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Do we hear size or sound?
Balls dropped on plates

MASSIMO GRASSI
University of Padua, Padua, Italy
and University of Udine, Udine, Italy

The aim of this study is to examine whether it is possible to recover directly the size of an object from
the sound of an impact. Specifically, the study is designed to investigate whether listeners can tell the
size of a ball from the sound when it is dropped on plates of different diameters (on one, two, or three
plates in Experiments 1, 2, and 3, respectively). In this paradigm, most of the sound produced is from
the plate rather than the ball. Listeners were told neither how many different balls or plates were used
nor the materials of the balls and plates. Although listeners provided reasonable ball size estimates,
their judgments were influenced by the size of the plate: Balls were judged to be larger when dropped
on larger plates. Moreover, listeners were generally unable to recognize either ball and plate materials
or the number of plates used in Experiments 2 and 3. Finally, various acoustic properties of the sounds
are shown to be correlated with listeners’ judgments.

Imagine the situation: You are in your living room
talking to a friend about the size of an object that is in
your bedroom. You decide to solve the problem by going
into the bedroom to get the object. When you reach the
bedroom, your friend in the living room asks you to drop
the object on the floor. After listening to the sound of the
impact, he says, “It’s more or less 50 mm wide!”

Impact sounds are the result of contact between (at
least) two objects. The resulting air pressure wave depends
on which of the two objects is vibrating. Classically, the
two objects assume the names of exciter and resonator. The
exciter is the object that provides the resonator with the
energy necessary for vibration; the resonator—or rather,
its modes of vibration (Morse, 1981)—characterizes the
timbre of the resulting sound. More generally, as the
exciter—resonator partition has exceptions, in most im-
pacts we can distinguish between sounding objects (SO)
and non- (or less) sounding objects (NSO) according to
the object that provides the greater part of the resulting
acoustic signal.

In the recent past, different studies have shown that lis-
teners are able to extract from an impact sound informa-
tion about the physical properties of the objects that pro-
duce it. Listeners have been accurate in judging properties
of the SO for tasks such as reproducing the length of a rod
dropped on the floor! (Carello, Anderson, & Kunkler-
Peck, 1998) or guessing the ratio dimensions (height and

This work has been supported by the European Commission under con-
tract IST-2000-25287 (“The Sounding Object”: www.soundobject.org).
I thank Bruno Lucio Giordano, Davide Rocchesso, Giovanni Bruno
Vicario, and two anonymous reviewers for many helpful suggestions
during preparation of this article. I also thank Roberto Burro for provid-
ing the disk-generating software. Correspondence relating to this article
may be sent to M. Grassi, Department of Philosophy, University of Udine,
via Petracco 8, 33100 Udine, Italy (e-mail: massimo.grassi@uniud.it).

Copyright 2005 Psychonomic Society, Inc.

width) and drawing the shape of either bars or plates struck
by a mallet (Kunkler-Peck & Turvey, 2000; Lakatos,
McAdams, & Caussé¢, 1997). In other experiments, listen-
ers could also identify properties of the NSO in tasks such
as ordering the relative hardness of mallets striking differ-
ent cooking pans (Freed, 1990) and guessing the gender of
walkers from the sound of their footsteps on the hardwood
stage of a theatre (Li, Logan, & Pastore, 1991).

Overall, the results of these studies are doubly sur-
prising. The pressure wave reaching the ear is the result
of contact between two objects. Nonetheless, listeners
are able to segregate from this single pressure wave in-
formation concerning the sole object under investigation.
Moreover, after listening to the sound, they are also ac-
curate in judging static properties of the physical event
that generated it. One explanation for such surprising re-
sults comes from direct perception: The acoustic array of
everyday sounds contains the necessary information for
recovering the static properties of the sound source event
(Fowler, 1990, 1991; Gaver, 1993a, 1993b). Consistently,
in experiments presenting everyday sounds, listeners di-
rectly describe the source rather than providing descrip-
tions of the acoustic characteristics of the sound (Gaver,
1988; Vanderveer, 1979). In addition, subjective estimates
are explained better by comparing them directly with the
physical properties of the object rather than with the
acoustic characteristics of the sound (Carello et al., 1998).

Independently of the approach chosen, there is no doubt
that hearing a sound is a necessary prerequisite for being
able to say something about the sound source event. Thus,
studies focusing on perception of the NSO are of partic-
ular interest. In such studies (e.g., Freed, 1990; Li et al.,
1991), listeners are asked to judge the properties of an
object whose contribution to the resulting acoustic array
is marginal. Nonetheless, both Freed (1990) and Li et al.
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(1991) have shown that listeners can provide correct es-
timates about the NSO. However, in both of these stud-
ies, listeners received prior information about both the
event and its SO. Therefore, it is still unknown whether
listeners can provide veridical estimates of the NSO
when provided with no prior information about the sound
source event and the SO. Furthermore, in such experi-
ments, listeners have to evaluate NSO properties on the
basis of a sound that is mostly produced by the SO. Thus,
in principle, manipulations of the SO might influence
listeners’ judgments of the NSO. Freed did find that es-
timates of the “hardness” of a mallet were not influenced
by the different pans, but in his experiment, listeners
were informed that “sounds were made by striking metal
cooking pans [i.e., not a single pan] with different per-
cussion mallets” (emphasis added). Thus, listeners in
that experiment knew (1) that the pans were made of
metal and (2) that the sounds were produced by various
pans (i.e., pans of various shapes and sizes). Conse-
quently, when estimating hardness, they had enough in-
formation to be able to ignore timbre changes due to the
different pans.

In the present experiments, listeners were asked to judge
the size of balls (the NSOs) of different sizes/masses
dropped onto one or more plates (the SOs) by drawing
computer-generated disks of the same size as the balls
that were dropped. In all experiments, listeners received
no foregoing information about the sound source event.
The vibration of the ball is negligible in comparison with
that of the plate because of the geometry of the two ob-
jects and whether or not this geometry allows each object
to efficiently modulate air pressure. The vibration pat-
tern of a ball is characterized by stress waves. When the
ball impacts the plate, it begins to vibrate omnidirec-
tionally, and as a result, the perturbation of the air sur-
rounding the ball is only marginally efficient. In contrast,
when the plate is set vibrating by the ball, its vibrational
pattern is much more efficient, because it is character-
ized by bending waves. The geometrical shape of the
plate makes it behave like a dipole, so that vibration
moves a lot of air along the plate’s two flat sides (Morse,
1981). Moreover, the event “ball dropped on a plate” has
two major characteristics. Variations in the characteris-
tics of the ball (i.e., its size and/or mass) are mainly re-
sponsible for changes in the amplitude of the resulting
sound. A variation in one of the plate’s characteristics
(i.e., its size) is mainly responsible for changes in the fre-
quency content of the sound; both Lakatos et al. (1997)
and Kunkler-Peck and Turvey (2000) have indicated that
frequency is the acoustic feature that carries information
about the shape and size of the SO.

The present study is concerned with the following
questions: (1) Is veridical knowledge of the sound source
event a necessary prerequisite for a good estimate of the
physical properties (size) of the NSO (the ball)? (2) Are
listeners’ estimates of the NSO sensitive to unrevealed
changes in the properties of the SO (the plate)? (3) Does
the amplitude of the sound carry information about the
size of the NSO? (4) Given the direct and “indirect” ap-
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proaches to perception, which will be able to explain the
results of the experiments?

EXPERIMENT 1

The goal of this first experiment was to investigate
whether listeners could estimate veridically the size of the
NSO when provided with no foregoing information about
the sound source event—hence, whether a veridical re-
construction of the sound source event is or is not a nec-
essary prerequisite for estimating the size of the NSO.

Method

Subjects. Ten undergraduates of the University of Padua volun-
teered for the experiment. They all reported having normal hearing.

Apparatus. Seven solid wooden balls (pine) that were 10, 15, 20,
25, 30, 40, and 50 mm in diameter and weighed, respectively, 0.35,
1.1,2.9,4.9, 8.6, 22.2, and 44.5 g (mass density, ~647 kg/m?) and
a baked clay plate 215 mm in diameter were used for the experi-
ment. Balls were dropped onto the middle of the plate from a height
of 150 mm, by means of a plastic pipe placed vertically above the
plate and closed at the lower end by a flap that held the ball still. The
flap could be opened by a lever and the ball released. The plate was
set on a foam block measuring 500 X 500 X 40 mm placed on a table.
Therefore, after impact, the plate could vibrate freely without
transmitting the vibration to the table. The foam block just slightly
damped the vibration of the plate, since its back side was not com-
pletely flat but had a circular edge 3 mm high and 125 mm in di-
ameter. The listeners sat facing the apparatus. The entire apparatus
and the experimenter were 2 m away from the listener but were hid-
den from the listener’s view by a 1.5 X 1.5 m frame covered with
opaque paper.

Procedure. Before the session started, the experimenter dropped
a ball, randomly selected from the ball set, on the plate. Then, the
experimenter asked the listener if he or she could tell the shape of
the object that had just been dropped. The main experiment then
began. On each trial, the experimenter dropped the same ball three
times following the listener’s request. At each presentation, the ball
was allowed to bounce freely until its motion ended. At the same
time, during these three successive presentations, the listener had to
create and adjust on a computer screen a disk that the listener
thought was just as large as the ball that was being dropped. In par-
ticular, the listeners were asked to imagine the ball and to produce
a disk with a diameter the same size as that of the ball they had imag-
ined. Within the experimental session, each trial (a ball of a single
size being dropped on the plate) was repeated five times in random-
ized order, for a total of 35 trials for each listener. At the beginning
of each trial, the computer screen was blank. Custom software al-
lowed disks to be drawn ranging from ~0.5 mm up to ~300 mm in
diameter. Disk drawing was controlled by the listener with two pairs
of keyboard keys: One pair incremented/decremented the diameter
of the disk by ~0.5 mm with each keypress; the other incremented/
decremented the diameter of the disk by ~15 mm with each key-
press. At the end of the experiment, and in all subsequent experi-
ments, the listeners were asked questions about what material the
impacting object (the ball) was made of and about the surface,
shape, and material of the object it was dropped on. These ques-
tions were intended to determine what overall knowledge the lis-
tener had obtained. Finally, in both this experiment and all subse-
quent experiments, the listeners received no information about the
size of the balls, the height from which the balls were dropped, or
the materials of the balls or the plate.

Results and Discussion
To the first question, all listeners replied that a spher-
ical object had been dropped. A first analysis was con-
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ducted on the average size (in millimeters) of the disk di-
ameters drawn by the listeners for each ball size. This
analysis showed that the relation between subjective and
actual diameters could best be described with a power
function [linear fit »2 = .963, F(1,5) = 131.11,p <
.0001; power fit 2 = 985, F(1,5) = 338.55, p < .0001
(exponent = 1.48)]. The disk diameters drawn by the lis-
teners (log transformed and averaged across listeners for
each stimulus) are presented in Figure 1.

Overall, the listeners underestimated the diameter of the
ball, and this underestimation decreased as ball size in-
creased (see Figure 1). Furthermore, log—log psychophys-
ical functions of all listeners were positively accelerated,
with slopes ranging from 1.26 to 1.71. Interestingly, the lis-
teners’ estimates dropped slightly for the largest ball size,
for the listeners thought the two largest balls were of sim-
ilar sizes.

Eight listeners reported that they heard metal balls, 1
reported hearing glass balls, and the last listener reported
hearing stone balls. Seven listeners reported that the
balls were dropped on a metal plate, and 3 that a pottery
plate had been used.

The results show that the listeners were easily able to
recognize the sound source event (i.e., a ball dropped on
aplate) but failed to recognize its characteristics (i.e., the
materials of the objects involved in the sound source
event). Nonetheless, the listeners were able to provide
reasonable estimates of the diameter of the ball. Overall,
ball diameters were underestimated in comparison with
their actual diameters, although the absolute error of the
underestimation was relatively small (5—7 mm). It may
be that this underestimation reflects what listeners thought
about the material of the ball. The listeners believed that
the balls were made of materials with higher densities than
wood, and thus, underestimation of a ball’s diameter in
comparison with its actual diameter might reflect such
an expectation. However, regardless of the perceived ma-
terial of the ball, any error in material judgment should
lead to a constant error in evaluating ball diameter (i.e.,
estimates should be greater or less than the actual size of
the ball by a constant factor) rather than a decreasing
error, as was found in the present experiment.

In conclusion, when evaluating a sound source event
with no foregoing information, listeners can still provide
reasonable estimates of properties of the NSO such as its
size. Therefore, a veridical reconstruction of the sound
source event is not a necessary prerequisite for produc-
ing reasonable estimates of the NSO.

EXPERIMENT 2

In the previous experiment, although listeners were
not able to reconstruct veridically all of the properties of
the sound source event, they were able nonetheless to pro-
vide reasonable estimates of NSO size. The goal of the
present experiment was to understand whether listeners’
estimates of the NSO were sensitive to unrevealed changes
in SO properties.
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Figure 1. Experiment 1: Log subjective diameter as a function
of the log actual diameter of the balls. The solid line represents
the linear interpolation of the data. The lighter diagonal dashed
line represents perfect match. Vertical bars show *1 standard er-
rors of the mean.

For this experiment, listeners performed the same task
as in Experiment 1. However, they were not aware that
the ball could be dropped onto plates either 215 mm or
185 mm in diameter. In particular, a decrement in plate
diameter (but leaving other characteristics, such as the
plate’s material and shape, unchanged) shifts all of the
frequency components of the sound up by a certain ratio.

If listeners are able to extract information concerning
the NSO (the ball) from the sound independently of in-
formation on the SO (the plate), they should be able to
evaluate ball diameter independently of the size of the
plate onto which the ball is dropped. Alternatively, if lis-
teners are not able to segregate information about the
two objects, we would expect listeners’ estimates to be
influenced by variations of the SO. In particular, previ-
ous research offers one alternative hypothesis. Accord-
ing to Lakatos et al. (1997) and Kunkler-Peck and Tur-
vey (2000), the frequency domain carries information
about SO size: Low-frequency sounds are produced by
large vibrating objects, and high-frequency sounds are
produced by small objects. If listeners do not segregate
NSO properties (amplitude domain variations) from SO
properties (frequency domain variations), they might
add the two types of information and overestimate the
ball’s diameter when it is dropped onto the large plate.

Method
Subjects. Ten undergraduates of the University of Padua volun-
teered for the experiment. They all reported having normal hear-
ing. None of the subjects had taken part in the previous experiment.
Apparatus and Procedure. The procedure was the same as in
Experiment 1, with the addition of a second baked clay plate, sim-



ilar to the first but 185 mm in diameter. As in the first experiment,
before the experimental session listeners heard the sound of a sin-
gle ball, and were then asked if they recognized the shape of the im-
pacting object from its sound. The rest of the procedure was also the
same as in Experiment 1, except that the stimulus set (single com-
binations of ball and plate) was extended to include 35 new trials in
which balls were dropped onto the 185-mm diameter plate. This
manipulation resulted in a total of 70 trials per experimental ses-
sion. Each listener evaluated a random sequence of stimuli, and the
duration of the experimental session was approximately 45 min.

Results and Discussion

To the preliminary question, all listeners answered
that a spherical object had been dropped. Log transfor-
mations of the disk diameters (in millimeters) drawn by
listeners were averaged separately for each listener and
each stimulus (a single combination of ball and plate). Psy-
chophysical functions for the estimates from the 215- and
185-mm plates were calculated on these log-transformed
data. A very close fit for behavioral data was obtained
with two linear regressions performed as a function of
log transformations of true ball diameters [respectively,
r2 =991, F(1,5) = 567.30, p < .0001 (B = 1.59) for the
215-mm plate; and 72 = .989, F(1,5) = 458.49, p < .0001
(B = 1.47) for the 185-mm plate] (see Figure 2). As in the
previous experiment, the listeners’ estimates showed a
slight drop for the largest ball size.

Analysis of variance was performed on the log sub-
jective diameters. Subjective diameters of balls dropped
onto the smaller plate were underestimated as compared
with the diameter of the same balls when dropped onto
the larger plate [F(1,9) = 77.08, p < .0001] (see Fig-
ure 2). In particular, the different timbres produced by
the two plates affected the perceived dimension of all
balls in a similar fashion [F(6,54) = 2.14, p > .05]: All
balls increased their subjective diameter when dropped
onto the larger plate. This pattern of results was similar
across all listeners.

The listeners reported that they heard either metal,
stone, glass, or wooden (1 listener) balls falling onto one
or more plates made either of metal or pottery. Some lis-
teners interpreted the different timbres of the two plates
as being due to the ball hitting the same plate at differ-
ent points. The majority of the listeners reported that
within the experiment, either balls or plates could be made
of more than one material.

As in the previous experiment, the listeners were eas-
ily able to recognize the sound source event (i.e., a ball
dropped on a plate) but failed to recognize its character-
istics (i.e., the materials of the objects as well as the
number of plates). Despite these errors, and also as in the
previous experiment, the listeners provided reasonable
estimates of ball diameter, with absolute errors within a
few millimeters.

The listeners thought that balls were larger when they
were dropped on the larger plate. One explanation for
this difference lies in their perception that the balls (or
the plates) could be made of more than one material of
different mass densities. Let us suppose that a listener
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Figure 2. Experiment 2: Log subjective diameter as a function
of the log actual diameter of the balls. Filled circles and empty
squares represent, respectively, estimates collected when using
the 215- and 185-mm plates. The solid and the heavy dashed lines
represent, respectively, the linear functions fitting estimates for
the 215- and 185-mm plates. The lighter dashed line represents
perfect match. Vertical bars show =1 standard errors of the mean.

thought that the two timbres heard in the experiment
were the results of two sets of balls of different mass den-
sities, rather than of two plates with different diameters.
In this case, a lower estimate associated with one timbre
(e.g., the presumed higher mass density material) would
be consistent with such an expectation. However, such a
hypothesis is not backed up by the facts: Only 2 listen-
ers thought that balls (or plates) could be made of two
materials. Of the remaining 8 listeners, 4 thought that
three materials (for either balls or plates) were used in
the experiment, and 4 thought that balls were made of
only one material but that only one plate was used, with
each ball hitting the same plate at different points. Al-
though the sound source events imagined by these lis-
teners differed, their results were similar, with high esti-
mates when a ball was dropped upon the larger plate and
low estimates when it was dropped onto the smaller plate.
Furthermore, as in the previous experiment, the error of
their estimates was not constant, but large and negative
for the small- or medium-sized balls, null or positive for
the larger balls. Such a finding is not consistent with any
of the listeners’ beliefs about the materials of the balls.

These results may be more suitably explained by sup-
posing that listeners coupled the sizes of the ball and the
plate. Listeners were unable to segregate the effect of the
different balls from that of the different plates, so they
added the two types of information together, thus pro-
ducing higher estimates when a large ball was dropped
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upon the larger plate and lower estimates when the same
ball was dropped onto the smaller plate.

Definitely, the two different timbres in the experiment
led to a certain degree of confusion, as reflected by the data.
The data of the present experiment show greater variability
than the results of Experiment 1 (compare the standard er-
rors in Figures 1 and 2). In fact, where results in the first ex-
periment were strongly consistent across listeners, all of
whom estimated similar perceptual diameters, the listeners’
estimates in the second experiment were more variable.

In conclusion, the results of the present experiment
show that listeners’ estimations of the NSO are influ-
enced by unrevealed changes in the properties of the SO.

EXPERIMENT 3

Experiment 2 showed that listeners’ estimates were in-
fluenced by unrevealed changes of properties of the plate:
The listeners produced higher estimates when a ball was
dropped upon the larger plate and lower estimates when
the ball was dropped upon the smaller plate. I suggested
that this difference might be due to the facts that (1) the
listeners were unable to segregate the information con-
cerning the SO (the plate) from the information concern-
ing the NSO (the ball) and (2) the listeners thus coupled
the two types of information when producing their esti-
mates. The goal of this third experiment was to test this
hypothesis. Furthermore, the experiment was also de-
signed to replicate the results of Experiment 2, as those
results had shown a certain variability across listeners.

In the present experiment, the ball could be dropped
onto either of the two plates used previously or onto a new
165-mm plate. The further decrement in plate diameter
would produce a new and yet higher timbre by shifting all
of the frequency components of the sound up by a certain
ratio. If listeners coupled the size of the ball with the size
of the plate, estimates collected for this smallest plate
should be lowest, those for the 185-mm plate should be in
the middle, and those for the 215-mm plate should be the
highest.

Method

Subjects. Twelve undergraduates of the University of Padua vol-
unteered for the experiment. They all reported having normal hear-
ing. None of the subjects had taken part in the previous experi-
ments.

Apparatus and Procedure. The procedure was the same as in
Experiment 2. A third baked clay plate 165 mm in diameter was
used in addition to the 215- and 185-mm plates from the second ex-
periment. This third plate had the same characteristics as the plates
used in Experiment 2 (material, shape, etc.) except for the diame-
ter. As in Experiments 1 and 2, before the experimental session lis-
teners heard the sound of a single ball dropping, and they were then
asked whether they could recognize the shape of the impacting ob-
ject from its sound. The procedure was similar to the procedure
used for the second experiment, except that the sequence of random
stimuli for the listeners to evaluate was repeated three times, not
five as in the previous experiments. This change resulted in a total
of 63 trials (7 balls X 3 plates X 3 repetitions) per experimental
session. The duration of the session was approximately 40 min.

Results and Discussion

As far as the preliminary question is concerned, all lis-
teners answered that a spherical object had been dropped.
Log transformations of the disk diameters (in millime-
ters) drawn by the listeners were averaged separately for
each listener and stimulus (single combination of ball
and plate). Psychophysical functions for the estimates
from the 215-, 185-, and 165-mm plates were calculated
on these data. Three linear regressions performed on log
transformations of the actual diameters of the balls fit-
ted listeners’ estimates closely [respectively, 72 = .985,
F(1,5)=338.57,p <.0001 (B = 1.57) for subjective es-
timates from the 215-mm plate; »2 = .994, F(1,5) =
841.12, p < .0001 (B = 1.54) from the 185-mm plate;
and 2 = 992, F(1,5) = 677.44, p < .0001 (B = 1.56)
from the 165-mm plate] (see Figure 3). As in the previ-
ous two experiments, the listeners’ estimates showed a
slight drop for the largest ball size.

Analysis of variance was performed on the data. As
in Experiment 2, subjective estimates depended on the
size of the plate: The bigger the plate, the higher the esti-
mate of ball diameter [F(2,22) = 33.95, p < .0001] (see
Figure 3). Furthermore, and also as in Experiment 2, the
sounds produced by the three plates affected subjective di-
ameters of all balls in a similar fashion (¥ < 1). This pat-
tern of results could be observed in data from 10 of the
listeners. The remaining 2 made some reversals in their
estimates for the 185- and 215-mm plates.
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Figure 3. Experiment 3: Log subjective diameter as a function
of the log actual diameter of the balls. Filled circles, empty
squares, and filled triangles represent, respectively, estimates col-
lected when using the 215-, 185-, and 165-mm plates. The heav-
ier solid, dashed, and dotted lines represent, respectively, the lin-
ear functions fitting estimates for the 215-, 185-, and 165-mm
plates. The light dashed line represents perfect match. Vertical
bars show *+1 standard errors of the mean.



The listeners reported that they heard either metal,
stone, glass, or wooden balls falling on one (the major-
ity of listeners) or more plates (2 listeners) made either
of metal or pottery. As in Experiment 2, listeners inter-
preted the different timbres produced by the three plates
as either the result of several materials being used in the
balls or the plates, or of the ball being dropped onto dif-
ferent points of a single plate.

Once again in this experiment, listeners were easily
able to recognize the sound source event (i.e., a ball
dropped on a plate) but failed to recognize its character-
istics (i.e., the materials of the objects and the number of
plates). Once again, they were also able to provide rea-
sonable diameters for the balls, with absolute errors within
a few millimeters. As in Experiment 2, the majority of lis-
teners (10) coupled the size of the ball with the size of the
plate, providing the highest estimates for the larger balls
dropped onto the larger plates and the lowest estimates for
the smaller balls dropped onto the smallest plate.

The results of this experiment are again consistent
with the hypothesis that listeners are not able to segre-
gate, within a single sound event, features due to the dif-
ferent plates from those due to the different balls. Thus,
an increment in plate diameter adds a constant value to
the log-transformed subjective diameter of the ball. In
addition, only1 listener thought that the balls might be
made of three materials of different mass densities, and
only 1 thought that the plates might be made of three ma-
terials. Thus, an explanation of the different estimates
recorded for plate diameter becomes difficult in light of
the listeners who misinterpreted timbre changes as being
due to different materials used in the experiment.

ANALYSIS OF THE PHYSICAL AND
ACOUSTICAL EVENT

As reported earlier, regardless of the approach chosen,
listeners do need to hear sounds in order to be able to es-
timate on the basis of them. Therefore, the acoustic signal
must convey some information about the physical event
that generated the sound. In particular, changes in the
physical properties of the NSO and/or the SO must have
a counterpart in changes of the properties of the acoustic
signal. The aim of the following analysis is to highlight
possible acoustic carriers of such information and to com-
pare them with the subjective estimates of size.

The physical interaction between the ball and the plate
and its consequences for the resulting acoustic waveform
can be described. On one hand, the physical event is
characterized by a ball of mass m falling on a plate from
height £, subject to gravity acceleration g. When the ball
reaches the plate, all of the potential energy (£ = mhg)
is converted into kinetic energy. After the impact, part of
this energy is transformed into acoustic energy, the re-
maining energy is reconverted into kinetic energy (the
ball bounces, the plate vibrates), and so on.

In the present experiments, the height of fall was con-
stant. Therefore, the only energy variation was due to the
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different masses of the balls, or, as the listeners believed,
to their different mass densities. Ball mass is the result of
the product of its volume and the mass density of the ma-
terial. Moreover, when log transformed, the mass, vol-
ume, and diameter of the ball differ from each other only
by a constant factor.

Generally speaking, energy is the capacity for doing
work, power is the rate of doing work over time, and in
the event under analysis, the work is the displacement of
air causing sound. Because of all these factors, percep-
tion of ball size from its sound may be dependent on the
ongoing air pressure wave reaching the ear—its power—
as suggested by Grassi (2002). In addition, other acous-
tic parameters, which may be important for estimating
the size, are theoretically predictable. First, the greater
the mass impacting the plate, the greater will be the
plate’s oscillation. Consequently, the amplitude of the
acoustic waveform will be greater, and so will the loud-
ness of the resulting sound. Second, the greater the mass
of the ball, the longer will be the duration of the oscilla-
tion and, consequently, the duration of the resulting wave-
form. However, although this statement is theoretically
true, subsequent impacts may damp the vibration of the
plate and thus shorten its oscillation. Third, the greater the
ball mass, the longer will be the time of contact between
the ball and the plate (Avanzini, 2001). Time of contact al-
ters the frequency components of the sound produced by
balls of different masses when they are dropped onto a
plate, because a long time of contact damps vibrations
whose periods are shorter than the time of contact itself.
Consequently, the greater the mass impacting the plate, the
greater is the damping of the high-frequency vibrations of
the plate, resulting in a weakening of the high-frequency
components. Thus, the sound of a light ball impacting a
plate is bright, and the sound of a heavy ball impacting the
same plate is dull. This difference can be captured by the
centroid. The centroid is the sum of the frequency compo-
nents of a sound weighted by their relative amplitudes.
This acoustic index is related to the perceptual brightness
of the sound (Grey & Gordon, 1978). Finally, substitut-
ing a smaller plate, as in Experiments 2 and 3, will affect
the frequency of the entire acoustic event; a decrease in
plate diameter produces a higher pitch sound, as all fre-
quency components are shifted up by a certain ratio.

An increment in ball mass impacting the plate affects
not only the sound on its first impact but also the high-
order structure of the event (Warren & Verbrugge, 1984).
The high-order structure is defined as the temporal dis-
tribution of a signal, and for the present event, as the
temporal distribution of a ball’s bounces. In fact, for im-
pacts in which / is kept constant and m is increased,
bounces will become less spread out in time. The impact
velocity is independent of the mass of the ball. Further-
more, the higher the mass m, the longer the time of con-
tact between the ball and the plate. As a consequence,
the dissipation of kinetic energy for a long time of con-
tact will be greater than the dissipation for a short con-
tact. Therefore, after the impact, light balls will travel for
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longer than heavier balls; thus, the distance between the
first and second bounces will be greater for lighter balls,
as will the overall number of bounces. After the first
bounce, mutatis mutandis, the analyses can be repeated
identically for all subsequent bounces.

Sounds of the dropped balls were recorded with a
Sennheiser MKH 40 P48 microphone onto a portable
Tascam DA-P1 DAT recorder with a 44.1 kHz sample
rate and 16-bit resolution. About 20 recordings were
recorded for each ball/plate combination. Duration of the
sound, its amplitude peak, its frequency centroid, its av-
erage root mean square (RMS) power, and time between
the first and second bounces were calculated from each
recording and then averaged for each ball/plate combi-
nation (see Figure 4 and the Appendix for details). The
modal value for the number of bounces was also recorded.
These values were used to compute forward multiple lin-
ear regressions on the log-transformed subjective diame-
ters gathered in the experiments.

Analysis of Experiment 1

In the forward multiple linear regression analysis, the
following predictors were included: the average RMS
power of the sound, its amplitude peak, its centroid, its
overall duration, the temporal distance between the first
two impacts, and the overall number of bounces. The
power of the sound alone was a very good predictor of the
performance [r2 = .978, F(1,5) = 217.44, p < .0001].

Analysis of Experiment 2
The average RMS power of the sound could predict
well the estimates provided by the listeners for the 215-

mm plate [#2 = .989, F(1,5) = 450.56, p < .0001]. For
the 185-mm plate, average duration was the best predic-
tor of the estimates [r2 = .977, F(1,5) = 208.36, p <
.0001], but the power of the sound was the second best
predictor [r2 = .973, F(1,5) = 179.79, p < .0001].

The results of the second experiment showed that the
perceptual size of the ball was dependent on the plate on
which the ball is dropped. However, the change in plate
diameter should, theoretically, affect only the frequency
content of the sound. A new forward multiple linear re-
gression was performed in order to understand whether
any acoustic predictor could explain the difference be-
tween the perceptual diameters of the balls when they
were dropped onto the small plate and the large plate.
The difference between these log-transformed diameters
from the 215-mm versus the 185-mm plate was calculated
for each of the seven ball sizes and each of the acoustic in-
dexes. These differences were used, respectively, as a de-
pendent variable and as predictors for the new multiple
forward regression. The difference in centroids for the
data based on the two plates could provide a hypothesis
for the different subjective estimates of size [r2 = .594,
F(1,5) =9.76, p = .026].

Analysis of Experiment 3

The average RMS power of the signal was the best pre-
dictor of performance for the subjective diameters from
both the 215-mm plate [#2 = .985, F(1,5) = 318.69, p <
.0001] and the 165-mm plate [r2 = .981, F(1,5) =
255.48, p < .0001]. In contrast, for the 185-mm plate, a
model including both the overall duration of the sound
and the centroid fitted well with the results recorded
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Figure 4. (Left) RMS power of the sound as a function of the log actual diameter of the ball. (Right) Log,,
of the centroid as a function of the log diameter of the ball. Average RMS power of the sound was calcu-
lated over the entire event by means of a 50-msec sliding window. Computation of the centroid was per-
formed on the entire event by averaging centroids computed by means of concatenated temporal windows
of 50 msec. Calculation of the centroid included frequencies up to 22050 Hz. In computation of the cen-
troid, all frequency components with an amplitude 30 dB below the highest frequency component were ex-
cluded. Filled circles, empty squares, and filled triangles represent powers or centroids for the 215-, 185-,
and 165-mm plates, respectively. In both graphs, vertical bars represent *1 standard errors of the mean.
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Table 1

Results of the Linear Regressions Between the Acoustic Parameters
and the Log Diameter of the Ball
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215-mm Plate 185-mm Plate 165-mm Plate
r2 F(1,5) )4 r2 F(1,5) )4 r2 F(1,5) )4

Power 99" 414.05 .0001 .97 213.94 .0001 .98 177.67 .0001
Peak 93" 65.75  .0001 .94** 46.04 .0001 .90 83.25 .0001
Centroid 97" 14438  .0001 .93" 57.44  .001 92" 64.31 .0001
Duration .01 <1 - 92 121.41  .0001 .96 5591 .001
Acceleration .33 2.45 >05 .71 257 >.05 .34 12.53 .017
Bounces .49 4.72 >.05 .32 <1 - .16 237 >.05
***Best acoustic predictor. **Second best predictor. *Third best predictor.

[r2 =996, F(2,4) = 529.95, p < .0001]. However, after
excluding duration, the power of the sound was shown to
be the best predictor [r2 = .975, F(2,4) = 197.74, p <
.00011].

As with the results of the second experiment, an
analysis was carried out between the differences in the
log subjective diameters measured with the three plates
on the one hand and the difference in the acoustical pre-
dictors on the other. None of the acoustic predictors
could explain the different estimates measured with the
three plates.

I then investigated how acoustic predictors vary as a
function of the size/mass of the ball. Acoustic param-
eters were compared one by one with the log diameters
of the balls by means of a series of linear regressions.
The results are shown in Table 1.

Overall, results show a strong correlation between am-
plitude domain indexes (power in particular) and size of
the ball. Also the centroid correlated highly with the size
of the ball. In contrast, overall duration (with the excep-
tion of the durations recorded with the 185-mm plate),
time between first and second bounce, and overall num-
ber of bounces correlated poorly with the size of the ball.

In Figure 4, powers and centroids of the sounds are
plotted as a function of the log actual diameter of the
ball. The power of the sound increases as the size/mass
of the ball increases. On average, the most powerful
sound was produced by the 215-mm plate (M = —42 dB),
and the least powerful sound by the 185-mm plate (M =
—44 dB). The difference in power between the three se-
ries of data ranged from a maximum of 3.5 dB to a min-
imum of 0.9 dB. In the majority of cases, these differences
were small (within 1.5 dB). Power seemed to increase mo-
notonically as the size of the ball increased. However, for
the largest ball size, both a reversal (with the 165-mm
plate) and a power value smaller than expected (with the
185-mm plate) emerged. Overall, the centroid decreased
as the size of the ball increased. The sound with the high-
est centroid (brightest timbre) was the one produced by
the 165-mm plate, followed by that produced by the 185-
mm plate. The centroid of the 215-mm plate was the low-
est (dullest timbre).

These analyses suggest that no acoustic predictor is as
efficient as the actual size of the balls for fitting listen-

ers’ estimates (compare the r2s in this section with those
for Experiments 1, 2, and 3). Nonetheless, predictors
such as the power of the sound (amplitude domain pre-
dictor) were almost as effective as the actual size of the
balls for predicting listeners’ estimates. Overall duration
of the sound was also a good predictor of listeners’ per-
formance, but only for estimates collected when using
the 185-mm plate; the same predictor could not be used
as efficiently to scale the estimates for either the 215-mm
or the 165-mm plate. Consequently, this result seems
purely fortuitous. Furthermore, the different centroids of
the sounds produced by the plates suggest a hypothesis for
the different subjective estimates associated with the
plates (see analysis of Experiment 2).

In summary, variation in the size/mass of balls found
a counterpart in variation of the amplitude component of
the sound (i.e., its power). In addition, an amplitude do-
main index (i.e., power) was the best acoustical predic-
tor of listeners’ performance.

GENERAL DISCUSSION

The results of the current experiments suggest that it
is possible to provide reasonable estimates of NSO prop-
erties even with no foregoing information about the sound
source event. Furthermore, even if listeners reconstruct a
nonveridical sound source event, they can still provide
reasonable estimates of the NSO. Moreover, unrevealed
changes in the properties of the SO can influence listen-
ers’ estimates of the NSO. Comparison between subjec-
tive estimates and acoustic parameters showed that sound
power was almost as efficient as the actual size of the ball
for fitting listeners’ estimates. Finally, analysis con-
firmed that changes in the size/mass of the ball found a
counterpart mainly in changes of the amplitude content
of the sound, but changes in plate diameter found a coun-
terpart in changes of the frequency content of the sound,
leaving the amplitude substantially unaffected.

Overall, both the present results and those of Freed
(1990) and Li et al. (1991) have shown that listeners are
able to estimate the physical properties of an object (the
NSO) whose contribution to the resulting acoustic wave-
form is marginal. However, results from the present ex-
periments seem even more remarkable than the previous
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results, as listeners provided scaling of the ball size on an
absolute basis. Therefore, the listeners’ task here was more
difficult than guessing the gender of the walker in a two-
alternative forced choice task (Li et al., 1991). In addition,
listeners’ answers were isometric to the stimulus, so that it
was possible to compare listeners’ estimations directly with
the physical parameter under investigation. In contrast,
Freed’s subjects estimated mallet hardness only on an ordi-
nal scale, so it was impossible to know whether the esti-
mates were scaled similarly to the actual hardnesses of the
mallets.

Throughout the experiments, the results showed a
steady psychophysical function with an exponent slightly
greater than 1.5. In addition, the monotonic increment of
such functions fell slightly at the largest ball size. This re-
sult reflects nonmonotonic increments and reversals of al-
most all acoustic parameters with the larger ball size (see
Figure 4 and the Appendix). It may be that, with the
largest ball, modal vibrations of the plate were saturated.
Hence, the largest ball did not lead to an appropriate in-
crement (or decrement) in the acoustical parameters, and
the listeners’ estimates mirrored the acoustic characteris-
tics of the sound. The sounds themselves, however, did
carry information about the changes in the size/mass of
the ball, and many acoustic predictors covaried with the
size/mass of the ball. In particular, size/mass covaried
with power, and power was the most efficient acoustic pre-
dictor of listeners’ performance. Grassi (2002) demon-
strated that manipulation of this acoustic parameter was
the most effective at impairing performance in a size-
from-sound paradigm. In contrast, in studies investigat-
ing an SO, authors indicated frequency as the acoustic
feature carrying information about the object’s shape
and size (Kunkler-Peck & Turvey, 2000; Lakatos et al.,
1997). Power may be the acoustic clue linking actual and
subjective size of the NSO. However, only studies in
which acoustic features are directly manipulated (e.g.,
Grassi, 2002) or environmental sounds are investigated
by means of synthetic stimuli (e.g., Klatzky, Pai, &
Krotkov, 2000; Lutfi, 2001; Lutfi & Oh, 1997; McAdams,
Chaigne, & Roussarie, 2004) can provide final confirma-
tion of this hypothesis.

In Experiments 2 and 3, the listeners coupled the sizes
of the balls and the plate and systematically perceived
the balls as smaller when dropped onto a small plate. The
effect of the plate on subjective estimates was additive:
The plate did not affect the exponent of psychophysical
functions, but it did affect the intercept of the linear re-
gressions in log—log coordinates. A decrement of the
plate diameter resulted mainly in a different timbre of the
sound, as all frequency components were shifted up by a
certain ratio (see Figure 4). Therefore, a high pitch and
bright sound conveyed the impression that the sound was
produced by a small ball, and this result was supported
by the centroid being the most powerful predictor for the
different subjective estimates measured in Experiment 2.

At the beginning of the last century, many researchers
studied tonal volume (Boring, 1926; Rich, 1916). Ac-

cording to the tonal volume hypothesis, high-pitch tones
are extensively associated with small objects, and low
tones are associated with large and voluminous objects
(Perrott, Musicant, & Schwethelm, 1980). It is likely that
the size of a ball dropped onto a small plate was under-
estimated when compared with the size of the same ball
when dropped onto a larger plate, because the resulting
sound was both higher in pitch and brighter. Freed
(1990) failed to find an effect of the different pans on
hardness estimates of mallets, but the reason for this dif-
ference may lie in the information Freed’s listeners re-
ceived before the experiment. Because of the informa-
tion they had been given, Freed’s listeners could interpret
the timbre changes due to the different pans and ignore
them when estimating hardness.

Can the results of the present experiments be inter-
preted by a direct perception approach? In the introduc-
tion, I mentioned two problems raised by studies using
real impact sounds: perceptual segregation of information
concerning the two objects involved in the impact, and
veridicality of listeners’ estimates of the physical proper-
ties of the objects. I believe that the solution of both prob-
lems is fundamental to answering the question of whether
listeners perceive the sound source event directly or not.

In impact sounds, wave pressure reaching the ear is
the result of the physical interaction of (at least) two ob-
jects. Nonetheless, in both the present and previous ex-
periments (Carello et al., 1998; Freed, 1990; Kunkler-
Peck & Turvey, 2000; Lakatos et al., 1997; Liet al., 1991),
listeners seemed able to segregate out of this single pres-
sure wave the information concerning the sole object they
were asked to evaluate. Did listeners really segregate in-
formation concerning the plate from that concerning the
ball? How accurate was the reconstruction of the sound-
producing event? In the present experiments, listeners
easily understood that the sound was the result of a ball
being dropped on a circular plate, and their perceptions
of both these items can be explained. Balls are clearly
distinguishable from other objects because of the regu-
larity of their bounces (Warren & Verbrugge, 1984), and
likewise, Kunkler-Peck and Turvey (2000) have demon-
strated that we can recognize the shape of an SO (the
plate) from its sound. Nonetheless, a certain confusion
arose for listeners when they had to recognize the mate-
rials of the two objects, especially of the nonvibrating ob-
ject. Across the experiments, only a few listeners re-
ported hearing wooden balls; all of the rest thought that
the balls might be made of metal, stone, glass, or pottery.
In addition, in the second and third experiments, only a
few listeners understood that sounds were obtained using
two (or three) plates. On the contrary, most listeners
thought either that the ball was hitting one plate at differ-
ent points or that the balls might be made of different ma-
terials. Nonetheless, although the majority of listeners
thought that only one plate was used in the experiment,
results showed that their estimates were indeed influ-
enced by the size of the plate. Thus, listeners were unable
to segregate from the resulting sound the effects due to



the size of the plate and those due to the size of the ball,
since their reconstruction of the sound-producing event
was only partially veridical.

In the present and in previous experiments (Carello
et al., 1998; Freed, 1990; Kunkler-Peck & Turvey, 2000;
Lakatos etal., 1997; Lietal., 1991), after listening to the
sound, listeners were usually accurate in judging static
properties of the physical event that generated it. Fur-
thermore, the best predictors for listeners’ performance
could be found in the physical properties of the object it-
self rather than in the acoustic characteristics of the sound
(Carello et al., 1998). Did listeners somehow achieve a
direct estimate of the size of the ball? In the present ex-
periment, the simplest backward path for recovering ball
size included recognition of the shapes of both the NSO
and SO and selection of the relevant acoustic feature
(e.g., sound power) that conveyed size information about
the NSO (the invariant). At this stage, the listener needed
to apply the transfer function that links the mass of the
ball to the power of the sound. The final step required cal-
culation of the logarithm of ball mass, followed by trans-
formation of the latter into the logarithm of diameter by
multiplying its value by a constant. Such an output could
then be scaled according to some secondary properties of
the event, such as the material of the ball (its mass den-
sity), the height from which it was dropped, or the dis-
tance of the sound source event. In the present experi-
ments, listeners provided reasonable estimates of the size
of the balls, and the balls’ actual sizes turned out to be the
best single predictor for listeners’ estimates. Therefore, at
a first glance, results could reflect a direct perception of
size. However, the results showed that psychophysical
functions were always positively accelerated, and thus
demonstrated an evident error in the transfer function of
the process. For example, if listeners thought that balls
were made out of steel, we would have expected a con-
stant underestimation of the subjective size of the balls
when compared with their actual size, as the mass density
of steel is higher than that of wood. This was not the case,
however; none of the psychophysical functions measured
in the experiments showed a constant error in the estima-
tions. In fact, as many acoustic parameters could effi-
ciently scale the subjective size of the ball, it may also be
plausible that listeners used the disk-generating software
to scale one or more aspects of the auditory sensation
rather than evaluating the size of the ball directly.

Moreover, how are the abilities to reconstruct the sound
source event and to evaluate the physical properties of the
event related to each other? Research has demonstrated
that listeners are able to recognize an event among a class
of possible events from its sound (Gaver, 1988; Gygi,
Kidd, & Watson, 2004; Vanderveer, 1979; Warren & Ver-
brugge, 1984). Furthermore, as we have seen, listeners are
able to estimate the physical properties of an event veridi-
cally (Carello et al., 1998; Freed, 1990; Kunkler-Peck &
Turvey, 2000; Lakatos et al., 1997; Li et al., 1991). In ad-
dition, the results of the present experiments show that a
veridical reconstruction of the sound source event is not a
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necessary prerequisite for providing almost veridical es-
timates of the physical properties of an object. Thus, lis-
teners can provide almost veridical estimations of an ob-
ject even after an erroneous reconstruction of the sound
source event. Does this result not suggest that listeners
evaluate sounds rather than sources?

In conclusion, we know that human beings are born
with limited capabilities, and one way of overcoming
this drawback is to maximize existing capabilities. In
this sense, I think that the hearing system does not need
to provide us with veridical estimates of the size of an
object, but rather, with functional estimates of the size of
an event we are listening to (e.g., the event “ball drop-
ping on a plate”). An auditory estimate of an event’s size
may be crucial when objects are occluded from vision. In
addition, large and voluminous events may be potentially
more dangerous than smaller events. If we are listening
to a low-frequency sound, we are likely encountering an
event that is generated by a large object. If we are listen-
ing to a high-amplitude sound, we are encountering an
event that is close to us, or generated by a large object,
or both. In any case, a large size estimate of the event
(i.e., an estimate coupling SO and NSO sizes) would be
advantageous for the perceiver, as he/she might benefit
from greater margins of safety if he/she needs to prepare
a motor reaction to the event.
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NOTE

1. This example is a typical exception to the exciter—resonator partition:
The rod is, at the same time, exciter (it strikes the floor) and resonator (its
vibration is the main sound source).

APPENDIX
Average Acoustic Values Extracted From Recordings of
Stimuli Used in Experiments 1, 2, and 3

Log,, Diameter ~ Duration Peak Bounce-to-Bounce ~ Number of
of Ball (mm) (msec) (dB) Interval (msec) Bounces
215-mm Plate

1.00 765.1 -20.9 213.0 4
1.18 782.1 -16.3 195.0 3
1.30 716.1 -9.9 170.8 3
1.40 707.5 -10.0 167.0 3
1.48 671.7 —6.9 137.1 2
1.60 664.5 =55 111.9 2
1.70 903.8 -5.0 195.0 3
Average 744.4 -10.6 169.9 3
185-mm Plate
1.00 825.9 —20.8 204.2 3
1.18 876.7 -17.1 198.1 3
1.30 961.9 -10.5 175.6 3
1.40 966.9 —-9.8 175.3 3
1.48 1,021.5 -7.0 149.2 3
1.60 1,123.7 =51 146.6 2
1.70 1,115.2 —6.6 191.8 3
Average 984.5 —10.9 177.2 3
165-mm Plate
1.00 818.1 —20.2 220.9 4
1.18 844.4 -17.5 198.2 3
1.30 846.5 -12.6 173.4 3
1.40 895.8 -10.6 171.4 3
1.48 927.1 —8.5 159.0 2
1.60 979.2 —53 153.6 3
1.70 970.5 —6.7 173.7 3
Average 897.3 —11.6 178.6 3

Note—Overall duration of the sound was calculated from onset of the sound to
the point at which amplitude of the waveform reached the amplitude level of
the background noise. Bounce-to-bounce interval is the time between the first

and second bounces.
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