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Previous work on pure tone intensity discrimination in school-aged children concluded that children
might have higher levels of internal noise than adults for this task [J. Acoust. Soc. Am. 120,
2777-2788 (2006)]. If true, this would imply that psychometric function slopes are shallower for
children than adults, a prediction that was tested in the present experiment. Normal hearing children
(5-9 yr) and adults were tested in a two-stage protocol. The first stage used a tracking procedure to
estimate 71% correct for intensity discrimination with a gated 500 Hz pure tone and a 65 dB sound
pressure level standard level. The mean and standard deviation of these tracks were used to identify
a set of five signal levels for each observer. In the second stage of the experiment percent correct
was estimated at these five levels. Psychometric functions fitted to these data were significantly
shallower for children than adults, as predicted by the internal noise hypothesis. Data from both
stages of testing are consistent with a model wherein performance is based on a stable psychometric
function, with sensitivity limited by psychometric function slope. Across observers the relationship
between slope and threshold conformed closely to predictions of a simple signal detection model.
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I. INTRODUCTION

School-aged children perform more poorly than adults in
a wide range of psychoacoustic paradigms including simple
tasks, such as detection of a tone (Fior, 1972; Maxon and
Hochberg, 1982; Allen and Wightman, 1994), frequency dis-
crimination (Maxon and Hochberg, 1982; Jensen and Neff,
1993), and gap detection (Irwin et al., 1985; Wightman et al.,
1989; Trehub er al., 1995), as well as more complex tasks,
such as speech recognition under challenging listening con-
ditions (Elliott, 1979; Nabelek and Robinson, 1982) and in-
formational masking (Allen and Wightman, 1995; Oh et al.,
2001; Wightman et al., 2003; Hall ef al., 2005). While there
have been many reports documenting this poorer perfor-
mance, there is little consensus regarding the underlying
cause of elevated thresholds in school-aged children.

Whereas the auditory peripheral physiology is thought to
be functionally mature well before the school-aged years
(e.g., Abdala and Folsom, 1995), there is evidence of contin-
ued development in auditory cortex (Moore and Linthicum,
2007) and more general cognitive development not specifi-
cally related to auditory processing (e.g., Gomes
et al., 2000) throughout this period. A wide range of nonsen-
sory factors has been proposed to account for the poor psy-
choacoustic data of school-aged children. Some are based on
general cognitive development, such as central noise due to
fluctuations in attention, unstable decision criteria or
memory limitations (e.g., Allen et al., 1998; Wightman e al.,
1989; Allen and Nelles, 1996). Others may be more specific
to auditory processing, including an inability to optimally
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combine or switch among sensory cues (Allen ef al., 1989),
immature sound source determination (Leibold and Neff,
2007), reduced listening efficiency (Hall and Grose, 1991;
1994), inability to listen in a frequency selective manner
(Allen and Wightman, 1994; Stellmack et al., 1997; Lutfi
et al., 2003), poor temporal focus of attention (Sutcliffe and
Bishop, 2005), and relatively ineffective combination of in-
formation distributed over time (Schneider and Trehub,
1992).

Whereas any one or more of these interrelated factors
could affect thresholds of school-aged children, some re-
searchers conclude that general developmental factors non-
specific to auditory processing fail to explain the develop-
mental effects observed. For example, Schneider et al.
(1989) argued that the relative stability of thresholds over
time and the small effects of changing the task reward struc-
ture indicate that motivation and inattention play little, if any,
role in the poorer performance of child observers. While the
combination of sensory cues almost certainly plays a role in
the performance of young children under some listening con-
ditions, the data of Willihnganz et al. (1997) suggest that
maturation of listening strategy cannot account for develop-
mental effects observed under complex listening conditions.

Several previous studies have proposed that increased
internal noise could account for the reduced sensitivity in
psychoacoustic tasks for child observers as compared to
adult observers. For example, Schneider and co-workers
(1989; 1992) proposed that the sensitivity with which child
observers are able to detect a tone in a masking noise could
be limited by internal noise. They tested this hypothesis by
estimating percent correct for detection of a tone masked by
a 1/3-octave band of noise. If higher levels of internal noise
were responsible for threshold elevation, this should be re-
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flected in shallower psychometric function slopes. Contrary
to initial predictions, psychometric functions from group
data in that study failed to provide compelling evidence of
shallower psychometric functions for children as compared
to adults (Schneider et al., 1989). Other studies have esti-
mated psychometric functions for individual observers and
found the expected increase in slope with age (Allen and
Wightman, 1994; Bargones et al., 1995). Whereas the litera-
ture is somewhat inconclusive regarding the role of internal
noise in the detection of a tone, the present study set out to
delineate the role of internal noise for intensity discrimina-
tion for a suprathreshold tonal signal.

A recent study by Buss et al. (2006a) argued that the
poor intensity discrimination thresholds obtained in school-
aged children is consistent with increased internal noise. The
phrase internal noise is sometimes used in a very broad
sense, describing any source of inaccuracy in processing that
might account for deviations from optimal performance, in-
cluding factors specific to auditory processing, such as jitter
in peripheral encoding of sounds, and other more general
functions related to cognitive processing, such as transient
attention to the task or variable strategy in utilizing the avail-
able sensory cues. Buss er al. (2006a) hypothesized that the
poor performance of child observers and the inferred eleva-
tion of internal noise could be due to variability in the neural
representation of intensity rather than nonauditory factors.
Briefly, that study showed that stimulus variability within or
across intervals affected intensity discrimination thresholds
of adults to a greater extent than those of children. This
finding is broadly consistent with a simple model incorporat-
ing higher levels of internal noise for child than adult observ-
ers and predicts that psychometric function slope for inten-
sity discrimination should be shallower for child than adult
observers. If this is the case, then the data of children should
conform to the basic assumptions of signal detection theory,
and, in particular, the assumption that a single psychometric
function accurately describes performance over time. In con-
trast, if variable response strategies or transient inattention
were responsible for poor performance, then this would be
reflected in greater variability in behavioral data over time.

Stability of the psychometric function underlying perfor-
mance was assessed in the present study in two ways. The
first stage of testing used an adaptive procedure to estimate
threshold, incorporating two interleaved tracks that con-
verged on a single value (71% correct). This general strategy
was proposed by Leek er al. (1991) to identify shifts in the
psychometric function characterizing performance over time;
using this method, a shift in the psychometric function
within a block of trials results in increased statistical depen-
dence across pairs of interleaved tracks. That is, trials from
both tracks occurring in close temporal proximity should re-
flect a slow shift in psychometric function, and therefore be
highly correlated. A second approach was to compare repli-
cate estimates of percent correct, with the expectation that
variability around those estimates would be elevated if the
psychometric function underlying performance shifted over
the course of multiple blocks of trials. In both cases, vari-
ability of child and adult data was expected to be compa-
rable. If that were not the case, and child data were more
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variable, this result would undermine the psychometric func-
tion fit and complicate interpretation of the slope parameter.
Internal noise in the present study was estimated based
on the slope of the psychometric function. Because intensity
discrimination for a pure tone signal is thought to be limited
by internal noise, the slope of the function directly reflects
the magnitude of that noise (Jesteadt et al., 2003). Therefore,
if poorer performance of child observers is due to higher
levels of internal noise, then this should be reflected in pro-
portionally shallower psychometric function slopes.

Il. METHODS
A. Observers

The child group included 16 observers, 6 males and 10
females, ages 4.9-9.4 yr (mean 7.1 yr). The adult group
included 11 observers, 5 males and 6 females, ages
19.0-55.2 yr (mean 26.7 yr). All observers had pure tone
thresholds equal to or better than 15 dB HL for octave fre-
quencies 250—8000 Hz in the test ear (ANSI, 1996). None of
the observers had a history of hearing or ear-related prob-
lems.

B. Stimuli

The stimulus was a 500 Hz pure tone, gated on for
500 ms including 50 ms ramps computed as one-half of the
period of a raised cosine. In the standard intervals this tone
was presented at 65 dB sound pressure level (SPL), and in
target intervals it was more intense. The intensity increment
in the target interval was defined in units of 10 log(AZ/1).

C. Procedures

Stimuli were presented in a three-alternative forced-
choice procedure, with one randomly selected interval con-
taining the target stimulus. Intervals were separated by
600 ms. An animated sequence marked the three listening
intervals, after which the observer was prompted to select the
target interval via associated buttons on a touch-screen com-
puter monitor. After each correct answer, a small portion of a
cartoon picture was revealed, in the style of a puzzle piece. A
progress bar at the top of the screen reflected progress
through the run. At the end of a run, the cartoon picture was
fully revealed, and it performed a brief animation. Data col-
lection was completed in a single 1 h session for adults,
whereas child observers took two 1 h sessions.

Testing included two stages. In the first stage an adap-
tive 2-down, l-up tracking paradigm was used to estimate
the 71% correct point on the psychometric function (Levitt,
1971). Following the procedures proposed by Leek et al.
(1991), there was a single tracking rule for all trials up to the
second track reversal, wherein the signal level was adjusted
in relatively large steps of 4 dB. After the second reversal,
the track split into two interleaved tracks, and the stepsize for
signal level adjustment was reduced to 2 dB. From that point
on, one track determined the course of even numbered trials
and the other determined the course of odd numbered trials.
These two tracks continued until both had achieved six or
more reversals and there was an equal number of trials in
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both tracks. Thresholds were calculated as the mean level at
reversals 3—6 of each track. The standard deviation across
those reversal levels was also recorded for each track. This
procedure was performed twice, for a total of four estimates
of threshold (m) and four associated standard deviations (s).

Estimates obtained in the first procedure were averaged
for each observer, resulting in an overall estimate of thresh-
old (m) and average standard deviation (5). These values
were interpreted as initial estimates of the 71% correct point
and psychometric function slope, respectively. A set of five
signal levels was computed for each observer based on these
results, defined as m—2s, m—-=5, m, m+5, and m+2s. Percent
correct was then estimated at each of these five signal levels.
Data were collected in ten blocks of 40 trials; within a block
there were eight presentations of each of the five signal lev-
els, with those signal levels presented in random order.

lll. RESULTS

Prior to data analysis all variables were assessed for nor-
mality using a one-sample Komogorov—Smirnov test, both in
the aggregate and for the two groups separately. For all para-
metric statistics reported below, this test failed to reject the
null hypothesis that data were normally distributed (p
=(.10). These criteria of normality were also met for statis-
tics on derived parameters (e.g., estimates of psychometric
function slope). Data from the adaptive track procedure were
analyzed in units of 10log(Al/I), the same units used to
adjust signal level. Units of AL were used in analysis of the
percent correct data in order to facilitate comparison with
previous results of Buss et al. (2006a). While the best units
for representing intensity discrimination is a topic of debate
(Buus and Florentine, 1991; Moore et al., 1999), the choice
between 10 log(AI/I) and AL was of little consequence in
the present case; repeating analyses in each of these units did
not affect the general conclusions of the study.

Statistics below were performed excluding the data of
one child observer (C4) whose results were notably poorer
than those of her peers. While these data may accurately
reflect this observer’s psychophysical performance, it was
decided to consider the trends exhibited by the other 15 chil-
dren. Results of the outlier child observer are indicated in the
data figures with a filled symbol except where values fell
outside reasonable axis limits.

A. Thresholds based on adaptive tracks

Intensity discrimination thresholds obtained in the first
stage of testing were higher for child than adult observers,
with respective means of 0.20 and —4.96 dB [10 log(Al/1)].
This group difference was significant (f,4=5.54, p<0.0001).
Within the child data, a regression analysis of the threshold
on age resulted in a significant trend for improvement with
age (B=-0.86, 1,,=2.20, p<0.05 one-tailed). These results
confirm that intensity discrimination is different in adults as
compared to school-aged children, with evidence of signifi-
cant improvement between 5 and 9 yr of age.

Because the adaptive runs split into two interleaved
tracks after the second track reversal, it is possible to test the
hypothesis that threshold elevation in child observers is due
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FIG. 1. Signal intensity is plotted as a function of trial number for two
observers. The top panel shows data for C3, which is representative of the
child data. The bottom panel shows data for C11, a unique case where the
two interleaved tracks were highly correlated. Symbols reflect the two
tracks, which do not diverge until after the second track reversal. The legend
shows the mean and standard deviation associated with each track, as well
as the correlation between tracks.

to the instability of the underlying psychometric function,
such as might occur with fluctuations in attention or changes
in response strategy. Figure 1 shows the example tracks from
the child dataset, with signal intensity plotted as a function of
trial number. The top panel shows the second adaptive track
for observer C3, a 5.7 yr old. In this example, the first phase
of the track, characterized by a single track trajectory and
large stepsize, lasted for seven trials; after this point, signal
level was controlled by the two interleaved tracks. These
data reflect some improvement as a function of trial number,
but the interleaved tracks are not uniformly parallel, consis-
tent with the interpretation that performance is relatively free
from shifts in attention or listening strategy over the course
of the trial. The bottom panel shows the second adaptive
track for C11, a 7.9 yr old. In this track the signal level rose
to the ceiling of 15 dB, fell precipitously, and then gradually
increased; the two tracks split apart after the 18th trial but
remained largely parallel. It seems likely that this child was
confused about the task demands at the outset of the track,
adopted a more effective strategy for trials 8—20 and then
reverted to a less optimal approach to the task at the end of
the track. While the data of C11 are consistent with cognitive
dependencies rather than purely auditory limits to perfor-
mance, this pattern of results was unique among child ob-
servers, with the remaining datasets more closely resembling
C3 with respect to the relationship of performance across
tracks.

The statistical dependence of pairs of interleaved tracks
was assessed by comparing the correlation between signal
levels in pairs of interleaved tracks for child and adult ob-
servers. If instability in the psychometric function were re-
sponsible for poor performance in children, and if fluctua-
tions in that function spanned two or more trials, then the
intertrack correlation should be greater for child than adult
observers. Data were retrieved from disk for the second
adaptive run of each observer excluding the last two child
observers run on the experiment; files for these two observ-
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ers were lost due to computer error. For each dataset, the
initial trials using a large stepsize and a single tracking tra-
jectory were excised, leaving only trials in which the small
stepsize and the interleaved tracking procedures were used.
The first trial from each track was omitted, to allow the two
tracks to diverge, and the resulting arrays were used to cal-
culate the Pearson product correlation across tracks. Units of
10 log(A1/1) were adopted for this analysis.

The median intertrack correlation was r=-0.11 for
adults (spanning r=-0.44 to 0.58) and r=0.01 for children
(spanning r=-0.88 to 0.98). If the processing underlying
performance is variable over the course of a run, this could
be reflected in a relatively high correlation across tracks. A
t-test assuming unequal variance failed to reject the null hy-
pothesis of equal correlation (£,,=0.42, p=0.68). Within the
child group there was no correlation between child age and
track correlation (r=-0.47, p=0.10). These results can be
summarized as showing no reliable age effect for intertrack
correlation, either across age groups or within the child
group, a result that is consistent with comparable stability of
the underlying psychometric function over the course of tri-
als.

B. Psychometric function fits

In the second stage of testing, percent correct was mea-
sured for a set of five fixed signal levels, based on the mean
threshold and standard deviation of each observer’s data
from the first stage. Results are shown in Fig. 2, where per-
cent correct is plotted as a function of signal intensity in
units of AL. Circles indicate estimates of percent correct,
with 80 trials at each level. Each child observer’s data appear
in a separate panel, with age of the observer indicated in the
lower right corner. The median standard error of the mean
(sem) for each group of observers is shown in the legend of
Fig. 2. The relationship between sem of child and adult esti-
mates was assessed statistically by applying an arcsine trans-
form to all estimates of percent correct and computing the
sem across the ten replicate estimates at each signal level.
The resulting values were submitted to a repeated measures
analysis of variance (ANOVA), with two levels of GROUP
(child, adult) and five levels of SIGNAL (the five signal lev-
els unique to each observer). This analysis revealed a main
effect of SIGNAL (F,96=4.67, p<<0.05), no effect of
GROUP (F|,4=0.19, p=0.66) and no interaction between
GROUP and SIGNAL (F, g4=2.15, p=0.08). This result con-
firms that the variability in percent correct data of child and
adult observers was comparable.

A least squares procedure was used to fit the percent
correct data of each observer with a Logit function of the
form

p(x) =n/3+ (1 - n)[(1/3) + (2/3)/(1 + e—(x—,ud)/k)]’

where p is the proportion correct (0-1), n is the probability of
inattention on any given trial, x is the signal level in AL, w is
the midpoint of the function, and k is the slope, with larger
values representing shallower functions.' Psychometric func-
tion fits were good, accounting for 89%—100% of variance in
child data and 95%-100% of variance in adult data. Fitted
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FIG. 2. Percent correct data are shown for individual child observers, plot-
ted in percent correct as a function of intensity increment in units of AL. The
circles show data, and the lines show data fits. Observer age is indicated in
each panel, and panels are arranged with child age increasing from left to
right. All adult data fits are shown in the upper right panel. The legend
indicates the median standard error of the mean for each group. The filled
symbols in the upper left panel highlight the fact that results of observer C4
are markedly poorer than those of other observers, as discussed in the text.

functions are shown with the data for individual child ob-
servers, and all adult functions are shown in the upper right
panel of Fig. 2. The median value of n was 0.07 for children
and 0.02 for adults, associated with upper asymptotes of 95%
and 99% correct, respectively. Fitting the data a second time
holding n constant at zero reduced the median variance ac-
counted for by 2% in the child dataset and by less than 1% in
the adult dataset. Looking across individual data, including
the n variable did not significantly increase the quality of the
fit for any observer (p<0.1, uncorrected), a finding which
can be interpreted as a failure to find reliable evidence of
random lapses of attention in these data. The decision to
retain the variable n in data fits was made to ensure that
possible differences in asymptotic performance would not
lead to an overestimate of the parameter k (i.e., an exces-
sively shallow fit, as discussed by Allen and Wightman,
1994). Models of inattention and the relationship between
inattention and estimated slope will be considered in more
detail in Sec. IV.

Consistency of performance over the two stages of test-
ing was systematically evaluated by comparing the 71%
point on fitted psychometric functions and 71% thresholds
estimated in the adaptive tracking. Figure 3 shows thresholds
calculated from psychometric function fits plotted as a func-
tion of thresholds based on the adaptive track, both in units
of AL. Each symbol corresponds to an individual observer’s
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FIG. 3. Threshold estimates based on psychometric function fits are plotted
as a function of thresholds estimated in the initial tracking procedure both in
units of AL. The circles show child data, and the stars indicate adult data.
The diagonal line indicates perfect correspondence between these two esti-
mates of 71% correct.

data, as indicated in the legend, and the diagonal line shows
a perfect correspondence between thresholds obtained using
the two methods. Thresholds estimated in the two stages of
testing are highly correlated when evaluated across all data
(r=0.89, p<<0.0001) or just within the child observer group
(r=0.86, p<0.0001). Thresholds were submitted to a re-
peated measures ANOVA, with two levels of GROUP (child,
adult) and two levels of EST (pc, track). There was a main
effect of GROUP (F; ,,=17.46, p<0.0001) and a main ef-
fect of EST (F) ,4=5.77, p<<0.05), but no interaction (F; »,
=1.11, p=0.30). Thresholds based on psychometric function
fits were on average 0.3 dB lower than those based on the
adaptive tracking procedure; simulations indicate that at least
part of this effect could be attributed to the choice of units
used to adaptively vary signal level in the track. More im-
portant in the present analysis is the fact that there was no
interaction between threshold estimation procedure and
group. This result supports the assumption that data from
these two paradigms both reflect the age effect of interest.
Threshold estimates based on psychometric function fits will
be used as an index of sensitivity in further analyses, as these
estimates are based on a greater number of trials.

Figure 4 shows two parameters based on psychometric
function fits plotted as a function of observer age, with adult
data plotted at a single arbitrary point on the abscissa. The
top panel shows estimates of 71% correct. Child thresholds
fall as a function of age, suggesting improvement in perfor-
mance between 4.9 and 9.4 yr of age. This trend is signifi-
cant (B8=-0.56, t,3=2.14, p<0.05 one-tailed). The bottom
panel of Fig. 4 shows individual estimates of psychometric
function slope. Fitted values of slope differ across groups by
an average of 0.72, a difference that is significant (¢,,=3.45,
p<<0.01). This effect of age on slope is also evident within
the child observer group (8=0.26, 1;3=2.59, p<<0.05 one-
tailed). We also examined the association between slope and
the standard deviation of the track reversal values obtained in
the first phase of testing, as it is possible that both could be
affected by a common underlying factor. However, the cor-
relation between these metrics did not approach significance
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FIG. 4. Two parameters of the fitted psychometric function are plotted with
circles as a function of child observer age, with the filled circle indicating
the slope estimate of the outlier child observer C4. The threshold value for
C4 is not shown because it is greater than the 8 dB axis limit. Adult values
are plotted with stars at an arbitrary point on the abscissa. The top panel
indicates thresholds for 71% correct in units of AL, and the bottom panel
shows results for function slope (k).

(r=0.001, p=0.99), indicating that this track statistic serves
as a very poor predictor of function slope under conditions
tested here.

C. Slope as a predictor of threshold

One motivation for the present study was to determine
whether psychometric functions for intensity discrimination
conform to the prediction of shallower slope in child than
adult observers. Buss ef al. (2006a) modeled intensity dis-
crimination thresholds and found some evidence for greater
internal noise in school-aged children than adults; greater
spread in the cue underlying the intensity discrimination task
would elevate thresholds and produce a shallower psycho-
metric function. As shown in the Appendix, the standard de-
viation of the underlying cue distribution (o), reflecting in-
ternal noise, can be estimated based on the fitted Logit
function slope (k) and then used to generate threshold pre-
dictions.

Figure 5 shows thresholds based on psychometric func-
tion fits plotted as a function of o, with symbols indicating
individual observer’s results. The line shows predicted
thresholds. Estimates of o differed significantly across
groups (t,,=3.46, p<<0.01), with average values of 0.76 and
1.91 for adults and children, respectively. Threshold predic-
tions were relatively accurate, accounting for 85% of the
variance in both child and adult data (F,,,=136.34, p
<0.0001). This fell to 79% when considering just child data
(Fy,13=49.88, p<0.0001).

D. Characterizing the outlier

Apart from very high thresholds, the data of the omitted
outlier (C4) are very similar to those of other observers. De-
spite very poor performance, the sem associated with each
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FIG. 5. Thresholds in AL are plotted as a function of the standard deviation
of the underlying cue distribution (o), estimated for each observer based on
psychometric function slope. Child data are shown with circles, and adult
data are shown with stars. The solid line indicates the threshold predicted
based on o, as described in the Appendix.

estimate of percent correct was not unusually large, with
values near the 65th percentile relative to other child observ-
ers’ data. The psychometric function fit was also quite good
for this observer, accounting for 98.6% of the variability
across the five estimates of percent correct. The relatively
low values of percent correct shown in Fig. 2 for this ob-
server stem from a deviation from the testing protocol: adap-
tive thresholds were judged to be unreasonably high, so sig-
nal levels adopted for the second stage of testing were
lowered to more typical values in this special case. Assuming
the fitted slope estimate of k=4.5 is accurate for this ob-
server, internal noise would be estimated as o=7.18, corre-
sponding to a threshold prediction of 9.2 dB (AL). This re-
sult is of interest because, whereas this observer’s
performance is quite poor, there are no other features of the
data that suggest unreliable or unstable underlying psycho-
metric function.

IV. DISCUSSION

The first stage of testing showed a group difference in
intensity discrimination thresholds, as well as an effect of
age within the child group. Intensity discrimination has pre-
viously been reported to be poorer in school-aged children
than adults (Fior, 1972; Maxon and Hochberg, 1982; Buss
et al., 2006a), though age effects have not been found in all
studies (Jensen and Neff, 1993). Examination of the signal
levels visited by the interleaved tracks generally supported
the assumption that child observers were adopting a reliable
listening strategy and using that strategy consistently over
the course of an entire track, with one notable exception: the
interleaved tracks associated with C11 were highly corre-
lated, highlighting the utility of this procedure. Across ob-
servers, however, child data were no more likely to be cor-
related than those of adults, and the correlation across tracks
was not a predictor of threshold. This result is evidence that
variability in the psychometric function over the course of a
threshold estimation track is probably not responsible for the
poor performance of child observers. Previous comparisons
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of adaptive tracking data of adult and school-aged children
also support this conclusion (Allen ef al., 1989; Wightman
et al., 1989). One caveat to this conclusion is that this
method is sensitive only to shifts in the underlying psycho-
metric function which span two or more trials within a track:
if these effects were independent across sequential trials,
then variability would not be evident in intertrack correla-
tion.

The most interesting aspect of the present data was the
finding of shallower psychometric function slopes in child as
compared to adult observers. Function fits were quite good in
both groups, and variability around each underlying estimate
of percent correct was comparable for child and adult ob-
servers. These findings are consistent with a simple signal
detection model, wherein each observer’s performance can
be modeled in terms of a single, stable function. Stability of
the psychometric function underlying performance over the
experiment was further corroborated by the comparison be-
tween estimates of 71% correct from the two stages of test-
ing; estimates based on adaptive methods and psychometric
function fits were highly correlated both within and across
observer groups. The finding of shallower slopes for inten-
sity discrimination in school-aged children than adults is
consistent with the shallower slopes for signal detection re-
ported in some (Allen and Wightman, 1994) but not all pre-
vious studies (Schneider et al., 1989).

The psychometric function estimates of both threshold
and slope were significantly different across groups and were
significantly correlated with age within the child observer
group. Psychometric function slope in units of AL was used
to estimate internal noise and generate threshold predictions.
These results were broadly consistent with the previous esti-
mates of internal noise determined under comparable stimu-
lus conditions (Buss e al., 2006a). That study reported inter-
nal noise estimates of 0.99 and 2.45 dB for intensity
discrimination in adult and school-aged child observers, re-
spectively. Estimates based on the present data were 0.76 and
1.91 dB, respectively. Threshold predictions based on esti-
mates of internal noise for individual observers fitted the data
quite closely despite substantial individual differences across
child observers (see Wightman and Allen, 1992). This result
supports the hypothesis that increased internal noise in child
observers is responsible for elevated intensity discrimination
thresholds, as reflected in shallower psychometric function
slopes. The relative stability of performance over time in
child data indicates that this age effect is not likely to be due
to increased variability in listening strategy or motivation.

One potential difficulty in measuring psychometric func-
tion slope is the confounding effect of inattention. Inattention
is often modeled as a random, “all-or-none” process. In this
model the observer is said to respond randomly without re-
spect to the stimulus on some proportion of randomly dis-
tributed trials (n), and on the remainder of trials (1-n) to
respond according to the psychometric function characteriz-
ing sensitivity (e.g., Wightman et al., 1989; Green, 1995).
This model produces an upper asymptote below 100% cor-
rect. Attempting to fit a function with an asymptote at 100%
to data that asymptote below 100% can result in an inaccu-
rately shallow slope estimate as well as threshold elevation
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(e.g., Wightman er al., 1989; Wightman and Allen, 1992;
Allen and Wightman, 1994). Estimates of n for the present
data are consistent with upper asymptotes of 95% and 99%
correct for child and adult observers, respectively. These val-
ues are consistent with those previously observed under
comparable experimental conditions for a detection task
(Buss et al., 2001), supporting the use of a three-parameter
fit even in the absence of a significant improvement over the
two-parameter fit with no inattention (n=0). To the extent
that the three-parameter fit accounts for individual differ-
ences in asymptotic performance, estimates of slope reported
here are not affected by all-or-none lapses in attention. Using
psychometric function fits with an asymptote at 100% (n
=0) to estimate internal noise results in larger estimates, with
mean values of 0.81 and 2.50 dB for child and adult observ-
ers, respectively; this result suggests that any effect of all-or-
none inattention may have contributed to, but was not wholly
responsible for, the age effect observed in the dataset of Buss
et al. (2006a).

Wightman and Allen (1992) hypothesized that the psy-
chometric functions characterizing the quality of sensory
cues available to adults and children are identical, and that
group differences in behavioral thresholds are due solely to
random, all-or-none inattention. Modeling in that report in-
dicated that inattention could account for performance if
child observers’ responses were unrelated to sensory input on
about 50% of trials. Pursuing a similar analysis on the
present data, psychometric functions fitted to adult data were
hypothesized to also characterize sensitivity of child observ-
ers, with differences in performance across groups due solely
to differences in inattention. For this analysis, values of w
and k were based on mean values fitted to adult data assum-
ing consistent levels of attention (n=0, w=1.04, and k
=0.51). The value of n was then adjusted to fit the mean
child threshold of 2.79 dB. This procedure generated an es-
timate of n=0.42, consistent with an upper asymptote of
72% correct [n/3+(1—n)]. Data shown in Fig. 2 are incon-
sistent with this magnitude of inattention, with the possible
exception of observer C4, for whom the best performance
measured was 65% correct. This analysis supports the con-
clusion that all-or-none inattention is insufficient to account
for the developmental effects observed in the present experi-
ment. This model also fails to account for the differential
development effects observed across auditory tasks (Jensen
and Neff, 1993; Dawes and Bishop, 2008).

Several investigators have argued that inattention is un-
likely to be random with respect to signal level. A more
realistic model might incorporate reduced probability of in-
attention with increasing signal level (Schneider and Trehub,
1992; Viemeister and Schlauch, 1992; Allen and Wightman,
1994). Whereas signal-dependent attentional effects might be
difficult to distinguish from other sources of internal noise
(e.g., variability in the neural representation of intensity), it
has been argued that signal-dependent inattention could play
a larger role in adaptive tracking data than in measurements
of percent correct for randomly interspersed signal levels
(Schneider and Trehub, 1992; Viemeister and Schlauch,
1992). For example, a series of several “difficult” trials clus-
tered together in time could reduce motivation or confidence
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in the listening strategy for child observers. If signal-
dependent inattention is responsible for the developmental
effects in intensity discrimination, and if threshold estimation
procedures influence the probability of this type of inatten-
tion, then developmental effects might be expected to vary
for the two procedures used in the present experiment. Com-
parison of thresholds across procedures reveals a relatively
constant developmental effect, however, a result that fails to
support an effect of signal-dependent inattention.

Despite this failure to find evidence of inattention as a
source of internal noise, previous work suggests that thresh-
old elevation for intensity discrimination in school-aged chil-
dren is due to central, nonsensory factors. In a review of the
literature, Werner and Marean (1996) argued that the wide
variability across individual children and the good perfor-
mance of some very young observers suggests very early
maturation of the sensory representation of intensity cues
and implicates nonsensory factors in developmental behav-
ioral effects in school-aged children. This hypothesis is bol-
stered by the results of Berg and Boswell (2000), who re-
ported adultlike intensity discrimination under some
conditions by 3 yr of age. In the present data, the very poor
performance of observer C4 is also consistent with nonsen-
sory factors: if a threshold of 9.2 dB were an accurate reflec-
tion of sensitivity, one might expect this observer to have
significant auditory processing difficulties with naturally oc-
curring sound stimuli, which is not the case. Progressive de-
velopment of nonsensory factors affecting auditory process-
ing over the school-aged population is supported by both
behavioral and physiological studies. A recent paper by
Moore and Linthicum (2007) reviews the physiological evi-
dence that, whereas the peripheral auditory system is fully
developed early in life, continued maturation of the auditory
cortex spans 6-12 yr of age, a process involving plastic
changes in response to sensory stimulation and auditory
learning. Analogous developmental trends are also evident in
the extended developmental effects observed psychophysi-
cally (e.g., Dawes and Bishop, 2008). Nonauditory attention
also develops extensively over this same age range, with
many factors not captured by the all-or-none or even the
signal-dependent inattention model considered in analyses of
the present data (Gomes er al., 2000).

One aspect of the present paradigm that could highlight
the development of nonsensory limits to performance is
the choice of a gated stimulus presentation. Durlach and
Braida (1969) hypothesized that nonsensory sources of inter-
nal noise for gated intensity discrimination can be character-
ized in terms of memory. For the present three-interval task,
an observer might maintain a detailed auditory memory of
the stimuli in all three intervals, comparing those memories
at the end of the trial; alternatively, the stimulus on each
interval could be compared to an internal template of the
standard, with the final response based on the interval with
stimulus judged to be more intense than the template. It is
reasonable to hypothesize that developmental memory ef-
fects could limit performance using either of these strategies.
If this is the case, then presenting a continuous (as opposed
to a gated) standard tone should reduce the developmental
effects for intensity discrimination; changing the task in this
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way would significantly reduce the memory load, whether
child performance was limited by auditory memory for each
interval or memory for the standard template. This expecta-
tion is consistent with the adultlike performance of 3 yr old
observers for intensity discrimination with a continuous stan-
dard stimulus observed by Berg and Boswell (2000). Con-
trary to this expectation, however, initial data suggest that
presenting the standard tone continuously may not reduce the
developmental effect (Buss ef al., 2006b). While memory or
some other cognitive factor may play a role in performance,
more work is needed to clarify its contribution to the devel-
opmental effects observed here.

V. CONCLUSIONS

The present results replicate previous findings of a de-
velopmental effect in pure tone intensity discrimination in
school-aged children. Psychometric function slopes were
shallower in children than adults, consistent with the hypoth-
esis that this age effect is related to internal noise. Predicting
performance based on estimates of slope provides a good fit
to the data and comparable estimates of internal noise to
those published previously (Buss et al., 2006a). Stability of
the psychometric function underlying performance appears
to be comparable across groups when assessed both via cor-
relation across interleaved adaptive tracks and variability
across sequential estimates of percent correct, a result inter-
preted as showing that fluctuations in attention or listening
strategy over blocks of trials is not responsible for the poorer
performance of child observers. Future work will evaluate
other possible sources of greater internal noise in young
school-aged children, including limits to the fidelity of sen-
sory coding as well as memory and signal-dependent atten-
tional factors.
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APPENDIX

Many studies report psychometric function slopes in
terms of the k-parameter of a Logit fitted to psychophysical
estimates of percent correct. The Logit can be defined as

1
p(x) = P
where w is the midpoint of the function, k is the slope pa-
rameter, and x is the signal level. In comparison, the cumu-
lative normal distribution can be defined as

X
D(x) = f 1_ o035 - M)/0)2’
w ON21T

where M is the mean of the distribution, o is the standard
deviation of the distribution, and x is the signal level. The
Logit is often offered as an approximation of the cumulative
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normal distribution. Based on Gilchrist er al. (2005), the re-
lation between slopes quantified using these two functions
can be evaluated as

o= 4k/ \;"’ET.

As discussed in more details elsewhere (Jesteadt er al., 2003;
Buss er al., 2006a), the standard deviation of the underlying
cue distribution can be used to generate an estimate of ob-
server sensitivity. Sensitivity is defined as

d =Alo.

Because this experiment estimated thresholds for 71% cor-
rect using a three-alternative forced-choice task, threshold
(A) is predicted as

A=1.280.

"This form of the Logit function was chosen based on its similarity to the
normal cumulative used in previous analysis (Buss er al., 2006a), as de-
scribed in more details in Appendix. In this form, larger values of k are
associated with shallower functions. The Logit can also be expressed in
the form

p(x)=n/3 + (1 =n)[(1/3) + (2/3)/(1 + e Ko=),

in which case small values of k represent shallower functions.
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