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The auditory discrimination of force of impact was measured for three groups of listeners using
sounds synthesized according to first-order equations of motion for the homogenous, isotropic bar
[Morse and Ingard (1968). Theoretical Acoustics pp. 175-191]. The three groups were professional
percussionists, nonmusicians, and individuals recruited from the general population without regard
to musical background. In the two-interval, forced-choice procedure, listeners chose the sound
corresponding to the greater force of impact as the length of the bar varied from one presentation to
the next. From the equations of motion, a maximum-likelihood test for the task was determined to
be of the form Alog A 4 aA log f > 0, where A and f are the amplitude and frequency of any one
partial and o =0.5. Relative decision weights on A log f were obtained from the trial-by-trial
responses of listeners and compared to o. Percussionists generally outperformed the other groups;
however, the obtained decision weights of all listeners deviated significantly from o and showed
variability within groups far in excess of the variability associated with replication. Providing
correct feedback after each trial had little effect on the decision weights. The variability in these
measures was comparable to that seen in studies involving the auditory discrimination of other

source attributes. © 2011 Acoustical Society of America. [DOI: 10.1121/1.3543969]

PACS number(s): 43.66.B, 43.66.F [BCM]

. INTRODUCTION

The sound of an object as it is struck conveys informa-
tion about that object and the manner in which it is struck.
But, how much of this information is a listener able to
recover from the sound alone? For over a decade psycho-
acoustic research has pursued this question in order to gain
understanding of how we perceive the world through sound.
Much of the research has focused on the listener’s ability to
identify the material properties of objects under restricted
conditions of impact, rudimentary bars, plates, or mem-
branes struck with a single mallet and constant force (Gaver,
1988, 1993a,b; Giordano and Petrini, 2003; Giordano and
McAdams, 2006; Klatzky et al., 2000; Kunkler-Peck and
Turvey, 2000; Lakatos et al., 1997; Liu and Lutfi, 2009;
Lutfi, 2001, 2008; Lutfi and Liu, 2007; Lutfi and Oh, 1997,
Tucker and Brown, 2003). Even under such constrained con-
ditions, performance has varied widely within and across the
studies. Listeners most often can identify the broad category
of material to which the object belongs (i.e., wood, metal, or
plastic), but the acoustic information on which listeners
base their judgments can differ greatly across conditions
(Giordano and McAdams, 2006; Lutfi and Oh, 1997) and,
even within conditions, may not be the same for each listener
(Lutfi, 2001; Lutfi and Liu, 2007). Similar variability in
results has been observed for listener judgments regarding
other properties of impact, including the size and shape of
the object struck (Gaver, 1988; Kunkler-Peck and Turvey,
2000; Tucker and Brown, 2003), the size and hardness of the
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mallet used (Freed, 1990), and the point of contact of the
mallet (Lutfi and Liu, 2007).

The variability of results in these studies is not well
understood. One explanation implicates the use of syntheti-
cally generated sounds in many of these studies, the argu-
ment being that these sounds lack adequate information for
identification (Carello et al., 2003). This explanation seems
unlikely since similar results are obtained in studies that
used exclusively live sounds or recordings as signals (Gaver,
1988, 1993a,b; Giordano and Petrini, 2003; Kunkler-Peck
and Turvey, 2000; Tucker and Brown, 2003). Others have
suggested that the acoustic information that would ensure
accurate identification may not always be the most salient
(Giordano et al., 2010) or even above the listener’s threshold
for detection (Lutfi, 2000, 2001). This issue has been noted
specifically with regard to judgments of the hardness
(Giordano et al., 2010) and the material and geometric prop-
erties of objects (Giordano and McAdams, 2006; Lutfi, 2000,
2001; Lutfi and Stoelinga, 2010). Still a third potential factor
is differences across studies in the amount of training, feed-
back, and prior information about the task given to listeners.
Noteworthy in this regard is the fact that participants in stud-
ies are sometimes reported to have different degrees of musi-
cal training, which can be a factor influencing both decision
strategy and performance (Lutfi and Liu, 2007; Liu and Lutfi,
2009; Micheyl et al., 2006; Oxenham et al., 2003).

Understanding the factors that contribute to the variabil-
ity in results is important for the theories of sound source
perception. The ecological approach to perception, credited
to Gibson (1966) and more recently represented in the works
of Carello et al. (2003), attributes to the listener the ability to
extract from sound information that is lawfully related to
properties of the source. This information is taken to be in
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the form of acoustic invariants that would allow a listener to
uniquely identify one source property while others are
allowed to vary (e.g., source material despite variation in size,
shape, or the manner in which the source is driven to vibrate).
The implication is that listeners would be rather uniform in
their judgments regarding source properties if, indeed, their
judgments were based on lawful acoustic invariants. The sec-
ond major perceptual theory, inferential theory, emphasizes
the ambiguous over the lawful nature of the stimulus and
stresses the constraints limited sensitivity imposes on the
processing of acoustic invariants (Ellis, 1996; Helmbholtz,
1954; Martin, 1999). Because of the emphasis on stimulus
ambiguity, inferential theory generally allows greater room
for individual differences in the perception of sound sources
based on past experience and prior knowledge of the stimulus.

The variability in results continues to be an issue in
these studies, but there is at least one basic property of
impact, largely ignored in this literature, for which the accu-
racy of judgments is expected to be quite good and variabili-
ty quite small, that is, the force of impact. The first-order
effect of the force of impact on sound has been worked out
for the homogenous, isotropic bar (Morse and Ingard, 1968).
For a given bar identically struck, the amplitudes of partials
will vary in direct proportion to the force of impact. How-
ever, there is also an interaction with frequency as the prop-
erties of the bar are allowed to vary. For the same force of
impact, the amplitudes will be less for bars emitting higher
frequencies, the exact relation is given by an inverse propor-
tionality of sound power and frequency, A° oc 1/f. The rela-
tion is robust and it is more transparent and less subject to
variation in the bar than the acoustic relations associated
with the other source properties listeners have been asked to
judge (Lutfi, 2000; Lutfi and Stoelinga, 2010). The relation
also appears to be a general property of natural sounds in as
much as the mean spectral densities of speech, music, animal
vocalizations, and common environmental sounds are all
found to vary in inverse proportion to frequency (Attias and
Schreiner, 1997, Voss and Clark, 1975, 1978). Lewicki
(2002) has gone so far as to suggest that frequency analysis
by the cochlea, being roughly constant Q, is an adaptation of
the auditory system to this general property that serves to
maximize the transmission of information in natural sounds.

Given the ubiquitous nature of the inverse relation
between amplitude and frequency and its salience as a cue,
one might anticipate that listeners would be more uniform in
their judgments regarding force of impact than they have
been regarding other source attributes and, moreover, that
their judgments would reflect an implicit knowledge of this
relation. The goal of the present study was to test this idea.
To evaluate the role experiential factors might play in con-
tributing to individual differences the study included a group
of professional percussionists as listeners as well as a group
who had no musical training whatsoever. Conditions were
also run with and without feedback. We hypothesized that
the best performance would be achieved by the percussion-
ists who have had many years of experience in striking
objects to achieve desired nuances in sound and that, if feed-
back was at all effective, it would only be for the listeners
who lacked such experience.
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Il. METHODS
A. Subjects

Three groups of listeners were included in the study—
listeners with no musical training, professional percussion-
ists, and listeners who were selected at from the population
at large without regard to musical background. The last
group was taken to be the representative of listeners as they
have been typically recruited in past studies. The listeners
without musical training were students at the University of
Wisconsin, Madison, who reported never having any formal
musical training or ever having seriously attempted to learn
to play a musical instrument. Eight nonmusicians participated
in the study, three males and five females, aged 23-34 yr.
The percussionists were paid professionals who were either
music majors in the School of Music at the University of
Wisconsin or had were graduated with a music performance
degree from the University. All of the percussionists reported
having their first musical lessons before the age of 10 yr, and
all reported playing their instrument for more than 10 yr.
Moreover, at the time of their participation in the study, all
had been practicing their instrument at least 5 days a week
for several hours a day. Four percussionists participated in
the study, three males and one female, aged 20-28 yr. The lis-
teners selected without regard to musical background were
recruited from the University at large and before we regularly
collected reports regarding the musical training of our listen-
ers. There were seven listeners in this group, two males and
five females, aged 19-23 yr. None of the participants reported
any prior history of auditory pathology, and the results of a
standard hearing evaluation showed all listeners to have a
hearing sensitivity of 15 dB hearing level (HL) or better from
250 Hz to 8 kHz (ANSI S3.6, 1996).

B. Stimuli

Approximations to the impact sounds of a cylindrical
wood block and iron bar, clamped at one end and struck at
the other, were synthesized using the theoretical equations
for the motion of these sources from standard acoustic texts
(Morse and Ingard, 1968).1 The synthesis was the same as
that used in past studies by the authors and has received both
subjective and objective psychophysical validation (Lutfi
et al., 2005; McAdams et al., 2004). The resulting impact
sounds are a sum of exponentially damped sinusoids with
frequencies (f,, Hz), amplitudes (4,, dyne/cm?), and decay
moduli (1, s) that depend on the material and geometric pa-
rameters of the source, as well as the manner in which it is
struck. Complete expressions describing these dependencies
are given by Morse and Ingard (1968, pp. 175-191, 222).

The diameters of the wood block and iron bar used in
the study were 4 and 1 cm, respectively; the length of both
sources, however, varied for each presentation of a sound, as
described shortly. For the iron bar, the nominal length was
10 cm, yielding values of f, =517, 3237, and 9063 Hz and
1,=1.12, 0.005, and 0.0002 s for the audible partials. For
the wood block, the length was 25 cm, yielding nominal val-
ues of f,=2586 and 16 194 Hz and 7,,=0.052 and 0.0002 s
for the audible partials. The length and width of each bar
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were selected to cover a broad range of values of frequency
and decay typical of everyday listening. Note that because of
the very brief decay times of the higher partials, these partials
affect only the onset transient of the signals. In the case of the
iron bar, a 5-ms cosine-squared ramp was used to truncate the
sounds after 1 s. This was done to keep the trial sequence at a
reasonable length. The level of the partials for both the wood
block and iron bar fell at 6 dB/octave. A loudness balancing
procedure was used (Lutfi ez al., 2008) to calibrate the overall
sound power so that it would vary with frequency around an
approximate mean value of 70 dB sound pressure level (SPL)
at the eardrum. Sounds were played at a 44 100-Hz sampling
rate with 16-bit resolution using a MOTU 896 audio interface.
From the interface, the sounds were buffered through a Rolls
RA62c¢ headphone amplifier and then delivered diotically
to listeners over Beyerdynamic DT 990 headphones. Listeners
were seated individually in a double-walled, Industrial Acous-
tics Company (IAC) sound-attenuated chamber.

C. Procedure

In the two-interval, forced-choice procedure listeners
were asked to judge which impact sound corresponded to the
source hit with the greater force, F. The length of the source
varied at random about its nominal value (identified above)
for each presentation of a sound. This was done to prevent
the listener from performing the task simply by discriminat-
ing a fixed change in level. The distribution of length values
was normal with standard deviation equal to 0.5 cm. Consist-
ent with the equations of motion, the frequencies of the parti-
als varied in inverse proportion to the square of the length,
the decay moduli in inverse proportion to the cube of fre-
quency, and the amplitudes in inverse proportion to the
square-root of frequency (cf. Morse and Ingard, 1968, pp.
175-191, 222). For the iron bar, the difference in the force
of impact AF within a block of trials was either 2 or 4 dB,
corresponding to a 2 or 4 dB difference in overall sound
level at any given fixed bar length. For the wood block, the
corresponding values were 1, 2, or 3 dB. These values were
selected to produce a range of performance levels between
chance and perfect performance.

Listeners ran no more than one experimental session
corresponding to one condition of the study per day. Each
session lasted for 1 h and consisted of eight blocks of trials, 50
trials per block. The source was exclusively the wood block or
iron bar within each session. No feedback or training was
given during the initial experimental sessions. After complet-
ing one session and replication of each condition without feed-
back, sessions were repeated providing correct feedback after
each trial. Listeners who were recruited without regard to mu-
sical background participated in a total of 16 sessions (two
values of AF for the wood block and iron bar, with and with-
out feedback and replication). Percussionists and nonmusi-
cians participated in four sessions (one value of AF =2 dB for
the wood block, with and without feedback and replication).

D. Analysis
The goal of the study was to determine whether listen-

ers make appropriate use of the amplitude dependence on
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frequency when judging force of impact. To this end, we
derived a maximume-likelihood (ML) decision rule for the
task, identifying how judgments should be based on A,, and
f» so as to optimize performance. From the equations of
motion, it is possible to show that for a homogenous bar vary-
ing only in length, the force of impact F can be recovered
from the properties of any one partial according to the relation

F = kAf*3, €))

where £ is a constant (see Appendix). Here, we drop the sub-
script n since the information in the partials regarding F is
redundant. Rewriting this expression as A>=F> /(k* f),
Eq. (1) can be seen to reflect the inverse proportionality
between sound power and frequency when F is constant. >
From Eq. (1), the ML decision rule for the two-interval,
forced-choice procedure can be written as a linear combina-
tion of the log of A and f:

Respond Interval 1 iff AlogA + a(Alogf) > 0, 2)

where iff denotes “if and only if,” oo = 0.5, and A log A
(A log f) is the value of log A (log f) in the first interval
minus its value in the second interval. Writing the decision
rule in this way allows the optimal use of the dependence of
A on f to be represented as an optimal relative decision
weight on A and f given by o = 0.5. From the ML decision
rule follows an empirical decision rule

Respond Interval 1 iff (AlogA +e4) +a(Alogf +e)

+c+e. >0, 3)
where the e ~ N(0,0) are normal deviates representing dif-
ferent sources of additive internal noise, ¢ is an interval bias,
and a is the listener’s relative decision weight on log f com-
parable to o. Now, if the e are taken to be independent of A
and f, they can be pooled to yield a single error term, ¢. Equa-
tion (3) then provides a general linear model for estimating a
empirically, which when compared to o can be used to deter-
mine whether listeners make optimal use of the inverse rela-
tion between A and f. The value of a is estimated by means of
a logistic multiple regression of the listener’s trial-by-trial
response on A log A and A log f, taking ¢ as the regression
error. We use the glmfit routine of the software application
MATLAB v.7.01. The resulting estimate is based on the
unshared variance of predictors and is independent of all e.
The empirical question is whether the obtained estimates of
a for the different groups of listeners differ significantly
from the optimal value of o = 0.5.

lll. RESULTS
A. Discrimination of force of impact

The first set of results reported is from the listeners
recruited without regard to musical background. The condi-
tions are the wood block (AF =1 and 3 dB) and iron bar
(AF =2 and 4 dB) without feedback. Figure 1 shows the
results of the regression analysis for three representative
listeners (one listener for each panel) for the wood block
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FIG. 1. Representative results of the regression analysis for three listeners (panels) for the wood block condition without feedback, AF =1 dB. The observed
probabilities of a first-interval response (open symbols) are plotted against the predictions (continuous curve) of the decision model given by Eq. (3). Error
bars give 95% confidence intervals. Parameters of the fit along with the associated deviance D and degrees of freedom, df, are given at the lower right-hand

corner of each panel.

condition, with AF =1 dB. In each panel, the observed prob-
abilities of a first-interval response (open symbols) are plot-
ted against the predictions (continuous curve) of the decision
model given by Eq. (3). Error bars show the 95% confidence
intervals for the observed probabilities. Parameters of the fit
are given in the lower right-hand corner of each panel. The
fits are quite good and are representative of the fits for the
other listeners in these conditions. For all listeners in all con-
ditions, the deviance D of the fits was never more than twice
the associated degrees of freedom df, ranging from D = 166—
270 for df=197. This indicates that a model with more free
parameters would not provide a significantly better fit to the
data (Snijders and Bosker, 1999). The values of ¢, moreover,
were all quite close to 0, indicating no significant interval
bias. In what follows then, we focus on the obtained values
of a resulting from the regression and performance accuracy
as given by d' (Swets, 1996, pp.7-30).

Figure 2 shows the results of the replication in estimates
for the no-feedback condition, for both the iron bar (filled
symbols) and the wood block (open symbols); repeated sym-
bols represent the two values of AF for each condition. In
the left panel, the two estimates of d’ obtained on different
days are plotted against one another; perfect agreement is
given by the diagonal. The panel shows wide variation
across listeners (symbol type) and conditions, ranging from

near chance performance (d' < 0.5) to near perfect perform-
ance (d' > 2.0). The agreement across replications, however,
is reasonably good over the entire range, the data showing
neither a consistent improvement nor deterioration in per-
formance with replication. The right panel shows similarly
good agreement in replication of the decision weights, a. In
this case, an improvement in the decision weights with repli-
cation would be indicated by data for session 2 falling closer
to the horizontal dashed line corresponding to the optimal
decision weight of o = 0.5. The data clearly fall closer to the
diagonal, although one listener (open squares) shows some
apparent improvement in their decision weight. The results
are consistent with those of past studies, involving different
discrimination tasks, wherein individual differences in the
decision weights of listeners have been reliably replicated on
different days (Doherty and Lutfi, 1996).

Figure 3 compares the results for the two values of AF
in the no-feedback condition. The values of d’ obtained for
the different values of AF (2 and 4 dB for the iron bar and 1
and 3 dB for the wood block) are plotted against one another
in the left panel. The data show an expected improvement in
d' with the larger AF in each case, although the improvement
varies widely across the listeners. The corresponding esti-
mates of the decision weights are plotted against one another
in the right panel. Here, by contrast to the estimates of d’, the
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05 lﬁ weight for the ML decision rule, o = 0.5, is
: VRS 4r indicated by the horizontal dashed line. Note
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data fall close to the diagonal, indicating little effect of AF on
the decisions weights. Indeed, if the improvement in d’ were
due to a change in the decision weights, one would again
expect the data to fall closer to the horizontal dashed line cor-
responding to o = 0.5.

B. Comparison of nonmusicians and professional
percussionists

Figure 4 shows the results for the nonmusicians (open
symbols) and professional percussionists (filled symbols) plot-
ted in the same manner as Fig. 2. The data are for the wood
block condition without feedback, AF =2 dB. Once again the
data show a wide range of performance across listeners and
fairly good agreement with replication (left panel). A paired
t-test showed a statistically significant difference in the per-
formance of the two groups (1= 6.6, df =46, p < 0.001). The
best performers are clearly the percussionists, the worst per-
forming percussionist (filled squares) roughly equaling the
performance of the two best performing nonmusicians (open
squares and downward triangles). The decision weights for
these conditions (right panel) also show differences between
the two groups. Within the group of nonmusicians the deci-
sion weights vary widely and show little agreement with repli-
cation. For the percussionists there is less variation and better
agreement with replication. The percussionists also show
fewer extreme values, la I> 2, indicating near exclusive weight
on differences in frequency (t=1.9, df=46, p < 0.05; one-

tailed, paired 7-test with unequal variances). These results are
generally anticipated since past studies have shown musically
trained listeners to often outperform musically naive listeners
in auditory tasks prior to task-specific training (Liu and Lutfi,
2009; Micheyl et al., 2006; Oxenham, et al., 2003).

C. Effect of feedback

The effect of providing feedback in the wood block con-
dition (AF =2 dB) is shown in Fig 5. Performance with
feedback is plotted against performance without feedback
for the percussionists (filled symbols) and nonmusicians
(open symbols) in the left panel. The poorer performing non-
musicians tended to show a small improvement in perform-
ance with feedback, while the results for the percussionists
were mixed. Two of the percussionists showed a substantial
improvement in performance (filled circles and diamonds), a
third showed no change (filled squares), while the fourth
showed a decrease in performance with feedback (filled tri-
angles). The effect of feedback for the nonmusicians was
statistically significant (= —3.3, df=15, p < 0.01, paired ¢-
test) while for the percussionists it was not (t=—1.0, df =7,
p > 0.05). The decision weights with and without feedback
are shown for both groups of listener in the right panel of
Fig. 5. There appears to be little improvement in the decision
weights with feedback for either group of listeners as, once
again, the data fall closer to the diagonal than to the horizon-
tal dashed line representing o«=0.5. The one possible
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FIG. 5. As Fig. 4, except that the comparison is
between the data obtained with and without
feedback.
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exception is the decision weights for the nonmusician given
by the open diamonds. Overall the effect of feedback on the de-
cision weights was nonsignificant (r = 1.5, df =23, p > 0.05).

D. Relation of d’ and decision weights

Figure 6 shows, for all conditions, each listener’s d’ per-
formance plotted against the unsigned deviation of their de-
cision weight from the optimal value of o = 0.5. Filled and
unfilled symbols represent, as before, the data from the per-
cussionists and nonmusicians; squares and circles represent,
respectively, the conditions with and without feedback. Each
small cross in the figure shows, for the data point projected
vertically below it, the expected outcome if the deviation
from the optimal decision weight was the only factor limit-
ing performance. The expectations were computed from
each listener’s trial-by-trial data using the decision weights
obtained from each listener. Deviations from the theoretical
prediction (continuous curve) reflect exclusively variability
in the parameters of the impact sounds across blocks of tri-
als. The figure reveals, across listeners and conditions, a
rather weak relation of performance and decision weights.
Although performance does tend to improve as the deviation
from the optimal weight decreases, there is considerable
scatter in the data. Moreover, the deviations of the data from
the crosses indicate that factors other than the decision
weights have a significant impact on performance. Such fac-
tors are identified collectively with interval bias, ¢, and the
different sources of internal noise (regression error), e, in
the decision model given in Eq. (3). Of these two factors, the
most significant indicated by the analysis was, by far, that
of e. This outcome is consistent with that of Lutfi and Liu
(2007) who found internal noise to be the most significant
factor underlying differences in performance across listeners
in other source identification tasks.

IV. DISCUSSION AND CONCLUSIONS

Returning to the original question posed in the Introduc-
tion, the results of this study failed to support a special status
for force of impact among the various source attributes lis-
teners have been asked to judge from sound. As has been
observed in past studies, the performance levels varied
widely from one listener to the next. For the larger value of
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AF (left panel of Fig. 2), the performance of listeners
recruited without regard to musical background ranged from
d =0.8-22andd = 1.1 — 2.6, respectively, for the wood
block and iron bar. For the smaller AF (left panel of Fig. 3),
the range of variation was only slightly less. The professio-
nal percussionists tended to outperform listeners without any
musical training (left panel of Fig. 4), suggesting that experi-
ence is a factor. This was, moreover, confirmed by the fact
that feedback had a significant effect on performance only
for the nonmusicians. However, within each group of listen-
ers, the variability in performance was large and comparable
to that for the listeners recruited without regard to musical
background. Also, as in past studies, considerable variability
was observed in the decision weights of listeners. In the right
panels of Figs. 2 and 3, the decision weights appear near-
uniformly distributed over the range a =—2.0 to 2.0. The
endpoints of this range correspond to points for which differ-
ences in frequency have a much greater influence on the lis-
tener’s judgments than the differences in intensity. Indeed,
for one listener, the decision weight (unfilled right-pointing
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FIG. 6. The figure shows d’ as a function of the deviation of the decision
weight @ from the optimal value of « = 0.5. The data are for the percussion-
ists and nonmusicians (filled and unfilled symbols, respectively) with and
without feedback (squares and circles, respectively). The continuous curve
and small crosses give the expected outcome if the deviation from the opti-
mal decision weight was the only factor limiting performance.
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triangle) fell well outside this range reflecting a near exclu-
sive dependence of judgments on differences in frequency”.
This is an unexpected result because, unlike the differences
in intensity, the differences in frequency by themselves pro-
vide no information regarding force of impact; they only
provide information when taken in combination with the dif-
ferences in intensity.

A second unexpected result of this study was the fail-
ure of trial-by-trial feedback to yield any consistent
improvement in the decision weights of listeners. Similar
outcomes have been reported in the past involving judg-
ments of other source attributes (Lutfi, 2001; Lutfi and Liu,
2007; Lutfi and Oh, 1997); however, in these studies, limits
in auditory sensitivity or information capacity have been
implicated as the likely cause. These explanations seem not
to apply to the present study. The differences in frequency
and intensity across trials were well in excess of the normal
difference limens for these parameters for steady-state tones
(Af >> 0.002, Al = AF > 1 dB; Wier et al., 1977; Jesteadt
et al., 1977),4 and the informational demands of the task
(processing a simple relation between frequency and intensity)
were modest. The result, instead, seems to reflect a reluctance
of listeners to modify their initial decision weights, even
though they might improve their performance by doing so.
Other unexplained failures of feedback to improve decision
weights have been reported for the discrimination of multi-
tone patterns by Berg (1990) and Lutfi and Jesteadt (2006).

If there is a single conclusion to be drawn from the last
decade of research on human sound source identification, it
is that individual listeners can differ greatly in their approach
to identify even the most basic attributes of objects and events
from the sound. The present study is no different in this
regard, except that there were a priori reasons to expect that
listeners would exhibit greater uniformity in their judgments.
It remains unclear whether such results can be reconciled with
current theories of sound source perception (Carello et al.,
2003; Gibson, 1966).
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APPENDIX: DERIVATION OF EQ. (1)

The dependence of the amplitude of partials on an
impulse striking force has been worked out for the homoge-
nous, isotropic bar (Morse and Ingard, 1968, pp.181-185).
For the cylindrical bar clamped at one end and a total impulse
force F applied to the other, the unsigned amplitudes are

IF 32,

p

Y el 3 Al
Sz \| pO™" (AD

where /, r, and S are, respectively, the length, radius, and
cross-sectional area of the bar, p is the bar’s mass density, O
is Young’s modulus, and the f3, are constants. In the present
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experiments only / and F were allowed to vary within a
block of trials; all other properties of the bar had constant
values. Hence, Al can be rearranged to yield a simple
expression for the force of impact in terms of the amplitude
of any one partial,

A
F=a=p, (A2)

where c; takes on one of two values depending on whether
the source is the wood block or the iron bar. Note from this
expression that F could be determined exclusively from the
amplitude of any one partial except for the fact that / varies.
The variation in / introduces an additional level of complex-
ity, causing the relation between amplitude and F to depend
on frequency. This dependence can be determined from the
expression for the frequencies derived for the bar (Morse
and Ingard, 1968, p. 182),

. (9
h=gp\[ P (A3)

which for the present experiments can be rewritten

C
ﬁzgi (A4)

where ¢, is another constant. Solving for / and substituting
into Eq. (A2) gives

F = kyAdf)? (A5)

which is just the unabbreviated form of Eq. (1).

'These equations assume that the predominant source of damping is exter-
nal to the bar, as would be the case, for example, where much of the sound
energy is dissipated through the supports. They also do not include the sec-
ondary effect of the time of contact associated with the impact force or the
effect of radiation from the bar. The secondary effect of time of contact
acts as a low-pass filter which would have a negligible effect on the syn-
thesis of the impact sounds for the bars used in the present study (Zener,
1941; Stoelinga and Lutfi, 2010). The effect of radiation, however, is
much more complex and not simply related to force of contact (cf. Kinsler
et al., 2000).

2A similar expression for F can be written in terms of A and t, as the infor-
mation in 7 and fis entirely redundant.

¥The corresponding estimate for this listener is not shown as it fell well out-
side the range of the plot.
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