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Abstract In four experiments, we studied the influence of the
level profile of time-varying sounds on temporal perceptual
weights for loudness. The sounds consisted of contiguous
wideband noise segments on which independent random-level
perturbations were imposed. Experiment 1 showed that in
sounds with a flat level profile, the first segment receives the
highest weight (primacy effect). If, however, a gradual
increase in level (fade-in) was imposed on the first few
segments, the temporal weights showed a delayed primacy
effect: The first unattenuated segment received the highest
weight, while the fade-in segments were virtually ignored.
This pattern argues against a capture of attention to the onset
as the origin of the primacy effect. Experiment 2 demon-
strated that listeners adjust their temporal weights to the level
profile on a trial-by-trial basis. Experiment 3 ruled out
potentially inferior intensity resolution at lower levels as the
cause of the delayed primacy effect. Experiment 4 showed
that the weighting patterns cannot be explained by perceptual
segmentation of the sounds into a variable and a stable part.
The results are interpreted in terms of memory and attention
processes. We demonstrate that the prediction of loudness
can be improved significantly by allowing for nonuniform
temporal weights.

D. Oberfeld (<)

Department of Psychology,

Johannes Gutenberg-Universitit Mainz,
55099, Mainz, Germany

e-mail: oberfeld@uni-mainz.de

T. Plank
Department of Psychology, Universitit Regensburg,
Regensburg, Germany

Keywords Dynamic loudness - Time-varying sounds -

Intensity discrimination - Temporal perceptual weights -
Perceptual weight analysis - Molecular psychophysics -
Loudness model

Building on the pioneering work of H. Barkhausen, S. S.
Stevens, and others (e.g., Barkhausen, 1926; Stevens,
1956), much effort has been devoted to understanding the
loudness of simple laboratory-type sounds (see Scharf,
1978, for a review of many findings). This effort has led to
powerful models for the loudness of stationary sounds
(Glasberg & Moore, 2006)—that is, sounds that remain
relatively constant in frequency spectrum and waveform
amplitude across the duration of presentation (e.g., a
sinusoid or a burst of wideband noise). These loudness
models encompass a wide variety of psychophysical data,
although even fundamental issues such as the form of the
loudness function remain subjects of debate (Krueger,
1989). What can be concluded about our understanding of
the loudness of time-varying (dynamic) sounds changing
across time in frequency spectrum, in waveform amplitude,
or on both dimensions during presentation, just as many
environmental sounds do? For this type of stimuli, a smaller
amount of data is available (e.g., Grimm, Hohmann, &
Verhey, 2002; Moore, Vickers, Baer, & Launer, 1999;
Zhang & Zeng, 1997). Technical measures proposed as
estimates of the loudness of fluctuating sounds (e.g.,
European Parliament and Council of the European Union,
2002; World Health Organization, 1999)—such as, for
example, the energy-equivalent level of a steady sound
(Leq), or the 95th percentile of the loudness distribution Ns
(see Zwicker & Fastl, 1999)—typically assume that all
temporal portions of a sound contribute equally to overall
loudness (see Ellermeier & Schrodl, 2000). Recent studies
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using level-fluctuating noise stimuli that remained constant in
spectrum but changed in level every 100 ms or so showed,
however, that this conjecture is not correct. Listeners' judg-
ments of the global loudness' of a level-fluctuating noise
with a duration of 1 s are more strongly influenced by the
first 100-300 ms of the sound than by its middle portion
(Dittrich & Oberfeld, 2009; Ellermeier & Schrodl, 2000;
Pedersen & Ellermeier, 2008; Rennies & Verhey, 2009). In
other words, the temporal weighting of loudness shows a
pattern akin to the primacy effect in short-term memory (e.g.,
Baddeley, 1966). Higher weights have been observed for the
temporal portion at the beginning of the sound, showing that
the first part contributes more strongly to the perceived
loudness of the sound than does the middle portion of the
sound. To a weaker extent, a recency effect has also been
observed; that is, higher perceptual weights are placed on the
ending portion of the sound than on the middle portion
(Dittrich & Oberfeld, 2009; Pedersen & Ellermeier, 2008).
This weighting pattern differs from that of an ideal observer,
who would apply identical weights to all temporal portions
of a sound (Berg, 1989) if each element provided the same
amount of information concerning the correct response, as
was the case in the experiments above.

Can the overweighting of the beginning of a sound in a
loudness judgment task be explained by peripheral mech-
anisms? For a stimulus of constant sound intensity
presented in quiet, the firing rate of auditory nerve neurons
is maximum at the stimulus onset and then, within a few
milliseconds, decays to a lower, steady-state level (Kiang,
Watanabe, Thomas, & Clark, 1965; Nomoto, Katsuki, &
Suga, 1964). Thus, if the loudness of the level-fluctuating
sound is determined simply by the total firing rate (e.g.,
Fletcher & Munson, 1933; Howes, 1974; Lachs, Al-Shaikh,
Bi, Saia, & Teich, 1984) or by a weighted average of the
firing rates of individual neurons (Nizami & Schneider,
1997; Relkin & Doucet, 1997), the level of the first
temporal segment should have the greatest impact on
perceived intensity. However, because the initial spike in
the neural response decays within a few milliseconds, such
a mechanism should result in almost exclusive weight being
assigned to the first temporal segment. Therefore, the
observation that the second and third temporal segments
(presented 100 and 200 ms, respectively, after stimulus
onset) also receive a higher weight than do the following

! Compatible with previous studies (e.g., Pedersen & Ellermeier,
2008; Susini et al., 2007), we use the term global loudness to
emphasize that the participants were not required to make separate
judgments of the loudness of different temporal portions (e.g.,
beginning, center, or end of the stimulus). Instead, listeners judged
the loudness of a noise in its entirety (i.e., over the entire duration).
The contribution of each single temporal portion of the sound to this
global loudness judgment was then calculated with a specific
statistical method (perceptual weight analysis; see Berg, 1989). For
details, see the Method section for Experiment 1.
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segments (e.g., Dittrich & Oberfeld, 2009) cannot be
accounted for by the neural responses in the auditory
periphery. Second, Plank (2005) obtained loudness judg-
ments for a sequence of ten 20-ms noise bursts, separated by
pauses of 5, 40, or 100 ms. For all three of these conditions,
a primacy effect was observed, with higher weights being
assigned to the first three segments of the sequence. This
again argues against the initial firing rate in the auditory
periphery as an explanation, because, with pauses of 40 or
100 ms, each segment should have elicited a similar neuronal
response, due to the fast recovery of the auditory nerve
neurons (Harris & Dallos, 1979; Smith, 1977). Furthermore,
the primacy effect was most pronounced for the sequences
with the longer pauses, of 40 and 100 ms. Thus, the ability
of the participants to distinguish segments perceptually from
each other and treat them as single events seems to promote
the emergence of a primacy effect.

A simple alternative explanation would be that due to the
abrupt onset of the noise, attention is captured and directed to
the beginning of the stimulus, roughly in the sense of an
orienting response (Graham & Hackley, 1991; Pavlov, 1927,
Sechenov, 1863/1965). In the visual domain, capture of visual
attention by abrupt onsets has frequently been reported (e.g.,
Desimone & Duncan, 1995; Folk, Remington, & Johnston,
1992; Jonides & Yantis, 1988; Yantis & Jonides, 1990).
Whereas, in these studies, attention was captured by one
visual object from another object, it seems possible that in the
auditory domain, where the temporal evolution of a stimulus
is crucial, direction of attention to a specific temporal portion
of a longer stimulus can occur. For example, if an abrupt onset
were to cause an orienting response, attention should be
directed to the beginning of the sound.

The aim of Experiment 1 in the present study was to test
whether reducing the abruptness of the onset by imposing a
gradual increase in level (fade-in) on the beginning of a sound
would reduce the primacy effect in the pattern of temporal
weights. Such a reduction would be evidence that capture of
attention to the onset is the cause of the primacy effect.
However, the results from Experiment 1 did not demonstrate
the expected approximately uniform weighting pattern.
Instead, we observed a delayed primacy effect. The attenuated
temporal segments constituting the fade-in received near-zero
weights, while the highest weight was assigned to the first
unattenuated segment. Experiments 24 were designed to
further explore the effects of the level profile of a time-varying
sound on temporal weights for loudness and to promote
understanding of the origin of these effects.

Experiment 1: effects of a fade-in

In Experiment 1, temporal perceptual weights were esti-
mated in a loudness judgment task. The stimuli were level-
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fluctuating noises with three different level profiles.
Temporal weights for sounds with a flat level profile (i.e.,
with no changes in mean level across the stimulus duration)
were compared with weights for stimuli containing a
gradual increase in level (fade-in) at the beginning. To
estimate the temporal weights, perceptual weight analysis
was used, just as in other recent studies on the temporal
weighting of loudness (e.g., Dittrich & Oberfeld, 2009).
The basic principle behind perceptual weight analysis is to
present a stimulus consisting of several elements (in the
present case, nonoverlapping temporal segments), to intro-
duce trial-by-trial variation in the dimension of interest
(here, sound intensity) on each of the elements, and to
estimate the impact of the variation of each individual
element on a behavioral or neural response. Thus, molec-
ular, rather than molar, analyses were conducted on the
data (Green, 1964) in order to gain insight into the decision
process, rather than obtaining molar measures such as
loudness or accuracy. Molecular, or perceptual weight,
analyses have been used for several decades (Ahumada &
Lovell, 1971; Berg, 1989; de Boer & Kuyper, 1968; Gilkey
& Robinson, 1986) and have found increasing application
in several domains (e.g., Ahumada, 2002; Berg, 2004; Neri,
Parker, & Blakemore, 1999; Oberfeld, 2009; Yu & Young,
2000). We applied this technique to a loudness judgment
task, in order to estimate the influence of the sound pressure
level of different temporal portions of the stimulus on
global loudness. Imagine a stimulus consisting of three
contiguous wideband noise segments. Each segment has a
duration of 100 ms and is presented at a level of 60 dB
SPL. Now, if the sound pressure level of one single
segment is increased by 2 dB, will the resulting increase
in loudness be identical regardless of whether the increment
is imposed on the first, second, or third segment? To answer
this question, we imposed random and independent level
perturbations on the temporal segments. If, now, the
participant assigns a high weight to a particular temporal
segment of the sound—that is, if attention is directed to this
temporal segment (Berg, 1990)—there will be a strong
correlation between the random level perturbation imposed
on this segment and the response of the participant. If,
conversely, the segment is unimportant for the decision, the
responses will be statistically independent of the random
variation (Oberfeld, 2008a; Richards & Zhu, 1994). In this
study, multiple logistic regression was used for estimating
the perceptual weights (see below). As compared with older
methods for tracking loudness across time, such as
continuous ratings of instantaneous loudness (Susini,
McAdams, & Smith, 2007; Zwicker & Fastl, 1999, p.
322f), perceptual weight analysis has much higher temporal
resolution (in the millisecond range; see Plank, 2005) and is
less transparent to the participants and, therefore, also less
susceptible to biases (see Ellermeier & Schrodl, 2000).

Method participants

Seven volunteers (5 women, 2 men; 20-27 years of age)
participated in the experiment for course credit. All the listeners
reported normal hearing and had detection thresholds better
than 10 dB HL at all octave frequencies between 500 and
8000 Hz, measured in a two-interval forced choice, adaptive
procedure with a three-down, one-up rule (Levitt, 1971). The
listeners were naive with respect to the hypotheses under test.
Only 2 listeners had experience in comparable tasks.

Apparatus

The stimuli were generated digitally, played back via two
channels of an RME ADI/S digital-to-analog converter
(fs = 44.1 kHz, 24-bit resolution), attenuated (two TDT
PASs), buffered (TDT HB7), and presented diotically via
Sennheiser HDA 200 headphones calibrated according to
IEC 318 (1970). We used no equalization of the head-
phones' transfer function. The experiment was conducted
in a single-walled sound-insulated chamber. Listeners
were tested individually.

Stimuli and procedure

For the flat level profile, the stimuli were Gaussian wideband
noises (20-20000 Hz) consisting of ten contiguous temporal
segments. The duration of each segment was 100 ms. Figure 1
shows a schematic depiction of the stimuli. On each trial, the
sound pressure levels of the ten temporal segments were
drawn independently from a normal distribution, resulting in a
level-fluctuating noise. The mean of the distribution was p =
60.0 dB SPL; the standard deviation was SD = 2 dB. Each of
the so-constructed stimuli was then randomly chosen to be a
soft or a loud trial. A fixed level increment of AL/2 = 0.5 dB
was added to each segment on a loud trial, resulting in a mean
level of pp = 60.5 dB for all segments. The same value of
AL/2 = 0.5 dB was subtracted from each segment on a soff
trial, so that the mean level for these trials was ug = 59.5 dB.
Although the estimation of perceptual weights would be
possible without a difference in mean level, we introduced this
difference in level mainly to make the task easier for the
participants and also to be compatible with previous experi-
ments (e.g., Berg, 1989; Pedersen & Ellermeier, 2008). To
avoid overly loud or soft sounds, the range of levels was
restricted to p £ 2.5 SD. Therefore, the maximal level
difference between the most intense and the least intense
segments within a noise was 10 dB.

For the three-step fade-in, the stimuli were first
constructed in exactly the same way as for the flat level
profile. To produce the fade-in, the levels of the first three
segments were subsequently attenuated by subtracting 15,
10, and 5 dB, respectively (see Fig. 1).
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Fig. 1 Schematic depiction of the stimulus configurations used in
Experiment 1. Level-fluctuating sounds consisting of 10—-13 contiguous
wideband noise segments were presented. On each trial, the level of
each segment was drawn independently from one of two normal
distributions differing in their means (dashed gray line, loud distribu-

For the six-step fade-in, the noise consisted of six 50-ms
segments followed by seven 100-ms segments (see Fig. 1).
The sound pressure levels of the now 13 temporal segments
were again drawn independently from a normal distribu-
tion, in the same way as for the flat level profile. An
attenuation of 15.0, 12.5, 10.0, 7.5, 5.0, and 2.5 dB was
imposed on the first through sixth segments, respectively.
Apart from this, the same procedure as that for the flat level
profile was used.

The stimuli were presented in a one-interval, two-
alternative forced-choice intensity discrimination task (i.e.,
an absolute identification task; Braida & Durlach, 1972).
Each trial was randomly chosen to be a soft or a loud trial
with equal probability. The participants decided whether
they had been presented a soft or a loud noise. Responses
were collected via two buttons on a numeric keypad. As
was outlined above, for the listeners, the task was simply to
judge each sound as being either soft or loud or, put
differently, to evaluate the global loudness of each sound
with respect to loudness of the previous sounds presented in
a given block. As Pedersen and Ellermeier (2008) pointed
out, the task can alternatively be described as intensity
discrimination, as we did above. The two alternative
descriptions can easily be reconciled by assuming that the
subjective quality or sensory continuum (see Durlach &
Braida, 1969; Green & Swets, 1966) that listeners base their
decisions on is loudness.

The next trial followed the response after an intertrial
interval of 2 s. No trial-by-trial feedback was provided.
Pedersen and Ellermeier (2008) reported that trial-by-trial
feedback can alter the decision strategies of listeners, in a
comparable loudness judgment task. Since we were
interested in "natural" or "spontaneous" judgments of
global loudness, we opted against trial-by-trial feedback,
which listeners might have used to adjust their "natural"
decision weights toward optimal weights.
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tion; solid gray line, soff distribution). The black dashed lines show
example segment levels. Participants decided whether the sound had
been soft or loud (one-interval absolute identification task). The sounds
were presented with a flat level profile (left panel), with a three-step
fade-in (middle panel), or with a six-step fade-in (right panel)

Design

A repeated measures design was used. Each participant
received all of the three level profiles, in separate
experimental blocks. After 1 hr of practice, the listeners
participated in six experimental sessions, conducted on
separate days, with a duration of approximately 60 min
each. The experimental sessions were organized as follows.
After two practice blocks, three to four 50-trial blocks of
one of the three level profiles were presented. Then 3 to 4
blocks of a different level profile followed and, finally, 3 to
4 blocks of the remaining level profile. The reason for
presenting 3 or 4 consecutive blocks of the same level
profile was to facilitate the adoption of an optimal response
strategy for a given level profile. The order of level profiles
was varied between sessions. For each level profile, 20
blocks (corresponding to a total of 1,000 trials) were
presented.

Data analysis

The trial-by-trial data obtained for each participant in each
of the three level profiles were analyzed separately to
estimate the relative perceptual weight with which each of
the temporal segments had contributed to the decision.
Multiple logistic regression (PROC LOGISTIC, SAS 9.2)
was used to estimate the influence of the level of each
individual temporal segment on the response of the listener
(see Agresti, 2002; Alexander & Lutfi, 2004; Oberfeld,
2008a; Pedersen & Ellermeier, 2008).2 The binary
responses served as the dependent variable, and the 10 or

2 Besides multiple binary logistic regression, there exist other
techniques for weight estimation (Ahumada & Lovell, 1971; Berg,
1989; Richards & Zhu, 1994), all of which are based on a similar
decision model and produce similar estimates (Plank, 2005; Tang,
Richards, & Shih, 2005).
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13 segment levels served as predictors, which were entered
simultaneously. Listeners’ soft responses were coded as 0,
and Joud responses as 1. The regression coefficients were
taken as the weight estimates. For a given segment, a
regression coefficient equal to zero means that the level of
the segment had no influence at all on the decision to judge
the noise as being either soft or loud. A regression
coefficient greater than zero means that the probability to
respond that the loud noise had been presented increased
with the level of the given segment. A regression
coefficient smaller than zero indicates the opposite relation
between the level of the segment and the probability to
respond that the loud noise had been presented.

This analysis is based on a decision model that assumes
that listeners use a decision variable:

k
D(L) = (Z w,-L,) —ec, (1)
i=1

where L; is the sound pressure level of segment i, k is
number of segments, L is the vector of segment levels, w; is
the perceptual weight assigned to segment 7, and ¢ is a
constant representing the decision criterion (see Berg, 1989;
Pedersen & Ellermeier, 2008). The model assumes that a
listener responds that the noise presented on a given trial
was loud rather than soft if D(L) > 0 and that
(L)

P("loud") = %- (2)

Due to the difference in mean level between loud and
soft trials, the segment levels were correlated. Therefore, to
avoid problems with multicollinearity, separate logistic
regression analyses were conducted for the trials containing
the noise with the higher mean level y; and for the trials
containing the noise with mean level ug (see Berg, 1989).
Thus, a separate logistic regression model was fitted for
each combination of participant, level profile, and mean
level (up or pg). For each model, the weights w; were
normalized such that the sum of their absolute values was
unity (see Kortekaas, Buus, & Florentine, 2003), resulting
in a set of relative temporal weights for each listener, level
profile, and mean level.

Results
Goodness of fit

Global goodness of fit of the regression models (see
Dittrich & Oberfeld, 2009) was assessed with the un-
weighted residual sum-of-squares test (RSS test; Copas,
1989). This test performs favorably, as compared with some
alternative tests (Hosmer, Hosmer, leCessie, & Lemeshow,

1997; Kuss, 2002). An SAS macro (GOFLOGIT; Kuss,
2001) was used to compute the test statistics. The test
produced p values smaller than .2, indicating a lack of fit,
for only 6 of the 42 (listener x level profile x mean level)
fitted multiple logistic regression models.’

A summary measure of the predictive power of a logistic
regression model is the area under the receiver operating
characteristic (ROC) curve (AUC; Agresti, 2002; Swets,
1986b). This measure provides information about the degree
to which the predicted probabilities are concordant with the
observed outcome (see Dittrich & Oberfeld, 2009, for
details). Areas of .5 and 1.0 correspond to chance perfor-
mance and perfect performance of the model, respectively.
Across the 42 fitted logistic regression models, AUC ranged
from .67 t0 .92 (M =.79, SD = .055), indicating reasonably
good predictive power (Hosmer & Lemeshow, 2000).

Perceptual weights

Figure 2 shows the mean relative temporal weights for the
three level profiles. For the flat level profile (Fig. 2, left
panel), the expected primacy effect was evident in the mean
weights. The relative perceptual weights in this condition
were analyzed via a repeated measures analysis of variance
(ANOVA) using a univariate approach (see Keselman,
Algina, & Kowalchuk, 2001). The Huynh—Feldt correction
for the degrees of freedom was used (Huynh & Feldt,
1976), and the value of the df correction factor ¢ is
reported. Note that this particular variant of a repeated
measures ANOVA performs comparably well even for
small samples and nonnormally distributed data (Keselman,
Kowalchuk, & Boik, 2000). Partial 7> is reported as a
measure of association strength. An « level of .05 was used
for all the tests. The within-subjects factors were segment

3 Although the proportion of models showing lack of fit that we
observed is certainly not ideal, we wish to emphasize that by reporting
the goodness-of-fit tests, we make this issue explicit, unlike previous
studies using perceptual weight analyses (with the exception of
Dittrich & Oberfeld, 2009). We also applied a rather strict criterion
(p = .2) for accepting a model. If a global test of goodness of fit
indicates lack of fit, this can have several reasons (e.g., missing
covariate, wrong functional form of the covariate, overdispersion, or
misspecified link function; see Kuss, 2002). In fact, an inspection of
the data did not reveal a simple explanation for the lack of fit of the
respective regression models. Recall that for each listener and level
profile, we fitted two separate regression models (one for the loud
trials and one for the soff trials). With only one exception, the test
indicated a lack of fit (p <.2) only for one of these two models. Thus,
it does not seem that the goodness-of-fit tests indicate a general
problem with the decision model for certain level profiles and/or
listeners. In an additional analysis, we excluded all models showing a
lack of fit and compared the resulting mean weights with the mean
weights calculated on the basis of all models. For all experiments and
level profiles, the patterns of weights were virtually identical in both
cases, indicating that the models exhibiting a lack of fit did not result
in a systematic distortion of the estimated weights.
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Fig. 2 Experiment 1: Mean 0.4 -
relative perceptual weights
computed across 7 listeners, as a
function of segment number and
mean level. The gray areas
depict the level profiles. Left
panel: Flat level profile. Middle
panel: Three-step fade-in. Right
panel: Six-step fade-in. Open
boxes, mean level pug; filled
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(1-10) and mean level (pp or pg). The effect of segment
was significant, F(9, 54) = 10.24, p < .001, € = .38, partial
n* = .63. Thus, as in previous studies (Dittrich & Oberfeld,
2009; Ellermeier & Schrodl, 2000; Pedersen & Ellermeier,
2008; Plank, 2005; Rennies & Verhey, 2009), the temporal
weights deviated significantly from the uniform weighting
pattern corresponding to the performance of an ideal
observer (Berg, 1989). The effect of mean level and the
Segment x Mean Level interaction were not significant (all
p values >.1). To test for a primacy and recency effect, the
weights on the first (1) and on the last (10) segments,
respectively, were compared with the average weight on the
four middle segments (4—7). Paired-samples #-tests indicat-
ed a significant primacy effect, #(6) = 3.75, p = .010 (all
p values for t-tests reported in this article are two-tailed),
but no significant recency effect, #6) = 0.9. As the
confidence intervals in Fig. 2 show, the weight on the last
segment varied considerably across participants. Three
listeners showed a clear recency effect; the others did not.
In contrast, all but 1 participant showed a primacy effect.
This finding is consistent with previous experiments using a
similar task, all of which have reported a significant
primacy effect but frequently have shown only a weaker
or nonsignificant recency effect (Dittrich & Oberfeld, 2009;
Pedersen & Ellermeier, 2008; Rennies & Verhey, 2009).
Did the fade-in imposed on the first three or six
segments result in the expected approximately uniform
temporal weights? As can be seen from the mean weights
for the three-step fade-in displayed in Fig. 2, center panel,
this was clearly not the case. Instead, the weights assigned
to the attenuated fade-in segments (1-3) were not signifi-
cantly different from zero, as indicated by the error bars
showing 95% confidence intervals. In contrast, the weights
assigned to the unattenuated segments (4—10) exhibited a
delayed primacy effect, with the highest weight being
assigned to segment 4. The same type of ANOVA as that
for the flat level profile showed a significant effect of
segment, F(9, 54) = 8.69, p < .001, € = .39, 772 = .59,
confirming the nonuniform weighting. The effect of mean
level and the Segment x Mean Level interaction were not
significant (all p values >.4). The average weight assigned
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to the fade-in segments was significantly smaller than the
average weight assigned to the unattenuated segments, #6) =
6.38, p = .001. The same type of ANOVA as above,
conducted only on the weights on the unattenuated segments
(4-10), showed a marginally significant effect of segment,
F(6, 36) = 2.96, p = .092, £ = .32, i = .33. The weight on
the first unattenuated segment (4) was significantly higher
than the average weight on the middle three unattenuated
segments (6-8), #(6) = 4.58, p = .004. The latter two analyses
confirm the observed delayed primacy effect. The weight on
the last segment was not significantly higher than the
average weight on the middle three unattenuated segments,
#6) = 0.92. Thus, there was no significant recency effect.
The individual data again indicated interindividual variability
with respect to the recency effect. Four listeners showed a
recency effect; the other 3 listeners did not. In comparison,
all the participants showed a delayed primacy effect.

For the six-step fade-in (Fig. 2, right panel), the weights
followed approximately the same pattern as that for the
three-step fade-in. All the listeners assigned very small
weights to the attenuated segments. As can be seen by the
confidence intervals in Fig. 2, right panel, only the weight on
segment 6, for which the attenuation was only 2.5 dB, was
significantly greater than zero. The weights on the unatten-
uated segments again exhibited a delayed primacy effect, for
6 of the 7 listeners. A repeated measures ANOVA showed a
significant effect of segment, F(9, 54) = 9.60, p < .001, £ =
27, 7 = .62. There was also a significant effect of mean
level, F(1, 6) = 23.07, p = .003, £ = .27. This effect was not
expected. The Segment x Mean Level interaction was
not significant, however (all p values >.6). An ANOVA
conducted for the weights assigned to the seven unattenuated
segments showed a marginally significant effect of segment,
F(6, 36) = 3.87, p = .050, £ = .34, i = .39. The weight on
the first unattenuated segment (7) was significantly higher
than the average weight on the middle three unattenuated
segments (9-11), #(6) = 5.36, p = .002. The weight on the
last segment was not significantly higher than the average
weight on segments 911, #(6) = 1.93. Thus, with the six-
step fade-in, we found evidence for a delayed primacy effect,
but not for a recency effect. The individual weighting curves
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exhibited patterns similar to those in the three-step fade-in
condition. The same 4 listeners showed a clear recency
effect, while the other 3 listeners did not.

To compare the pattern of temporal weights between the
three different level profiles, it was first necessary to have
an equal number of temporal weights for each level profile,
in order to be able to conduct the ANOVA. Therefore, in
the six-step fade-in condition, in which there were 13,
rather than 10, segments, the weights assigned to segments
1 and 2, 3 and 4, and 5 and 6, respectively, were averaged.
As a result, there were now exactly ten temporal weights
for each level profile. A repeated measures ANOVA with
the within-subjects factors of level profile, segment, and
mean level showed a significant Level Profile X Segment
interaction, F(18, 108) = 22.33, p < .001, € = .34, 772 =.79,
confirming the differences in temporal weights between
the level profiles. To gain a more detailed insight into
these differences, three separate ANOVAs with the same
factors as above were conducted, for the three pairs of
level profiles. The weights for the three-step fade-in and
for the six-step fade-in level profiles differed significantly
from the weights for the flat level profile [Level Profile x
Segment interaction F(9, 54) = 25.47, p < .001, € = .56,
and F(9, 54) = 23.74, p < .001, € = .45, respectively]. The
two level profiles containing a fade-in differed only
insofar as the six-step fade-in contained more level steps
and, thus, was "smoother." Did this difference result in
different temporal weights? Yes, there was a significant
Level Profile x Segment interaction, F(9, 54) = 2.59, p =
.015, € = 1.0. One obvious difference between the two
weighting patterns is that the final fade-in segment
received a weight significantly higher than zero only in
the six-step fade-in condition.

As was stated in the introduction, our expectation
concerning the effects of a fade-in on the temporal weights
had been that an approximately uniform pattern of weights
would be adopted, due to the less abrupt onset of the signal.
We observed a delayed primacy effect instead. However, it
could still be the case that the weights on the unattenuated
segments in the fade-in conditions were less variable than
those for the flat level profile. To answer this question, the
coefficient of variation (CV = SD/M) was computed as a
measure of the variability of the weights assigned to the ten
(flat level profile) or seven (fade-in conditions) unattenuated
segments, for each combination of participant, level profile,
and mean level. As is shown in Fig. 3, the mean CV for the
flat level profile was higher than in the fade-in conditions,
indicating that a fade-in results in a less variable pattern of
weights on the unattenuated segments. A repeated measures
ANOVA, with the within-subjects factors being level profile
and mean level, showed a significant effect of level profile,
F(2, 12) = 7.46, p = .024, € = .62, 1 = .55. As a post hoc
test, three separate ANOVAs were conducted, comparing the
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Fig. 3 Experiment 1: The coefficient of variation (CV = SD/M) was
calculated as a measure of the variability of the weights assigned to
the unattenuated segments. The graph shows the mean coefficient of
variation as a function of level profile. Error bars represent 95%
confidence intervals

CVs for each pair of level profiles. The CV of the unattenuated
segments for the three-step fade-in condition was significantly
different from the CV for the flat level profile and the six-step
fade-in condition, F(1, 6) = 11.19, p = .016, and F(1, 6) =
9.80, p = .020, respectively. The difference in CV between the
flat level profile and the six-step fade-in condition was only
marginally significant, F(1, 6) = 4.16, p = .087.

Sensitivity

Apart from the effects on the temporal weights, did the
level profile have an effect on accuracy in the intensity
discrimination task? For example, the near-zero weights
assigned to the fade-in segments mean that listeners did not
make optimal use of the information available for classify-
ing a given sound as either soft or loud (see Berg, 1990).
As a consequence, was the accuracy in the absolute
identification task inferior in the fade-in conditions? To
answer this question, sensitivity, as indexed by the AUC
(see Swets, 1986b), was computed for each participant and
each level profile.* If, on a given trial, the arithmetic mean
of the segment sound pressure levels (SPLs) was greater
than 60.0 dB SPL (the midpoint between the loud and the

4 Note that because the data are from a one-interval task using a binary
response, d' would be a valid measure of sensitivity only under the
assumption of equal-variance Gaussian distributions for signal and
noise on the internal continuum (see Green & Swets, 1966; Swets,
1986a). In contrast, the AUC is a valid measure for sensitivity that
does not require strong assumptions about the internal distributions
(e.g., Macmillan, Rotello, & Miller, 2004; Swets, 1986b). AUC
corresponds to the proportion of correct responses obtained with the
same stimuli in a forced choice task (Green & Moses, 1966; Green &
Swets, 1966, p. 49; Hanley & McNeil, 1982; Iverson & Bamber,
1997).
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soft distribution), a loud response was considered as a hit. If
the mean SPL was lower than or equal to 60 dB SPL, a
loud response was considered as a false alarm (Oberfeld &
Plank, 2005; Pedersen & Ellermeier, 2008). Note that this
classification scheme corresponds directly to Eq. (1). For a
given listener and level profile, the hits and false alarms
from each session constituted one point on the ROC curve.
A maximum-likelihood procedure (Dorfman & Alf, 1968)
was used for fitting a binormal model (Hanley, 1988). AUC
and its variance were computed from the best-fitting
estimates of slope and intercept (Metz, Herman, & Shen,
1998; Swets, 1979).

A repeated measures ANOVA showed that the level
profile had no significant effect on AUC, F(2, 12) = 2.50
(flat, M = .70, SD = .076; three-step fade-in, M = .75, SD =
.058; six-step fade-in, M = .74, SD = .051). Thus, despite
the strongly differing patterns of temporal weights, the
sensitivity in the absolute identification task did not differ
between the three level profiles.

Discussion

Reducing the abruptness of the signal onset by imposing a
gradual increase in level on the beginning of a level-
fluctuating noise did not result in the expected approxi-
mately uniform temporal weights. Instead, we found
evidence for a delayed primacy effect. Thus, the primacy
effect observed with a flat level profile cannot be attributed
to capture of attention to the onset of the stimulus. The
near-zero weights assigned to the fade-in segments are
especially surprising, because they indicate that listeners
virtually ignored the information provided by this temporal
part of the stimulus. Weber's law holds for intensity
discrimination of wideband stimuli at levels at least 30 dB
above the detection threshold (e.g., Houtsma, Durlach, &
Braida, 1980; Miller, 1947), so that intensity resolution is
independent of level. Given this fact, and given that the
difference in mean level and the standard deviation of the
distributions were identical for all the segments, the fade-in
segments should have provided the same amount of informa-
tion as the unattenuated segments. Thus, the observed
nonuniform temporal weighting reflects a suboptimal use of
the available information about global intensity (Berg, 1989).
The potential alternative explanation—that due to the use of
a one-interval task, intensity resolution was inferior for the
attenuated segments—was addressed in Experiment 3.

Note that we obtained relative judgments of the global
loudness of level-fluctuating sounds in order to estimate
perceptual weights. We did not obtain absolute loudness
judgments in the sense of how loud the different sounds
were on a loudness scale. We also did not measure whether,
on average, sounds with different level profiles differed in
loudness. A discussion of the latter question can be found
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in several studies comparing the loudness of ramped (i.c.,
containing a fade-in) and damped (i.e., decreasing in level
across time) sounds (e.g., Neuhoff, 1998; Ries, Schlauch, &
DiGiovanni, 2008; Stecker & Hafter, 2000; Susini et al.,
2007). Finally, note that the task was not to discriminate
between different level profiles, in the sense of deciding
(for example) whether the sound had a flat level profile or
contained a fade-in. Sounds with one and only one level
profile were presented in each experimental block, and the
task was to judge them as being either soft or loud in a one-
interval task.

Experiment 2: are the temporal weights adjusted
on a trial-by-trial basis?

Experiment 1 showed that a gradual increase in level at the
beginning of a stimulus results in a delayed primacy effect,
with zero weights on the fade-in part and the highest weight
assigned to the first unattenuated temporal element. Thus, the
temporal weights differed considerably between stimuli with
different level profiles. Experiment 2 was designed to answer
the question of whether listeners adapt their weights to the
level profile on a trial-by-trial basis. In Experiment 1, the level
profiles were presented blockwise, so that the listener
encountered 150-200 successive trials with the same level
profile. Thus, listeners might have consciously adopted a
(suboptimal) strategy of ignoring the attenuated segments. In
Experiment 2, we introduced trial-by-trial variation in the
level profile. Specifically, we presented two types of fade-ins
randomly interleaved within each experimental block. The
fast fade-in was an increase in level across the first three
temporal segments, whereas the slow fade-in comprised the
first six segments (see Fig. 4). If, now, the listeners adopted a
fixed set of temporal weights effective for the complete
experimental block, the perceptual weights would be identical
for the two different level profiles. If, however, the listeners
adjusted their weights on a trial-by-trial basis, a delayed
primacy effect with the highest weight assigned to segment 4
would be observed in the fast fade-in condition. In contrast, in
the slow fade-in condition, the highest perceptual weight
would be expected on segment 7. Our hypothesis was that the
latter pattern of results indicating trial-by-trial adjustment of
the temporal weights would be observed in Experiment 2.

Method
Participants
Five volunteers (4 women, 1 man; 21-41 years of age)

participated in the experiment for course credit. Two of
them had already participated in Experiment 1. All listeners
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Fig. 4 Schematic depiction of the stimulus configurations in
Experiment 2. On each trial, a level-fluctuating noise with a fast
fade-in (left panel) or with a slow fade-in (right panel) was presented.
The level profile varied on a trial-by-trial basis. The level of each
segment was drawn independently from one of two normal distribu-

reported normal hearing and had detection thresholds better
than 10 dBH at all octave frequencies between 500 and
8000 Hz, measured in a two-interval forced choice, adaptive
procedure with a three-down, one-up rule. The listeners were
naive with respect to the hypotheses under test.

Apparatus
The apparatus was the same as that in Experiment 1.
Stimuli and procedure

As in Experiment 1, the stimuli were level-fluctuating
wideband noises containing ten contiguous temporal seg-
ments with a duration of 100 ms each. The construction of
the stimuli by drawing from normal distributions was exactly
as in Experiment 1. Two level profiles were presented. In the
fast fade-in condition, the level of the first through third
segments was attenuated by 15, 10, and 5 dB, respectively
(see Fig. 4). In the slow fade-in condition, the levels of the
first through sixth segments were attenuated by 15.0, 12.5,
10.0, 7.5, 5.0, and 2.5 dB, respectively.

After 1 hr of practice, each listener completed 2,000
trials in 40 blocks, 1,000 trials in the slow fade-in condition
and 1,000 trials in the fast fade-in condition. The two level
profiles were presented randomly interleaved in each block
of 50 trials. To prevent trial-by-trial changes in mean level
beyond the difference between loud and soft trials (see the
Method section for Experiment 1), 2.25 dB were subtracted
from each of the ten segment levels in the fast fade-in
condition, in order to equalize the mean level in the fast
fade-in and slow fade-in conditions. No trial-by-trial
feedback was provided. The experiment comprised five
sessions.

| | | | | | | | | |
1‘2‘3‘4‘5‘6;7‘8‘9‘10‘
Fade-In

Segment

tions differing in their means (represented by solid and dashed gray
lines). The black dashed lines show example segment levels. The
participants’ task was again to decide whether the sound had been soft
or loud

Results
Goodness of fit

The relative perceptual weights were estimated from the trial-
by-trial data, using the same analyses as those in Experiment 1.
The RSS test indicated a lack of fit (p < .2) for only 5 of the
20 (Listener x Level Profile x Mean Level) fitted multiple
logistic regression models. The AUC ranged from .70 to .83
(M = .76, SD = .039), indicating reasonably good predictive
power.

Perceptual weights

Figure 5 shows the mean relative temporal weights for the
two level profiles.

The relative perceptual weights were analyzed via a
repeated measures ANOVA. The within-subjects factors were
level profile (fast fade-in, slow fade-in), segment (1-10), and
mean level (. or pg). A delayed primacy effect was evident
for both level profiles, indicating that the listeners adjusted
their weights on a trial-by-trial basis. The attenuated seg-
ments received weights close to zero, except for segment 6 in
the slow fade-in condition, for which the attenuation was
only 2.5 dB. In both conditions, the highest weight was
assigned to the first unattenuated segment. Thus, the position
of the highest weight varied as a function of level profile. All
the listeners except 1 showed this pattern. There was no
evidence for a recency effect. The participant who showed
no delayed primacy effect assigned high weights to segment
9 in both conditions. This listener had also participated in
Experiment 1 and had shown a recency effect there.

The effect of segment was significant, F(9, 36) = 11.35,
p < .001, € = .61, 1 = .74, confirming the nonuniform
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Fig. 5 Experiment 2: Mean 0.4+
relative perceptual weights for
5 participants, averaged across
mean level (yp and pg). The
horizontal axis shows the seg-
ment number. The gray areas
depict the level profiles. Left
panel: Fast fade-in. Right panel:
Slow fade-in. Error bars repre-
sent 95% confidence intervals

Normalized weight

Slow fade-in

Fast fade-in

014 1

temporal weighting. Two post hoc ANOVAs separately
analyzing the weights for the two level profiles showed a
significant effect of segment in both the fast fade-in and the
slow fade-in conditions, F(9, 36) = 10.76, p < .001, £ = .77,
= .73, and F(9, 36) = 9.63, p = .001, € = .37, i = .71,
respectively. The Segment % Level Profile interaction was
also significant, (9, 36) = 8.86, p = .002, £ = .33, 772 =.69,
confirming the observation that the listeners adjusted their
temporal weights on a trial-by-trial basis.

Sensitivity

The sensitivity did not differ significantly between the two
level profiles (slow fade-in, AUC = .72, SD = .028; fast
fade-in, AUC = .73, SD = .089), #(4) = 0.34.

Discussion

Our observation of a delayed primacy effect for both level
profiles and the clear differences between the two weighting
patterns demonstrate that presenting a given level profile for
several consecutive trials is not a necessary condition for
listeners to adopt a specific pattern of temporal weights.
Instead, the participants adjusted their weights on a trial-by-
trial basis, virtually ignoring the attenuated segments and
assigning the highest weight to the first unattenuated segment.
This shows that the delayed primacy effect does not result
from a strategy consciously adopted for the complete block.’

> On a brief questionnaire administered at the end of each experiment,
we asked the participants about the "strategy" they had used when
deciding whether a sound was soft or loud. They generally reported
that they found it difficult to describe how they had actually made
their decisions. Several listeners reported, in fact, that they had
concentrated on the beginning of the stimulus, a strategy that would be
compatible with the observed primacy effect. One participant who was
one of the few showing a strong recency effect reported having paid
attention to the end of the sound. However, across all participants, the
statements seemed rather unsystematic, probably owing to the fact that
we asked only a single open question.
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Rather, the participants appear to have decided in a
stimulus-driven fashion, basing their judgments automat-
ically on particular perceptual characteristics of the sound.
The idea of capture of attention could be taken up again at
this point, assuming that the delayed primacy effect is due
to the saliency of the segment with the highest level after
a varying number of softer segments. This first unatten-
uated segment could also be interpreted as the peak of a
sequence of short sound events rising in level. An
alternative explanation for listeners ignoring the attenuat-
ed part of the sequence could arise from a reduced
intensity resolution for the low-level segments. This
question was addressed in Experiment 3.

We did not present a flat level profile in this experiment,
and doing so would be an interesting follow-up study.
However, the two level profiles we presented allowed us to
positively answer the question of whether listeners adjust
their weights on a trial-by-trial basis. Interleaving a fade-in
profile and a flat profile could even be viewed as a weaker
test of this idea, because the latter two profiles differ more
strongly than the two different fade-ins we used in the
present experiment.

Experiment 3: is the delayed primacy effect confined
to a one-interval task?

Experiments 1 and 2 showed that a gradual increase in level
at the beginning of a stimulus results in a delayed primacy
effect. We argued that the nonuniform temporal weighting
reflects a suboptimal use of the available information about
overall intensity (Berg, 1989). Especially the near-zero
weights to the fade-in segments mean that listeners virtually
ignored the information provided by this temporal part of
the stimulus. However, this interpretation of the observed
weighting patterns rests on the assumption that each
temporal segment provides an identical amount of infor-
mation concerning the overall intensity of the stimulus.
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While, as was discussed above, Weber's law holds for
wideband noise (Houtsma et al., 1980) and thus, in general,
intensity resolution should be identical for the unattenuated
and the attenuated parts of the stimulus, the peculiarities of
the one-interval, absolute identification task used in Experi-
ments 1 and 2 might have resulted in a difference in
intensity resolution between the two parts of the noise.
According to the model of intensity discrimination by
Braida, Durlach, and colleagues (e.g., Braida & Durlach,
1972; Durlach & Braida, 1969), listeners use context coding
in a one-interval task (see Oberfeld, 2008b, for an in-depth
discussion of context coding). In this mode, the represen-
tation of intensity is based on a comparison with internal or
external references (Braida et al., 1984), such as, for
example, the edges of the intensity range. The model
predicts intensity resolution to be superior near sharp edges
in the distribution of intensities presented during the course
of the experiment (Braida et al., 1984). Now, if one
considers the distribution of segment levels presented, for
example, in the three-step fade-in condition in Experiment
1, Fig. 6 shows that there was a sharp peak at higher
intensities around 60 dB SPL, corresponding to the mean
level of the seven unattenuated segments. In contrast, due
to the different amounts of attenuation imposed on the three
fade-in segments, the intensity distribution exhibited a
much flatter shape at lower intensities. Thus, according to
the Braida and Durlach model, intensity resolution in the
context-coding mode might have been inferior for the fade-
in part of the stimulus. If this were the case, placing smaller
weights on the fade-in segments would be compatible with
optimal information integration, according to which the
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Fig. 6 Histogram of the distribution of segment levels in the three-
step fade-in condition of Experiment 1. A sharp peak can be seen
around 60 dB SPL, corresponding to the seven unattenuated segments,
whereas the distribution is flatter at lower intensities, due to the
different amounts of attenuation for the three fade-in segments

weight should be proportional to intensity resolution
(integration model; Green, 1958). Experiment 3 was
designed to decide whether context coding and the resulting
difference in intensity resolution between unattenuated and
attenuated segments caused the underweighting of the fade-
in segments. To this end, a two-interval task was used,
instead of a one-interval task. According to the Braida and
Durlach model, listeners use the trace mode, rather than the
context-coding mode, when comparing two sounds pre-
sented in rapid succession (Berliner & Durlach, 1973). In
this mode of intensity processing, the position of the to-be-
judged intensity within the intensity distribution plays no
role. Thus, if the delayed primacy effect were to be found
again using the two-interval task, this would be evidence
against a role of context coding.

Method
Participants

Seven volunteers (6 women, 1 man; 21-29 years of age)
participated in the experiment for payment or course credit.
One listener had already participated in Experiment 1. All
the listeners reported normal hearing and had detection
thresholds better than 20 dB HL at all octave frequencies
between 500 and 4000 Hz, measured in a two-interval
forced choice, adaptive procedure with a three-down, one-
up rule. The listeners were naive with respect to the
hypotheses under test.

Apparatus
The apparatus was the same as that in Experiment 1.
Stimuli and procedure

The flat level profile and the three-step fade-in level profile
from Experiment 1 were presented. As in Experiment 1, the
stimuli were level-fluctuating wideband noises containing
ten contiguous temporal segments with a duration of
100 ms each. Two noises were presented on each trial, as
depicted in Fig. 7. On each trial and for each of the two
intervals, the sound pressure levels of the ten temporal
segments were drawn independently from a normal
distribution with a mean of pg = 60 dB SPL and a standard
deviation of ¢ = 2.0 dB for the interval containing the softer
noise. For the interval containing the louder noise, the mean
was pp = 61 dB SPL, also with a standard deviation of o =
2.0 dB. The louder noise was presented in interval 1 or
interval 2 with identical probability. The two noises were
presented with a silent interstimulus interval of 500 ms.
Listeners selected the interval containing the louder noise.
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Fig. 7 Schematic depiction of
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No trial-by-trial feedback was provided. In the fade-in
condition, the levels of the first through third segments
were attenuated by 15.0, 10.0, and 5.0, respectively. The
next trial followed the response after an intertrial interval of
2s.

After 1 hr of practice, each listener completed 2,000
trials in 40 blocks, 1,000 trials in the fade-in condition and
1,000 trials for the flat level profile. The two level profiles
were presented in a blockwise manner.

Data analysis

Multiple logistic regression was used to estimate the
relative perceptual weights from the trial-by-trial data. The
binary responses served as the dependent variable. Listen-
ers’ interval 2 louder responses were coded as 2 and
interval 1 louder responses as 1. Due to the two-interval
task, the ten within-trial segment level differences served as
predictors (see Dittrich & Oberfeld, 2009). For each trial
and each segment (i =1 . .. 10), the difference AL; between
the level of segment i in interval 2 and the level of segment
i in interval 1 was computed. This analysis is based on a
decision model similar to Eq. 1, but using segment level
differences (AL,) rather than segment levels (L;):

D(AL) = <i W,'AL,‘) — C.
i=1
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The model assumes that a listener responds that the louder
noise was presented in the second interval if D(AL) > 0, and
that

eP(AL)

P("Interval 2 louder") = 14 b@an
e

(4)

Due to the difference in mean level between the two
intervals, the within-trial segment level differences were
correlated. Therefore, separate logistic regression analyses
were conducted for the trials on which the noise with the
higher mean level (up) occurred in interval 1 and for the
trials on which the position of the noise with mean level p,
was interval 2.

Results

Goodness of fit

The RSS test indicated a lack of fit (p < .2) for only 7 of the
28 (listener x level profile x position ) fitted multiple
logistic regression models. The AUC ranged from .69 to
92 (M = .82, SD = .058).

Perceptual weights

Figure 8 shows the mean relative temporal weights for the
two level profiles. The patterns of weights were similar to
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the weights obtained in Experiment 1 with a one-interval
procedure (see Fig. 2). For the flat level profile, the weights
followed a primacy/recency pattern, while a delayed
primacy effect was evident for the fade-in condition. Thus,
the small weights on the fade-in segments cannot be
attributed to the use of a one-interval task.

The relative perceptual weights were analyzed via a
repeated measures ANOVA with the within-subjects factors
of level profile (flat, fade-in), segment (1-10), and position
of the noise with mean level p; . The effect of segment was
not significant, F(9, 54) = 1.93. However, the segment x
level profile interaction was significant, F(9, 54) = 28.87,
p < .001, € = 47, * = .80. Thus, the level profile had a
significant effect on the pattern of weights. Two post hoc
ANOVAs separately analyzing the weights for the two level
profiles showed a significant effect of segment in the fade-
in condition, F(9, 54) = 5.56, p = .040, £ = .146, 772 = 48,
but only a marginally significant effect for the flat level
profile, F(9, 54) = 3.41, p = .084, ¢ = .18, 772 =.36.

To test for a primacy and recency effect for the flat level
profile, the weight on the first (1) and last (10) segments,
respectively, was compared with the average weight on the
four middle segments (4-7). These tests indicated a
significant primacy effect, #(6) = 6.10, p = .001, but no
significant recency effect, #6) = 1.43. For the fade-in
condition, the weight on the first unattenuated segment (4)
was significantly higher than the average weight on the
middle three unattenuated segments (6-8), #6) = 4.82,
p = .003. This result confirms the observed delayed
primacy effect. The weight on the last segment was not
significantly higher than the average weight on the middle
three unattenuated segments, #6) = 1.33.

Large confidence intervals on the last segment stand out
in both conditions, again pointing to considerable interin-
dividual differences in the weighting patterns, as reported in
a previous study (Pedersen & Ellermeier, 2008). For both
level profiles, 2 listeners showed a strong recency effect, 3
listeners showed a moderate recency effect, and the 2
remaining listeners showed no recency effect. One listener
with a strong recency effect had also participated in

Experiment 1 and had shown a clear recency effect there,
too. All the listeners except the participant with the
strongest recency effect showed a primacy effect for the
flat level profile, and a delayed primacy effect in the fade-in
condition.

Sensitivity

In a two-interval task, the ROC curve can be expected to be
symmetric about the negative diagonal (Green & Swets,
1966; Markowitz & Swets, 1967; Norman, 1964), and thus
d', computed from a single point on the ROC curve, is a
valid measure of sensitivity. The sensitivity was signifi-
cantly higher for the flat level profile (d'= 0.99, SD = 0.26)
than for the fade-in condition (d' = 0.85, SD = 0.30), #(6) =
2.69, p = .036.

Discussion

Using a two-interval task, we observed approximately the
same temporal weights as in the corresponding conditions
in Experiment 1. This clearly indicates that the delayed
primacy effect is not due to the potentially inferior intensity
resolution at lower sound pressure levels in a one-interval
task. Thus, the weighting patterns observed in the one-
interval tasks cannot be explained by a context-coding
effect (Braida et al., 1984). An alternative explanation
could be related to the temporal structure of the sounds
containing a fade-in. Experiment 4 addressed this question.

Experiment 4: is the delayed primacy effect caused
by perceptual segmentation?

Experiment 3 demonstrated that the delayed primacy effect—
specifically, the small weights on the attenuated segments—
cannot be attributed to inferior intensity resolution for the
attenuated segments due to the use of context coding (Braida
et al., 1984). An alternative explanation would be that the
listeners perceived the stimuli with fade-in as consisting of a
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variable part and a stable part and ignored the variable part.®
In the fade-in stimuli presented in Experiment 1-3, the level
changed systematically within a range of 15 dB during the
fade-in, while the level remained relatively constant for the
unattenuated segments. Therefore, it is possible that the
listeners found the increase in level at the beginning of the
sound distracting, or less reliable, and therefore selectively
attended to the stable part. Experiment 4 was designed to test
whether such a perceptual segmentation can explain the
small weights on the variable part of the stimulus. To this
end, the temporal weights for a flat level profile were
compared with the weights for a stimulus starting with an
inverse fade-in—that is, a gradual decrease in level during
the first three segments (see Fig. 9). If perceptual segmen-
tation into a variable and a stable part was the cause of the
ignorance of the segments constituting the gradual change in
level, the same pattern of weights (delayed primacy effect) as
that for the fade-in condition should be observed.

Method
Participants

Eight volunteers (7 women, 1 man; 19-29 years of age)
participated in the experiment for payment or course credit.
One listener had already participated in Experiment 3, and
1 listener had participated in Experiment 1 and 3. All the
listeners reported normal hearing and had detection thresh-
olds better than 10 dB HL at all octave frequencies between
250 and 8000 Hz, measured in a two-interval forced choice,
adaptive procedure with a three-down, one-up rule. The
listeners were naive with respect to the hypotheses under
test.

Apparatus

The apparatus was the same as that in Experiment 1, but the
stimuli were presented to the right ear only.

Stimuli and procedure

Two level profiles were presented in a one-interval absolute
identification task, just as in Experiment 1 and 2. The
stimuli for the flat level profile were constructed exactly
like the corresponding stimuli in Experiment 1, except that
the grand mean level was 50 dB SPL rather than 60 dB SPL
in order to avoid overly loud sounds in the inverse fade-in
condition. To create the stimuli for the latter condition, the
levels of the first through third segments were amplified by
15, 10, and 5 dB, respectively (see Fig. 9).

® We thank Stefan Berti for suggesting this possibility.
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Results
Goodness of fit

The same type of data analysis as that in Experiment 1 was
used. The RSS test indicated a lack of fit (p < .2) for only
8 of the 32 (listener x level profile x mean level) fitted
multiple logistic regression models. The AUC ranged from
.63 to .85 (M = .73, SD = .058).

Perceptual weights

Figure 10 shows the mean relative temporal weights for the
two level profiles. For the flat level profile, a primacy effect
was again evident. In the inverse fade-in condition, an
extraordinarily high weight was observed on the first
segment—that is, the segment with the highest mean level.
As the confidence intervals in Fig. 10, right panel, show,
only the weights to the first two segments were signifi-
cantly higher than 0. Thus, the data provide clear evidence
against the segmentation hypothesis.

The relative perceptual weights were analyzed via a
repeated measures ANOVA with the within-subjects factors
of level profile (flat, inverse fade-in), segment (1-10), and
mean level. The effect of segment was significant, F(9, 63) =
43.67, p < .001, € = .77, 1 = .86. The Segment x Level
Profile interaction was also significant, F(9, 63) =22.48, p <
001, &= .52, = .76.

For the flat level profile, comparisons of the weights on
the first and last segments, respectively, with the average
weight on the middle segments, as in Experiment 1,
indicated a significant primacy effect, #(7) = 4.38, p =
.003, but only a marginally significant recency effect, #7)
1.92, p = .095.There were no large differences between the
individual weighting patterns in this experiment. For the
flat level profile, only 1 participant showed no primacy
effect, and only the same participant showed a recency
effect. This participant had exhibited clear recency effects
in Experiment 1 and 3, pointing to a high temporal stability
of the individual weighting patterns. In the inverse fade-in
condition, all the listeners showed a pronounced primacy
effect.

Sensitivity

Sensitivity did not differ significantly between the two level
profiles (flat, AUC = .67, SD = .089; inverse fade-in, AUC =
.61, SD = .052), «(7) = 1.71.

Discussion

The rather extreme pattern of weights for the inverse fade-
in condition, with almost exclusive weight assigned to the
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Fig. 9 Schematic depiction ofthe Flat profile Inverse fade-in
stimulus configurations in Experi-
ment 4 (one-interval absolute 65 % A4
identification task). A noise with F"'E
flat level profile (left panel) and a E 60 I
noise with a three-step inverse 2 551 H R St P
fade-in (right panel) were pre- k=2 . E---E : E [ ML - L. E i o ML
sented. The stimuli were con- ° 50 A [ u T A R u
structed as in Experiment 1 (see S 45 t--- : I I E____i H s
Fig. 1). Gray lines represent = oot L.
mean levels; black dashed lines 40100 ms ~ 100 ms
show example segment levels I T S SO S N T S O O

1 2 3 45 6 7 8 910 12 3 4 5 6 7 8 9 10

Segment Segment
Inv.Fade-In

first segment, shows that the effects of the level profile on
the temporal weights cannot be explained by perceptual
segmentation of the level-fluctuating noise into a variable
and a stable part. If the variability of the first part of the
sound caused the participants to ignore those segments, this
should have resulted in a delayed primacy effect once
again. Instead, the segment with the highest mean level
received the highest weight. This indicates that the mean
level of a segment is a strong predictor of the importance of
this segment for a participant’s loudness judgment.

General discussion

In four experiments, we presented time-varying wideband
noise stimuli fluctuating in level and estimated temporal
weights in loudness judgment tasks by means of perceptual
weight analysis. We found a consistent and robust effect of
the level profile on the pattern of temporal weights.

For a flat level profile where the mean level remained
constant, we observed a primacy effect; that is, the highest
weight was assigned to the first temporal segment. This
observation is consistent with the results of previous studies
(e.g., Pedersen & Ellermeier, 2008), and a primacy effect
was recently also observed for judgments of annoyance
(Dittrich & Oberfeld, 2009).

The new experimental manipulation in our experiments
was to alter the level profile by imposing a gradual increase
in level (fade-in) on the first 300 ms of the noise and, thus,
making the stimulus onset less abrupt. Contrary to
expectation, the fade-in did not result in a uniform pattern
of weights but, instead, gave rise to a delayed primacy
effect. The attenuated temporal segments constituting the
fade-in received near-zero weights, while the highest
weight was assigned to the first unattenuated segment.
Thus, the results from Experiment 1 and 2 are evidence
against a capture of attention to the onset of the stimulus as
the origin of the primacy effect. The effect of the level
profile was observed with a blockwise presentation of the
different level profiles in Experiment 1, as well as in
Experiment 2, where the level profile changed from trial to
trial, indicating that the participants adjusted their temporal
weights on a trial-by-trial basis. This result also speaks
against the possibility that the observed weighting patterns
were due to a decision strategy that the listeners adopted at
the beginning of a block of trials with the same level
profile.

In Experiment 3, we tested the hypothesis that the near-
zero weights on the fade-in segments might be due to
inferior intensity resolution for the attenuated segments,
owing to the use of context coding in the one-interval task
applied in Experiment 1 and 2 (Braida & Durlach, 1972).

Fig. 10 Experiment 4: Mean 0.6 .
relative perceptual weights
across 8 participants as a func- 054 Flat profile | Inverse fade-in
tion of segment number. Left
panel: Flat level profile. Right £ 044 _
panel: Inverse fade-in. Same %
format as Fig. 5 2 034 _
?
N
® 0.2 _
E
2 011 ]
0.0 — T — 'YT“'L' — T
0141 2 3 4 5 6 7 8 9 10J1 2 3 4 5 6 7 8 9 10
Segment Segment
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However, in the two-interval task used in Experiment 3,
where context coding should play no role and, thus, the
intensity resolution should be identical for unattenuated and
attenuated segments, we found the same patterns of
temporal weights as in the corresponding conditions in
Experiment 1. Thus, the ignoring of the attenuated seg-
ments cannot be explained by reduced intensity resolution
at lower sound pressure levels. Were the listeners able to
use the level information from the fade-in segments in the
two-interval task but, nevertheless, disregarded it? A
potential cause for such a behavior would be that they did
not judge the fade-in part to be reliable enough, due to its
variability and, thus, complexity. This question was
addressed in Experiment 4.

In Experiment 4, the fade-in was replaced by an inverse
fade-in (i.e., a gradual decrease in level across the first
300 ms), in order to test the hypothesis that the effect of the
fade-in could be attributed to a perceptual segmentation of
the noise into a variable part (fade-in) and a stable part
(unattenuated segments). The temporal weights provided
clear evidence against this hypothesis, however, with
almost exclusive weight being assigned to the first segment
in the inverse fade-in condition. Thus, listeners do not, on
principle, ignore the variable or complex part of a time-
varying auditory stimulus.

What could be the cause of the observed effects of the
level profile on the temporal weights? We propose that two
independent processes are in effect. As Dittrich and
Oberfeld (2009) suggested, the primacy effect observed
for the flat level profile could be explained by assuming
that the segment levels are processed as serially sorted
information, analogous to item lists in working memory
(e.g., Postman & Phillips, 1965), where the characteristic
serial position curve is observed. It has been suggested that
the primacy and the recency effects observed in such
experiments can be explained by temporal distinctiveness
(e.g., Mondor & Morin, 2004; Murdock, 1960; Neath,
1993; Surprenant, 2001). According to this concept,
beginning and end items of the stimuli have only one
neighboring item and, therefore, are more distinct, resulting
in better discriminability. In fact, Neath, Brown, McCormack,
Chater, and Freeman (2006) reported that distinctiveness
predicted accuracy in an absolute identification task—that is,
the psychophysical procedure used in Experiments 1, 2, and
4 of the present study. One of the alternative accounts for
serial position effects would be an attentional primacy
gradient (Farrell & Lewandowsky, 2002; Lewandowsky &
Murdock, 1989; Page & Norris, 1998). This explanation
assumes that during encoding, the amount of attention
devoted to each additional list item decreases (for a
discussion, see Oberauer, 2003). Thus, attentional mecha-
nisms might underlie the primacy effect observed in the
present study, even though our data are evidence against
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capture of attention toward the first element. Models like the
attentional primacy gradient also include additional mecha-
nisms accounting for a recency effect (see Oberauer, 2003),
although it is unclear how the strong individual differences
concerning the presence or absence of a recency effect
observed, for example, in our Experiment 3 could be
explained.

The second process explains the effects of attenuating or
amplifying certain segments, thus introducing differences in
mean level between segments. We propose that the higher
weight on segments with a higher mean level could be due
to attention to the most physically intense elements. In fact,
it has been reported that more intense elements receive
higher weight even if they provide less information about
the correct response than do less intense elements (Berg,
1990; Lutfi & Jesteadt, 2006; Turner & Berg, 2007) or,
alternatively, and in many cases equivalently, that louder
elements receive higher weight (e.g., Rennies & Verhey,
2009). A potential explanation might be that more intense
elements have a higher saliency than do less intense
elements. Concerning a potential role of saliency, Pedersen
and Ellermeier (2008) showed that a spectral change in a
level-fluctuating sequence from a wide- to a narrow-band
sound leads to a second “primacy” effect in the middle of
the temporal sequence. Here, the segment immediately after
the spectral change received a high weight comparable to
that for the first segment in the sequence. This suggests that
perceptual weighting is guided by saliency. In the case of a
fade-in, the first unattenuated segment not only is the first
segment with a regularly high level, but also could be
perceived as the top of a sequence of rising intensity.
Noting that saliency and distinctiveness are virtually
exchangeable concepts, it may be possible to integrate
these ideas into the distinctiveness framework discussed
above. Following this rationale, the first unattenuated
segment in the fade-in level profile possesses high
distinctiveness that improves the sensory memory or
short-term memory representation of the loudness of this
segment, ultimately determining how much weight it
receives in the judgment of loudness. However, a critical
test of these hypotheses would at least require a valid and
independent measure of saliency.

An alternative description of the ideas discussed in the
preceding paragraph would be that the fade-in might have
acted as an attention cue, directing attention to the first
unattenuated segment. What effects could, for example, a
visual attention signal presented before the onset of the
noise be expected to have?’” Would this attention signal
have removed the delayed primacy effect? Such a finding
seems unlikely, for two reasons. First, the sounds with a flat
level profile were also presented without a warning signal,

" We are grateful to Lance Nizami for raising this question.
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and nevertheless, the high weight assigned to the first
segment is compatible with the idea that attention was
directed to this segment. Second, Oberfeld (2008a) pre-
sented a sequence of auditory signals before a noise
containing a fade-in. This rhythmic context should have
been even more effective than a visual cue for directing
attention to the onset of the noise. Nevertheless, a delayed
primacy effect was evident in the temporal weights.

It remains for future experiments to identify the
minimum deviation in mean segment level from a flat
profile for which the weights start to deviate from the
pattern observed with a flat level profile, to explore the
dependence of the temporal weighting patterns on overall
sound duration and to answer the question as to whether the
effect of the level profile on the temporal weights can be
modified by trial-by-trial feedback (Pedersen & Ellermeier,
2008), which would suggest that top-down control is
possible. It also remains to be shown to what extent models
for the loudness of time-varying sounds (e.g., Chalupper &
Fastl, 2002; Glasberg & Moore, 2002) can account for
some effects of the level profile on the temporal weights.
Previous studies have concluded, however, that existing
models cannot explain the primacy effect observed with a
flat level profile (Pedersen, 2006; Rennies, Verhey, & Fastl,
2010). Note that a recent model of spectral loudness
summation predicts an onset accentuation (Rennies, Verhey,
Chalupper, & Fastl, 2009), but due to its short effective
time constants, the model probably cannot explain the
primacy effects observed with sound durations of 1 s, as in
the present study.

As was discussed in the introduction, technical measures
such as L., or one of its frequency-weighted variants are
frequently used as estimates of the loudness of a time-

Table 1 Comparison of Goodness-of-Fit and Predictive Power of the
Full Model (Containing As Predictors the L.q and the Segment Levels)
and the Restricted Model (Containing as Predictor only the L.q). The
Fourth Column Shows the Number of Cases Where Goodness-of-Fit
of the Full Model Was Significantly Higher Than That For the

varying sound, even though it is rather well accepted that
these technical measures may deviate substantially from
perceived loudness in certain conditions. To test whether a
model allowing for a nonuniform temporal weighting of the
segment levels (e.g., the model specified in Eq. 1)
represents a gain in information, two different multiple
logistic regression models were fitted to the data from the
four experiments, separately for each participant, level
profile, and mean level. The restricted model contained as
a predictor only the L., and, thus, corresponded to the
traditional approach for estimating the loudness of time-
varying sounds, while the full model contained the L.q plus
the individual segment levels (i.e., Eq. 1 with L. added to
the weighted sum of segment levels). A likelihood-ratio test
was used for model comparison. Because the full model
containing both the segment levels and the L., has
additional free parameters equal to the number of segments,
the test statistic is distributed as X2,(, where & is number of
segments. Table 1 (Column 4) shows that the fit of the full
model was significantly better than the fit of the simpler
model (p < .05) in a large proportion of cases, compatible
with the hypothesis that the prediction of loudness is
improved by allowing for a nonuniform weighting of
individual temporal portions of the signal. These results
are compatible with the findings by Dittrich and Oberfeld
(2009). The only exception was Experiment 4. For the
inverse fade-in, the fact that the restricted model performed
nearly as well as the full model could be explained by
assuming that for this level profile, the judgments were
dominated by the first segment (see Fig. 10, right panel)—
that is, by the segment with the highest mean level. Energy-
based measures such as L., are also dominated by
components with the highest sound pressure level, because

Restricted Model (Likelihood-Ratio Test; See Text). The Two
Rightmost Columns Show the Area Under the Receiver Operating
Characteristic Curve (AUC; With SDs In Parentheses) of the
Restricted and of the Full Models

AUC
Experiment Level Profile No. of Fitted Models No. of Better-Fitting Full Models (p < .05) Restricted Model Full Model
1 Flat 14 14 .76 (0.06) .80** (0.06)
3-Step Fade-in 14 12 .73 (0.05) 79%%* (0.05)
6-Step Fade-in 14 12 .73 (0.05) .82%%* (0.06)
2 Slow Fade-in 10 .74 (0.06) 78%%* (0.06)
Fast Fade-in 10 .75 (0.05) J78%* (0.04)
3 Flat 14 14 .76 (0.06) .84%* (0.04)
Fade-in 14 11 .77 (0.08) .83%* (0.06)
4 Flat 16 7 .66 (0.04) T1%%(0.06)
Inverse Fade-in 16 2 74 (0.04) 76%* (0.04)

Note. Asterisks indicate full models with a significantly higher AUC than the restricted model (see text). *p < .05. **p < .01.
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the energy is a quadratic function of the sound pressure. It
remains unclear, however, why, for the flat level profile in
Experiment 4, the full model did not show the clear
advantage in performance as in the other experiments.
The superior performance of the full model indicated by the
goodness-of-fit tests was corroborated by an analysis of the
predictive power of the two alternative models in terms of
AUC. For each experiment and each level profile, separate
repeated measures ANOVAs with the within-subjects
factors of model (restricted vs. full) and mean level were
conducted. As the two rightmost columns in Table 1 show,
the AUC for the full model was, in all cases, significantly
higher than the AUC for the restricted model.

To conclude, the level profile of time-varying sounds has
a systematic effect on temporal perceptual weights for
loudness. Additionally, we confirmed the nonuniform
temporal-weighting patterns for sounds with a flat level
profile. Taken together, our results suggest that models and
technical measures of loudness not taking into account
temporal weights are oversimplifications. The prediction of
loudness can be improved significantly by considering the
dependence of the perceptual weights on the temporal
position within a stimulus.

Author Note We are grateful to Kerstin Dittrich, Bernadette
Hachgenei, and Maike Rathgeber for their assistance in data
collection. Felicitas Klockner helped with figure preparation.
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