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The influence of single temporal portions of a sound on global annoyance and loudness judgments
was measured using perceptual weight analysis. The stimuli were 900-ms noise samples randomly
changing in level every 100 ms. For loudness judgments, Pedersen and Ellermeier �J. Acoust. Soc.
Am. 123, 963–972 �2008�� found that listeners attach greater weight to the beginning and ending
than to the middle of a stimulus. Qualitatively similar weights were expected for annoyance.
Annoyance and loudness judgments were obtained from 12 listeners in a two-interval forced-choice
task. The results demonstrated a primacy effect for the temporal weighting of both annoyance and
loudness. However, a significant recency effect was observed only for annoyance. Potential
explanations of these weighting patterns are discussed. Goodness-of-fit analysis showed that the
prediction of annoyance and loudness can be improved by allowing a non-uniform weighting of
single temporal portions of the signal, rather than assuming a uniform weighting as in measures like
the energy-equivalent level �Leq�. A second experiment confirmed that the listeners were capable of
separating annoyance and loudness of the stimuli. Noises with the same Leq but different amplitude
modulation depths were judged to differ in annoyance but not in loudness.
© 2009 Acoustical Society of America. �DOI: 10.1121/1.3238233�

PACS number�s�: 43.66.Mk, 43.66.Cb, 43.66.Ba, 43.50.Ba �BCM� Pages: 3168–3178
I. INTRODUCTION

A. Annoyance and noise exposure

The perceptual dimension annoyance has received con-
siderable interest over the last few decades �for recent re-
views see Kryter, 2007; Marquis-Favre et al., 2005a, 2005b�.
Parameters influencing annoyance can be divided into acous-
tical parameters �cf. Zwicker, 1991�, such as the presence of
tonal components �e.g., Hellman, 1984, 1985� or frequency
�e.g., Leventhall, 2004�, and non-acoustical variables, such
as individual noise-sensitivity �e.g., Zimmer and Ellermeier,
1996�. The non-acoustical variables could explain why lis-
teners’ evaluations of the annoyance of sounds differ widely.
Loud rock music, for example, can be a pleasant event as
well as an annoying disturbance.

An important focus of research on noise is to examine
the consequences of noise exposure, which is commonly as-
sociated with annoyance reactions. Noise can have negative
effects on the auditory system, for example, inner ear dam-
age. Non-auditory effects also occur, for example, sleep dis-
turbance, impairment of work performance, or interference
with daily activities �e.g., Michaud et al., 2008; see Marquis-
Favre et al., 2005a for a recent review�. Given the fact that
noise exposure has a lot of negative consequences, engineer-
ing standards and laws have been developed to protect
people against these negative consequences �for an interna-
tional example see, e.g., Guidelines for Community Noise,
WHO, 1999�. These regulations mostly use technical mea-
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sures like the energy-equivalent level �Leq or LAeq� in order to
assess the annoyance or loudness of noises.1 The measures
used to quantify noise can be divided into different catego-
ries �cf. Marquis-Favre et al., 2005a�, for example, those
related to the sound pressure level �e.g., LA�, energy-based
indices �e.g., Leq�, or statistical indices �e.g., N5�.2 Given the
fact that sound intensity is an important factor for both an-
noyance and loudness �e.g., Zwicker, 1991; Hellman, 1982�,
the same measures are frequently used for the two dimen-
sions �cf. Marquis-Favre et al., 2005a; Schomer et al., 2001�.
Nevertheless, annoyance and loudness depend in a different
manner on the characteristics of sounds. For example,
Zwicker �1991� proposed that besides loudness, amplitude
modulation depth and sharpness should be taken into account
in annoyance calculations.

For assessing the annoyance of longer sounds that fluc-
tuate in level, several alternative measures have been pro-
posed �e.g., N5, Leq, or LA; cf. Zwicker and Fastl, 1999�.
Most countries use some variant of the A-weighted energy-
equivalent level �cf. Schomer et al., 2001�. The validity of
Leq and LAeq for estimating the annoyance of real-world
noises was partially confirmed in some studies �e.g., Hira-
matsu et al., 1983; Kuwano and Namba, 2000�. These mea-
sures take into account acoustical parameters such as sound
pressure level and frequency spectrum. However, the corre-
lations between these measures and annoyance judgments
are frequently found to be rather weak �see Marquis-Favre
et al., 2005a, 2005b, for recent reviews�. The weak correla-
tion can be ascribed to at least two different causes. First,
these measures do not take into account non-acoustical fac-
tors such as individual sound sensitivity. Second, relevant
acoustical parameters might not be considered in these mea-

sures.
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B. Temporal aspects of annoyance

One acoustical parameter which has not received much
consideration until now is the temporal aspect of annoyance
�notable exceptions are Hiramatsu et al., 1983; Dornic and
Laaksonen, 1989; Namba and Kuwano, 1979, 1980�. This
study is concerned with the question of whether and how the
influence of single temporal portions of a longer stimulus on
annoyance varies as a function of the temporal position
within the sound. In a two-interval forced-choice task, two
noises consisting of nine contiguous 100-ms segments were
presented. The task was to select the more annoying noise.
On each trial, the sound pressure levels of the nine segments
were drawn independently from a normal distribution for
each of the two noises, with a 1 dB difference in mean level
between the two intervals. In such a setting, the perceptual
weight is defined as the relative influence that the level of a
given temporal segment had on the decision of the listener.
These weights can be estimated from the trial-by-trial data
using molecular analyses �e.g., Ahumada and Lovell, 1971;
Berg, 1989; Richards and Zhu, 1994�.

If listeners are asked to judge the overall loudness of the
described type of sounds, the initial and final portions of the
stimulus receive greater weight than its temporal center �e.g.,
Ellermeier and Schrödl, 2000; Oberfeld, 2008a, 2008b; Ped-
ersen and Ellermeier, 2008�. In other words, primacy and
recency effects are observed. Pedersen and Ellermeier �2008�
suggested that an interaction of perceptual and cognitive pro-
cesses leads to the observed primacy/recency weighting pat-
tern. This assumption seems to be plausible given the fact
that primacy and recency effects are not specific to this type
of loudness judgment, but are ubiquitous in cognitive psy-
chology. In studies of learning and memory of serially sorted
information, the serial position curve frequently shows both
a primacy and a recency effect �e.g., Postman and Phillips,
1965; Anderson et al., 1998; Jones et al., 2004�. Similar
memory effects have been found for the recall of nonverbal
acoustical stimuli �McFarland and Cacace, 1992; Surprenant,
2001�. In these studies, serial position effects were examined
for tonal sequences with an overall duration up to 4 s. For
loudness, one can assume that the levels of the single seg-
ments of a noise are processed as serially sorted information
in a system exhibiting similar characteristics to short-term
memory �Oberfeld, 2008b�. The beginning and the ending
can be assumed to be more distinct than the middle of the
noise, and therefore have a stronger influence on a decision,
as, for example, a loudness judgment �see Neath et al., 2006
for a detailed discussion�.

The present study compared the temporal weighting of
loudness and annoyance. Primacy and recency effects were
expected to show for both perceptual dimensions. One rea-
son for this expectation was the close relation between loud-
ness and annoyance �e.g., Zwicker, 1966; Hellman, 1984,
1985�. Additionally, if the processing of the segments as se-
rially sorted information caused the non-uniform temporal
weighting, this effect should show for annoyance as well as
for loudness.

Insight into the temporal weighting of annoyance is es-

pecially relevant for technical measures used in noise quan-
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tification. Conventional measures like Leq assume that listen-
ers weight the information provided by each temporal
portion of a sound uniformly. The present study examined
whether this approach is compatible with the perception of
annoyance or whether temporal aspects should be considered
in the estimation of annoyance.

In Experiment 1, listeners evaluated the relative annoy-
ance and the relative loudness of two 900-ms samples of
noise. The sound pressure level of the noise was changed
randomly every 100 ms by drawing the level repeatedly and
independently from a normal distribution. The influence of
single temporal segments of this level-fluctuating noise on
annoyance and loudness judgments was estimated using per-
ceptual weight analysis �cf. Berg, 1989�. Goodness-of-fit
analysis was used to test whether the prediction of annoy-
ance and loudness can be improved by allowing for a non-
uniform weighting of single temporal portions of the signal.

A potential problem for the within-subjects comparison
of temporal weights for loudness and annoyance is that lis-
teners may not be capable of separating loudness and annoy-
ance when repeatedly judging the same type of stimuli. If
Experiment 1 actually showed the expected differences be-
tween the temporal weighting patterns for annoyance and
loudness, then this would demonstrate that loudness and an-
noyance represented separate dimensions. If, on the other
hand, an identical pattern of weights was found for annoy-
ance and loudness, it might have been the case that subjects
always evaluated the noises according to their loudness, even
when they were asked to judge the stimuli according to their
annoyance, or vice versa.

We used two methods to assess these possibilities. First,
in Experiment 1, two groups of listeners were assigned to
different task orders. One group made only annoyance judg-
ments in the first part of the experiment, and only loudness
judgments in the second part. For the other group, the order
of the tasks was reversed. If the “true” weighting patterns for
loudness and annoyance differed in any respect, then an ef-
fect of task order on the patterns of weights would indicate a
failure of the listeners to switch between loudness and an-
noyance judgments. Second and more important, the listen-
ers from Experiment 1 participated in an additional experi-
ment �Experiment 2b� designed to more directly test whether
they were capable of judging the level-fluctuating stimuli
independently according to their loudness and their annoy-
ance. To this end, we presented noises differing in modula-
tion depth, that is, in the variability of the nine segment
levels. Modulation depth has been reported to produce a dis-
sociation between loudness and annoyance �Widmann,
1994�. In Experiment 2, the two noises presented on each
trial had the same Leq while differing in modulation depth.
We expected the listeners to perceive these sounds as similar
in loudness, but to perceive the sound with the higher modu-
lation depth as more annoying �Zwicker, 1991�, in line with
our assumption that listeners were able to separate the di-

mensions loudness and annoyance for our stimuli.
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II. EXPERIMENT 1: COMPARISON OF THE
TEMPORAL WEIGHTING OF ANNOYANCE
AND LOUDNESS

A. Method

1. Listeners

Twelve listeners �8 women, 5 men, age 20–31 years�
participated. Most were psychology students at the Johannes
Gutenberg-Universität Mainz, participated for course credit,
and had no experience in comparable psychoacoustic tasks.
All listeners reported normal hearing. Detection thresholds in
the right ear, as measured by a two-interval forced-choice,
adaptive procedure with a three-down, one-up rule �Levitt,
1971�, were better than 15 dB HL �hearing level; relative to
the reference levels provided by Han and Poulsen, 1998� at
all octave frequencies between 250 and 4000 Hz.

The individual noise-sensitivity of the listeners was as-
sessed using the noise-sensitivity questionnaire of Zimmer
and Ellermeier �1996�. Noise-sensitivity is viewed as a trait
reflecting individual differences in the tolerance of environ-
mental noise. The questionnaire assesses the perceptual, cog-
nitive, affective, and behavioral reactions to noise in differ-
ent contexts. The mean noise-sensitivity was M =85,
standard deviation SD=8, with a range from 71 to 100. Since
the scale ranges from 0 to 186, none of the listeners could be
considered as being extremely high or low in his or her
noise-sensitivity. However, the listeners differed widely con-
cerning their self-rated noise-sensitivity. On an 11 point rat-
ing scale ranging from 0 �not at all noise sensitive� to 10
�very noise sensitive�, the range of self-rated noise-
sensitivity was 2–9 �M =5.7, SD=2.6�.

2. 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
PA5s�, buffered �TDT HB7�, and presented diotically via
Sennheiser HDA 200 headphones calibrated according to
IEC 318 �1970�. The experiment was conducted in a single-
walled sound-insulated chamber. Listeners were tested indi-
vidually.

3. Stimuli and experimental procedure

The stimuli were presented in a two-interval procedure.
Figure 1�a� shows a schematic depiction of a trial. On each
trial, two level-fluctuating noises were presented. The stimuli
were Gaussian wide-band noises consisting of nine contigu-
ous temporal segments. The duration of each segment was
100 ms. On each trial and for each interval, the sound pres-
sure levels of the nine temporal segments were drawn inde-
pendently from a normal distribution. In the interval contain-
ing the less intense noise, the mean of the distribution was
�L=64.5-dB sound pressure level �SPL� and the SD was 2.5
dB. In the interval containing the more intense noise, the
mean was �H=65.5-dB SPL, also with SD=2.5 dB. Al-
though the estimation of perceptual weights would be pos-
sible without a difference in mean level between the two
intervals, we introduced this difference in level mainly to

make the task easier for the subjects and also to be compat-
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ible with previous experiments �e.g., Berg, 1989; Ellermeier
and Schrödl, 2000�. The more intense noise was presented in
interval 1 or interval 2 with identical a priori probability. To
avoid overly loud sounds, the range of levels was restricted
to ��2.5SD. Therefore, the maximal level difference be-
tween the most intense and the least intense segment within
a given noise was 12.5 dB. The standard deviation of the
nine segment levels �SDlevels� is a measure of the modulation
depth. Across all trials, the mean modulation depth was 2.3
dB �SD=0.55 dB, range of 0.48–4.46 dB�.

The two noises were presented with a silent inter-
stimulus interval of 500 ms. Depending on the task, the lis-
teners selected the interval containing the more annoying or
louder sound. No feedback was provided. The next trial fol-
lowed the response after an inter-trial interval of 2 s.

In the last part of the experiment, magnitude estimates
of the annoyance of the stimuli were obtained using a pro-
cedure without reference �e.g., Hellman and Zwislocki,
1961� and essentially the same instructions as in Hellman
and Meiselman �1988�. A single noise, fluctuating in level,
was presented on each trial, with the segment levels drawn
from a normal distribution with mean �=65 dB SPL and
SD=2 dB.3 Each listener judged 15 noises four times in ran-
domized order. The listeners were asked to choose any posi-
tive number which seemed adequate to describe the annoy-
ance of the presented noise. The geometric mean of the 60
numerical judgments was taken as the individual annoyance
estimate. Across listeners, the mean magnitude estimate of

FIG. 1. Trial configurations used in Experiments 1 and 2. Two broad-band-
noises consisting of nine contiguous segments were presented. On each trial,
the level of each segment was drawn independently from one of two normal
distributions differing in their means �Experiment 1� or standard deviations
�Experiment 2�. Task: First or second noise more annoying/louder? The
dashed line represents the mean level. Panel �A�: Experiment 1. Means of
the normal distribution: �L=64.5-dB SPL in one interval; �H=65.5-dB SPL
in the other interval. The SD was 2.5 dB in both intervals. Panel �B�: Ex-
periment 2. Small modulation depth �normal distribution with SD=2 dB� in
one interval; large modulation depth �normal distribution with SD=4 dB� in
the other interval. For the noise with the small modulation depth, the mean
of the normal distribution was �=65 dB SPL. The two noises had the same
Leq or N5.
annoyance was M =0.75 �SD=0.13, range of 0.55–1.00�.
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The listeners were randomly assigned to two experimen-
tal groups. Group 1 made only annoyance judgments in the
first part of the experiment, and only loudness judgments in
the second part. For Group 2, the order of tasks was reversed.
The experiment was arranged in blocks of 50 trials. Each
session comprised ten blocks and lasted approximately 60
min. Each listener completed six sessions. At the beginning
of a session, the listeners received 50 practice trials. In the
first session, the listeners from both groups completed the
detection threshold measurements. In the second part of ses-
sion 1, Group 1 received 300 trials of Experiment 2b �see
description below� and judged the noises according to their
annoyance. In sessions 2 and 3, the listeners of Group 1
received 1000 trials in the annoyance task of Experiment 1.
In the second part of the experiment �sessions 4–6�, Group 1
first made loudness judgments for 300 trials of Experiment
2b, and then completed 1000 trials in the loudness task of
Experiment 1. For Group 2 the procedure was analogous.

At the end of session 6, the listeners provided magnitude
estimates of the annoyance of the level-fluctuating noises
�see above� and filled in the noise-sensitivity questionnaire
�Zimmer and Ellermeier, 1996�.

4. Estimation of temporal weights

Multiple binary logistic regression �PROC LOGISTIC,
SAS 8.01� was used to estimate the weights from the trial-by-
trial data.4 For each trial and each segment �i=1, . . . ,9�, the
difference between the level of segment i in interval 2 and
the level of segment i in interval 1 was computed. The binary
responses served as the dependent variable and the nine
within-trial segment level differences served as predictors.
Due to the difference in mean level between the two inter-
vals, the within-trial segment level differences were corre-
lated. Therefore, separate logistic regression analyses were
conducted for the trials in which the noise with the higher
mean level ��H� occurred in interval 1, and for the trials in
which the position of the noise with mean level �H was
interval 2. Thus, a logistic regression was conducted for each
combination of subject, task �annoyance/loudness�, and po-
sition �H. Because modulation depth, that is, the variability
of the levels within a sound, has an influence on annoyance
�e.g., Widmann, 1994�, the within-trial difference between
the standard deviations of the nine segment levels �SDlevels�
in interval 2 and the nine segment levels in interval 1 was
included as a predictor. A comparison of the goodness-of-fit
for models containing or not containing the within-trial dif-
ference in SDlevels as a predictor will be presented in Sec.
II B.

The regression coefficients for the nine segment level
differences were taken as weight estimates. The weights
were normalized such that the sum of the absolute values
was unity �see Kortekaas et al., 2003�, resulting in a set of
relative temporal weights for each listener, task �annoyance/
loudness�, and position �H.

The unweighted residual sum-of-squares test �Copas,
1989� was used for assessing global goodness-of-fit. This test
has been shown to perform favorably compared to some al-
ternative tests �Hosmer et al., 1997; Kuss, 2002�. An SAS

macro �GOFLOGIT; Kuss, 2001� was used to compute the
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test statistics. In global goodness-of-fit tests, the hypothesis
is tested that the saturated �full� model containing as many
parameters as observations does not provide a better descrip-
tion of the data than the fitted �restricted� model �cf. Agresti,
2002�. Small p-values indicate lack-of-fit of the restricted
model. It is usual to take p-values of less than 0.2 as an
indication that the model did not fit adequately �cf. Agresti,
2002�. For the 48 �Listener � Task � Position �H� fitted
multiple logistic regression models the test produced a
p-value below 0.2 in only five cases.

A summary measure of the predictive power of a logistic
regression model is the area under the receiver operating
characteristic �ROC� curve �cf. Agresti, 2002, Swets, 1986�.
This measure provides information about the degree to
which the predicted probabilities are concordant with the ob-
served outcome �see Hosmer and Lemeshow, 2000, for a
critical discussion�. The logistic regression model predicts
the probability of a response as a function of the values of
the predictors �e.g., the nine within-trial differences in seg-
ment level�. For example, let y=0 denote the observed re-
sponse “Louder noise in interval 1” and y=1 denote the re-
sponse “Louder noise in interval 2.” The logistic regression
equation models the probability �̂ of y being equal to 1. The
predicted response is ŷ=1 when �̂�n0, and ŷ=0 when �̂
��0, for some cutoff �0. The sensitivity of the model is
P�ŷ=1 �y=1� and the specificity is P�ŷ=0 �y=0�. In signal
detection theory terms, the sensitivity corresponds to the pro-
portion of hits, and the specificity corresponds to one minus
the proportion of false alarms. The sensitivity and the speci-
ficity depend on the arbitrary cutoff �0. For example, a value
of �0 close to 0 maximizes the sensitivity but minimizes the
specificity. The area under the ROC curve, which is a plot of
sensitivity as a function of �1—specificity�, overcomes this
limitation because it summarizes the predictive power for all
possible cutoffs. In practice, the area under the ROC curve
�AUC� is often computed via a Mann–Whitney U type of
statistic for all pairs of y=0 and y=1 trials �Bamber, 1975�.
Areas of 0.5 and 1.0 correspond to chance performance and
perfect performance, respectively. Across the 48 fitted logis-
tic regression models, AUC ranged between 0.55 and 0.89
�M =0.74, SD=0.097�, indicating reasonably good predictive
power �Hosmer and Lemeshow, 2000�. A repeated-measures
analysis of variance �ANOVA� on AUC, with the within-
subjects factors �annoyance and loudness� and position �H

�first interval and second interval� and the between-subjects
factor order of tasks �annoyance judgments first and loudness
judgments first�, showed no significant effects �all p�0.1�.

B. Results and discussion

1. Temporal weights

The individual temporal weighting patterns are dis-
played in Fig. 2 separately for each task and each position of
the noise with higher mean level. Clear primacy and recency
effects for both tasks were observed for listeners 2, 4, 5, 8,
and 9, while other listeners showed a more equal weighting
pattern, e.g., 7 and 10. The position of the noise with higher
mean level did not usually produce strong differences in the

weighting patterns, an exception being for listener 1.
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The normalized weights were analyzed via a repeated-
measures ANOVA using a univariate approach. The Huynh–
Feldt correction for the degrees-of-freedom was used where
applicable �Huynh and Feldt, 1976�, and the value of the df
correction factor �̃ is reported. The three within-subjects fac-

FIG. 2. Experiment 1. Individual relative normalized temporal weights are
plotted as a function of segment number. Panels represent listeners. Left
column: Group 1 �task order: annoyance-loudness�. Right column: Group 2
�task order: loudness-annoyance�. Squares and continuous lines: Loudness
judgments. Circles and dashed lines: Annoyance judgments. Filled symbols:
Interval 1 contained the noise with the higher mean level. Open symbols:
Interval 2 contained the noise with the higher mean level. Error bars show
the 95%-confidence intervals.
tors were segment �1–9�, task �annoyance and loudness�, and
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position �H �first interval and second interval�. The order of
tasks �annoyance judgments first and loudness judgments
first� was included as a between-subjects factor. The results
are displayed in Table I. There was a significant effect of
segment. The Segment � Task interaction was significant,
possibly because annoyance and loudness differed in their
recency effects �see below�. The effect of order of tasks was
not significant. The Segment � Order of Tasks interaction
and the Task � Order of Tasks interaction were also not
significant. Thus, task order had no significant effect on the
pattern of weights, indicating that the first task performed in
the experiment did not strongly influence listeners’ behavior
in the second task. Due to the normalization of the weights,
the main effect of task was also not significant. Because
neither the main effect of the position of the noise with the
higher mean level nor any interactions with this factor were
significant, the weights were averaged across the two posi-
tions for further analysis. Figure 3 displays the mean tempo-
ral weights.

Primacy effects for the two conditions were compared in
a three-factor repeated-measures ANOVA with the within-
subjects factor section �weight assigned to Segment 1 versus
average weight assigned to Segments 2–8� and task, and or-
der of tasks as between-subjects factor. The analysis revealed
a significant main effect of section �F�1,10�=37.04, p
�0.001�, confirming that there was a primacy effect in both
tasks. The effect of task was not significant �p=0.09�. The
Section�Task interaction was also not significant �p�0.1�,
failing to confirm our hypothesis that primacy effects are
stronger for annoyance than for loudness. Neither the main
effect of order of tasks nor the Section � Order of Tasks and
Task � Order of Tasks interactions were significant �all p
�0.1�. Recency effects for the two conditions were com-
pared in an ANOVA with the within-subjects factor section
�weight assigned to Segment 9 versus average weight as-
signed to Segments 2–8� and task, and order of tasks as a
between-subjects factor. The Section � Task interaction was
significant �F�1,10�=5.41, p=0.046�, confirming the obser-
vation of a stronger recency effect for annoyance than for
loudness. A post-hoc pairwise comparison between the
weights assigned to Segment 9 showed a significant differ-
ence between the two tasks, t�11�=3.71, p=0.003 �two-
tailed�. In the ANOVA, no further main effects and interac-
tions were significant �all p�0.1�.

Additionally, it was tested whether the temporal weight-
ing patterns for loudness and annoyance differed in unifor-
mity. Therefore, we examined whether the variance of the
nine temporal weights differed between loudness and annoy-
ance. For this purpose, the coefficient of variation �CV
=SD /M� of the nine temporal weights was calculated for
each listener and each task. For annoyance, the mean CV
was 1.21 �SD=0.57�. For loudness, the mean CV was 0.97
�SD=0.45�. A repeated-measures ANOVA with the within-
subjects factor task and order of tasks as between-subjects
factor showed no significant difference between the CVs of
the weights in the two tasks �F�1,10�=1.55, p=0.241�. Nei-
ther the main effect order of task nor the Task � Order of

Tasks interaction was significant �both p�0.3�.
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2. Model comparisons

The weights analyzed above were estimated via a mul-
tiple logistic regression model including the within-trial dif-
ference in modulation depth as a predictor. For comparison, a
simpler regression model containing as predictors only the
nine within-trial differences in segment level was fitted. The
two models are nested so that a likelihood-ratio test �Agresti,

TABLE I. Results of the ANOVA conducted for the
factors: segment �S�, task �T�, and position �H �P�
parentheses represent mean square errors. S� =subjects
as a proportion of the sum of the error variance and

Source df F

Betwe
Order of tasks
�O�

1 3.43

S� within-
group error

10 �0.007�

Withi
Segment
number �S�

8 7.759a

Task �T� 1 2.844
Position �P� 1 0.264

S � T 8 2.276b

S � P 8 0.450
S � O 8 1.095
T � P 1 2.423
T � O 1 0.122
P � O 1 0.026
S � T � P 8 0.505
S � T � O 8 0.715
S � P � O 8 0.749
T � P � O 1 2.362
S � T � P � O 8 0.639

S�S� 80 �0.047�
T�S� 10 �0.005�
P�S� 10 �0.002�
S�T�S� 80 �0.013�
S�P�S� 80 �0.004�
T�P�S� 10 �0.002�
S�T�P�S� 80 �0.006�

ap�0.01.
bp�0.05.

FIG. 3. Experiment 1. Mean relative normalized temporal weights plotted as
judgments. Left panel: Group 1 �task order: annoyance-loudness�. Middle pa

1 and 2 aggregated�. Error bars show the 95%-confidence intervals.
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2002� can be used for model comparison. This test uses the
statistic −2�LLrestricted−LLfull�, where LLrestricted and LLfull are
the log likelihood of the model containing only the nine dif-
ferences in segment level and the model additionally con-
taining the difference in modulation depth, respectively. The
test statistic is asymptotically distributed as 	2

1 because the
full model contains one additional free parameter. Of the 48
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�Listener � Task � Position �H� fitted models including
both the differences in segment level and the difference in
modulation depth, all but 14 fitted the data significantly bet-
ter than the model not containing the difference in modula-
tion depth �p�0.05�. Notably, of these 14 models, only 2
were from the annoyance task, compatible with the expected
stronger influence of modulation depth on annoyance than on
loudness judgments. This pattern was also evident in the re-
gression coefficients for the difference in modulation depth
obtained for the full model, which are shown in Fig. 4. These
regression coefficients were analyzed via a repeated-
measures ANOVA with the within-subjects factors task and
position �H and the between-subjects factor order of tasks. A
significant effect of task confirmed the observation that the
difference in modulation depth had a stronger influence for
the annoyance than for the loudness task �F�1,10�=7.40, p
=0.022�. The remaining effects were not significant �p
�0.15�.

As discussed in the Introduction, the traditional view is
that the loudness and the annoyance of a sound can be pre-
dicted from Leq and, at least in the case of annoyance, the
modulation depth �e.g., Zwicker, 1991�. To test whether a
model allowing for a non-uniform temporal weighting of the
nine segment levels provides a better account of loudness
and annoyance, the fit of two different multiple logistic re-
gression models was compared. The restricted model was
compatible with the traditional approach and contained as
predictors the difference between Leq in interval 2 and Leq in
interval 1 ��Leq�, and the difference between the modulation
depths �i.e., the standard deviation of the nine segment lev-
els� in interval 2 and in interval 1 ��SDlevels�. The full model
also contained the predictors �Leq and �SDlevels, but addi-
tionally the nine within-trial differences in segment level.

For the restricted model, the regression coefficient for

FIG. 4. Multiple logistic regression model for Experiment 1, containing as
predictors the within-trial differences in segment level, and the difference in
modulation depth. Shown are mean regression coefficients for the difference
in modulation depth as a function of task and order of tasks. Circles: Interval
1 contained the noise with the higher mean level. Squares: Interval 2 con-
tained the noise with the higher mean level. Filled symbols: Group 1 �task
order: annoyance-loudness�. Open symbols: Group 2 �task order: loudness-
annoyance�. Error bars show the 95%-confidence intervals.
the within-trial difference in Leq was generally positive. It
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was not significantly different from 0 �p�0.05, two-tailed�
in only five cases. Figure 5 shows the mean data. Across the
48 fitted models, the regression coefficient for the within-
trial difference in modulation depth was mostly greater than
0, and in only one case significantly smaller than 0. In 26 of
the 48 fitted models, it was significantly different from 0
�p�0.05, two-tailed�. Figure 5 shows the mean data. As ex-
pected, the influence of modulation depth was stronger for
annoyance than for loudness.

The full model containing as predictors the nine segment
levels as well as Leq and modulation depth, and the restricted
model containing only Leq and modulation depth are nested.
The full model has nine additional free parameters so that the
test statistic is distributed as 	2

9. In 30 of the 48 cases, the fit
of the full model was significantly better than the fit of the
restricted model �p�0.05�, compatible with the hypothesis
that the prediction of loudness and annoyance can be im-
proved by allowing for a non-uniform weighting of the
sound pressure level of single temporal portions of the sig-
nal. This notion was corroborated by an analysis of the pre-
dictive power of the two alternative models in terms of the
area under the ROC curve. Figure 6 shows the mean out-
come. A repeated-measures ANOVA with the within-subjects
factors model �full versus restricted�, task, and position �H,
and the between-subjects factor order of tasks showed a sig-
nificant effect of model �F�1,10�=45.92, p�0.001�, con-
firming the higher predictive power of the model with a non-
uniform weighting of the segment levels. The remaining
effects were not significant �p�0.1�. Two post-hoc ANOVAs
were conducted to examine the AUC differences for the
loudness task and the annoyance task separately. There was a
significant effect of model for both tasks �F�1,10�=30.99,
p�0.001 and F�1,10�=31.71, p�0.001, respectively�,
demonstrating that including temporal weights can improve

FIG. 5. Mean regression coefficients for a multiple logistic regression model
for Experiment 1, containing as predictors the within-trial difference in Leq

�circles�, and the within-trial difference in modulation depth �squares�. Error
bars show the 95%-confidence intervals.
the prediction of both perceptual dimensions.
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III. EXPERIMENT 2: CAN THE STIMULI USED IN
EXPERIMENT 1 BE JUDGED SEPARATELY
ACCORDING TO THEIR ANNOYANCE AND
LOUDNESS?

In the Introduction, we discussed the potential problem
of listeners failing to separate loudness and annoyance. The
significant differences between the patterns of temporal
weights for loudness and annoyance found in Experiment 1
and the only very weak effect of task order indicated that this
problem was negligible in the present study. In Experiment
2, we used a different and more direct approach to examine
whether the listeners were capable of independently judging
the type of stimuli used in Experiment 1 according to their
loudness or their annoyance. The rationale of this experiment
was to introduce a parameter previously reported to produce
a dissociation between loudness and annoyance. To this end,
we presented noises differing in amplitude modulation depth.
Level-fluctuating sounds have been suggested to be similar
in loudness to steady sounds with the same Leq or N5 �Ber-
glund et al., 1976; Zwicker and Fastl, 1999, Chap. 16�, al-
though some studies reported amplitude-modulated sounds
to be slightly louder than steady sounds with the same root-
mean-square level �e.g., Zhang and Zeng, 1997; Grimm
et al., 2002�, while Moore et al. �1999� found a small effect
in the opposite direction for sinusoidal rather than noise car-
riers. For annoyance, on the other hand, it has been proposed
that sounds differing in modulation depth may differ consid-
erably in their annoyance even if the Leq or the N5 is constant
�Zwicker, 1991; Widmann, 1994; but see Hiramatsu et al.,
1983�. The method for Experiment 2b was similar to Experi-
ment 1, but we constructed the two noises presented within a
trial so that they were similar in loudness while differing in
modulation depth. We expected the listeners to perceive
these sounds as similar in loudness, but to perceive the sound
with the higher modulation depth as more annoying, in line
with our assumption that listeners were able to separate the

FIG. 6. Mean predictive power of two models for the results of Experiment
1, in terms of the AUC, as a function of task. Squares: Model containing as
predictors the within-trial differences in Leq and in modulation depth.
Circles: Model containing as predictors the within-trial differences in Leq

and in modulation depth, and the nine within-trial differences in segment
level. Error bars show the 95%-confidence intervals.
dimensions loudness and annoyance. Additionally, we varied
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the task order �loudness judgments followed by annoyance
judgments or vice versa� just as in Experiment 1 so that a
tendency of the listeners to adhere to the type of judgment
they had given during the first several hundreds of trials
could be detected.

A. Experiment 2a: Comparison of Leq and N5

We are not aware of studies reporting psychophysical
loudness measurements for exactly the same type of stimuli
used in our experiments. Therefore, we conducted Experi-
ment 2a as a pretest in order to decide whether N5 or Leq is
more suitable for constructing nine segment noises differing
in modulation depth but similar in loudness.

On each trial, two noises fluctuating in level were pre-
sented in a two-interval forced-choice task. One of the inter-
vals contained a noise with higher modulation depth. The
listeners decided which of two noises presented in a given
trial was louder. Within a trial, the stimuli were constructed
so that they had either the same Leq or the same N5.

1. Method

Thirteen listeners �8 women, 5 men, age 22–51 years�
participated. None of them had taken part in Experiment 1.
Most were psychology students and had no experience in
comparable psychoacoustic tasks. All listeners reported nor-
mal hearing.

The same apparatus as in Experiment 1 was used. On
each trial, two level-fluctuating noises with different modu-
lation depth �small or large� but the same Leq or N5 were
presented. The stimuli were identical to Experiment 1 except
for the following differences. On each trial, the level-
fluctuating noise with small modulation depth was generated
by independently drawing the sound pressure levels of the
nine temporal segments from a normal distribution with
mean �=65 dB SPL and SD=2 dB. The noise with large
modulation depth was generated by independently drawing
the nine segment levels from a normal distribution with �
=65 dB SPL and SD=4 dB. Subsequently, the mean level of
the noise with large modulation depth was adjusted so that
either Leq or N5 �depending on the experimental condition�
was identical to that of the noise with small modulation
depth. For identical Leq, the level of each segment of the
noise with large modulation depth was adjusted by an iden-
tical amount �e.g., 1.1 dB�. For identical N5, the level of
each segment of the noise with large modulation depth was
adjusted by an identical amount so that the highest segment
level was identical to the highest segment level for the noise
with small modulation depth.5

The procedure was the same as before except for the
following differences. Each participant received 300 trials
with the same Leq and 300 trials with the same N5. Trials
with identical Leq and N5 were randomly interleaved in each
block. The noise with large modulation depth was presented
in interval 1 or interval 2 with identical a priori probability.
Each block consisted of 50 trials. The listeners’ task was to
decide whether the first or the second noise was louder. The

experiment started with a practice block consisting of 40
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trials. See Fig. 1�b� for a schematic depiction of a trial. The
duration of the experiment was approximately 35 min.

2. Results and discussion

The proportion of trials in which the noise with the large
standard deviation was chosen as louder was analyzed. A
mean proportion of 0 would indicate that the noise with the
large standard deviation was never chosen as louder; a mean
proportion of 1 would indicate that the noise with the large
standard deviation was always chosen as louder. For noises
identical in Leq, the mean proportion was M =0.50, SD
=0.09 , indicating that noises with large and small modula-
tion depths were perceived as equally loud. A one-sample
t-test showed that this mean proportion was not significantly
different from 0.5 �t�12�=0.13, p=0.899 �two-tailed��. For
noises identical in N5, the mean proportion was M =0.28,
SD=0.08, indicating that the noise with the smaller modula-
tion depth was perceived as louder. The mean proportion
differed significantly from 0.5 �t�12�=7.64, p=0.001 �two-
tailed��. A repeated-measures ANOVA with the within-
subjects factor loudness measure �Leq ,N5� showed a signifi-
cant effect �F�1,12�=105.45, p�0.01�. The results
demonstrate a clear advantage for Leq compared to N5 for the
purpose of constructing noises with different modulation
depth but identical loudness. Therefore, Leq was used in Ex-
periment 2b. The results are consistent with the report of
Moore et al. �1999� that the loudness of sounds with the
same rms level is only weakly influenced by amplitude
modulation, but see Zwicker and Fastl �1999� for a different
claim.

B. Experiment 2b

1. Method

The same listeners as in Experiment 1 participated in
this experiment. The division of the listeners into Groups 1
and 2 was the same as before. The same apparatus and es-
sentially the same stimuli and experimental procedure as in
Experiment 2a were used. In a two-interval task, listeners
selected the louder or more annoying sound. On each trial,
two noises with the same Leq �and therefore approximately
the same loudness� but with different modulation depths
were presented. Noises with small and large modulation
depths were generated by independently drawing the sound
pressure levels of the nine temporal segments from a normal
distribution with mean �=65 dB SPL and SD=2 or 4 dB.
See Fig. 1�b� for a schematic depiction of a trial. The level of
each segment of the noise with the large modulation depth
was displaced by the same amount so that Leq was equal to
that of the noise with small modulation depth. Fifteen trials
with the large SD in the first interval and the small SD in the
second interval and 15 trials with the reverse order of modu-
lation depths were generated and stored before the experi-
ment started. Thus, the listeners evaluated exactly the same
set of stimuli according to both their loudness and their an-
noyance. The same set of 30 trials was used for all listeners.

As already reported, Experiments 1 and 2b were inter-
leaved. Experiment 2b consisted of practice blocks and ex-

perimental blocks. In session 1, Group 1 received each of the
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30 stored trials ten times in random order and decided which
interval contained the more annoying sound. In session 4,
Group 1 again received 300 trials, but this time they made
loudness judgments. The stimuli were presented in blocks of
50 trials. For Group 2, which started with the loudness judg-
ments, the procedure was analogous.

2. Results and discussion

The proportion of trials in which the noise with the large
standard deviation was chosen as louder or more annoying
was analyzed. For loudness, the mean proportion was M
=0.52 �SD=0.09�, compatible with the hypothesis that noises
with the same Leq are perceived as equally loud. A one-
sample t-test showed that this mean proportion was not sig-
nificantly different from 0.5 �t�11�=0.63, p=0.54�. For an-
noyance, the mean proportion was M =0.66 �SD=0.08�,
indicating that, as expected, the noise with the larger modu-
lation depth was perceived as more annoying. The mean pro-
portion differed significantly from 0.5 �t�11�=6.79, p
�0.001�. A repeated-measures ANOVA with the within-
subjects factor task and the between-subjects factor order of
tasks showed a significant effect of task �F�1,10�=45.75, p
�0.001, �̃=1.0�. Neither the effect of order of tasks
�F�1,10�=2.47� nor the Task � Order of Tasks interaction
�F�1,10�=0.25� was significant.

The results of Experiment 2b showed that noises with
the same energy-equivalent level but different modulation
depths were judged to differ in annoyance but not in loud-
ness. These findings indicate that listeners were capable of
separating loudness and their annoyance for the type of
stimuli presented in Experiment 1. Thus, Experiment 2 pro-
vided further evidence for the appropriateness of the within-
subjects design used in Experiment 1.

IV. GENERAL DISCUSSION

The present study examined the temporal weighting of
annoyance for broadband noises fluctuating in level. The pat-
tern of temporal weights was compared to the temporal
weighting of loudness for the same stimuli and the same
listeners. The results of Experiment 2 and the non-significant
effect of task order in Experiment 1 showed that the listeners
were able to separate loudness and annoyance. Additional
evidence for the separability of the perceptual dimensions
annoyance and loudness was provided by the goodness-of-fit
analyses which showed that in Experiment 1 the variance of
the intensity fluctuations �modulation depth� had a clear ef-
fect on annoyance but not on loudness.

Consistent with previous studies �e.g., Ellermeier and
Schrödl, 2000; Plank, 2005; Oberfeld, 2008b; Pedersen and
Ellermeier, 2008�, a primacy effect was found for loudness
and for annoyance. The listeners assigned higher weight to
the level of the beginning of a sound than to its middle
portion. The size of the primacy effect did not differ between
annoyance and loudness. A significant recency effect �i.e.,
higher weight assigned to the end than to the temporal center
of the sound� was observed for annoyance only. In the study
of Pedersen and Ellermeier �2008� a recency effect for loud-

ness was evident in the mean data. However, only three of
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the five listeners in their experiment showed a recency effect,
while all listeners showed a primacy effect. Thus, just as in
Experiment 1 of the present study, the primacy effect was
stronger than the recency effect. Note that Plank �2005� also
found no recency effect in a loudness judgment task where
the noise segments were separated by pauses.

As discussed in the Introduction, the processing of the
nine segments as serially sorted information represents a po-
tential explanation of the primacy and the recency effects, for
example, within the framework of the distinctiveness con-
cept �e.g., Neath et al., 2006�. Supporters of this account
hypothesize that the difficulty in correctly recalling an item
depends on the degree to which it is distinct �or “stands
out”�. In serially sorted information sets, for example, word
lists or the stimuli used in the present study, middle items
have two neighboring items. However, end and beginning
items only have one neighboring item and therefore are more
distinct. It remains for future work to assess whether the
temporal weights in loudness and annoyance can be ex-
plained in this way.

How can the stronger recency effect for the temporal
weighting of annoyance be explained? One potential frame-
work is the “peak-end rule” �Fredrickson and Kahneman,
1993� observed for retrospective evaluations of negative ex-
periences such as painful medical treatments �Redelmeier
and Kahneman, 1996� or exposure to aversive sounds
�Schreiber and Kahneman, 2000�.6 Kahneman and co-
workers found that such judgments are strongly influenced
by the worst and the final part of the episode. Thus, a tenta-
tive explanation for our observation that the recency effect
was significant for annoyance judgments only would be that
judging annoyance implies negative emotions while judging
the loudness of moderately loud sounds is a “neutral” task
and therefore does not elicit a “peak-end” type of retrospec-
tive evaluation.

The level profile of stimuli presented in this study was
flat because all segment levels within a noise were drawn
from the same distribution. For loudness judgments, a
gradual increase in level over the first few segments results
in a delayed primacy effect: the weights assigned to the at-
tenuated fade-in part are close to zero, and the maximum
weight is assigned to the first segment presented at the full
level �Oberfeld and Plank, 2005; Oberfeld, 2008a, 2008b�. It
remains to be shown whether this pattern is paralleled in
annoyance judgments.

An important implication of the results of the present
study is that technical measures of annoyance and loudness
used in noise quantification should consider temporal as-
pects. Particularly the beginning and ending of a noise
should be taken into account more strongly. The goodness-
of-fit analyses conducted for Experiment 1 demonstrated that
the prediction of both loudness and annoyance can be im-
proved significantly by allowing for a non-uniform weight-
ing of single temporal portions of the signal, rather than as-
suming that each temporal portion of a sound contributes
equally to annoyance and loudness, which is the concept
underlying measures like Leq or N5.

With respect to noise quantification, a limitation of the

present study is that the stimuli were shorter than environ-
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mental noises, for example, aircraft noise. However, this
does not preclude practical applications of our findings. For
instance, car alarms frequently use short repeating patterns.7

Our results indicate that sound designers trying to either in-
crease or decrease the annoyance or loudness of such warn-
ing sounds �cf. Suied et al., 2008� should focus on the be-
ginning of the repetitive patterns. Nevertheless, additional
research is necessary to clarify whether primacy and recency
effects in the temporal weighting pattern of annoyance can
be found for longer stimuli.

Finally, it should be noted that Experiment 2a demon-
strated that Leq is a better estimate of the loudness of the type
of noises used in our experiments than N5, which is favored
by some authors �e.g., Zwicker and Fastl, 1999�.
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