
will not contain very low frequencies, since it was pol-
ished. Spatial irregularitiesthat are very close together do
not move the ball very much either, because it smply rolls
over them. Due to these two effects the force that the ball
exerts on the plate will have a band-pass character. The
frequency range of this band-passfilter scaleswith the ve-
locity of therolling ball.

Hence, the spatial-frequency characteristics of the plate
roughness and the vel ocity of the ball determine the band-
width of the frequencies by which the plate will be ex-
cited. In the system we used, this bandwidth was rather
broad. An example of an estimated spectrum is shown in
Figure 2. It was cal culated by averaging the spectra of sev-
eral successive windowed segments of the signal. This av-
eraging was done to reduce the variance of the spectrum.
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Figure 2. Average spectrum of aball rolled over the plate.

Figure 3. Travelling paths from the ball (marked with a solid cir-
cle) to the accelerometer (marked with a square) with a single
boundary, resulting in a mirror image of the ball (marked with
adashed circle) and four different paths from the source and its
mirror to the accelerometers.

This method results in what is known as Welch averaged
periodograms[10].

From the absence of clear peaks one can see that no
strong modal frequencies were found. This is due to the
strong damping inside the plate. When waves are induced
at one end of the plate they have ailmost vanished when
they reach the other end of the plate. On the other hand,
reflections can be found when the ball is near the edge of
the plate, which will play an important role in the remain-
der of this paper. (see section 4).

Another important aspect relates to the kind of waves
playing arole in the rolling ball system. When a plate is
hit by another object, vibrational waves spread from the
point of contact over the plate. Following classical plate
theory, the vibrational waves are bending waves which are
described by a fourth order differential equation. In this
case velocity is not independent of frequency but is pro-
portional to the square root of the frequency.

4. Reflections

In a string or membrane the theoretical description of
reflections at an open end is relatively straightforward.
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Some analytically calculated examples of the reflections
for bending waves in bars and for waves reflecting at the
surface of a semi-infinite medium indicate, however, that
the analysis of the reflections at the free end of a plate is
more complicated and that not all energy returnsin the re-
flected waves (see [9]). Instead of deriving the behaviour
of the reflections mathematically, their properties will be
determined by calculating the correlation function from
measured data, in a similar way as treated by Bendat and
Piersol [11].

In two-dimensional structures with reflecting edges,
there are many different paths consisting of straight lines
running from the excursion point to the measuring point:
direct and via one or more edges. When trying to mea-
sure these reflections with the auto-correlation function,
the peak at 7 = 0 was found to be very strong while oth-
ers were much weaker and difficult to detect precisely.
This could be attributed to the dispersion and damping
of the waves as they travel across the plate. This was
partly solved by using two measuring pointsinstead of one
and determining the cross-correlation function between
the signals measured at these points (see Figure 3). This
correlation procedure was repeated for various bandpass-
filtered versions of the signals, which also increased the
sharpness of the figures. For two accelerometer signals
f(t) and g(t), the cross-correlation function is defined as

1 T

f)g(t —7)dt. )

Consider a semi-infinite plate with a single edge as shown
in Figure 3. Positioned on the plate are the two accelerom-
eters and a ball impacting the plate. For each accelerom-
eter there are two paths running from the ball to the ac-
celerometers: one direct path from the excitation point;
the other reaching the accelerometer after being reflected
at the edge. This second path can be modelled as coming
from avirtual mirror image at the other side of the edge.

The direct wave fo(t) arrives first, followed by the re-
flection from the mirror image. Due to the spreading of
the wavefront over a larger region there is areduction in
amplitude given by a;; and as,

f(t) = aifo(t — ) + az fo(t — 72), (29)
g(t) = azfo(t — 73) + asfo(t — ). (2b)

Using Equation 1, this cross-correlation function splits
up into the weighted sum of four of the original auto-
correlation function shifted in time. These auto-correlation
functions have peaks at 73 — 71, 73 — T, T4 — 71 and
T4 — T2, respectively. If these peaks are spaced widely
enough, they can be distinguished separately in the cross-
correlation function. As more edges are added, the number
of mirror images increases accordingly. For an actual plate
with four edges, four mirror images will be found. But
these are only mirror images of the first order, represent-
ing waves reflected at one edge. Similarly, waves reflected
more than once can be considered as coming from mir-
ror images of higher order, resulting in a cross-correlation
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function consisting of the weighted sum of alarge number
of time-shifted auto-correlation functions. Asin the MDF
plates we used the damping was quite high, the weight fac-
tors a;; decreased rapidly with increasing path length.
Hence, we will only consider the first-order reflections.

So far, only afixed excitation point was considered. To
obtain useful information about the rolling ball this must
be extended to a moving excitation point. In order to study
the signal at time ¢, a short segment is gated out by mul-
tiplying the signal by a window function w(t) shifted ¢
in time. In each windowed segment, the excitation point,
or ball position, is considered fixed. For each to, we then
calculate the cross-correlation function of this windowed
segment, or, expressed mathematically,

Ryq(T,10) / F)g(t—1)w(t—t)*dt.(3)

A non-overlapping square window function was used with
alength of 4.167 ms. In the range of the measured veloci-
ties, this correspondsto rolling over a distance of between
2.5 and 6.25 mm. E,, represents the energy of the signal
within this window.

It appeared that during rolling the energy of the signal
was very unevenly distributed over time, so that one win-
dowed segment could contain a lot more energy than the
next. In order to compensate for this, the cross-correlation
functionswere normalised for energy. We will indicate the
so obtained figures with running cross-correlogram.

The two-dimensional function given by Equation 3 was
then plotted with #, on the horizontal axis, and = on the
vertical axis. Hence, for each ¢y, considered, the cross-
correlation functions were displayed vertically. Their val-
ues were converted into a gray scale with higher values
being lighter than lower values. An example is presented
in the lower panel of Figure 4

When the ball moves over a certain distance, the mirror
images move along over the same distance. Depending on
the configuration, this can lead to changing differencesin
path lengths between the excitation point and its images,
and the accelerometers. This will result in changes in the
position of the peaksin the cross-correl ation functions. On
the other hand, the position of the ball, its mirror images
and the accelerometers are known. Hence, the actua dif-
ferences in path lengths can be measured. And if, for the
moment, it is assumed that the wave velocity is constant,
and the time differences with which the waves travel these
distances can be compared with the positions of the peaks
in the measured cross-correlation functions. This provides
us with away to verify whether or not, in the complicated
situation of areal plate with its dispersion and its damp-
ing, these reflections are very different from the smplified
theoretical cases.

In the upper panel of Figure 4 we plotted the calculated
maxima of the running cross-correlogram under the as-
sumption that the waves travel with avelocity of 300 m/s.
These lines are only plotted if the travelling distance from
the origin, and hence the attenuation of the signdl, is less
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Figure 4. The pattern in the running cross-correlogram, as cal-
culated (above) and measured (below). The two accelerometers
were mounted at the edge of the plate on 1/3 and 2/3 of its
length. The calculated lines approximate the measured ones.

than some specified value. Energy loss at the reflections
was not taken into account.

Thelower panel displaysthe actually measured running
cross-correlogram. If the position of the lines in the upper
panel is compared with the light bands representing the
maxima in this running cross-correlogram, the correspon-
denceisindeed remarkable.

Notethat inthis simplified description it is assumed that
the waveform is not distorted too much in the course of
travelling through the plate. Thisimpliesthat the wave ve-
locity is more or less constant, and that issues like disper-
sion and energy loss at the edges have not yet expressed
themselves in clear changes in shape of the wavefront.
The correspondence between the two patterns described
in the lower and upper panel of Figure 4 shows that, to a
certain extent, this is indeed fulfilled. This can partially
be explained by the limited frequency range of the ex-
citation. So it can be concluded that the reflected waves
are strongly correlated with the original waves. It will be
shown later that the resulting similarities between origi-
nal and reflected waves are the origin of the interference
pattern as found in the spectrogram of the rolling sounds.
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5. Wave velocity

In the previous sections the wave velocity was regarded
as constant. To calculate maxima in the patterns seen in
the running cross-correlogram, we had to estimate the
wave velocity. Now things can be turned around. One may
try to estimate the wave velocity from the running cross-
correlogram. This can be done by calculating, for a plau-
sible range of velocities, the correspondence of the cal-
culated lines of maxima with the actual maxima in the
measured running cross-correlogram. This has been done
informally by printing the calculated lines on top of the
measured running cross-correlograms, or by summing, for
the range of velocities considered, the values of the run-
ning cross-correlogram underneath the calculated lines.
The highest valueis then expected to represent the best es-
timate of the wave velocity. This procedure still assumes
that the wave velocity is constant within the frequency
band of the acoustic signal, and it was shown that possi-
ble discrepancies did not distort the reflected signal too
much. Classical plate theory predicts, however, that the
travelling-wave velocity is proportional to /w.

Dispersion of the waves leads to a change in shape of
the reflected wave, and thus the correlation technique will
have to be adapted. In practise the correlation function is
blurred dueto this dispersion, which meansthat in stead of
well defined narrow and high peaks, smooth broader and
lower ones will be found. The amount of blurring depends
on the range of frequenciesin the waves and the distance
they have travelled.

In order to get a frequency dependent estimate of the
wave velocity, we will now carry out the above mentioned
procedure for a series of band-pass filtered signals. The
centre frequencies of the filters ranged from 1 to 10kHz.
Indeed, Figure 5 shows two running cross-correlograms,
onefor acentrefrequency of 774 Hz and one for 5995 Hz.
As mentioned, we then calculated, for a range of veloc-
ities, the fit of the maxima predicted for these velocities
with the actual maximain the running cross-correl ograms.

For low frequencies, the wavelength is no longer small
compared to the travelling distances, and this method loses
its accuracy. The measured values are plotted in figure 6
from 1kHz (wavelength about 25 cm) to 10 kHz.

To verify the plausibility of these values, the Young's
modulus and density of the MDF were measured. The
Young's modulus was measured by statically loading a
strip cut from the plate with various weights, in the same
direction as the plate is distorted by bending waves. This
isthe direction in which the wood particles are pressed to-
gether, and Young's modulus measured in this way (5.7
kN/mm?) is somewhat higher than the (true) Young's
modulus, measured in other directions (4.2 kN/mm?).
From these measurements the theoretical wave velocity
can be calculated. The phase velocity is aso measured by
determining the frequency of the first resonance mode of a
smaller plate. Thissmaller plate, as well as the strips used
for the measurements of the Young's modulus where sawn
off the plates used to generate the rolling sounds before the
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Figure 5. The running cross-correlograms of signals that were
first filtered with a bandpass filter. The centre frequency of the
filter was 774 Hz for the upper panel and 5996 Hz for the lower
panel. The pattern is compressed in the y-direction in the case of
the highest band-filter, due to the higher wave velocity for higher
frequencies.
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Figure 6. The bending-wave velocity can be estimated by match-
ing measured datawith analytically calculated lines of thefiltered
running cross-correlogram. These estimated val ues are indicated
here with acircle. The line indicates the theoretical group veloc-
ity obtained using the theoretical wave velocity, from the stati-
cally measured Young's modules.

experiments. The resulting wave velocity at the first mode
of this smaller plate (52 Hz) is 50 m/s, quite close to the
theoretical value based on the statically measured Young's
modulus (56 m/s).
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In Figure 6 the group vel ocity, as calculated via the stat-
ically measured Young's modulus is compared with those
measured via the correlation method, described above. As
can be seen, there appearsto be a systematic error increas-
ing with frequency, resulting in measured velocities that
are about half as high as the theoretical values based on
the statically measured Young's modules. This could be
caused by, for instance, internal friction or dispersion, two
aspects that are not included in the model.

The velocity found when we do not filter the signal be-
fore determining the cross correlate (see Figure 4) is in-
deed about egual to the velocity of strongest frequencies
(see Figures 2 and 6).

6. Comb-filter model for reflections at the
edge

In the previous section it was shown that, in our configu-
ration of a metal ball on an MDF plate, the waves, gener-
ated at the point of contact between ball and plate, travel
through the plate obeying classical plate theory. Moreover,
these waves reflect at the edges of the plate and interfere
with the direct, unreflected waves. Damping and disper-
sion are, on the one hand, so high that reflections of higher
order do not play arole of significance. On the other hand,
the distortion is not so strong that the similarity between
direct and reflected wavesis|ost.

The presence of reflections can be described on the ba-
sis of virtual sound sources, so-called mirror imagesas a-
ready depicted and described (see Figure 3). Let usfor the
moment consider only two mirror images moving in di-
rections oppositeto the original ball as shownin Figure7.
Onemirror imageis positioned at the other side of the edge
thereal ball leaves behind, while the second mirror image
approaches the real ball from the other side of the edge
that the ball rolls to. This can be modelled as shown in
Figure 8. The delay between direct waves and reflected
waves can be calculated by:

ni(t) = l/e= (vt)/ec, (43)
m(t) = (L —vt)/c, (4b)

where ¢ is the group velocity of the vibrational waves in
the plate, v the velocity of the ball and [ is the distance
from the mirror image to the rea plate. The attenuation
factors a are also time dependent. They decrease for mir-
ror images moving away from the real ball and increase
for mirror images approaching the ball. If dispersion and
damping are neglected, they can be approximated by

a1 (t) = agl = agut, (59)
as(t) = ag(L —vt). (5b)
In the configuration we used, it appeared that the damping
was so large that the o’s almost vanished in the middle of

the plane. As a consequence, the model can be simplified
by only considering one boundary at atime.
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Figure 7. The position of the two most important mirror images
considered in the comb-filter model. Indicated are the directions
in which the ball and itsimages rolls, as well as the distances, [
and L, used in the formula’s.

(1) ~ Yo
+\/
+
delay damping

Figure 8. Model for the effect of the images. The two delayed
and damped versions of the direct waves are added to this direct
wave, due to the effect of reflecting at the boundaries of the plate.

Let us now look at the consequences of the reflections
on the spectrum of the rolling sound. The complex spec-
trum of the direct sound will be indicated with X (w); the
direct sound plusthe reflected sound will be indicated with
Y (w). If just onereflection is considered, as argued in the
previous paragraph,

Y (w) = X (w) + ae 97 X (w), (6)

then the transfer function H(w) and its power spectrum
|H (w)|? can be calculated as

|H(w))? = 1+ a7 + 2a; cos(wT;) 7

withi = 1 or 2 for the desired edge.

This shows that the power spectrum of the combined
sound can be calculated from the spectrum of the direct
sound by multiplying the spectrum of the direct sound by
aconstant plusacosine. Thisresultsin arippled spectrum.
Using Equation 4 and 7, it can be shown that the minima
of thisripple are located at

w = (2”:71)”6’ (8a)
o=t e (85)

withn =0, 1..00.
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The power spectrum for one fixed, frequency-inde-
pendent 7 is plotted as the dashed line in Figure 9. As a
consequence of the frequency dependence of the wave ve-
locity, ¢ = Jwd', the time delay 7; in between the arrival
of the direct and reflected wave is not a constant value but
frequency dependent

Ti = — ©)

resulting in the power spectrum
|H(w)]? =1+ af + 2acos(v/wr]), (10)

and now the minima of thisripple are located at

o= (e’ (wa
o= (CrrDme) a

The pattern of the minima in the power spectrum can
be scaled in two ways. First, increasing the size L of the
plate results in a wider pattern. Second, varying ¢/, for
instance, by varying the thickness of the plate, changesthe
steepness of the patterns. Note that the patterns do not de-
pend on the ball velocity but on the ball position.

Thisfinal result is compared with measurementsin Fig-
ure 10, where the minimaare depi cted with linesin the up-
per panel and are seen as strokes of alighter colour in the
lower panel. Dueto the earlier mentioned effects as disper-
sion and damping, the waves are not compl etely cancelled
at the minimum, which would result in completely white
strokes.

7. Synthesis

Next, we tried to get an impression of the perceptual ef-
fect of this rippled spectrum, by simulating the effect on
synthesised noise and comparing it with the original noise.
The synthesis algorithm was divided in two steps. We have
started from Gaussian white noise and filtered it in such a
way that its long-term power spectrum matched the aver-
age power spectrum of recorded rolling sound. By doing
so, it is assured that all the spectral properties due to ball
and plate properties as well as the velocity of the ball, are
well represented in the obtained sound. Also spectral ef-
fects which are constant in the course of rolling, for in-
stance due to the radiation from the plate, are taken into
account by this step. All temporal properties, however, are
ignored by this procedure. Hence, the direct signal con-
sists of band-pass filtered noise. The noise coming from
the mirror images can then be added to the original noise
according to the attenuated delay modelled in Figure 8.
Thiswas first simulated for a frequency independent wave
velocity. In this case the result appeared to sound some-
what overdone. Thisis aconsequence of avery prominent
so-called repetition pitch in this ssmulation. The percep-
tual background of repetition pitch will be described be-

power

5n/t
angular frequency

Figure 9. Power spectrum of the model for the effect of the im-
ages, here drawn for « = 1 and a fixed wave velocity (dashed
line) or a frequency dependant wave velocity (solid line). The
minimadepend on 7, and 7 itself depends upon the ball position.

o
- N
-
'_N

frequency [Hz]

frequency (Hz)

0.238 Ttme(s) 2.088

Figure 10. In the spectrogram of a ball rolling from one side to
another over an approximately free plate, U-shaped strokes of a
lighter colour appear, indicating less power at these frequencies.
These are drawn schematically in the upper panel and calcul ated
from measurements in the lower panel.

low. Adding more mirror images in the simulation did not
result in any further improvement in the natural ness of the
simulated rolling noise. A considerable improvement was
obtained, however, when the simulation included that the
wave velocity is frequency-dependant. The perceptual ef-
fect of the too prominent repetition pitch disappears. The
effect of the spectro-temporal pattern is still well audible,
and results in a considerable improvement of the natural-
ness of the sound.

8. Repetition pitch of echoed noise

The study of repetition pitch has been of great interest
to pitch-perception research. Repetition pitch can be per-
ceived when a signal, generally a noise signal, is delayed
and added to itself. The frequency of the pitch perceived
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corresponds to the inverse of the time delay between the
two signals. Yost and Hill [12] use amodel, similar to the
one shown in Figure 8, to generate these repeated-noise
signals. They concluded that a pitch can be detected even
if one signal is up to 20dB weaker than the other, or, ap-
plied to our situation, the reflection can be up to 20 dB
weaker than the direct signal. Some signal alterations have
been applied to the delayed signal such as filtering (Yost
[13]) or phase shift (Bilsen [14]), and this is shown not
to influence the presence of a repetition pitch. However,
the perceived prominence of the pitch may decrease with
these alterations of the signal.

In our situation of the ball rolling over the platethereare
some differenceswith the repeated noise used above. First,
the delay between the two noise sources varies with time.
If the wave velocity would be independent of frequency,
this would result in a time-varying repetition pitch. When
the frequency dependence of the wave velocity is taken
into account, the situation is more complex. In that case,
the ripple on the power spectrum is no longer strictly pe-
riodic (see continuous line in Figure 9). Hence, awell de-
fined repetition pitch can no longer be perceived. Rather,
the non-periodic ripple colours the spectrum in amore in-
definite way. When the ball approachesthe edge which re-
flects the waves, the ripples on the spectrum become more
widely spaced. Subjectively, one can hear that something
gets higher. But since the ripple on the spectrum in not
periodic, this, now, is not perceived as a strict increase in
pitch. Neither is it perceived as a change in brightness or
sharpness, as these measures are defined as the balance be-
tween high and low fregquencies, which remains constant in
our case (for adefinition of the various sound qualities see
[15][16]). Furthermore this effect becomes stronger when
the ball comes closer to the edge, because the reflections
are strongest there.

Note that the interference pattern consists of a change
in time of a non-periodic ripple over the spectrum. Inte-
gration, either in the time or in the spectral domain re-
sults in obscuring or vanishing of thisinterference pattern.
Hence, if human listenersindeed extract information from
thisinterference pattern as to the position and the velocity
of the rolling ball, this information resides essentialy in
the spectro-temporal domain.

9. Discussion

In our study of the sound of a metal ball rolling over a
wooden plate, we encountered a spectro-temporal pattern
consisting of atime-varying spectral ripple. The spacing of
therippleswas not equidistant and decreased with distance
from the edge of the plate. By predicting and measuring
the running cross-correl ogram between two accel erometer
signals, it was shown that this pattern was due to the in-
terference between the direct waves generated at the point
of contact between ball and plate, and the waves reflected
at the edge of the plate. Due to the strong damping in the
plate, only first-order reflections had to be taken into ac-
count. Higher-order reflections only played a minor role.
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In addition, by calculating the running cross-correlograms
for different frequency bands, it was shown that the trav-
elling wave velocity was not independent of frequency.
In accordance with traditional plate theory the travelling
wave velocity increases with the square root of frequency.
On the basis of this result, the spectro-temporal interfer-
ence pattern could quantitatively be described.

It was argued on the basis of the results of pitch-
perception research that the human listener is very sen-
sitive to the kind of information present in this spectro-
temporal interference pattern. The acoustic vibrations in-
duced by a ball rolling over a wooden plate contain a
spectro-temporal pattern listeners can usein estimating the
time needed for the ball to reach an edge of the plate. Re-
search by Cabe and Pittenger [17] and Lee and Reddish
[18] shows that such information can indeed be gathered
from similar propertiesof thevisual or auditory signal. Us-
ing thisinformation together with other sources of acoustic
information, such as the spectral centroid [5], the spectral
tilt, and the temporal variations correlated with the angu-
lar speed of the ball (Houben & Stoelinga, [19]), alows
the listener not only to estimate physical properties of the
ball such as its velocity and its size, but also plate prop-
erties such as its material and its dimensions, which can
never be perceived on the basis of one parameter alone.

In a following set of perception experiments we will
investigate if the information conveyed by this spectro-
temporal interference pattern is actually used by human
listeners to determine properties such as the ball velocity
or the time to reach the edge of the plate. We will do this
on the basis of sounds synthesized by simulating the pro-
cess of direct sound reflected at the edges of a plate. By
varying this pattern independent of other physical parame-
ters, which in the natural situation are necessarily coupled
and thus correlated with this pattern, we will determine
whether indeed the information present in this pattern is
used by human listeners in reconstructing an auditory im-
age of what happens around them.

In summary, if accelerometers placed on awooden plate
record the vibrations induced by a metal ball rolling over
this plate, the running cross-correlogram of the recorded
signals indicate the occurrence of reflections of the waves
at the edges of the plate. Theserunning cross-correlograms
additionally allow the measurement of the frequency de-
pendent wave velocity in the plate. Moreover, the interfer-
ence between the direct waves coming from the point of
contact between the ball and plate and the waves reflected
at the boundary cause a frequency-dependent ripple over
the spectrum of the signal. Since the spacing of the rip-
ple becomes wider as the ball approaches the boundary of
the plate, the spectrogram shows a time-varying interfer-
ence pattern. This effect can be described quantitatively
by modelling the reflections as coming from mirror im-
ages outside the plate. This interference phenomenon is
expected to be a source of information the listener uses
to estimate the position and the velocity of the rolling
ball. Including this interference effect in the synthesis of
rolling-ball sounds on the basis of such asimple model in-
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deed improvesthe perceived naturalness of the sound. Es-
pecialy the frequency-dependence of the wave velocity in
themodel contributesto this naturalness. Asthisfrequency
dependent velocity depends on plate properties such asits
material and thickness, this interference pattern may ad-
ditionally providethe listener with perceptual information
for these plate properties. Hence, such models provide the
basis for further perception research on rolling sounds.
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