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Summary
The general topic of this work was to investigate whether humans apply unifying principles to form retrospec-
tive overall loudness assessments of noise episodes. In three within-subjects factorial design of experiments, the
contribution of systematically varied peak and background magnitudes to the assessment of overall loudness was
studied. It was observed that the loudness level of peak and background contributed significantly to the assess-
ments of overall loudness. The complete absence of any interaction between peak and background level in the
experiments suggests additivity. The experimental findings underline the relevance of the average of momentary
perceptual levels to the overall assessment of the whole episode. This means that if participants are requested to
judge the overall loudness of noises, then participants did not deliberately ignore certain parts of the presented
noise episodes. This applies for the considered bounded episodes of duration of 10 s having a recognizable start
and end. Factorial design is frequently criticized, because it draws participants’ attention to the manipulated
variables and provides strong clues to the participants about the experimenter’s hypothesis probably resulting in
demand characteristics. Therefore, further experiments were performed, where the noise stimuli from the facto-
rial design of experiment were judged in different stimuli contexts. First, filler material was added to the stimuli
set to obscure the aim of the study and to distract attention from the systematically manipulated features. In a
further experiment additional overall sound assessments were requested besides the assessment of overall loud-
ness. It was observed that the importance of peak and background magnitudes was similar over all experimental
conditions. As a tendency, it can be stated that the introduced measures to obfuscate the study aim distracting
from the manipulated features lead to a greater cognitive averaging of the momentary experiences and to a less
importance of distinct peak events for the overall assessment of the whole sound episode.

PACS no. 43.66.Cb, 43.66.Lj

1. Introduction

Human beings experience their surrounding world unfold-
ing over time through a stream of transient states that of-
ten vary from moment to moment in their intensity [1].
Those experiences are frequently the basis for decisions,
choices and predictions about the future. To make a mean-
ingful decision, it is inevitable to retrospectively summa-
rize “infinite” or bounded episodes of experiences. Thus,
the stream of momentary experiences must be converted
or combined to a summary assessment of the entire expe-
rience profile. But how do human beings combine streams
of momentary experiences into an overall impression or
an overall assessment, respectively? Do humans base their
decisions on some unifying principles or do they possess a
variety of cognitive schemas, each of which can be evoked
or suppressed by subtle contextual features? [2] In gen-
eral, it seems that there is a broad consensus that a global
judgment is determined primarily by the relevant proper-
ties of an episode [3]. But, is the process of deriving over-
all evaluations of experienced episodes based on a kind
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of temporal integration of momentary affect or is the pro-
cess more linked to a weighted averaging of selected mo-
ments? [4] According to Schäfer et al. it is still hard to tell
from recent studies if the remembrance and overall eval-
uation of a past experience rely on integrated moments,
such as the average, or on distinct moments, such as peak
or end [5]. Moreover, it appears likely that different mech-
anism and cognitive effects are triggered in dependence
of stimulus duration and time of assessment. For exam-
ple, for overall loudness assessments of short-term noises
primacy effects are frequently observed [6], which mean
that listeners assign higher weight to the level of the be-
ginning of a sound than to its middle portion. Susini et al.
observed a perceptual asymmetry between increasing and
decreasing ramps for global loudness judgments obtained
at the end of longer noise stimuli; the asymmetry was in
favor of increasing ramps referring to a recency effect [7].
Comparably, Algom et al. observed memory and percept
invariance in the visual domain possibly due to the flow
of information from short-term to long-term memory [8].
Beyond doubt it is evident that top-down processes are in-
volved in perception processes and affect how information
is gathered, processed, and stored [9].
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In general, if perception of sound is investigated, fre-
quently retrospective overall assessments of time-variant
noises are requested. An overall assessment of a sound
episode is a retrospective act, where a magnitude of sen-
sation, perception or affective appraisal is (consciously)
assigned to the past period of experienced sound. This is
the standard case in listening experiments independent of
method or object of investigation, and only sometimes in-
stantaneous evaluations of sounds are requested [10].

In psychoacoustic experiments, where retrospective
overall assessments of time-variant noises are collected, it
is frequently observed that prominent portions of sound
contribute to the overall impression stronger than less
prominent portions [11], since it seems unlikely that
a memory representation of every instance of longer
episodes is fully available to form the overall judgment
[12]. Accordingly, Kuwano et al. observed that the judg-
ment of overall loudness is not the same as the simple av-
erage of instantaneous loudness judgments [11]. Schreiber
and Kahneman presented evidence as well that people
tend to use selected moments of extended experiences
to form overall unpleasantness assessments of synthetic
sound stimuli [13]. This notion goes beyond a simple para-
metric representation of a sound in terms of psychoacous-
tic variables. It seems conceivable that due to human cog-
nitive processing specific events are of higher importance
than others leading to models claiming that snapshot mea-
sures are more efficient indexes of momentary affect and
its meaning to overall evaluations than any average of the
time-series curve of instantaneous perception or real-time
continuous judgments respectively [4].

The perception-adequate interpretation of loudness of
time-variant noises for deriving an overall loudness value
is already subject to investigation over decades. Natural
sounds are usually varying over time [14] and listeners,
if requested, have to combine the varying loudness lev-
els into an overall loudness assessment. It is likely that
the neglect of duration, which is frequently observed in
other empirical contexts such as assessments of pain [15]
or pleasantness of movies [4], applies for the assessment of
overall loudness as well and that duration effects tend to be
small [13]. Paulsen has shown that for steady sounds, such
as highway or random broadband noises, the duration does
not play a significant role with respect to the assessment of
overall loudness, annoyance or unpleasantness [16]. Ac-
cording to Paulsen, this is true for durations long enough
to build up an impression which is representative for the
used original sounds, which means durations much longer
than 1 s. In case of longer sequences (20 s, 50 s and 80 s)
the sound assessments were not influenced by the dura-
tion of the noise stimuli possessing the same LAeq [16]. In
contrast to it, Schreiber and Kahneman found a small ef-
fect of duration of noise stimuli on overall annoyance rat-
ings [13]. In general, the concept of duration neglect – the
relative insensitivity of retrospective overall evaluations to
the duration of an episode – is broadly accepted for sev-
eral contexts [17]; however, as pointed out by Ariely and
Loewenstein in some cases duration can matter for judg-

ment and decision making [18]. For short sounds due to
temporal integration of loudness the duration of stimulus
plays a significant role [19]. Moreover, as shown by Olsen,
for specific signals, like synthetic up-ramps, global loud-
ness ratings appear to change as a function of duration,
even when the range of physical intensity change remains
constant and end-level recency is controlled [20, 21].
Moreover, it was frequently observed that assessed

overall loudness appears to be strongly influenced by loud
single events. For example, Fastl has shown that judged
overall loudness is considerably higher than the arithmetic
mean of the loudness run over time due to an “overem-
phasis” of single loud events, which was consistently ob-
served over different methods, such as category scaling,
line scaling, and magnitude estimation [22]. In order to
take into account the relevance of loud events on the per-
ceived overall loudness Fastl proposed the indicator 4th
percentile loudness N4. In general, a percentile value on
a scale of 100 indicates the percent of a distribution that
is equal to or above it.1 In case of the N4 indicator, the
loudness value of the loudness over time function of an
episode is meant, which is equal or exceeded only 4% of
the measurement time indicating more or less the level of
loud events. This means that 96% of all loudness values
of the considered episode are smaller than the N4 loud-
ness value. Comparably, Stemplinger found N4 and N5 to
be valid indicators for perceived overall loudness of indus-
trial and traffic noises [23, 24]. Sottek has recommended
the use of N10 for statistically fluctuating loudness in or-
der to predict overall loudness perception [25]. The Ger-
man loudness standard for the calculation of loudness of
time-variant sound, the DIN 45631/A1, recommends the
use ofN5 as a representative single value for the perceived
overall loudness [26]. Accordingly, the ISO 532-1 CD, as
largely based on DIN 45631/A1, states that the statistical
mean of time varying loudnesses leads, in general, to re-
sults that are too low in comparison to evaluated loudness,
and the percentile loudness N5 shall be given when stat-
ing the overall loudness perceived [27]. Moreover, in the
ISO 532-1 standard it is mentioned that the N5 indicator
is not suited for impulses because the percentile loudness
N5 strongly depends on the measurement time. In contrast
to it, Namba et al. proposed a loudness measure calculated
by the mean energy level of third octave bands instead of
percentile values of time-variant loudness [28]. Schlitten-
lacher et al. introduced a loudness indicator LL(P ), which
is calculated from the loudness levels over time [29]. Thus,
the LL(P ) loudness indicator differs from the loudness in-
dicator proposed by Namba et al., since they computed
their energy-based loudness metric on the basis of sound
pressure levels over time. Schlittenlacher et al. showed
that for the presented 10 s long sound stimuli the LL(P )
was superior to the N5 indicator and predicted better the

1 Unfortunately, the interpretation of percentile values in psychoacoustics
is inconsistent with the common definition and use of percentile values
in statistics. However, since the use of percentile values in the described
way is very common and established in psychoacoustics, the authors ap-
ply the psychoacoustics notion of percentile values in this paper.
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observed overall loudness assessments. Friebe found that
the arithmetic average of momentary loudness evaluations
corresponds well with judged overall loudness in the con-
text of different environmental noise sequences [30]. Fer-
guson et al. observed that the median and standard devia-
tion of time-varying loudness values of musical pieces are
related to emotional responses to a certain extent [31].

Rennies et al. observed that the accuracy of different
loudness predictions varied in the context of speech and
speech-like signals [32]. They found that the mean of the
long-term loudness function calculated by the time vary-
ing loudness model according to Glasberg and Moore [33]
was a better predictor of the loudness than the maximum
of the short-term loudness function also determined by the
time varying loudness model [33]. The short-term loud-
ness is calculated by integrating the instantaneous loud-
ness using a kind of automatic gain control with a short at-
tack time constant (22ms) and a longer release time con-
stant (50ms); the long-term loudness according to Glas-
berg and Moore is the result of a second temporal smooth-
ing stage with an attack time constant of 99ms and a re-
lease time constant of 2 s, applied to the short-term loud-
ness. The long-term loudness tries to model memory ef-
fects [33].

Moreover, several cognitive effects, such as primacy or
recency effects, were frequently observed in the context
of overall loudness assessments. In general, a recency ef-
fect refers to a cognitive bias, where humans put greater
weight on late information than on early information of
an experienced episode. The primacy effect represents the
opposite to the recency effect: the early information is of
higher importance than information presented later on. For
example, Höger et al. revealed the relevance of the recency
effect for loudness assessments [34]. Susini et al. observed
that the highest levels, their temporal positions and their
duration of emergence are relevant for overall loudness
of time-variant sounds using 1 kHz pure tones with vary-
ing levels [35]. Steffens and Guastavino observed that be-
sides average of momentary judgments, the linear trend of
the temporal experience plays a role for overall pleasant-
ness ratings of environmental noises [36]. In the field of
molecular psychophysics investigating temporal percep-
tual weights of stimulus components, a bowl-shaped pat-
tern of the temporal perceptual weights is frequently ob-
served (e.g. [37, 38]). Pedersen and Ellermeier observed
that ten temporal segments of a stimulus sequence were
not uniformly weighted and they found evidence for per-
ceptual emphasis on onsets and offsets, whereas the re-
cency effect was of weaker extent [39]. Moreover, Ober-
feld and Plank observed a delayed primacy effect in case
of stimuli, which were faded in [40]. Ponsot et al. inves-
tigated the loudness perception of 1 kHz pure tone stimuli
consisting of 16 consecutive 125ms stationary segments
with levels drawn independently from a normal-truncated
distribution and found a recency effect and a primacy ef-
fect for flat level profile sounds, which were both statisti-
cally significant [41]. Moreover, in case of increasing and
decreasing level profile sounds Ponsot et al. observed a

level dominance effect; the segments with the highest lev-
els received greater attention independent from the ramp
type [41].

All these studies provided evidence for complex rules
of loudness perception and integration, which is not ad-
equately described as a simple summation process [42].
Frequently, experimental results are incompatible with the
notion of an automatic, accumulative integration process
as hypothesized by most of the current loudness models
[39]. Moreover, several studies reported on the influence of
non-acoustical aspects on loudness judgments. For exam-
ple, Laumann et al. showed that the perceived loudness of
music depends on preference and they observed that in ac-
cordance with the respective preference level of the music
stimuli, different loudness assessment strategies were ap-
plied [43]. They observed that along with decreasing pref-
erence of the presented music the difference between the
means of overall judgments and averaged instantaneous
judgments becomes larger. Menzel et al. showed that dif-
ferences in estimates of loudness can occur depending on
visual stimulation by images of different colored sports
cars [44].
All in all, there is a substantial body of research on

how humans combine components of bounded episodes
with start and end to summarize their experiences, but as
of yet studies failed in providing broadly acknowledged
universal models and rules that govern retrospective over-
all (loudness) assessments of time-variant noise episodes
[45]. The aim of the present study is to deepen the knowl-
edge of cognitive stimulus integration in the context of
overall loudness assessment.

2. Overview of experiments and aim of the
study

The general aim of the study was to investigate which
unifying principles are used to form retrospective over-
all loudness assessments of noise episodes consisting of a
peak event and steady noise with lower magnitude before
and after the peak event. In particular, the importance of
distinct peak components and steady noise parts for over-
all loudness assessments were systematically investigated.
The null hypotheses were that the assessments of overall
loudness cannot be predicted by means of acoustic indica-
tors related to i) the magnitude of peaks and ii) the mag-
nitude of the background. These hypotheses were tested
by means of different experiments. To study the suscepti-
bility of retrospective overall loudness assessments based
on potential unifying principles to experimental circum-
stances, three different experiments were performed in this
study. All experiments used a within-subjects factorial de-
sign of experiment. The results provide insights regarding
the components of a noise episode contributing to the over-
all loudness assessment and how people encode past expe-
riences of loudness perception. Are specific segments of a
sound ignored, when they were below a certain level [42],
is only the prominent and salient part of an episode rel-
evant to the overall loudness assessment [46] or does the
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Table I. Overview of experiments and basic properties.

Experiment 1 Experiment 2 Experiment 3

Sounds of interest (three peak levels crossed with three back-
ground levels)

3 × 3 3 × 3 3 × 3

Additional sounds presented for the purpose of distraction from
the manipulated features

no yes yes

Type of evaluation single attribute single attribute multiple attributes

overall loudness result from a kind of averaged loudness
over time [29]?

In three within-subjects factorial design of experiments,
the contribution of systematically varied peak and back-
ground magnitudes within a noise episode to the assess-
ment of overall loudness was studied. In principle three
white noises with low loudness levels (background factor)
were factorial crossed with three white noises with higher
loudness levels (peak factor). The resulting sounds pos-
sessed a 1 second long peak event in a 10 s long episode.
The peak event was principally louder than the steady
noise before and after the peak event. The factor peak and
the factor background had both three levels resulting in
nine sounds. The peak event was always in the middle of
the sequence to control for primacy and recency effects.
The duration of all stimuli was kept constant to control for
potential duration effects. The null hypotheses were that
first, the peak level has not any significant influence on
overall loudness assessment and second, the background
level does not play a significant role for overall loudness
assessment.
The relative increase of the factor levels was deliber-

ately designed to be equal according to the DIN 45631/A1.
Since the German standard DIN 45631/A1 is the only cur-
rent standard, which allows for the computation of loud-
ness of arbitrary non-stationary, time-varying sounds, this
computation method was used for the definition of stimuli
magnitudes [26]. As pointed out by Genuit et al., the use of
time-variant loudness computation models is even for ap-
parently steady noises required, such as white noise due to
its stochastic variation [14]. In the following, all loudness
calculations are based on the DIN 45631/A1. The loudness
values of the peak and background signals were configured
in a way that they increase stepwise by approximately 30%
according to the DIN 45631/A1. By using other methods
for the calculation of time-variant loudness, such as the
Time Varying Loudness (TVL) model proposed by Glas-
berg and Moore [33] or the Chalupper and Fastl Dynamic
Loudness Model (DLM) [47] very similar relative loud-
ness differences are obtained.2

The nine systematically manipulated sounds were al-
ways assessed on the same unipolar 11-point category
scale with respect to overall loudness, but in different ex-
perimental circumstances. In the first experiment only the

2 In case of the TVL model a relative increase of the short-term loudness
and long-term loudness of 31% is observed. The DLM predicts a 31%
loudness increase of the factor levels as well.

nine systematically manipulated sounds were presented
and assessed.

Since the principle of the systematically varied levels
of the factors might be obvious to the participants in the
first within-subjects design of experiment probably sup-
porting demand effects, additional experiments were per-
formed. According to Zizzo, filler questions or filler be-
havioral tasks can be employed, while not deceiving sub-
jects as such, this may help in obfuscation [48]. Accord-
ingly, Ariely et al. claimed as well that a factorial design
of experiment is known to create some effects that they
are intended to measure by reminding the participants of
a consideration that they might otherwise have neglected
[49]. Thus, by means of further experiments it was studied
to what extent the apparentness of stimuli manipulation
triggers the observed variances. Filler material in terms of
further sound stimuli (called filler sounds) with different
properties were included in the stimuli set and additional
responses were elicited to obfuscate the experimental ob-
jectives and to distract participants from the manipulated
features. By the presentation of twenty three additional
natural and synthetic sounds, it was intended to make it
difficult to recognize the way of the systematic manipu-
lation of the stimuli and to identify cues providing infor-
mation about what constitutes appropriate rating behavior.
To sum up, in a second experiment all stimuli – sounds of
interest and additional sounds – were assessed on the 11-
point category scale applied also in the first experiment by
a different group of participants.

In order to further change the potential impact of de-
mand characteristics, a third experiment was performed.
As stated by Ariely et al. within-subjects factorial de-
sign has powerful demand characteristics, which can be
reduced by having participants’ rate sequences that dif-
fered in several features. Thus, attention is not directed
to only one of the features of the investigated sequences
[49]. Therefore, in a third experiment the 32 sounds from
the second experiment including the nine factorial manip-
ulated samples of interest were also assessed, apart from
overall loudness, with respect to overall unpleasantness,
overall sharpness, and overall tonality. Due to different re-
sponse elicitations, it was intended to obfuscate further any
inference on which ones the experimenter is actually in-
terested in (cf. [49]). Additionally, to reduce any special
focus on the attribute of interest, the assessment of over-
all loudness was requested on the bottom of the presented
four category scales. Potentially, requesting several overall
assessments at the same time after a sound episode termi-
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Table II. Loudness according to DIN 45631/A1 of peak and back-
ground signals (Pi and Bi) estimated by means of loudness per-
centile values (N5 for peak andN50 for background).

P1
3 P2 P3 B1 B2 B3

9.7 12.7 17.0 5.4 7.2 9.6

nated can avoid to a certain extent a listening to the sound
episodes in an analytical way; participants were probably
forced to listen more holistically to the sound episode to
be judged. Since the stimulus set in this experiment was
identical with the second experiment, context effects due
to range-frequency effects were expected to be small [50].
Table I displays the performed experiments and summa-
rizes their differences: Three within-subjects factorial de-
sign of experiments were performed, where experimental
conditions were changed to reduce potential demand char-
acteristics.

3. Overall loudness assessment of synthetic
sounds in factorial design of experiments
with and without filler sounds

3.1. Method

3.1.1. Participants

Experiment 1: Sixteen participants (13 male, 3 female)
took part in the first experiment. The age ranged from 22
to 45 years; the mean age was 33.1 years (standard devi-
ation of 7.1 years). All test participants reported normal
hearing.

Experiment 2: Nineteen participants (11 male, 8 fe-
male) participated in the second experiment. The age
ranged from 24 to 47 years and the mean age was 31.8
years with a standard deviation of 9.2 years. All test par-
ticipants reported normal hearing.

Experiment 3: Eighteen participants (11 male, 7 female)
took part in the third experiment. The age ranged from 23
to 54 years and the mean age was 38.5 years with a stan-
dard deviation of 10.6 years. All test participants reported
normal hearing.

No participant took part in more than one experiment.
The collected data about age, self-reported experience in
listening test participations, self-reported acoustic back-
ground knowledge and the judged level of difficulty of the
evaluation task were collected in all experiments and an-
alyzed. No link between personal data and loudness judg-
ments was found.

3 Peak magnitudes were described in terms of the respective N5 value
of loudness according to DIN 45631/A1. For the lowest peak level and
highest background level a slightly higher N5 value is determined. This
is due to the fact that the loudness of the background noise is close to
loudness of the peak increasing slightly the N5 value (see Figure 1).
However, the magnitude of the peak component is not changed at all.

3.1.2. Stimuli

The set of factorial designed noise samples judged with
respect to overall loudness is displayed in Figure 1. All
sounds were equally configured: The peak event lasts 1 s,
i.e., 10% of the total duration of 10 s. The loudness of the
noise before and after the peak event possesses the same
loudness magnitude. Table II shows the loudness of the
peak and background signals in terms of percentile val-
ues computed by the DIN 45631/A1 [26], which allows
for calculating the loudness and loudness level of arbitrary
non-stationary, time-varying sounds.
The loudness values of peak and background signals

were configured in a way that they increase stepwise by
approximately 30% according to the DIN 45631/A1. This
means that a similar increase of magnitude of peak and
background signals occurs. The noise samples were com-
posed of white noises with varying bandwidth and center
frequency (using band-pass filters with ‘infinitely’ steep
spectral slopes) and varying sound pressure levels. The
background noise, occurring before and after the peak
event, was a random broadband noise with a constant
power spectral density and a bandwidth of four critical
bands ranging from 510 to 1080Hz. The peak compo-
nent was based on a narrow-band noise covering only one
critical band ranging from 1080 to 1270Hz. The different
center frequency and bandwidth of the peak component
should additionally make the peak event more distinct be-
sides its higher loudness.4 All sounds were presented diot-
ically.

In the first experiment only the 3 × 3 factorial designed
sounds were presented.
In the experiments 2 and 3, in addition to the nine fac-

torial designed sounds, 23 additional synthetic and natu-
ral sounds were presented. All filler sounds lasted 10 s.
The additional synthetic noises were generated according
to the configuration principle of the investigated samples.
A peak event occurred in the middle of the sound stim-
ulus. However, the magnitudes of the background before
and after the peak event differed from the factorial varied
stimuli to distract the participants from the manipulated
features. Moreover, the bandwidth, center frequency dif-
fered or an audible tone was added. The natural sounds
were typical environmental noises, such as fountain, road
traffic or marketplace noise. The natural sounds were in-
cluded in the experiment 2 and 3 to further reduce the
attention to the manipulated features. In total, 32 sounds
were presented in experiment 2 and 3. An overview of the
additional presented sounds and their loudness according
to the DIN 45631/A1 is shown in Table III. The order of
sounds was randomized in all experiments.

4 Sottek observed that random broadband noises, which are steeply fil-
tered at the edges, evoke a perception of strong tonal character for almost
any bandwidth probably influencing the perception of loudness [59].
However, the test subjects did not mention after performing the overall
loudness experiments in the interviews any disturbing tonality. However,
a confounding influence of this effect on the experimental results cannot
be ruled out.
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Figure 1. Loudness of noise samples over time according to DIN 45631/A1. Rows display sounds of constant background noise but
changing magnitude of the middle sequence (peak). Columns show sounds of constant peak magnitude but changing background level.

3.1.3. Apparatus
The sounds were presented via digital equalizers (PEQ V,
HEAD acoustics) and Sennheiser headphones HD 650 in
an acoustically treated listening studio at the premises of
the HEAD acoustics GmbH in Herzogenrath, Germany.
The playback system was calibrated and equalized [51].
The instruction texts and interview questions were pre-
sented on computer screens. All sounds were played back
with free-field equalization. The same apparatus was ap-
plied for all experiments.

3.1.4. Procedure
Experiment 1: The participants were not informed about
the aim of the study and its hypotheses under test; it was
explained that the experiment deals with the perception
of noise in general. The overall loudness was measured
by requesting category scale assessments. The experiment
started with an instruction: In the following you will listen
to sounds with a duration of 10 s. Please judge the over-
all loudness after listening to the entire sound on an 11-
point category scale, which ranges from “not at all loud”
to “very loud”. All categories were numbered. After the
instruction, the participants listened to four sample stimuli
to be familiar with the type of sounds to be presented in
the experiment. The stimuli were randomly chosen from

the stimuli set of the experiment. The demonstration of
sounds, before the assessment of stimuli has started, was
assumed to reduce scaling effects, such as floor and ceil-
ing effects. The participants were requested to listen to the
entire sound stimulus. During the playback of a sound, the
input was blocked in order to force the participant to listen
to the full sound stimulus before providing an assessment.
Immediately after the completion of the sound stimulus,
the participants could provide their rating of overall loud-
ness via a touchscreen. It was not possible to repeat the
playback of a sound stimulus. The participants could take
as much time as needed to rate the stimulus; no time limit
was given. After providing an assessment, the next sound
stimulus was automatically played back. The duration of
the first experiment with the nine systematically varied
sounds was around 10 minutes. After the experiment, a
short interview took place.

Experiment 2: The procedure was the same as in exper-
iment 1, with one exception. In contrast to the first exper-
iment, two randomly chosen synthetic and two randomly
chosen natural sounds were played back before all sounds
were presented for judgment. The duration of this experi-
ment was due to the presentation of 32 sounds around 20
minutes.
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Table III. Basic properties of sounds presented for distraction in addition to the nine sounds of interest.Ni [soneGF] according to DIN
45631/A1.

Sound description Duration [s] N5 N50 N90

Small brook 10 9.2 7.4 5.7
River 10 12.2 10.9 10.0
Small fountain 10 8.4 6.2 5.1
Large fountain 10 11.6 11.2 10.7
Small waves 10 6.4 4.7 3.0
Ocean waves 10 12.8 10.4 8.8
Urban park 10 3.8 3.6 3.2
Road traffic noise 10 10.1 9.1 8.4
Marketplace 10 9.0 5.8 5.2
Car passing-by 10 12.4 2.5 1.4
Motorbike passing-by 10 24.6 4.2 2.2
Steam engine – Version 1 10 13.7 11.1 10.3
Steam engine – Version 2 10 9.1 7.2 6.7
White noise, where background loudness differs before and after peak – Version 1 10 12.7 6.6 5.1
White noise, where background loudness differs before and after peak – Version 2 10 17.0 8.9 5.1
White noise, where background loudness differs before and after peak – Version 3 10 12.7 6.6 5.1
White noise, where background loudness differs before and after peak – Version 4 10 17.0 8.9 5.1
Bandpass-filtered white noise with time-varying filter parameters (center frequency
and bandwidth) – Version 1

10 11.0 10.0 9.2

Bandpass-filtered white noise with time-varying filter parameters (center frequency
and bandwidth) – Version 2

10 11.0 10.0 9.3

Bandpass-filtered white noise with time-varying filter parameters (center frequency
and bandwidth) – Version 3

10 11.0 10.1 9.5

Sum of white noise and a tone with varying level and frequency – Version 1 10 8.7 7.2 6.7
Sum of white noise and a tone with varying level and frequency – Version 2 10 9.9 9.4 9.0
Sum of white noise and a tone with varying level and frequency – Version 3 10 11.3 9.5 9.0

Experiment 3: The procedure was the same as in exper-
iment 1 and 2, with one exception. All 32 sounds from
the second experiment were judged by a kind of seman-
tic differential technique requesting evaluations of mul-
tiple attributes. Besides the overall loudness, the partici-
pants were requested to assess overall sharpness, overall
annoyance and overall tonality on unipolar 11-point cate-
gory scales all ranging from not at all to very.5 The order
of judging the different attributes was not defined or con-
trolled. It was free to the participant to choose the order
of evaluating the sound on the four category scales. The
duration of this experiment was around 25 minutes.
After the experiments, the participants were invited to

express feelings and thoughts with respect to the proce-
dure, the different scaling tasks and the degree of complex-
ity of evaluation tasks. No participant reported any feel-
ings of fatigue, exhaustion or overload.

3.2. Results
3.2.1. Experiment 1 - Overall loudness assessment in

single category scaling experiment without filler
sounds

By means of an ANOVA for two-factor repeated mea-
sures design with repeated measures on both factors it

5 The applied method using 11-point unipolar category scales does not
correspond to a classical semantic differential method. Usually seman-
tic differential procedures use numerous bipolar category scales, where
direction and intensity are indicated by means of verbal and numerical
labels [60].

was found that both factors contribute statistically signif-
icant to the assessment of overall loudness for the con-
sidered synthetic noise stimuli. The background loudness
(Fbackground(2, 30) = 31.76, p < 0.01∗∗) plays obviously
a relevant role in constructing an overall loudness assess-
ment and this factor was found to be highly statistically
significant. Since the Mauchly’s sphericity test indicated
unequal group variances related to the peak factor, the
Greenhouse-Geisser correction was applied and the de-
grees of freedom adjusted. The peak factor was highly
statistically significant as well (Fpeak(1.19, 17.9) = 46.3,
p < 0.01∗∗, εGG = 0.59). It was verified on the basis of
the analysis of skewness and kurtosis that the data was
normally distributed.6 The highly significant result means
that at least two means of the three factor levels show a
highly statistically significant difference, which mean that
the null hypothesis must be rejected. An interaction effect
was not observed.
Figure 2 shows the results as treatment mean plots of

the two-factor experiment with repeated measures on both
factors regarding the assessment of overall loudness. It can
be clearly seen that both factors – level of peak as well as

6 Measures of skewness and kurtosis are frequently used to measure the
extent of non-normality, where skewness measures the departure from
symmetry and kurtosis the thickness of the tails of the distribution [61].
In all experiments, the assumption of normally distributed data was not
seriously violated.
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Figure 2. Treatment mean plots of Experiment 1: Relationship
between overall loudness assessments of synthetic sounds and
peak and background levels in a single category scaling exper-
iment. The category scale ranges from not at all (1) to very
(11). The arithmetic means and 95% confidence intervals are dis-
played. The corresponding loudness values of all peak and back-
ground levels are shown in Table II.

level of background – are of importance for overall loud-
ness assessments.
The effect sizes are rather large for the peak and back-

ground factor. The partial and generalized eta squared are
η2p = 0.76 and η2g = 0.25 for the peak factor and amount
η2p = 0.68 and η2g = 0.18 for the background factor.7

3.2.2. Experiment 2 - Overall loudness assessment in
a single category scaling experiment with filler
sounds included

A two-way ANOVA test for repeated measures design
on both factors shows that both factors contribute signif-
icantly to the assessment of overall loudness for the 10 s
stimuli in a single category scaling experiment with ad-
ditional filler sounds presented. The Mauchly’s sphericity
test indicated a violation of group variance equality as-
sumption for the peak factor. A highly statistically sig-
nificant result for the peak factor was found using the
Greenhouse-Geisser correction (Fpeak(1.49, 26.8) = 29.7,
p < 0.01∗∗, εGG = 0.74). The influence of background
loudness on overall loudness was also highly statistically

7 In general, there is a broad discussion about adequate measures of
strength of association for interpreting empirical findings. Partial eta
squared η2p is frequently proposed for repeated measures ANOVA to pro-
vide a measure of strength of association between an independent vari-
able and a dependent variable that excludes variance produced by other
factors and to offer a measure which allows for comparing the strength of
association between the same independent variable and dependent vari-
able across studies that have different factorial designs [62]. Bakeman
recommends the use of the generalized eta squared η2g , which provides a
value comparable across studies regardless of whether the factor is con-
sidered in between-subjects or within-subjects design of experiment [52].
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Figure 3. Treatment mean plots of Experiment 2: Relationship
between overall loudness assessments and peak and background
levels in a single category scaling experiment with filler sounds
included. The category scale ranges from not at all (1) to very
(11). The arithmetic means and 95% confidence intervals are dis-
played. The corresponding loudness values of all peak and back-
ground levels are shown in Table II.

significant (Fbackground(2, 36) = 25.6, p < 0.01∗∗). An in-
teraction effect between both factors was not identified.
The results are shown in Figure 3.
The effect sizes are medium to large for the factors peak

and background. The effect size of the peak factor amounts
η2p = 0.62 and η2g = 0.11, whereas the effect size of the
background factor regarding overall loudness assessments
is η2p = 0.59 and η2g = 0.20. The greater meaning of the
background magnitude for overall loudness assessments in
this experiment can be recognized in Figure 3. In general,
the effect sizes expressed in generalized eta squared values
are smaller than observed in the first experiment. This in-
dicates more error variance in the data probably resulting
from distracting filler material.

3.2.3. Experiment 3 - Overall loudness assessment in a
multiple category scaling experiment with filler
sounds included

The analysis of the assessments of the manipulated noise
samples showed similar experimental results as observed
in the first two experiments requesting overall assessments
on only one category scale (see Figure 4). Again both fac-
tors, peak loudness (Fpeak(2, 34) = 15.4, p < 0.01∗∗)
as well as the background loudness (Fbackground(2, 34) =
14.9, p < 0.01∗∗), contribute significantly to the assess-
ment of overall loudness for the investigated synthetic
noises. An interaction effect was not observed.

The effect sizes are small for the peak, and larger for
the background factor. The effect size of the peak factor
is η2p = 0.48 and η2g = 0.10. The effect size η2g of the
background factor is slightly larger with η2p = 0.47 and
η2g = 0.14.
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Figure 4. Treatment mean plots of Experiment 3: Relationship
between overall loudness assessments and peak and background
levels in a multiple category scales experiment (semantic differ-
ential technique). The category scale ranges from not at all (1)
to very (11). The arithmetic means and 95% confidence intervals
are displayed. The corresponding loudness values of all peak and
background levels are shown in Table II.

3.2.4. Comparison of experimental results and their
relation to loudness indicators

In all experiments the null hypothesis regarding the im-
portance of background loudness and peak loudness was
rejected. The relevance of both factors, peak and back-
ground within a noise sequence, turned out to be statis-
tically significant for the assessment of overall loudness.
The effect sizes of peak and background for overall loud-
ness are comparable over the experiments to a certain ex-
tent. Peak and background magnitude significantly influ-
ence assessed overall loudness, meaning that an increase
in the magnitude of one factor by keeping the magnitude of
the other factor constant leads to a statistically significant
difference in the resulting overall loudness assessment.

Comparing the influence of the experimental circum-
stances on the overall loudness assessments, a 3-way
ANOVA with unequal sample sizes showed a statistically
significant main effect due to the experimental condition
(F (2, 450) = 13.6, p < 0.01∗∗). Post-hoc tests on the ba-
sis of Scheffe’s test showed that the first experiment dif-
fered statistically significant to experiment 2 and 3. This
means that the experimental results in terms of the abso-
lute category assessments of the noise stimuli differ sta-
tistically significant over the experiments mainly due to
the introduction of filler sounds. The further distraction by
requesting assessments regarding multiple attributes possi-
bly changing the attention process and the way of listening
did not significantly alter the overall loudness assessments.
In general, due to frequency-range effects, it was highly
expected that assessments of specific sounds on a partic-
ular 11-point category scale differ in dependence of their
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Figure 5. Top: Overall loudness assessments (arithmetic mean
values and standard deviation) of sounds varying in the magni-
tude of peak (P) and background (B) judged under different con-
ditions. Bottom: Overall loudness assessments as standard scores
of sounds varying in the magnitude of peak (P) and background
(B) judged under different conditions.

respective stimulus context [50]. The effect size of the ex-
perimental condition factor is relatively small (η2p = 0.06).

The other main effects, the peak and background fac-
tor, were found to be highly statistically significant as
well considering all experiments (Fpeak(2, 450) = 38.3,
p < 0.01∗∗, Fbackground(2, 450) = 42.5, p < 0.01∗∗). The
effect size of the peak factor in terms of the partial eta
squared is η2p = 0.15. Comparably, the effect size η2p of
the background factor is η2p = 0.16 over the three different
experiments. This result underlines that the magnitude of
the peak and background loudness play a meaningful role
regarding overall loudness assessments independent from
the experimental circumstances considered in this study.
The assessments of overall loudness of the systematically
manipulated synthetic noise stimuli correlate highly statis-
tically significant over all experiments (product-moment
correlation: r > 0.92∗∗).
Figure 5 illustrates the comparability of experimental

results with respect to the nine factorial designed noise
samples. In particular, if the standard scores are analyzed,
the different experimental outcomes are very similar.

Moreover, it was observed that in the first experiment
the magnitude of peak event resulted in larger effects
than the background loudness. But, the effect size changes
with the introduction of filler sounds and further by the
introduction of potentially distracting additional evalua-
tion scales; the effect sizes of the background factor were
higher than the peak factor for the experiment 2 and 3 (see
Table IV). However, post-hoc tests using Scheffe’s method
showed that in all cases, for the background and peak fac-
tor, a change from lowest to the highest level led always
to a statistically significant difference in overall loudness.
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Table IV. Effect sizes in generalized eta-squared η2g for the peak
and background factors over the conducted experiments [52]. A:
Single category scaling experiment without filler sounds; B: Sin-
gle category scaling experiment with filler sounds; C: Multiple
category scaling experiment with filler sounds.

A B C

Peak factor 0.25 0.11 0.10
Background factor 0.18 0.20 0.13

In the first experiment even all factor levels result in statis-
tically significant overall loudness changes illustrating the
potential impact of experimenter demand effects. In exper-
iment 2 and 3 a loudness increase of approximately 30%
of a factor level did not always lead to a statistically sig-
nificant change in overall loudness. This means that the
addition of filler material distracting participants from the
manipulated features of the stimuli of interest did not con-
siderably influence the experimental outcomes. Moreover,
the change of the evaluation task from a single category
scaling task to requesting assessments on multiple cate-
gory scales possibly changing the attention process and
the way of listening did not alter significantly the exper-
imental result either.
Due to collinearity of potential loudness indicators and

the low number of noise samples, it is not possible to reli-
ably identify the most powerful loudness metric. In gen-
eral, a significant relationship between mean indicators
(like median loudness) and assessed overall loudness was
observed. The same applies for the importance of peak
events on overall loudness assessments; peak related in-
dicators likeN5 correlate with the overall loudness assess-
ments as well. Varying experimental conditions, such as
adding filler material to reduce the attention to the manip-
ulated features leading to a potentially less analytical lis-
tening, did not generally change the link between factors
and assessed overall loudness. Since both peak and back-
ground magnitude play a statistically significant role in
the assessment of overall loudness, power mean indicators
based on psychoacoustic loudness values over time per-
form better than single loudness percentile values, likeN5

proposed in DIN 45631/A1 or N50. In contrast to single
percentile loudness indicators, power mean metrics incor-
porate background and peak magnitudes. The link between
computed single loudness indicators representing the over-
all loudness of the sound and the respective assessments
of overall loudness collected in the three different experi-
ments is shown in Figure 6.

It can be seen that the root mean squared (quadratic
mean) or root mean cubed (cubic mean) loudness met-
ric correlate better with the overall loudness assessments
collected under different experimental conditions than the
N5 indicator or the median loudness N50. The loudness
level mean value proposed by Schlittenlacher et al. [29],
which is comparable to the cubic mean loudness metric
due to the relationship between loudness level LL in phons
and loudness N in sones, performs reasonably as well re-

garding the prediction of the overall loudness assessments
of the presented noise samples. The cubic mean loudness
metric and the loudness level LL in phons showed over all
experiments the smallest root mean squared errors (0.29
and 0.31), whereas the root mean squared errors of the
arithmetic and geometric mean of the loudness values over
time were clearly larger (0.49 and 0.54). The loudness per-
centile metricsN5 andN50 revealed even larger root mean
squared errors (0.65 and 0.6). The mean squared error was
determined assuming a linear relation between loudness
metrics and the overall loudness assessments.

3.3. Discussion

In all experiments both factors, peak and background,
were related to the assessment of overall loudness and
their variation led to statistically significant differences in
the means of overall loudness assessments. Statistically
significant interaction effects were not found. This re-
sult demonstrates the insufficiency of single loudness per-
centile values, which cannot cover peak and background
magnitudes at the same time. Any loudness indicator must
encompass the magnitude of salient loud events as well as
of steady parts within an episode.

However, in Figure 3 it can be seen that the stimuli
with peak level 1 and peak level 2 were judged similar.
Only the highest peak level leads to considerably higher
overall loudness assessments compared to the lower peak
magnitudes. This indicates that the peak event does only
contribute to the overall loudness assessment, if a certain
affective threshold is exceeded. Below this threshold un-
der the experimental circumstances the overall loudness
assessment is more or less only influenced by the long-
lasting “background” magnitude. Therefore, the required
weighting of the peak and background components is not
conclusive. If beta weights of respective multiple linear re-
gression models considering peak and background loud-
ness are determined, the magnitudes of weights vary over
the experiments. In two experiments the peak loudness has
a slightly higher beta weight, whereas in experiment 2 the
background loudness achieved a higher beta weight. For
the considered stimuli and experimental conditions, the
use of power mean indicators with exponents larger than 1
(e.g. quadratic and cubic mean) appear to predict the over-
all loudness assessments well. With increasing exponent a
larger emphasis is put on loud events within an episode.

However, the level of generality of the results might be
limited due to the limited set of stimuli and experimental
circumstances. First of all, the investigation of the impor-
tance of peak or background levels is based on psychoa-
coustic calculations of loudness magnitudes as a proxy of
the momentary intensity of loudness. It is implicitly as-
sumed that listeners base their decisions on some “inter-
nal” computation of instantaneous loudness to derive over-
all loudness. However, it might be favorable to rely on
real-time continuous judgments of loudness which might
vary from each other instead of using psychoacoustic func-
tions over time. However, the influence of online mea-
surements of perception on overall assessments is unclear.
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Figure 6. Relationship between different loudness metrics and overall loudness of nine noise samples assessed in three experiments.
From top left to bottom right: Overall loudness assessments overN5

8, overall loudness assessments over median loudness (N50), overall
loudness assessments over arithmetic mean of N (Narith.mean), overall loudness assessments over geometric mean of N (Ngeom.mean),
overall loudness assessments over root mean square of N (Nrms), overall loudness assessments over root mean cubed of N (Nrmc),
overall loudness assessments over loudness level mean LL. All single values are based on the loudness calculation according to DIN
45631/A1.

Some studies provided evidence regarding the impact of
online evaluations on the relationship between hedonic
patterns and overall assessments. According to Ariely and
Zauberman, online measurements of momentary experi-
ences caused retrospective evaluations to be closer to the
mean of momentary experiences, which is interpreted as
an increased reliance on the responses participants pro-
duced online [53]. In contrast to it, Steffens and Guas-
tavino did not observe significant effects due to momen-
tary judgments sustaining attentive listening on retrospec-
tive judgments [36]. However, Steffens and Guastavino
noticed that the mean judgments of the control group,
which provided overall retrospective judgments only, were
closer to the center of the scale than the mean judgments of
the experimental group, which provided overall as well as
momentary judgments. Susini et al. observed that global

judgments were slightly higher to those global judgments
with prior provided continuous judgments [7]. Indepen-
dent from discussions about “possible response contam-
ination from the online evaluations to the retrospective
evaluations” [54], it seems uncommon to permanently re-
port instantaneous perception regarding everyday experi-
ences and accordingly, Fredrickson concluded that sim-
ply experiencing an episode without requesting momen-
tary ratings can be considered to be a more typical cir-
cumstance [17].
Moreover, the duration of a stimulus and the time mak-

ing an overall assessment might play a particular role for

8 For the lowest peak level and highest background level a slightly higher
N5 value is computed due to the similar loudness of background and
peak, however the magnitude of the peak component is not changed at
all.
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summarized evaluations. The 10 s duration of presented
stimuli might be too long to base an assessment on sen-
sory memory as an out of cognitive control and auto-
matic response act [55]. The use of the short-term mem-
ory might trigger different cognitive processes compared
to sensory memory or long-term memory. In particular,
the duration between the termination of a stimulus and
the time at which an overall loudness assessment was pro-
vided varied between the experiments. In the third experi-
ment the overall loudness was presumably judged several
seconds after the end of the noise episode. Although the
duration between stimulus end and overall loudness as-
sessment might have been larger in the third experiment
due to the presentation of additional category scales rela-
tive to the other two experiments, both main effects (peak
and background) remain statistically significant. However,
it must be assumed that by extending the time until an
assessment is requested, forcing participants to apply in-
creasingly the long-term memory, might lead to different
results. According to Winkler and Cowan it is still unclear
if specific acoustic information disappears as a function of
absolute time or disappears as a function of the shifting
context [56]. The observed relationships between factor
levels and overall loudness assessments appear only to be
valid for short-term memory assessments, where the work-
ing memory is applied.

4. Conclusions

By means of analyses of variances for two-factor repeated
measures design with repeated measures on both factors
it was confirmed in different experiments that both peak
and background magnitudes are relevant for overall loud-
ness assessments. The null hypotheses can be rejected and
the alternative hypotheses can be considered to be true;
loud events as well as longer quieter parts of a sound
episode influence the assessment of overall loudness. The
absence of any interaction effect between peak and back-
ground magnitudes suggests additivity. This can be inter-
preted that both variables can be “added” together in a cer-
tain way to estimate the dependent variable speaking for
an “adding-type of integration” of both variables [57]. The
factorial design experiments with varying test conditions
have repeatedly confirmed that the participants did not de-
liberately neglect or even completely ignore larger parts of
episodes and their respective intensity when they are re-
quested to provide an overall sound assessment.
In general, the experimental results indicate that it is not

sufficient to rely on either theN5 loudness indicator or me-
dian loudness as a single predictor of overall loudness of
time-variant noise episodes. Any loudness predictor must
encompass the magnitude of salient sensational (percep-
tual) events as well as “background” magnitude(s) within
a sound episode. Based on power mean values of the loud-
ness over time, the level of prominent events and back-
ground can be considered at the same time; whereas the
weighting of these aspects depends on the applied expo-
nent. For the assessment of overall loudness the gained ex-

perimental results suggest an exponent to be larger than 1.
Further experiments indicate different exponents of power
mean values for other sound perception dimensions [45].

However, it is evident that everyday life episodes are
mostly longer than a few seconds. If an experience lasts
hours strongly varying in intensity, then a detailed repre-
sentation of the perceptual profile appears ineffective, be-
cause it would produce an unnecessarily high cognitive
load. Thus, potential unifying principles observed in lab-
oratory experiments regarding the assessment of overall
loudness of short-term noise episodes might be valid only
to a limited degree to prolonged noise assessments in daily
life and must be scrutinized with respect to their ecological
validity.
Finally, it must be noted that it is not clear that a phe-

nomenological representation of overall loudness in fact
exists. According to Schreiber and Kahneman there is pos-
sibly no representation of total brightness, total loudness
or total utility, since the intensity of pleasure, pain or loud-
ness is only an attribute of a moment [13]. Thus, any psy-
chological scale is only a concept, which the experimenter
uses because it provides meaning and generality [58], but
does not necessarily represent the way of human percep-
tion itself. Thus, the question seems justified, when par-
ticipants are requested to provide an assessment of overall
loudness of time-variant noises: Do humans perceive or
do they construct an overall loudness? The elucidation of
this general question will probably influence the concept
of (overall) loudness perception.
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