
Auditory detection of hollowness
Robert A. Lutfia)

Department of Communicative Disorders and Waisman Center, University of Wisconsin, Madison,
Wisconsin 53706

~Received 6 June 2000; revised 13 November 2000; accepted 15 May 2001!

The airborne sounds produced by freely vibrating hollow and solid bars were synthesized according
to the equations of bar motion from theoretical acoustics, and were presented to listeners over
headphones. In a two-interval, forced-choice task, listeners were asked to distinguish between the
hollow and solid bar sounds as bar length was varied at random from one presentation to the next.
All other physical properties of the bar were held constant across trials. Listener decision strategies
for detecting hollowness in iron, aluminum, and wood bars were determined from regression
weights describing the relation between the listener’s response and the frequency, intensity, and
decay modulus of the individual partials comprising these sounds. The obtained weights were
compared to those of a hypothetical listener that bases judgments on the acoustic relations intrinsic
to hollowness, as determined from the equations for motion. Results indicate that listeners adopt
roughly one of two decision strategies, either basing judgments on the appropriate acoustic relations,
or basing judgments predominantly on frequency alone. The decision strategy of some listeners also
changed from one type to the other with a change in bar material or upon replication of the same
condition. The results are interpreted in terms of the vulnerability of the intrinsic acoustic relations
to small perturbations in acoustic parameters, as would be associated with listener internal noise.
They demonstrate that basic limits of human sensitivity can have a profound effect on the
identification of rudimentary source attributes from sound, even in conditions where acoustic
variation is largely dictated by physical variation in the source. ©2001 Acoustical Society of
America. @DOI: 10.1121/1.1385903#

PACS numbers: 43.66.Ba, 43.66.Fe@DWG#
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I. INTRODUCTION

Everyday experience suggests that the ear is quite g
at inferring basic attributes of objects from sound. T
‘‘ping’’ of the wine glass identifies the glass as fine cryst
the ‘‘clunk’’ of the table struck with your knuckle indicate
that the table is hollow and made of wood. Such sim
examples represent in principle how we use sound to g
information about our surroundings, but even in regard
these simple examples we understand very little of the p
cess. What are the limits of our ability to determine physi
attributes of the source in these cases, and what informa
in the sound is used to make such determinations? Thes
the questions that motivate the present experiments.

In earlier papers, we described a method for measu
precisely how a listener’s judgments regarding the phys
attributes of an object are influenced by specific acou
parameters and their relations~Lutfi, 1995; Lutfi and Oh,
1994, 1995, 1997!. The relative influence, in each case,
estimated from correlations of the listener’s judgments w
small, experimentally introduced perturbations in the valu
of acoustic parameters from trial to trial. Importantly, t
perturbations are introduced in such a way so as not to
late the lawful relations governing the motion of the obje
i.e., the sounds, in some sense, remain real. To do this
sounds are synthesized digitally using a resonant source
which the equations for motion are known. In this study,
in the previous studies, we chose as our resonant sourc

a!Electronic mail: lutfi@waisman.wisc.edu
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struck, clamped bar. This is the preferred choice inasmuc
the equations for motion are relatively simple, yet they ap
to a large class of common, freely vibrating objects. Ma
familiar musical instruments, for example, fall into the ca
egory of struck, clamped bars~triangle, tuning fork, wood
block, and xylophone!.

Our first experiments employed a standard, two-interv
forced-choice procedure to investigate the discrimination
differences in the material composition of bars~Lutfi and Oh,
1997!. The goal was to measure the best possible per
mance under the most favorable listening conditions. Hen
all physical attributes of the bar were held constant exc
for material, and all listeners were given extensive training
the task before data collection. To provide a standard
evaluating listener performance, the equations for mot
were analyzed to yield a maximum-likelihood test for t
task, that is, a decision rule that would maximize perc
correct. For each material discrimination, the test amoun
to a specific weighting of the frequency, amplitude, and
cay of individual partials in the sound. Listener decisi
weights, computed from the response correlations with th
parameters, generally followed the maximum-likeliho
weights, but were in all cases unduly biased toward f
quency. In the most severe cases, the frequency bias res
in as much as an 80% reduction in performance efficien
The results suggest that, even under the best circumstanc
listener’s ability to discriminate material is far from ideal.

In the present study we investigate yet another ba
discrimination, the discrimination of hollow from solid bar
10(2)/1010/10/$18.00 © 2001 Acoustical Society of America



a
s
tu
a
ti
a
s
o

io
p
a
t

th
b
e

os
ra
e
s
o
e

e
er
fo
ril
th
t

et
m

te
e
ob
n
n
in
ti

er
in

s.
on
o
ap
,
e
of
ig
a
s

tio

er
ha
ib
th
lis
c

of

to

ed
ead-
tion
sum
re-

a-
in

the
gth

the
n to
ally

ch
els
tated
ge
he

ustic
d

dius

re-

of
The study is a natural outgrowth of the earlier study on m
terial discrimination involving merely different relation
among the same acoustic cues. However, in the present s
we employ a different procedure for introducing perturb
tions in these cues. In the earlier procedure acoustic varia
was introduced by perturbing bar material, the physical
tribute to be discriminated. In the present procedure acou
variation is introduced by perturbing a physical attribute
the bar unrelated to the discrimination. In the discriminat
of solid from hollow bars we perturb bar length. We ado
this new procedure for two reasons. First, as a practical m
ter, we wished to readdress a specific issue regarding
methodology used in our previous study. In that study,
bars varied continuously along the physical dimension to
discriminated. Hence, the nominal discrimination betwe
silver and iron, for example, was really more akin to cho
ing between two alloys having different relative concent
tions of silver and iron. In the present study we investigat
task where there is no ambiguity regarding the two classe
be discriminated. In this case, the bar is either hollow
solid, and the only ambiguity is regarding the unrelat
physical attribute, bar length.

The second reason for adopting this procedure is th
retical and has to do with the larger problem of how listen
determine source attributes from sound. The acoustic in
mation intrinsic to different source attributes is necessa
confounded in the single pressure wave form arriving at
ear. How then might a listener determine from sound tha
class of resonant objects is, say, hollow or is made of m
despite differences in the size or shape of individual exe
plars or the manner in which they are driven to vibra
Gibson ~1966! has suggested that listeners ‘‘pick up’’ th
requisite information identifying such general classes of
jects or events in the form of higher order acoustic relatio
that are invariant within a class. While he did not go beyo
a general description of these relations, others have s
offered analytic treatments that identify the intrinsic acous
information necessary to distinguish among certain gen
classes of resonant objects given few physical constra
~Wildes and Richards, 1988; Kac, 1966; Lutfi, 2000!. One
such case is the distinction between hollow and solid bar
can be shown, for example, that specific relations am
acoustic parameters that are intrinsic to freely vibrating h
low bars remain constant despite variation in bar size, sh
or material composition~Lutfi, 2000!. In this particular case
at least, such relations seem likely candidates for the typ
information Gibson had in mind. Will listener judgments
hollowness be based on these relations? The answer m
depend on whether they provide a significant detection
vantage. An analysis of the intrinsic acoustic relations as
ciated with various bar attributes suggests that these rela
can be subtle~Lutfi, 2000!. Basic limits in auditory sensitiv-
ity might, therefore, exert a greater influence on the listen
selection of cues than the intrinsic acoustic relations t
serve to disambiguate source attributes. We test the poss
ity in the present experiments. In particular, we compare
decision weights of listeners to those of a hypothetical
tener that bases judgments on acoustic relations intrinsi
J. Acoust. Soc. Am., Vol. 110, No. 2, Aug. 2001
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hollowness as determined from the equations for motion
the freely vibrating bar.

II. METHODS

A. Stimuli

The procedure for synthesizing stimuli was identical
that described in Lutfi and Oh~1997! and is briefly reviewed
here. The airborne sound of a cylindrical bar rigidly clamp
at one end and struck at the other was synthesized over h
phones using the theoretical equations describing the mo
of the bar. The resultant sound-pressure wave form is a
of exponentially damped sinusoids whose individual f
quencies (nn ,Hz), amplitudes (Cn ,dyn/cm2), and decay
moduli (tn ,s) are uniquely determined by the specific m
terial and geometry of the bar, as well as the manner
which the bar is struck,

y5(
n

Cne2t/tn sin~2pnn t !. ~1!

Altogether five bar parameters were incorporated in
stimulus synthesis. Related to bar geometry were bar len
l, outer radiusa, and inner radiusb ~hollowness!, see Fig. 1.
Related to bar material were elasticityQ and mass densityr.
The specific values used for the different conditions of
experiment are given in Table I. These values were chose
represent different resonant sources that might realistic
be encountered in everyday listening. The values ofb ranged
from 0.5 to 1.2 cm and were chosen individually for ea
listener and condition to yield average performance lev
between 70% and 90% correct. Past experience has dic
that performance levels much above or below this ran
yield unreliable estimates of listener decision weights. T
equations relating these physical parameters to the aco
parameters of Eq.~1! are reviewed by Morse and Ingar
~1968, pp. 175–191, 222!. For a total forceP of an impulse
applied to the free end of the bar,

FIG. 1. Representation of bar geometry used in the study. The outer ra
a was fixed at 2.0 cm in all conditions. The lengthl of the bar was either 10
or 25 cm in different conditions and was randomly perturbed for each p
sentation of a sound,«PN( l ,0.5 cm). The hollow inner radiusb was chosen
for each listener to yield discrimination performance levels in the range
70%–90% correct when compared to the solid bar,b50.
1011Robert A. Lutfi: Detection of hollowness
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TABLE I. Physical and acoustic parameters associated with different clamped bars used in the study. En
acoustic parameters pertain to the first partial. Bar lengthl was perturbed from one presentation to the next,
other physical properties of the bars were held constant within a block of trials. Values ofb are nominal as they
were selected for each condition and listener to yield performance levels between 70% and 90% correct
of density and elasticity for different materials are taken from Kinsler and Frey~1962!. Elasticity values for
wood are contained in parentheses as they vary widely depending on factors related to the propertie
wood.

Bar type

Physical parameters Acoustic parameters

Geom,l, a, b
~cm!

Density,r
~g/cm3!

Elasticity,Q
(dyn/cm231011!

Frequency,n
~Hz!

Amp. uCu
~dB SPL!

Decay,t
~s!

Solid iron 10, 2.0, 0.0 7.7 10.5 2067 68.5 1.09
Hollow iron 10, 2.0, 1.0 7.7 10.5 2311 70.0 0.63

Solid wood 25, 2.0, 0.0 0.72 ~60.0! 2586 69.1 0.05
Hollow wood 25, 2.0, 0.8 0.72 ~60.0! 2785 70.0 0.04

Solid aluminum 10, 2.0, 0.0 2.7 7.1 2871 68.5 0.14
Hollow aluminum 10, 2.0, 1.0 2.7 7.1 3210 70.0 0.08
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2, ~2a!

Cn5~21!n21
lU

p2bn
2A 8r

Qk2, ~2b!

tn5163108~pr/4k2nn
3!, ~2c!

where b150.597, b251.494, andbn.25n2 1
2 determine

the frequency ratio of successive partials,k5 1
2Aa21b2 is

the radius of gyration of the bar, and the gain termU
5P/@rp(a22b2)#. The value ofP was chosen to fix the
sound intensity for hollow bars at 70 dB SPL. Only the fi
three partials (n51 – 3) were synthesized as the higher p
tials were well beyond the range of audibility. Further deta
regarding the stimulus synthesis can be found in Lutfi a
Oh ~1997!. Also, examples of these sounds can be hear
http://abrl.waisman.wisc.edu/.

As practical matter, a 5 mscosine-squared ramp wa
used to truncate signals after 1 s. This kept trials at a rea
able length, while allowing adequate time for the second
third partials of the sounds to decay to inaudibility. Note th
in the previous study signals were less than half this dura
~400 ms!. The longer duration is intended to ensure that
sounds are not too brief to allow for normal identification
bar attributes. All signals were played over a 16 bit, Crys
Audio 4237B DAC at a 40 kHz sampling rate. The output
the DAC was low-pass filtered with rapid rolloff above 1
kHz, asymptoting to a maximum 60 dB of attenuation at
kHz. Sounds were delivered to the right ear of listeners o
Sennheiser Model 520 II headphones, and were calibr
using a loudness matching procedure. All signals were p
sented to individual listeners seated in a double-walled, I
sound-attenuation chamber.

B. Procedure

For each presentation of a signal, a different perturba
in acoustic parameters was imposed without violating
lawful relations governing the values of these paramet
This was achieved by adding a random increment or de
mente on each presentation to bar length, a physical attrib
oc. Am., Vol. 110, No. 2, Aug. 2001
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of the bar unrelated to hollowness.1 All other physical at-
tributes of the bar were held constant within trial blocks.
each condition, bar length was chosen at random from n
mal distributions to synthesize a set of 100 wave forms e
for the hollow and solid bars. As indicated in Table I, th
mean value of bar lengthl was 25 cm for the wood bars
whereas it was 10 cm for aluminum and iron bars. T
longer length for wood bars was necessary to maintain
frequencies of the partials within the audible range. The st
dard deviation of bar length was fixed for all conditions
0.5 cm. The exact value chosen is somewhat arbitrary, an
expected to affect the estimates of listener weights only
the extent that it causes performance to fall outside the
ceptable range of 70%–90% correct.

Conditions were run in separate blocks of trials w
replications across days. A two-interval, forced-choice p
cedure was used with sounds separated by 500 ms. On
trial one exemplar was chosen at random from the se
solid and hollow bar sounds for presentation. Each so
had equal probability of occurring in the first or second
terval of the trial. The listener’s task was to indicate by b
ton press which of the two intervals contained the sou
corresponding to the hollow bar. Correct feedback was gi
after each trial. Trials were run in blocks of 50 with sho
breaks between blocks taken at the discretion of the liste
Listeners practiced conditions for several hundred trials p
to data collection. After practice a total of 400 trials was r
for each listener for each condition with at least one 400-t
replication of each condition made on a separate day.
listeners were seven students at the University
Wisconsin–Madison ranging in age from 20 to 38 yea
Subject protocol required that listeners be allowed to ter
nate participation in a study at any time at their discretio
Hence, not all listeners participated in all conditions. Two
these listeners had participated in the earlier study on
discrimination of bar material. All listeners had normal he
ing by standard audiometric tests, and all were paid at
hourly rate for their participation. Listeners were instruct
that on each trial they would hear the sound of a hollow a
a solid bar struck at one end and clamped at other, that
bars were struck with constant force, and that the bars w
Robert A. Lutfi: Detection of hollowness
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FIG. 2. Distribution of values of
acoustic parameters~first partial! for
the iron bar.~a!–~c! Values of each pa-
rameter for hollow ~dashed curves!
and solid ~continuous curve! bars as
bar length varies from one presenta
tion to the next. A judgment of hollow-
ness based on any one acoustic para
eter in isolation would be prone to
error inasmuch as the distribution
overlap.~d! The distribution of param-
eter values from~a!–~c! are plotted
relative to one another so as to reve
the intrinsic relations among the pa
rameters that allow the bar to be iden
tified as hollow or solid without error.
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identical in all other respects except for length. They w
instructed that the length would vary from one presentat
to the next, but that in every case their goal was to iden
the sound corresponding to the hollow bar. Before e
block of trials the listeners were told the material of the b
and were shown an example of a real bar having the geo
ric dimensions corresponding to those used to synthesize
sounds they heard.

C. Analysis of decision weights

Before we can properly analyze listener decisi
weights it is necessary to identify the relevant informati
for the detection of hollowness given the particulars of
task. The problem amounts to finding an analytic solution
hollowness using Eqs.~2a!–~2c!. The derivation is straight-
forward. Note first that the information in successive parti
is redundant—the frequencynn , amplitudeCn , and decay
tn of the nth partial are merely scaled in each case by
constant factorbn raised to some power. This means that
the conditions of the present experiments, where bar lengl
is perturbed, the problem of detecting hollowness redu
analytically to that of solving two equations for two un
knowns. The two equations are any two of the equati
~2a!–~2c! for any givenn. The two unknowns are the inne
radius of the barb ~5 0 solid, .0 hollow! and bar lengthl.
The value ofb must be solved anew on each presentat
given the observed values ofnn , Cn , and tn , but there is
always a unique solution on each presentation. Figure 2 d
onstrates this result. Figures 2~a!–~c! show the distribution of
values for each acoustic parameter~first partial! of the iron
bar, both hollow ~dashed curves! and solid ~continuous
curve!, as length varies from one presentation to the ne
Note that a judgment of hollowness based on any one ac
tic parameter in isolation would be prone to error inasmu
J. Acoust. Soc. Am., Vol. 110, No. 2, Aug. 2001
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as the distributions overlap. Figure 2~d! shows the same data
but now plotted in a way so as to reveal the relations am
parameter values. Here it can be seen that there are un
combinations ofnn , Cn , and tn that allow the bar to be
identified as hollow or solid without error.~Note that it is the
possibility of error-free performance that distinguishes
present task from that of our earlier study involving the d
crimination of bar material.!

Having identifiednn , Cn , andtn for any partial as con-
taining the relevant information for hollowness, we next d
rive the maximum-likelihood decision rule. There are ac
ally three such rules corresponding to the solutions obtai
for each pair of the equations~2a!–~2c!. The derivation pro-
ceeds identically in each case. Note first that when the o
radiusa is constrained to have a single value, as it is in t
present experiments, the inner radiusb is monotonically re-
lated to the radius of gyrationk ~or U/k! as in the case of
Eq. ~2b!. From Eqs.~2a!–~2c!, moreover, we see thatk ~and
U/k! is proportional to the product of parameter pairs rais
to different powers. This means that each optimal decis
rule can be expressed in terms of a weighted sum of the
of parameter pairs, where the weights are the correspon
powers. Consider, for example, optimal decisions based
nn and tn . From Eq.~2c!, we see thatk is proportional to
tn

21/2nn
23/2. A maximum-likelihood decision rule, therefore

is of the form,

R51 iff Dif ~2 1
2 logtn2 3

2 lognn!,0 else R52,
~3!

whereR is the response, Dif is the difference between t
second and first~i.e., second-first! interval of the forced-
choice trial, and21

2 and23
2 are the optimal decision weight

for the two acoustic parameters. Optimal decision weig
for the other parameter pairs are analyzed in like fashion;
the combination ofCn and nn they are, respectively, 1 an
1013Robert A. Lutfi: Detection of hollowness
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2, and for the combination ofCn and tn they are, respec
tively, 6 and21.

The next step is to determine whether listeners make
of any one of the three optimal decision rules. This can
done using standard multiple regression~Winkler and Hays,
1975!. Again, take rule~3! as an example. Since the comb
nation of log-parameter values is linear, responses stri
based on Eq.~3! will correlate perfectly with interval differ-
ences between logtn or lognn once the relation betweentn

andnn is taken into account. That is, the partial correlation
the response with the differences in logtn and lognn will be
21 in each case. In fact, we do not expect listener respo
to strictly follow Eq. ~3! since we have selected condition
~i.e., perturbations inl and values ofb! to produce errors in
the response. A more realistic regression model is theref

R51 iff Dif ~w1 logtn5w2 lognn!1j

.0 else R52, ~4!

wherew1 andw2 are the regression weights for interval d
ferences in logtn and lognn , and j is listener error. The
values ofw1 andw2 for each listener can then be comput
from the relation of listener’s response and the interval d
ferences in logtn and lognn on each trial using standar
multiple regression analysis.2 Now, if listener responses ar
based on Eq.~3! and the errorj is unbiased, then the regre
sion weights in Eq.~4! should bear the same relation as t
optimal decision weights given in Eq.~3!. In particular,w1

and w2 should both be negative and have a ratio of one
three. All three of the optimal decision rules can be evalua
in this way, the only difference being differences in the o
timal decision weights for each rule.

III. RESULTS

A. Analysis of listener decision weights

Figures 3–5 give the computed regression weights
each listener for the three different bar materials. To facilit
comparisons the regression weights for each decision
have been normalized so that their unsigned values sum
one. Different listeners are represented by different sym
types with repeated symbols representing replications, s
taken several months apart. The end points of the three l
drawn in the top panel of each figure give the decis
weights for the three optimal decision rules corresponding
each parameter pair. The end points of the three lines dr
in the bottom panel of each figure give the decision weig
of a hypothetical listener that bases decisions on freque
nn alone. Listeners appear to fall into two distinct group
one choosing to base decisions on the optimal combina
of nn andtn ~top panel!, the other choosing not to apply an
of the optimal decision rules, but rather choosing to b
decisions largely on frequency alone~bottom panel!. Listener
membership in either group varies both within and acr
conditions of bar material. Note that the occasional app
ance of the same symbol in both panels shows that s
listeners chose to switch from one listening strategy to
other upon replication of the same condition. With the e
ception of these cases, however, test–retest reliability for
dividual estimates is good, even for those estimates ta
1014 J. Acoust. Soc. Am., Vol. 110, No. 2, Aug. 2001
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several months apart. Inclusion of the practice trials, mo
over, did not change the agreement between estimates. W
questioned, listeners in the second group reported with
exception that they were choosing as hollow the sound h
ing the higher frequency or pitch. Indeed, Fig. 2~c! shows
that better than chance performance can be achieved by
ing decisions on frequency alone. Also, for a few listeners
the first group it is unclear as to whether the listening str
egy involved an optimal weighting of frequency and dec
or of intensity and decay~note for example the squares
Fig. 3!. Performance levels in these instances, though wit
the acceptable range of the experiment, were apparently
high for the regression weights to distinguish among the
ferent optimal decision rules.

FIG. 3. Regression weights are plotted giving the relation of the listen
response to the pair of acoustic parameters underlying each optimal dec
rule. Data are for the iron bar,a52 cm, l 510 cm. The raw regression
weights for each decision rule have been normalized so that their unsi
values sum to one. Different symbol types represent the regression we
for different listeners, and repeated symbols represent replications of co
tions. The end points of the three lines drawn in the top panel give
decision weights for the three optimal decision rules corresponding to e
parameter pair. Reading from left to right the parameter pairs arenn andtn ,
Cn andnn , andtn , andCn . The end points of the three lines drawn in th
bottom panel give the decision weights of a hypothetical listener that b
decisions on frequencynn alone. Listeners’ data are plotted in one or th
other panel depending on which decision rule most closely agreed with
regression weights. Note, in the bottom panel, that nonzero regres
weights for the combination oftn andCn are possible because each para
eter covaries withnn , which is not included in the regression fortn andCn .
Robert A. Lutfi: Detection of hollowness



d
h
O
in
he
o

fe
an

a
s

ve
or
x-
f
nt

l o

ol
e
n
b
he

ow-
i-
tly
lim-
er-
op-
rily
f-
the

n

r,
u ners

c
server
B. Effect of limited resolution on discrimination
performance

For those listeners who appear to adopt an optimal
cision rule it is of interest to consider what factors mig
have caused their performance to be less than perfect.
obvious factor is limited sensory resolution—that is, the
ability on some trials to discriminate small differences in t
frequency, amplitude, and decay of the individual partials
these sounds. Note, for example, in Table I, that the dif
ence in mean intensity between the sounds for hollow
solid bars in these conditions is 0.9–1.5 dB. The norm
intensity difference limen at these moderate sound level
at best 0.7 dB~Jesteadtet al., 1977!. With the added pertur-
bation in intensity the difference in intensity would ha
been difficult or impossible to discriminate on some prop
tion of trials. Table II gives an indication of the relative e
tent to which limited resolution affected discriminability o
the individual acoustic parameters in these experime
Table II lists, for three listeners, thed8 values for the indi-
vidual parameters expressed relative to those of an idea
server~an observer with unlimited resolution!. Thed8 values
were obtained simply by rerunning conditions with the h
lowness parameterb fixed at zero for all but one of the thre
relevant parameters. If limited resolution were to have
impact on performance in these conditions all values in Ta
II should equal 1.0. For the discrimination of frequency t

FIG. 4. Same as Fig. 3, except that data are for the aluminum baa
52 cm, l 510 cm. Except where a new listener’s data are added, individ
listeners maintain the same symbol type as in Fig. 3.
J. Acoust. Soc. Am., Vol. 110, No. 2, Aug. 2001
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values are, indeed, equal to or very nearly equal to 1.0. H
ever, for the discrimination of intensity, and for the discrim
nation of decay for the iron bar, the values are significan
less than 1.0. These data suggest, not surprisingly, that
ited sensory resolution is likely responsible for less than p
fect performance of listeners who appeared to adopt an
timal decision rule. The data do not, however, necessa
imply that limited sensory resolution would significantly a
fect the selection of decision weights. This is because
analytic solution for hollowness depends on therelation
among the values of acoustic parameters~cf. Fig. 3!, not the
value of any single parameter. Consequently, intensity~or
decay! by its relation to frequency can convey informatio

al
FIG. 5. Same as Fig. 3, except that data are for the wood bar,a52 cm, l
525 cm. Except where a new listener’s data are added, individual liste
maintain the same symbol type as in Fig. 3.

TABLE II. Obtainedd8 values for the discrimination of individual acousti
parameters. The values are expressed relative to those of an ideal ob
with no limit in sensory resolution.

Material
Listener
symbol

d8/dideal8

Frequency Intensity Decay

Iron Large-circle 0.92 0.36 0.31
Up-triangle 0.95 0.38 0.29
Diamond 1.00 0.38 0.42

Wood Up-triangle 1.00 0.25 0.84
Diamond 0.98 0.30 0.85
1015Robert A. Lutfi: Detection of hollowness
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FIG. 6. Simulated effect of listener in-
ternal noise for iron bar with hollow-
ness radiusb51.0. Circles and crosses
represent, respectively, the paramet
values for hollow and solid bars. Righ
and left panels represent, respective
parameter values with and without in
ternal noise jitter. The decision borde
corresponding to the optimal decisio
rule is given by the continuous curves
The decision border for an observe
that bases judgments on frequenc
alone is given by the dashed curve
See the text for specific details.
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regarding hollowness even on trials in which the differen
in intensity ~or decay! is too small to be detected.

Could limited resolution have affected the listener’s s
lection of decision weights? To evaluate this question
generated expectations for listener performance in these
periments using a standard internal noise model~cf. Durlach
et al., 1986!. Figure 6 shows the results of independen
adding a small amount of jitter to each acoustic paramete
as to simulate the effect of internal noise. For frequen
intensity, and decay the percentage of jitter is, respectiv
0.2, 17, and 25. These values represent the current bes
pirical estimates of the difference limens for these para
eters, for normal-hearing adults~Wier et al., 1977; Jestead
et al., 1977; Van Heuven and Van Den Broecke, 1979!.3 The
data shown in Fig. 6 are for the iron bar with hollowne
radius b51.0; similar results, however, were obtained f
the aluminum and wood bars. The parameter values w
~right! and without~left! jitter are designated separately f
the hollow~circles! and solid~crosses! bars. The continuous
curve in each panel is the decision border correspondin
the optimal combination of the designated acoustic par
eters. The dashed curve is the decision border for an obse
that bases judgments on frequency alone. The effect of a
ing internal noise in each case is to increase the numbe
crossings of the decision border that would yield an incorr
judgment. Importantly, however, the increase in crossing
much greater for the optimal decision rule than it is for t
judgments based on frequency alone. This results in the
decision models producing more similar performance lev
than would be anticipated based on the parameter va
without internal noise.

Figure 7 shows the expected effect of the internal no
on the psychometric function. Here the dashed and cont
1016 J. Acoust. Soc. Am., Vol. 110, No. 2, Aug. 2001
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ous curves represent, respectively, performance based o
optimal weighting of frequency and decay, and performan
based differences in frequency alone. The data of individ
listeners~symbols! are plotted for comparison. Note that fo
the iron bar~upper panel! there is only a small performanc
advantage for the optimal decision rule over the judgme
based on frequency alone. In the range ofb51.0– 1.3 cm
where most of the listeners’ data fall the advantage is l
than 5%. For the wood bar~lower panel! the optimal deci-
sion rule actually yields poorer performance than for t
judgments based on frequency alone. This can be unders
from the distribution of the values of frequency and decay
Fig. 6 ~upper panels!, which are for iron, but show a simila
pattern for wood. Here the values skirt the decision borde
the optimal rule so closely that even a small amount of p
turbation can force performance to be near chance.

The analysis of internal noise suggests a likely expla
tion for the specific pattern of listeners’ decision weigh
With limited resolution an optimal listening strategy, a
would be associated with an analytic solution for hollowne
yields at best a small performance advantage in some co
tions over judgments based on frequency alone. Also, s
frequency is the most salient single cue, varying over ma
more just-noticeable differences than either decay or int
sity ~cf. Wier et al., 1977; Jesteadtet al., 1977; Van Heuven
and Van Den Broecke, 1979!, there is good reason to expe
that listeners would often chose to base decisions on
quency alone in lieu of an optimal combination of acous
parameters. The fact that performance levels of listeners g
erally fall within the bounds predicted by the optimal liste
ing strategy and one based on frequency alone lends a
tional support to this analysis.
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IV. DISCUSSION

The results of these experiments reveal clear individ
differences in the decision strategies that listeners use w
judging hollowness from the synthesized sound of a stru
clamped bar. Listeners tend to fall into two groups in ter
of their cue preference: those giving weight to frequency a
decay consistent with an analytic solution for hollowne
and those giving predominant weight to frequency. The
sults also indicate, for some listeners, a change from
decision strategy to the other with changes in the mate
composition of the bar or with replication of a condition.

The general pattern of results is consistent with that
tained in the companion to this study involving the discrim
nation of bar material. There, too, significant individual d
ferences were observed combined with a bias for freque
for many listeners. Apart from the difference in task, th
study differed fundamentally from the present study in t
the material discrimination was to some degree ambiguo
Unlike the present study, in which the bar was unequivoca
hollow or solid, the companion study required, in effect
decision between two bars of the same material in differ
relative concentrations. This ambiguity was suspected
have played a role in the outcome of the earlier experime
However, the similarity in the pattern of results to those

FIG. 7. Psychometric functions for internal noise simulation. Dashed cu
are the functions resulting from optimal weighting of frequency and de
@as given by Eq.~3!#. The continuous curve is the function resulting fro
judgments based on frequency alone. The data of individual listeners
given different symbols consistent with those of Figs. 3–5.
J. Acoust. Soc. Am., Vol. 110, No. 2, Aug. 2001
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the present study suggests that the earlier results were
specifically related to this ambiguity.

Several studies in the literature offer similar compa
sons to the present study, though they used real or reco
sound sources. Kunkler-Peck and Turvey~2000! challenged
listeners to determine from sound the height and width o
rectangular steel plate suspended by a loose support
struck in its center by a hard mallet. While listener jud
ments consistently underestimated the true values, the
of height to width was recovered with reliable accuracy, d
spite variations in plate material. Kunkler-Peck and Turv
offer both theoretical and acoustical analyses to show
there is sufficient information for the task in the separ
modal frequencies associated with height and width. Th
imply a similar account of their listeners’ ability to reliabl
identify the shape of plates~circle, triangle, or square! of
different material. The ability to recover height–width ratio
from sound has also been demonstrated for loosely
pended, struck bars made of metal and wood~Lakatoset al.,
1997!. Acoustical analyses by these authors revealed tha
metal bars the frequencies of both torsional and transv
bending modes correlated highly with height–width ratio a
with listener judgments, suggesting that these modes m
have served as potential cues. For wood bars the role of t
modes was less clear as they were often weak or abs
Other physical attributes of objects or events that listen
have been shown to reliably judge from sound include
length of rods dropped on a hard surface~Carello et al.,
1998!, the hardness of mallets striking metal pans~Freed,
1990!, the breaking or bouncing of glass~Warren and Ver-
brugge, 1984!, the position of hands clapping~Repp, 1987!,
and the gender of walkers~Li et al., 1991!. In each of these
cases, specific features of the acoustic wave form or spe
have been correlated with the object or event and liste
judgments to identify potential cues underlying the listene
ability to perform the task.

Taken together, the past studies show that there is s
cient information in sound to allow identification of comple
source attributes, and moreover, that listeners are capab
such identifications with limited variation in other sourc
attributes. One might ask, therefore, what new information
provided by the present results? The answer lies in the
proach to identifying potential acoustic cues. There are t
important differences between the past and present studi
this regard. First, it should be noted that a strong correla
of a listener’s judgments with a particular cue, as has b
demonstrated in past studies, is not a sufficient condition
implicate that cue. Such a result does not rule out the po
bility that the listener may use a very different cue that ha
pens to be highly correlated with the one analyzed by
experimenter. Indeed, considering the complexity of the r
acoustic events that listeners were asked to judge in
studies, it is almost certain that alternative cues were av
able in some cases.4 The advantage in the present study
using synthesized sounds rather than real sound sourc
thatall relevant information for the specific task is contain
in the equations for motion. This allows precise measu
ment of the independent and relative contribution of ea
potential source of information to the listener’s respon

s
y

re
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without lingering questions regarding the possibility of alte
native acoustic cues. A second issue pertaining to the m
surement of listener cues has to do with the performa
levels of listeners in past studies. In many of these stud
the focus has been on whether or not the listener is cap
of accurately identifying a particular acoustic event, hen
conditions have often been selected where few or no ide
fication errors are made. While high performance levels
to some extent informative regarding the capabilities of
teners in these tasks, they are much less informative reg
ing the possible cues used by listeners. Consider, for
ample, the outcome of the present study if inner rad
values were selected to yield perfect performance. The
relation of the listener’s response with an optimal decis
rule would necessarily be one, but, because there are t
such rules, it would not be possible to distinguish amo
them. Indeed, it might not even be possible conclude that
listener used any one of these rules. If the values of the in
radius were chosen such that individual parameter distr
tions did not overlap~cf. Fig. 2!, listeners could achieve
perfect performance by basing decisions on a single acou
parameter alone. This is why it is essential that listen
make errors when using regression analyses to evaluate
tener cues, and why we have chosen the conditions of
present study to yield performance levels between 70%
90% correct.

Returning to the original motivation for the study, w
can evaluate the conjecture that listener judgments wo
correlate highly with the invariant relations among acous
parameters that are unique to hollowness. The results ap
to provide only partial support. Although many listeners d
indeed, appear to base decisions on such relations, a n
equal number appear to base decisions on simple differe
in frequency. Moreover, there are differences in the way
teners approach the task that depend on the material o
bar, and that change with replication of the same condit
Generally speaking, therefore, the results do not prov
clear support for the use of intrinsic cues for hollowness

One must question how this outcome might have b
influenced by the sound synthesis used in this study. R
bars, after all, come in many shapes, sizes, and mater
they are not perfectly symmetric or homogeneous, and t
are not typically struck at exactly the same point with exac
the same force. Might such differences prove advantage
for detecting hollowness, and might the synthesized sou
be perceived differently for this reason? We do not rule
the possibility, but we think it unlikely for both analytic an
empirical reasons. First, we have specifically chosen co
tions of the experiment to maximize the likelihood that l
teners would detect the acoustic information intrinsic to h
lowness. These choices were based on exten
performance simulations of the type described in Sec. II
involving a wide range of bar materials and geometries
known listener sensitivity~see Lutfi, 2000!. A fixed impulse
was used as the driving force because it is generally m
diagnostic regarding bar properties. And, all bar propert
except for length, were fixed so that no acoustic variati
other than that resulting from changing length, could serv
confound the change intrinsic to hollowness. We have a
1018 J. Acoust. Soc. Am., Vol. 110, No. 2, Aug. 2001
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considered the related question as to whether our synthes
sounds can be reliably discriminated from real bar soun
Preliminary experiments involving direct comparisons by l
teners suggest not~Lutfi and Oh, 1997!; however, stronger
evidence comes from experiments showing that listeners
insensitive to acoustic differences from real bar sounds
greater than those of our synthesized sounds~Lutfi and Oh,
1994!.

While the possibility of more advantageous conditio
for detection cannot be ruled out, it is instructive to consid
why some listeners did not make better use of the inform
tion that was available to them in these conditions. So
insight is obtained by considering the effect of limited se
sory resolution on judgments. The effect is potentially co
plex since it must depend on the listener’s decision weig
as well as the acoustic variation resulting from variation
bar parameters. We have relied, therefore, on an inte
noise model to evaluate the potential interaction among th
factors. An important outcome of this analysis is that t
analytic solution for hollowness is highly vulnerable to th
small perturbations in the acoustic parameters that would
associated with listener internal noise. The result is that ju
ments following the analytic solution yield no large perfo
mance advantage over judgments based on differences in
quency alone, indeed, in some cases they yield w
performance. This outcome appears to provide an expla
tion for both the overall performance levels of our listene
and their specific pattern of decision weights.

That such small perturbations in the acoustic signal,
would be associated with internal noise, could have s
profound effects on listener judgments may seem surpris
certainly in the context of the large variation associated w
changes in bar length and whether the bar is hollow or so
Such effects are possible, however, because the intri
acoustic relations that would serve to disambiguate hol
from solid bars are subtle and so often do not yield a sign
cant detection advantage over simple differences in in
vidual acoustic parameters~cf. Figs. 6 and 7!. The effect is
comparable to an analysis of variance where the interac
effects ~the intrinsic relations! are small compared to th
main effects of variables~the simple differences in individua
acoustic parameters!. The results underscore the importan
of limited sensitivity as a factor in source identification, a
raise the question as to whether there are other condit
where limited sensitivity for acoustic relations may similar
play a role. Few studies have specifically addressed the q
tion. Moreover, while analytic treatments have identified t
intrinsic acoustic information associated with specific sou
attributes, they have not generally indicated conditio
where, based on known limits of human sensitivity, this
formation might offer a significant categorical advanta
over simple statistical differences in individual acoustic p
rameters~Jenison, 1997; Kac, 1966; Wildes and Richard
1988!. For the present case, at least, some relevant data
provided by the results of simulations we have used to se
stimulus conditions for our experiments~see Lutfi, 2000!.
These simulations indicate that the results of the pres
study are not atypical of what would be expected for t
discrimination of other rudimentary bar attributes such
Robert A. Lutfi: Detection of hollowness
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shape, size, or material. In such cases, judgments base
the intrinsic acoustic relations are rarely expected to offe
detection advantage over simple differences in individ
acoustic parameters when limited sensitivity is taken i
account. For the discrimination of material and hollowne
the results of these simulations are corroborated by data f
human listeners~Lutfi and Oh, 1997!.

Clearly, many factors can be expected to influence h
a listener recovers a particular source attribute from sou
not the least of which are the dynamics of the source, ho
is excited, and how it might vary along other physical dime
sions. But while the acoustic effect of these factors can
profound, it is often the small changes in the relation amo
acoustic parameters that serve to disambiguate source
such cases, as in the present study, basic limits in hu
sensitivity can affect not only what a listener hears, but a
how they listen.
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1We had also experimented with perturbations in parameters related t
material of the bar~density and elasticity!. For these parameters, howeve
the resultant variation among acoustic parameters was too highly corre
to permit reliable estimates of listener decision weights.

2Specifically, the two regression weights in each case are given by the
element vectorw5(XTX)21XTy, wherey is a column vector giving the
listener’s response on each trial,X has two columns corresponding to th
interval differences for logtn and logvn on each trial, andXT denotes the
transposition ofX.

3These values may be underestimates as they come from conditions w
there is minimal uncertainty regarding the values of stimulus parame
from trial to trial. The possible influence of stimulus uncertainty for con
tions most similar to those of the present study is discussed in Lutfi and
~1997!.

4By way of example, the spectral acoustic cues analyzed by Kunkler-P
and Turvey~2000! almost certainly were correlated with spatial acous
cues afforded by large suspended plates.
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