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Abstract

As the awareness of health effects caused by noise has grown in recent years,
so has the importance of studying noise in educational buildings. This disserta-
tion focuses specifically on the impact of noise on young children in educational
buildings from a children’s perspective, a topic that has not been extensively
explored. Previous research indicated that noise can significantly impact chil-
dren’s performance and cognition, making this a crucial area of study. However,
noise in educational buildings is complex, involving internal background noise,
individual distracting sound incidences, external sources, and noise generated by
children during activities. Communication in such environments resembles the
cocktail-party effect. Focusing on children’s perspective in these complex acoustic
environments, there is limited research on the perceptual and cognitive differences
between children and adults regarding noise, and whether adult-based insights
apply to children remains uncertain. The dissertation has two primary aims: 1.)
addressing the complexity of noise in educational buildings, and 2.) examining
noise effects on young children in controlled listening experiments. For the first
aim, children’s perspectives are integrated by assessing noise scenes through room
acoustics and in-situ measurements using head and torso simulators of different
anthropometric sizes. Frequency-dependent measures (e.g., psychoacoustic pa-
rameters) and their relation to subjective noise ratings by children and adults are
explored. Furthermore, the impact of different activities on noise levels is investi-
gated. For the second aim, a child-appropriate listening experiment framework is
developed to study young children’s cognitive performance, focusing on auditory
selective attention in realistic noisy environments. This includes creating and
validating a paradigm suited for children, investigating age effects in children
aged three to six, and examining noise effects on cognition and physical stress
through changes in heart rate variability.
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Introduction

Noise in educational buildings, such as pre- and primary schools, is a well-known
problem for adults and children. Previous research has shown that noise has
detrimental effects on children’s speech perception (e.g., Klatte et al., 2013; Shield
& Dockrell, 2003) and on their cognitive processes (e.g., Jones et al., 2015). Shield
and Dockrell (2008) conducted a noise survey in British primary schools that
revealed high noise levels in occupied classrooms exceeding 50 dB[A]. However, the
acoustic environment, and with this also children’s development and performance,
is not only impacted by the noise but also by the acoustic design of the rooms.
Unfavorable room acoustics can lead to more difficulty for children in following
lessons and listening in general. Loh et al. (2022b) summarized in their work the
effects of high sound levels and room acoustics:

[High sound pressure level (SPL)s| can have detrimental effect on adults’
well-being at work (e.g., Anlander et al., 2011) and on children’s behavior
and development (for reviews, see Klatte et al., 2013; Shield & Dockrell, 2003,
2008). Unfavorable room acoustics, such as long reverberation times relative
to the room volume, characterized as being outside the 0.5- 0.8 s optimum
range (in occupied rooms) in (Astolfi et al., 2019b), have been shown to
lower performance in phoneme identification in adults and children (Neuman
& Hochberg, 1983, where reverberation time 7 = 0.6s were detrimental
compared to T = 0.4s or no reverberation), impairment in primary school
children’s speech perception and listening comprehension (Klatte et al., 2010a),
short-term memory (Klatte et al., 2010b), and negative effects on performance,
well-being and social climate at school (Klatte et al., 2010c).

Nowadays, children spend a considerable amount of time in educational buildings,
starting at three years old and sometimes earlier. Appropriate noise assessment
and subsequent control are, therefore, crucial for providing optimal development
and learning environments as indicated in the work by Loh et al. (2022b) when
reviewing existing literature on classroom acoustics:



CHAPTER 1. Introduction

While several studies have reported results of room acoustics measurements
(in both occupied and unoccupied rooms), long-term noise measurements are
scarce, especially in daycare settings. Further, for characterizing noise and
room acoustic measurements in such institutions, two possibilities include
using omnidirectional and binaural transducers. The former allows a range
of measurements including standardized ones (ANSI Inc., 2002; Astolfi et
al., 2019a; Bradley et al., 1999; Building Bulletin 93, 2015; DIN e.V., 2016)
while the latter, generally incorporated as microphones near human (who
may or may not have freedom of movement) ears, or within ear canals of
head and torso simulator (HATS). The latter allow measurements that can
represent some of the effects of head, shoulders, and outer ear processing
for static listeners (i.e., without head movements). Adult HATS in binaural
measurement procedures are relatively common in research settings including
in classrooms for children (e.g., Z. Peng et al., 2013; Shinn-Cunningham et al.,
2005), and there is at least one example of head and shoulder simulator (Fels et
al., 2004; Prodi et al., 2007) that has been qualified to closely represent children
aged approximately 3-6 years (hereinafter, referred to as children/child HATS).
This paper reports on room acoustics measurements in unoccupied conditions
(furnished rooms) and long-term noise measurements during typical hours
of occupancy, in several primary schools and daycare centers, using both
omnidirectional and binaural transducers. This includes investigating the
extent to which relevant acoustic and psychoacoustic parameters vary across
the educational settings, and between the transducers, i.e., omnidirectional,
adult and child HATS, with the latter two providing first order representations
of teachers and students’ perception, respectively.

Noise assessment would, therefore, benefit from long-term measurements and
consistent measurement methods providing reliable parameters (for a review, see
Sala & Rantala, 2016). It further allows the integration of children’s perspectives
by respecting particular differences between adults and children, such as different
anthropometric sizes. These differences affect the physical sound signals (cf. Fels
et al., 2004; Fels & Vorlander, 2009) and can lead to a different sound perception
between adults and children (cf. Loh et al., 2023b). For this process, it is necessary
to incorporate many considerations when choosing suitable room acoustic and
noise descriptors. In case of noise and long-term measurements, Loh et al. (2023b)
summarized the problem as such:

Until now, the A-weighted sound pressure level in dB[A] has been the
primary descriptor commonly linked to noise effects though the A-weighting
was derived from equal loudness curves at 40 phon and does not accurately
describe effects at higher levels. Nevertheless, noise consists of a complex



structure including temporal and spectral components, which only the A-
weighted sound pressure level might not appropriately address. Psychoacoustic
parameters, such as loudness and sharpness, can provide additional insights
into spectral components like the high-frequency proportions or the perceived
loudness of a sound (Zwicker & Fastl, 2013). Therefore, they might be more
appropriate to reflect the subjective impressions of sounds and noises (Genuit
& Fiebig, 2014).

To reach higher ecological validity, it seems natural to consider head and
torso simulators within acoustic measurements to reflect binaural hearing pro-
cesses and the natural transmission of sound from the sender to the human ear
(Blauert, 1997). With this and considering differences in anthropometric sizes
(cf. Fels & Vorlander, 2009), adding children’s perspectives on noise perception
is possible. Fels et al. (2004) and Fels and Vorldnder (2009) indicated in their
work that a shift in frequency amplification towards higher frequencies for

children exists.

When focusing on children and their daily activities, differences in the sound
level introduced by the activities should be considered. As Loh et al. (2023b)
summarized in their work, the categorization of activities was mainly defined
from an educational perspective. Previous work by Shield et al. (2015), for exam-
ple, distinguished the activities from an educational perspective and defined four
categories: plenary, group work, individual work and watching/listening. They
also found that noise level strongly depend on the activities, for example, highest
noise levels were observed in group work while plenary and individual work were
comparable and revealed lower noise levels than group work. In preschools, ac-
tivities were differentiated between indoor play, outdoor play, singing, and silent
activity (cf. Berggren et al., 2008; Noguchi et al., 2019). Picard and Boudreau
(1999) chose a more systematic approach by categorizing the activities into struc-
tured and unstructured activities and lunch. A further approach was introduced
by McAllister et al. (2009) by choosing the time of the day to distinguish the
activity. Therefore, no common approach to categorize activities in pre- and
primary schools existed, especially when the acoustic point-of-view should be
taken into account systematically. Additionally, most studies decided to compare
the acoustic properties using parameters based on sound pressure level (e.g.,
equivalent A-weighted SPL LA oq or mean SPLs), which remains questionable to
reflect noise perception from a children’s perspective sufficiently.

To sum up, and as Loh et al. (2022b) described in their work, it has become of
high importance to understand the existing noise and the acoustic environment
of educational buildings since a considerable part of children’s education and
development is happening there. Noise is a complex phenomenon that, on the
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one hand, is highly subjective from the listener’s point of view. On the other
hand, it can consist of several acoustic components integrating into an overall
perceptional impression rated as annoying. From the perspective of acoustics,
noise can comprise general background noise and individual sound incidences
that are spatially distributed around the listener and are mostly distracting to
the listener. Background noise in educational buildings can be either caused by
external sources, such as frequented streets and construction sites, or internal
sources, such as ventilation systems and teaching equipment, but also the children
themselves can contribute significantly to the overall acoustic situation.

Therefore, communication in these noisy acoustic environments tends to be chal-
lenging for children and resembles the well-known cocktail-party effect by Cherry
(1953). The goal is to understand better the mechanism of the cocktail-party
effect within children under noise exposure. It was, therefore, standing to rea-
son to include noise systematically step-by-step into controlled environments
for experimental studies and to find paradigms to assess the effects of noise on
children’s hearing appropriately. Within the cocktail-party situation, auditory
selective attention is an essential tool for the listener to orientate and focus on rel-
evant target sounds in complex acoustic environments while blocking distracting
sound incidences (for review, see Bronkhorst, 2015). Furthermore, target sound
sources often change (especially in educational situations, e.g., after the teacher
asks a question, attention must be switched to the answering children). Children
must, therefore, successfully develop the ability to intentionally control auditory
selective attention switches to cope with the highly complex acoustic (and noisy)
situation in educational buildings and the corresponding successful development
of communication skills and academic performance (cf. Loh et al., 2022a). Until
now, existing paradigms to specifically examine intentional switch of auditory
selective attention were extended to close-to-real-life sound representations for
listeners in controlled study environments providing spatial sound perception
(e.g., Koch et al., 2011; Lawo et al., 2014; Nolden et al., 2019). General back-
ground noise was not integrated into the investigations, and children have not
been in the study populations yet, especially not young children. Furthermore,
it is unclear at which age the intentional switch of auditory selective attention
develops.

Noise does not only affect children’s cognitive processes (cf., Jones et al., 2015;
Klatte et al., 2010c), it can also lead to a bodily reaction, e.g., increased heart
rate (Basner et al., 2014), which is also commonly interpreted as noise-induced
stress. Therefore, it is reasonable to examine correlating factors of cognitive
functions and bodily reactions by conducting combined assessments and analyses.
Considering children and focusing on achieving a high level of ecological validity,



unobtrusive measurements are desirable to avoid limitations in children’s daily
activity and environment. For this purpose, measuring electrocardiograms and
corresponding stress parameters, e.g., heart rate variability (HRV), could be
considered appropriate. HRV is mainly controlled by the autonomic nervous
system responsible for activating and relaxing our body (Taelman et al., 2009).
Specific HRV parameters, therefore, decrease when being exposed to stress and
the body is activated (Fight-or-Flight Response, McCarty, 2016) and can be
interpreted to derive stress levels.

Aims and Organization of the Dissertation

This dissertation aims to assess noise effects on children’s auditory cognition and
health by bringing close-to-real-life acoustic scenes into listening experiments on
intentional auditory selective attention switching for children between three and
ten years old in a controlled and reproducible manner. To achieve this systemat-
ically, the dissertation addresses two major objectives. Firstly, the general noise
situation in pre- and primary schools is examined, adding children’s perspectives:

1. Acoustic measurements were conducted to achieve an inventory of acoustics
scenes from educational buildings in Germany, focusing on pre- and pri-
mary schools. It is intended to reflect a wide range of acoustic scenes that
children between three and ten years are exposed to daily. The acoustic
measurements were examined a) from a room acoustic view, focusing on
the traditional perspective to access the suitability of rooms and environ-
ments for specific purposes, and b) from the perspective that the major
noise disturbing the individual is primarily generated inside the room by
the people present, considered as the in-situ case (cf. Section 2.3).

2. Focusing on children’s perspective, HATSs with different anthropometric
sizes were added to the measurement process besides the standard omni-
directional microphone. Measurements were examined to determine the
differences in the physical signals introduced by the different anthropomet-
ric sizes. For this, room acoustic parameters and noise parameters were
investigated across frequency bands and single-value parameters, such as
the speech transmission index (STI), were studied in detail in comparison
to the parameters of each frequency band to determine the impact of aver-
aging across frequency bands when interpreting acoustic parameters from
children’s point-of-view (cf. Section 2.4).

3. Subjective noise ratings of adults and children were linked to measured
parameters to obtain first insight into the suitability of objective measures
to predict noise perception for children (cf. Section 2.5).
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4. Concerning the assumption that noise is primarily generated by the peo-
ple present, a first systematic concept to describe activities in educational
buildings with respect to the acoustic properties was developed. For this,
adult-children interaction and communication pathways were taken into
account. First, categories for pre- and primary schools were defined and
examined according to the noise parameters and whether HATS measure-
ments had an impact across the activities (cf. Section 2.6).

Secondly, an appropriate paradigm is developed to examine the effects of noise
on children’s auditory cognition and health using insights on noise from the first
part. For this, the following objectives were defined:

1. Development of a child-appropriate paradigm for children three to ten years
old on the intentional switch of auditory selective attention including noisy
conditions and close-to-real life sound representations (cf. Section 3.2).

2. Validation of the newly developed paradigm on intentional auditory selective
attention switches with children between six and ten (cf. Section 3.3).

3. Investigating age effects on the intentional switching of auditory selective
attention with children between three to six (cf. Section 3.4).

4. Examining health effects in children in terms of changes in heart rate vari-
ability under noise exposure in a listening experiment on auditory cognition

(cf. Section 3.5).

This dissertation’s content is organized according to the objectives described in
the aforementioned sections.



Towards Child-Appropriate
Noise Assessment Methods

This chapter will present the acoustic measurements conducted in pre- and pri-
mary schools. The main objective of this part of the dissertation was to achieve
an inventory of acoustics scenes from German pre- and primary schools and to
obtain more insights on the existing noise components from a traditional acoustic
assessment perspective using room acoustic parameters and level-based parame-
ters. Additionally, children’s point-of-view was added by investigating differences
in physical acoustic signals and corresponding signals when measuring using
HATS with different anthropometric sizes and parameters, which were developed
to predict sound perception more closely to natural hearing and perception, such
as psychoacoustic parameters. Furthermore, these parameters were linked to sub-
jective noise rating by adults and children, and the effect of activities on the
acoustic properties of the sound environment was investigated.

Parts of this chapter with respect to inventory of the acoustic scenes in German
pre- and primary schools was previously published in Loh et al. (2022b), and
preliminary results on the activity-based acoustic setting were presented at the
conferences ICBEN 2021 (Loh & Fels, 2021) and Inter-noise 2023 (Loh et al.,
2023b). Respective sections are indicated respectively.

2.1 State of the Art

Parts of the following literature research have been published previously in Loh
et al. (2022b), Loh and Fels (2021), and Loh et al. (2023b). For clarity and
completeness, the state of the art has been summarized and limited to the context
of the dissertation.

Room Acoustic and Noise Measures

The traditional way to assess the suitability of acoustics in rooms for educational
purposes was driven from the room acoustic perspective. Previous research and
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standardization commitees (e.g., ANSI Inc., 2002; Astolfi et al., 2019a; Bradley
et al., 1999; DIN e.V., 2016) introduced ranges for room acoustic parameters
and regulations that classified and optimized acoustics for good development,
education, and learning. However, room acoustic measurements in classrooms
revealed a wide range of results, some within and some beyond the optimal values
for ’good’ acoustics in classrooms as Loh et al. (2022b) summarized in their work:

In terms of room acoustics, Sala and Rantala (2016) reported reverberation
times, STT values (values > 0.85 considered adequate for a wide range of
hearing and learning conditions for children), and mean background noise level
in unoccupied classrooms as 34.5dB(27-44 dB). Astolfi et al. (2019b) used a
consistent measurement setup across classrooms in Italy, which were classified
either as rooms with 'good’ or 'bad’ acoustics according to the occupied rooms’
[reverberation time] (T20,0cc), s shown in Table 2.1. They also reported clarity
index (Cso in dB, ratio between the energy arriving in the first 50 ms and
the remaining energy) and the ratio of useful to detrimental energy values
(Uso in dB) to express speech intelligibility, which were highly correlated
with T50 0cc. For the classrooms with 'good’ acoustics, reported values for Csg
and Usp were mostly within the range of optimum values, with C50> 3dB
considered good, and Usp > 1dB considered optimal; classrooms with ’bad’
acoustics had corresponding values outside this optimal range. Persson Waye
and Karlberg (2021) reported results from a study in Sweden in unoccupied
but furnished rooms, before and after an acoustic intervention. Wang and
Brill (2021) reported estimated noise and speech levels from measurements in
USA classrooms, along with [reverberation time] and Cso values in unoccupied

rooms.

Noise measurements further accompanied the room acoustic measurements to
obtain insights into the interlinkage between sound/noise development and the
room’s acoustic design. However, conditions, methods, and parameters chosen
to assess noise levels in educational buildings varied strongly across studies as
summarized in the work by Loh et al. (2022b):

As seen in Table 2.1, which refers to measurements in classrooms in mainly
primary schools and daycare centers across various countries, the sound pres-
sure levels (SPLs, in decibel) in such educational institutions are considerable.
There are also considerable variations between studies due to factors such
as: the number of children present (summarized in Sala & Rantala, 2016);
the age groups, with daycare centers generally reporting higher levels than
primary school classrooms (Picard & Bradley, 2001); activities involved; room
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acoustics due to excessively low or high reverberation times [...] (summarized
in Sala & Rantala, 2016); measurement methods including duration (sum-
marized in Sala & Rantala, 2016; Wang & Brill, 2021), transducer type and
locations, e.g., omnidirectional vs. binaural recordings vs. dosimeters (last
two rows in Table 2.1), with microphones in front of ears (McAllister et al.,
2009; Sodersten et al., 2002); and pedagogical aspects. Representing a wide
range of such factors, Sala and Rantala (2016) summarized SPLs from studies
conducted in Finland, Germany, Sweden, UK, and USA over several years,
reporting a range of SPLs from La ,eq = 42 to 100dB in schools and LA ,eq =
60 to 85 dB in preschools measured for periods ranging from 2 minutes up to
5 working days. Their own investigations included L eq levels as well several
percentile levels including La g0 representing the background noise in occu-
pied classrooms, La 10 representing the higher levels and La 50 representing
the median level.

Binaural Recordings considering Anthropometric Differences

Especially in terms of methods, noise measurements were rarely conducted using
HATS (cf. Table 2.1), while it has become more common and standardized within

To
to

om acoustic assessment (cf. ISO, 2008). Nevertheless, there were first approaches
integrate a children’s perspective in noise assessments by conducting close-to-

children measurements as summarized by Loh et al. (2022b):

[Previous studies| have typically used omnidirectional microphones at fixed
locations and/or single-channel noise dosimeters to measure the sound en-
vironment in educational institutions. Binaural recordings of children and
teachers moving freely within classrooms have been performed in at least
two studies (last two rows in Table 2.1) where microphones were placed in
front of both ears of teachers and children in preschool classrooms in Sweden;
values reported are power averages of left and right ear values. For typical
daily activities in classrooms, these values represent a closer representation of
hearing levels for both teachers and children. The almost 6 dB difference in
the mean La ¢q values in these two studies using similar measurement meth-
ods was partly attributed by the authors to the differences in heights and
distances between the teachers and children. The values reported in Sédersten
et al. (2002) and McAllister et al. (2009) do not include contributions due
to self-speech of the participants wearing binaural microphones, which, be-
sides other measurement factors, may partly account for slightly lower values
compared to the dosimeter values reported in Persson Waye and Karlberg
(2021) which presumably include contributions due to the participant’s own
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speech. In the latter, significant differences were found between children and
personnel amounting to 6 to 8 dB.

[...] While measurements using omnidirectional transducers have several
advantages, binaural measurements are a closer representation of hearing con-
ditions. Binaural transducers placed near human ears, as in S6dersten et al.
(2002) and McAllister et al. (2009), perhaps represent one possibility, with its
own set of logistical issues. HATS have limitations in terms of fixed location,
and generic head-related transfer function (HRTF); the latter characterizes
the frequency-dependent amplifications in the signals when measured at the
ear canal entrance (Mgller et al., 1995). However, the advantages of HATS
include a potentially more robust and repeatable setup compared to putting
transducers on humans, with a major limitation being the use of additional
equipment that may not be as readily available as individual microphones.
Another overhead includes additional binaural analyses due to processing two
channels instead of one in general and the potential use of computational
expensive binaural models such as those for binaural loudness (Moore & Glas-
berg, 2007). Yet, to avoid intrusive methods involving humans (especially
children), HATS represent a rather convenient middle ground for noise mea-
surements in classrooms, which can be used to augment information provided
by standard methods using omnidirectional microphones.

[..] In terms of HATS sizes, children have smaller ears, head, and shoulder
sizes than adults, and arguably a HATS representing adult morphology may
not represent those of children. Hence, differences in anthropometric sizes
between adults and children need to be considered to represent children’s
perspectives more appropriately. Indeed, different adult HATS can also have
different HRTF's, but for the sake of brevity, this is not explored further here,
and instead the focus is on comparisons between a selected adult and child
HATS. Fels et al. (2004) reported more amplification in the higher frequency
bands (starting from 4-5kHz) for children vs. adults HRTF's. Differences were
also observed for different directions in the horizontal and median planes (Fels
& Vorlander, 2009). More gain in higher frequencies in children’s HRTFs
might explain the higher sensitivity to high-frequency sounds reported for
children (Persson Waye & Karlberg, 2021). With this in mind, it may be
expected that differences between the transducers might also be observable
in certain room acoustic and noise parameters, such as [reverberation time]
and SPL, when analyzed on a band-by-band basis, especially in the higher

frequency bands.
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Noise Perception Prediction using Psychoacoustic Parameters

As differences in the physical signal introduced by the different anthropometric
sizes of HATS are primarily expected in specific frequency ranges (higher fre-
quency bands), it is standing to reason to investigate differences in the frequency
bands. A first approach could be the investigation of level-based parameters,
including percentiles, as it has been used in previous research (cf. work listed in
Table 2.1) and extend it with respective values for each frequency band of interest.
The main question is how single-value approaches by averaging across frequency
ranges will mask the differences introduced by the anthropometric differences in
the physical signals obtained from adult and child HATS. Regarding single-values
predicting noise perception that reflects differences in the spectral, temporal, and
spatial aspects of human sound perception, psychoacoustic models and associated
parameters should be considered. Though these were developed mainly based on
studies focusing on adult perception, they can be considered to be a better rep-
resentation of human sound perception than level-based parameters as presented
in the work by Loh et al. (2022b):

Psychoacoustic loudness is perhaps the most common (for both stationary
and time-varying sounds; ISO 532-1ISO (2017)). However, other psychoacous-
tic parameters such as sharpness, roughness, fluctuation strength, etc., have
been useful in investigations of several subjective attributes of various sound
environments for adults. However, the use of psychoacoustic parameters in
classroom studies has been very limited, and it is unclear whether there is
any benefit in considering psychoacoustic models based on adults’ perception
to characterize children’s perception; psychoacoustic models specifically for
children, and adults’ models adapted for children are possible too, but not
the focus here. Yet, the scope of existing psychoacoustic parameters has the
potential to complement and even go beyond investigations that are possible
with SPL-based parameters. This includes, but is not limited to, exploring the
higher sensitivity of children to high-frequency sounds compared to adults.
This is possible by comparing, for instance, SPL of lower vs. higher-frequency
octave bands with psychoacoustic sharpness (S) and whether there is a bene-
fit in using one approach over another. Additionally, one may expect higher
sharpness values based on measurement with child HATS compared to adult
HATS due to higher amplification in higher frequencies for children’s HRTFs
compared to adults’ HRTFs (Fels et al., 2004). Similarly, to explore the effect
of fluctuations in the sound environment on human perception, it is possi-
ble to compare the performance of SPL-based parameters that quantify the
level fluctuations above the ambient SPL (e.g., La,10 — La,90, etc.) and psy-

choacoustic parameters fluctuation strength (F'S) and roughness (R). These
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psychoacoustic parameters characterize human perception to slower (F'S) and
faster (R) amplitude fluctuations and have been shown to be related to an-
noyance due to air-conditioning, and auditory distraction due to many sounds
including speech in office simulations, respectively.

2.2 Involved Educational Institutions

Acoustic measurements and noise surveys were conducted in ten educational
institutions in Aachen (Germany), including four primary schools and six daycare
centers. This thesis focuses on evaluating classrooms and playrooms, neglecting
rooms dedicated to sporting or rollicking activities. In total, N = 8 classrooms
(CRs) and N = 10 playrooms (PRs) were included. An overview of the finally
selected rooms and survey participants is given in Figure 2.1.

Figure 2.1: Overview of cooperating educational institutions.
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Note. Boxes in grey indicate rooms neglected in this dissertation, though they
were acoustically assessed and included in the ethical approval.

During the noise measurements and noise surveys, on average, 22 children (female:
50.0%) and one adult (mostly female) were present in the classrooms, while on
average, 15 children (female: 53.5%) and two adults (female: 91.3%) were present
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in the playroomsren in the primary schools were between six to ten years old, and
more than 50% of adults were in the age group between 31 to 50 years. Children
in the daycare centers were between three and six years old, and more than 50%
of adults were between 21 and 40 years old. The procedure was approved by
the Medical Ethics Committee at the RWTH Aachen University, Germany (EK
321/16 and EK 218/18). Furthermore, signed informed consent was collected
from all involved educational institutions, teachers, and educators. In the case
of children, informed consent was signed by their parents for the participation of
their children(for more details, see Loh et al., 2022b).

2.3 Acoustic Measurements in Pre- and Primary schools

A complete acoustic assessment of the measured classrooms and playrooms was
published in Loh et al. (2022b). The following section presents the essential parts
and insights from this published work explaining the complexity of acoustic mea-
surements with respect to considerations towards child-appropriate measurement
setups and procedures. This thesis is tailored to evaluate the differences between
measurement and evaluation methods using omni-directional microphones com-
pared to HATSs with different anthropometric sizes. Therefore, and for the sake
of clarity, results of the previously published work (Loh et al., 2022b) are not
discussed in detail within this thesis.

Descriptives of the individual rooms and information on connected rooms, acous-
tic treatments, room dimensions, A-weighted ambient background noise levels
outside occupied hours, and the average number of people present during the
noise measurements within daily educational activities are included in Table 2.2.
In daycare centers, playroomss were mainly connected to smaller rooms (e.g., an
extra eating or sleeping room). The doors of these rooms were seldom closed,
enabling continuous supervision by the educators. Therefore, the room volumes
of these smaller rooms were considered part of the overall room volumes while
evaluating the room acoustic measurements. These smaller connected rooms are
indicated by the additional volumes in Table 2.2.

Furnishings in all rooms corresponded to the purpose of the educational institu-
tions. They remained unchanged not only for the room acoustic assessment but
also during the noise measurements within daily activities (for more details, see
Loh et al., 2022b).

2.3.1 Room acoustic measurement procedure

The rooms were assessed according to their room acoustic parameters. The work
by Loh et al. (2022b) described the measurement procedure as follows:
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Room acoustic measurements were conducted in unoccupied furnished

rooms according to ISO 3382-2 (ISO, 2008) at precision level with two source
and six receiver positions. As the sound source, the Institute of Techni-
cal Acoustics (ITA)’s 3-way omnidirectional dodecahedron loudspeaker was
used. Simultaneous measurements were executed with the ITA adult HATS
(Schmitz, 1995) equipped with Schoeps CCM2H microphones, ITA child HATS
(Fels et al., 2004) equipped with Sennheiser KE4 microphones, and a 1/2"
diffuse field omnidirectional microphone (B&K Type 4134) as a reference. Po-
sitions were chosen according to ISO 3382-2 (ISO, 2008) with as little overlap
as possible without removing the furnishings inside the rooms. All receivers
were positioned to represent standing situations since the chosen positions
were quite far from the tables and chairs.
It further represents reasonably the behavior of teachers and educators in
the room, who are standing most of the time. The reference microphone was
positioned at the height of 1.2 m, the ear axis of the adult HATS was adjusted
to 1.5m, and of the child HATS to 1.0m height. The measurement signal
was an exponential sweep with a duration of 5.944 s, and it was repeated five
times per position.

Furthermore, for all six receiver positions, the ambient equivalent A-weighted
background noise level over 30s (BN La eq,30s) Was measured according to
ISO 9568 (ISO, 1993) using the reference microphone (1/2" diffuse field mi-
crophone B&K Type 4134).

Room acoustic parameters were obtained according to Loh et al. (2022b):

[The| parameters Tao, T30, EDT (early decay time; to potentially represent
subjective reverberance), Cso (clarity index (Bradley et al., 1999)), Dso (defi-
nition), and Ts (center time) were computed according to ISO 3382-2 (ISO,
2008) and ISO 3382-1 (ISO, 2009) for a frequency range of 125Hz-16 kHz
octave bands center frequencies. The A-weighted background noise level over
30s was evaluated according to ISO 9568 (ISO, 1993) for a frequency range of
31.5Hz - 16 kHz. The ST'I was calculated using the indirect method following
IEC 60268-16 (IEC, 2012), which computed the STI using the measured im-
pulse response neglecting effects from masking and background noise. Hereby,
MATLAB and the ITA toolbox (Berzborn et al., 2017) were used.

Since some of the rooms measured were connected with smaller volumes
([Table 2.2]), the degree of non-linearity in the reverberant energy decay of
the measured impulse responses was examined using the method in Annex B
of ISO 3382-2 (ISO, 2008). All measurement positions where the degree of
curvature of the decay (comparing Too and T50) for the reference microphone
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exceeded the 10% threshold, signifying substantial deviation from linearity,
were removed from further room acoustic analyses (ISO, 2008). |...]

To approximate binaural versions of the standard room acoustic parameters,
two approaches were considered. Firstly, the computed parameters from the
left and right ear were averaged (M). This method is indicated in the
following with A-HATSq./ C-HATSqw, representing the values from the adult
and child HATSs values, respectively. Secondly, the value from the prominent
ear was chosen. In this work, it is assumed to be the higher value out of the
left and right ear values. The idea here is that the prominent ear represents
the conservative approximation of a binaural model, except for STI in which
the higher value or the better-ear STI (signifying better signal-to-noise ratio)
was used as it has been shown to perform well in relation to a binaural STT
model (van Wijngaarden & Drullman, 2008). This method is referred to with
A-HATSprom/ C-HATSprom for the adult and child HATSs, respectively.

2.3.2 In-situ noise measurement procedure

Long-term noise measurements were carried out to assess the daily acoustic situ-
ation in the classroom and playrooms. The work by Loh et al. (2022b) described
the measurement procedure:

The in-situ noise measurements were conducted during the daily activities
of children in CRs and PRs. The same equipment as stated for the room
acoustic measurements in unoccupied rooms was used to execute the in-situ
measurements. All three receivers were positioned together in the center (less
than 30 cm to each other, cf. Figure 2.2) of the main room of activity so that
people were able to move around them. While this potentially introduces
acoustic shadowing and interference issues for the transducers, the location
of the transducers was due to logistical concerns including ensuring that the
measurement equipment did not adversely interfere with the usual behavior
of the adults and children (e.g., by attracting too much children’s attention).
The positioning of measurement equipment was discussed forehand with the
teachers, and the study and the equipment were explained to the children [at
least one| day before the measurements started in each educational institution.

In-situ measurements were conducted over two days per [classrooms]| and
[playrooms| during normal daily activities. On the first day, all HATSs were
positioned to represent a standing position (ear axis of the adult HATS at
1.5 m, ear axis of the child HATS at 1.0 m, and the omnidirectional microphone
at 1.2m. On the second day, they were positioned to represent a sitting position
(ear axis of the adult HATS at 1.2m, ear axis of the child HATS at 0.8 m,
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and the omnidirectional microphone at 1.2m) or to represent a playing height
(ear axis of the child HATS at 0.5m), respectively, according to the dominant
scenario of each educational institution. Only periods with children present in
the room were considered, where the sound pressure level exceeded 35dB[Z]
(Z-weighted). In other words, a cutoff sound pressure level of 35dB[Z] was
used to distinguish between children’s presence and absence in the rooms.
This cutoff was based on inspecting several samples within the recordings
when children were not present. This resulted in up to 6 hours of recordings

on average per room, which were used for further analyses.

Figure 2.2: Example of the centered positioning of the measurement transducers
during an in-situ measurement in a classroom (Loh et al., 2022b).

17
Hi®

In the work by Loh et al. (2022b), three types of parameters were considered in
the analyses: 1. parameters based on A-weighted SPL, 2. level-based fluctuation
parameters, and 3. a set of psychoacoustic parameters.

For brevity, this work focuses on only two types of noise parameters selected
based on the previous work by Loh et al. (2022b):

1. Parameters based on A-weighted SPL (La) and the unweighted SPL (Lz),
including the equivalent SPL (La,eq and Lz.q), SPL using a fast time
weighting (LAF,mean and Lzr mean), and percentiles (La 10, La 00, Lz10,
and Lzygo).
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2. Psychoacoustic parameters (cf. Loh et al., 2022b) were computed using the
ArtemiS SUITE 14.3 by HEAD Acoustics (Herzogenrath, Germany): loud-
ness N for time-varying sounds following ISO 532-1 (ISO, 2017); sharpness
S according to DIN 45692 (DIN e.V., 2009), roughness R and fluctuation
strength F'S according to the Hearing Model by (Sottek, 1993).

To understand the relation of high- and low-frequencies (below and above 1kHz)
in the unweighted equivalent SPL (Lz,eq), especially in comparison to the psychoa-
coustic parameter sharpness, a low-high-frequency ratio of Lz eq was calculated:

mean(Lyz oq(31.5 Hz—1kHz))

Lz,eq(Lv.H) = mean(Ly oq (2 KHz—16 kHz))

The binaural parameters were calculated using the average and prominent ear
methods to account for binaural effects, as described in Section 2.3.1. In terms
of (A-weighted) levels, "level summation was computed using the left and right
ear SPL values instead of the averaging method" (Loh et al., 2022b), to provide
an acoustic average; thus, it is further also indicated as A-HATS,,/ C-HATS,,.

2.3.3 General measurement results

Room acoustics (unoccupied, furnished rooms)

The rooms were evaluated according to the curvature criteria, and positions
were excluded if they exceeded the curvature criteria (for complete and detailed
results, see Loh et al., 2022b):

In four [rooms] (CR08, PR10, PR12, and PR16]...]), > 4 positions had to

be discarded. In further analyses PR16 was excluded due to especially low
number of measurement positions that met the curvature criteria.
The room acoustics of two classrooms (CR03 and CRO4]...]) were noticeably
different than the other six (averaged T30 = 0.55s and averaged STI = 0.74
in these classrooms). Possible explanation could be combined effect of the
large room volumes with flat ceilings compared to other larger volumes like
CRO06, CRO7, and the absence of acoustic treatment in these rooms; although
CRO5 still has comparable room volume and room acoustics to CR06 and
CRO7 but has no acoustic treatment and has a flat ceiling similar to CR03
and CRO4.

Results from the measurements using the adult and child HATS, including both
evaluation methods (averaging and prominent-ear), revealed the following obser-
vations (Loh et al., 2022b):
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For the mid-frequency octave bands (500 Hz, 1kHz and 2kHz center fre-
quencies), values were very similar for all the room acoustics parameters across
the measurement methods. Beyond 2 kHz, some deviations can be seen, which
can broadly be attributed to the anthropomorphic features (i.e., HRTFs) of
the binaural transducers becoming important for smaller wavelengths. In this
regard, the values for the adult HATS varied more in comparison to the other
measurement methods. Further, for the parameters Cso, Dso and Ts, which
are all ratios of early sound energy to late/reverberant energy, the values for
the child and adult HATS are similar but deviated from the omnidirectional
microphone for the 4 kHz band, and the parameter values for the adult HATS
exhibited a distinct deviation in comparison to the corresponding values for
the child HATS and the omnidirectional microphone, which have similar val-
ues, for the 8 kHz octave band. These deviations starting from the 4kHz
octave band can also be observed in the HRTF magnitude response of child
HATS in comparison to adult HATS as presented in Fels et al. (2004). How-
ever, the statistical analyses revealed no significant difference between the five
measurement methods (Ref vs. A-HATS,, vs. C-HATS,, vs. A-HATS,rom Vs.
C-HATSprom...)-

In-situ acoustics (occupied rooms)

Firstly, the classrooms and playrooms were compared to each other (from Loh
et al., 2022b):

Differences between classrooms in primary schools and playrooms in day-
care centers are mainly observable in loudness (average Nmean = 11.9 sone
(9.3 — 15.3 sone) vs. 10.8 sone (7.5 — 13.9 sone) [...]) and in sharpness (average
Smean = 1.5 acum (1.38 — 1.63 acum) vs. 1.46 acum (1.40 — 1.51 acum),
and in the percentiles (average Ns= 25.1 vs. 22.9 sone). An increase in
loudness is understandably related to increasing La eq, with an R? of 0.85.
Loudness Nmean (as y) is predicted from Laeq (as x) with the equation
y = —61.90x + 1.12. Almost no relationship between increasing sharpness and
increasing high-frequency content in the in-situ sound was found (R* of 0.00
for Ref, A-HATS,, and A-HATS,;om; R? of 0.02 for C-HATS.,; R? of 0.04
for C-HATSprom)-

Secondly, the variation in noise parameters across the measurement methods was
examined (from Loh et al., 2022b):

In terms of the low-high-frequency ratio of La q, the post-hoc analyses
revealed significant differences between the Ref and child HATS values while
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the Ref and adult HATS values were not significant for both averaging and
prominent ear method. Differences between HATSs in LA eq(L.v.H) for both
evaluation methods were significant.

For the psychoacoustic parameters, the post-hoc analyses showed no signifi-
cant differences for loudness (Nmean and Ns) between both HATSs using the
averaging method and the omnidirectional microphone, while differences were
significant in terms of using the prominent-ear method. However, no differences
were found between the adult and child HATS. Considering Ngo, differences
between omnidirectional microphone and adult HATS were significant as well
between the two HATSs. For sharpness (Smean), all results from the HATS
were significantly different to the omnidirectional microphone and within each
other (A-HATS,, vs. C-HATS,, and A-HATSprom vs. C-HATSrom ). However,
for Sgo, no differences between the HATSs with both evaluation methods were
observed. For roughness (Rmean, Rs and Rgg), differences were observed be-
tween the omnidirectional microphone and the HATS using averaging method,
while differences between the HATS and both evaluation methods were not
significant. For fluctuation strength, all measurement methods were signifi-
cantly different from each other for F'Sgg, while F'Smean was only significantly
different for omnidirectional microphone vs. C-HATS,y; and for F'S5, the only
significant difference was between the omnidirectional microphone and the

HATSs using the averaging evaluation method.

2.3.4 Discussions on child-appropriate acoustic measurement

The evaluation of the room acoustic measurement revealed the following results
that are tailored towards the focus of this thesis (from Loh et al., 2022b):

Results from this study [...] add to the insights from previous studies across
various countries (Astolfi et al., 2019b; Klatte et al., 2013; Persson Waye
& Karlberg, 2021; Sala & Rantala, 2016; Wang & Brill, 2021). [...] Overall,
playrooms had better room acoustic properties than classrooms, with lower
T30, EDT and Ts, and higher Cso, Dso and ST1 values. Rooms with acoustic
treatment understandably yielded better room acoustic values. Playrooms
with coupled volumes had better room acoustic properties than single-volume
playrooms. |[...]

If the room acoustic classification from the work by Astolfi et al. (2019b) is
used, which is based on criteria for both Tag (T30 values used for the current
sample) and Cso values, although for occupied rooms, all classrooms except
CRO03 and CR04 would be classified as having ‘good acoustics’, while all
playrooms except PR10, 11, 14 and 18 would be classified as having ‘good
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acoustics’. It is likely, however, that some of these values may meet the cri-
teria for ‘good acoustics’ as per Astolfi et al. (2019b) if the measurements
were conducted during occupation, as was shown for university classrooms,
especially with mostly reflective surfaces (Choi, 2016). STI (unoccupied) is
recommended to be at least > 0.80 and > 0.85 for educational institutions
for children without and with hearing, cognition, and/or behavioral issues,
respectively (Finnish Standards Association, 2004). For the current sample,
except for PR10 and PR11, none of the classrooms or playrooms meet the
recommended ST'I values for even children without hearing and/or learning
difficulties. ST'I, overall, had a strong linear relationship with reverberation
time (and other room acoustic parameters), similar to previous studies (Lec-
cese et al., 2018; although not in Sala & Rantala, 2016), which can be used to
estimate global ST'I values based on the simpler way to calculate [reverbera-
tion time| values. While this implies that [reverberation time| could perhaps
be used as a primary indicator to represent the room acoustics in classrooms,
more studies with larger sample sizes are needed to determine the strength
of the relationship between [reverberation time| and ST'I, and their relation-
ship with subjective impressions. Uso values, which have been used in several
studies of classroom acoustics, were not calculated for the current sample due
to the measurement issues. The relevance of the good/bad acoustics in the
current sample can further be explored based on subjective impressions of
children in these rooms, as was done in Astolfi et al. (2019b), which is pro-
posed for a future study. Nevertheless, based on room acoustics measurements
alone, with higher reverberation times in some rooms and lower values for
intelligibility than recommended, most classrooms measured in the current
study are likely to be not optimal for learning purposes (however, these rooms
in occupied conditions might be better suited though it is not examined in
this study) and may affect cognitive and behavioral development of children
(Klatte et al., 2010b, 2010a, 2010c), and especially for children with hearing
loss and /or learning difficulties (Crandell & Smaldino, 2000).

In terms of the evaluation of the level-based parameters, the following insights
were derived (from Loh et al., 2022b):

The results [...] add to the previous in-situ measurements in primary schools
and daycare centers and introduce some level-based sound fluctuation param-
eters previously used in other fields with multi-talker speech environments
like open-plan offices (Yadav et al., 2021). For omnidirectional microphones,
the mean LA q values in classrooms and playrooms were almost the same
(~ 66 dB), with a relatively wider range of values in the latter. These values are
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within the range of values reported in previous studies, but the range of values
in the current sample generally has lower upper limits, i.e., the classrooms
and playrooms with higher L oq values had lower L q values compared to
previous studies. This includes La ¢q values reported from omnidirectional
measurements in classrooms of Italy (Astolfi et al., 2019b, 2019a); Finland
(Sala & Rantala, 2016) and USA (for the speech levels; Wang & Brill, 2021),
where the measurement devices were placed at fixed locations.

Omnidirectional La ¢q values in the current study [(Loh et al., 2022b)] were
around 20dB lower than values reported in studies wherein children wore
dosimeters (Persson Waye & Karlberg, 2021), and in McAllister et al. (2009)
where children in daycare centers had a microphone placed near each ear.
Compared to McAllister et al. (2009), where children were free to move around,
the HATSs in the current study had fixed locations and with microphones
at the entrance of the ear canal instead. This, combined with the overall
quieter classrooms in the current sample, may partly explain the lower mean
binaural L eq values in the current sample of playrooms for the adult and
child HATS of around 13 dB, and 14.5dB, respectively, for the prominent ear
values. The mean La oq values calculated using the adult HATS were higher
than those for the child HATS, which is opposite to what was reported in
McAllister et al. (2009), where they compared values of similar measurement
methods using binaural measurements for adults (S6dersten et al., 2002) and
children. McAllister et al. (2009) had partly attributed their results to children
being the primary noise sources, which is also relevant for the current sample.
Hence, the counterintuitive finding of higher La cq for the adult compared to
child HATS in the current study, which is most likely due to the particular
transducer placement, is suggested as a question for future research. At the
very least, this comparison highlights the issues in the selection of transducers
for child-appropriate in-situ studies where the location of the transducers is
fixed.

Moreover, La,q values calculated using omnidirectional microphone were
significantly different from HATS, and the adult HATS was at least signifi-
cantly different from child HATS for the prominent ear condition [...]. Based
on the octave-band spectra |[...], differences between the adult and child HATS
(SPLs calculated using level summation for the left and right ear values) and
the omnidirectional microphone are largely linked to the 6 dB introduced
by the level summation till around 1kHz, followed by a more complicated
trend till 16 kHz. There can be many contributing factors here, including the
peak (around 4kHz) and notches (around 8 and 10kHz) in the magnitude
response of the adult HATS HRTFs. In terms of the prominent ear values for
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the adult and child HATS, no differences to the omnidirectional microphone
are observed up to the 2kHz. Differences around 4 kHz and beyond 8 kHzz
are again observable as in the room acoustic parameters, which is in line
with the work by Fels et al. (2004) and Fels and Vorldnder (2009) explaining
these effects with the anthropometric differences between adults and children;
however, there are no noticeable differences between the different room condi-
tions (coupled rooms, acoustic treatment and room types). Since SPL above
8kHz diverged between the adult and child HATS, it can be assumed that
the fine structure of the ear played a role in the evaluation and that the La cq
could be sensitive to differences introduced by the anthropometric sizes of
the ear. Altogether, the spectral variation in the SPL between the different
transducers points towards some benefit in using a child HATS over an adult
HATS and/or an omnidirectional microphone for La eq values.

For the percentile levels, the La 10 and La 9o values in the current study
were similar to the ones reported in (Sala & Rantala, 2016), and were within
the range of values of previous studies summarized in Sala and Rantala (2016).
These percentile levels were, however, not significantly different between the
adult and child HATS.

The results regarding the variation in the psychoacoustic parameters revealed
the following insights (from Loh et al., 2022b):

The use of psychoacoustic parameters is not common in classroom acoustics
literature. [...] Hence, the discussion here will be limited to a preliminary
comparison between the level-based and psychoacoustic parameters.
Fluctuation Strength (F'S) and roughness characterize amplitude modulations
up to 20 Hz, and between 15 - 300 Hz, respectively. Roughness has been shown
to be related to noise annoyance due to faster sound fluctuations, and F'S has
been shown to be related to auditory distraction (Schlittmeier et al., 2012). [...]

Mean sharpness values had significant differences between all the transduc-
ers. In terms of HATSs, this is consistent with previous findings (Fels et al.,
2004) and the expectations of the current study, with higher values of high-
frequency content measured with child HATS compared to adult HATS in
accordance with anthropometric differences |...]. This observation is supported
by the findings regarding the low-high-frequency ratio of La cq, though signif-
icant differences were only found for the child HATS and between the HATSs.
However, these results need validation in terms of children’s perception in
future studies, where it would be possible to comment on whether the use of

HATSs, which introduce measurement and analysis overheads, is sufficiently
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justified over the more traditional use of omnidirectional transducers, which
further allow relatively convenient measurement setups.

Overall, the current results show very limited benefit in considering com-
putationally expensive loudness and sharpness over the more traditional and
easier to calculate level-based parameters, although there may be some benefit
in considering Fluctuation Strength and Roughness, which showed variation

with increasing room values for the HATSs.

However, all insights must be considered under the following limitations (from
Loh et al., 2022b):

The measurement methods in this study have several limitations that are
generally related to logistical difficulties in conducting measurements with
children and/or at educational institutions. For the room acoustic measure-
ments, some of the doors to adjoining rooms were not closed since they are
typically left open during daily activities. [...] Room acoustics measurements
were not conducted during occupancy, which limits the characterization of
rooms to unoccupied conditions only, and further limits comparisons with
previous studies.

In terms of the in-situ measurements, a major limitation was the fixed
locations of the transducers, which was to avoid too many disruptions to the
normal activities of children. The close-by positioning of the transducers can
lead to shadowing effects that were not examined in detail within this study,
which is acknowledged as a limitation. Furthermore, the head directions of the
HATSs were static and not changed during the measurement durations, so the
effects introduced by head movements could not be analyzed within this study.
These issues could be improved in a future study wherein several measurement
locations including using a combination of HATS locations and measurements
using microphones placed near children’s ears, etc., as in McAllister et al.
(2009).

Moreover, the number of children in the rooms fluctuated during the day,
which could not be monitored. Hence, detailed analyses using the number of
children as a factor were not possible and are recommended for future studies.
Additionally, the type of noises and associated activities were not specifically
analyzed in this study. In further studies, the measurement method could
be chosen to allow studying the impact of noise sources (e.g., speech-based,
impact sounds, etc.). Finally, since only one example of adult and child HATS
were used, results are limited to these HATS. It is likely that using a different
HATS will lead to different results to an extent, which can be considered in a

separate study.
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2.3.5 Concluding remarks on acoustic measurements

Based on the results and discussions, the following conclusions are summarized
and tailored to the purpose of this thesis, evaluating the differences between mea-
surement and evaluation methods appropriately adapted for children considering
different anthropometric sizes by using HATSs (from Loh et al., 2022b):

This paper presents pilot results from acoustic assessments in German
primary schools and daycare centers with focus on long-term measurements
using an adult and a child HATS, and an omnidirectional microphone, besides
room acoustic. Main conclusions are as follows:

1. The room acoustics in both classrooms and playrooms in Germany has

a lot of scope for improvements to meet guidelines for ‘good acoustics’
outlined in recent studies. The current findings point towards the use of
typical room acoustics treatment for high-frequency sound absorption to

control the reverberation times while ensuring high speech intelligibility.

2. Based on omnidirectional measurements, long-term L4 o4 values in class-
rooms and playrooms are very similar (~ 66dB), which are in general
lower and with a smaller range than similar measurements in other coun-
tries in Europe and the USA. Similar trends are reported for percentile
levels (Lm, Lgo).

3. There are some indications that psychoacoustic parameters (especially
fluctuation strength and roughness) may be beneficial in complementing
SPL-based parameters.

4. Overall, while the findings here suggest some benefit in considering child
HATS over adult HATS and/or omnidirectional measurements in terms
of characterizing in-situ noise measurements, especially in the higher
frequencies where anthropomorphic details are important, these findings
are specific to the current measurement method with fixed locations for
the transducers including orientation for the HATSs. More research that
considers various transducer locations and orientations is necessary to
validate these findings.

5. The findings here [...] are considered preliminary and need further studies
that characterize children’s perception in relation to the wide range of

parameters studied here [...].
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2.4 Influences of Anthropometric Sizes of Adults and Chil-
dren Head and Torso Simulators (HATSs)

This section examines the benefits and importance of choosing appropriate mea-
surement methods when assessing noise exposure with respect to children, who
presumably have different anthropometric sizes and auditory perceptions than
adults. Thus, the pre- and primary school measurements were additionally an-
alyzed and evaluated in detail to address differences specifically between omni-
directional microphones, child and adult head and torso simulators (HATSs).

To account for the directionally independent components within the HATS mea-
surement, all adult and child HATS measured impulse responses and signals were
additionally filtered using a diffuse field equalization filter computed from the
adult and child HATS, respectively, following Middlebrooks and Green (1990).
This process was added after publishing the work by Loh et al. (2022b) aiming to
add insights on the impact of the diffuse field equalization, which is one common
procedure among others in the post-processing of HATS measurements.

The newly computed descriptives of the room acoustic parameters (To, T30, EDT,
Cs0, Dso, and Ts) with respect to the measurement methods are summarized in
Table 2.3. The complete parameter tables per room can be found in the Appendix
Chapter A.1).

The descriptives of the chosen noise parameters are listed in Table 2.4. For each
room and each measurement method, a single value of each noise parameter was
computed for the analyses. The full parameter tables with descriptives of each
room are added to the Appendix Chapter A.2.

Binaural versions of the standard room acoustic and noise parameters presented
in this section were calculated as described in Section 2.3.1 and Section 2.3.2
using the equalized HATS measurements.

Binaural versions of the Z- and A-weighted SPL parameters were calculated
using the level summation rule instead of averaging the SPL values of the left
and right ear signals. The prominent ear version remains unchanged as described
in Section 2.3.1.

The binaural versions were evaluated for the Z- and A-weighted SPL. Binaural
versions of the A-weighted SPLs were examined conditionally, though binaural
effects were presumed to double. The A-weighting of the SPL parameters already
accounts for the subjective perception and the influences of the HATS to a certain
extent; thus, results from A-weighted SPL must be interpreted cautiously.
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Table 2.3: Summary of room acoustic parameter descriptives

RA parameter

ref

A-HATS,,

C-HATS,.

A-HATSrom

C-HATSprom

BB
T20 [s] Mid

L.v.H.

0.54 (0.34 - 0.95)
0.58 (0.34 - 1.10)
1.28 (0.90 - 1.97)

0.65 (0.34 - 2.34)
0.58 (0.34 - 1.09)
1.69 (0.90 - 7.71)

0.67 (0.36 - 1.06)
0.57 (0.33 - 1.09)
1.96 (0.90 - 4.62)

0.66 (0.35 - 2.36)
0.59 (0.34 - 1.11)
1.70 (0.91 - 7.63)

0.69 (0.38 - 1.14)
0.59 (0.33 - 1.10)
2.01 (0.91 - 4.89)

BB
T30 [s] Mid
L.v.H.

0.56 (0.35 - 0.97)
0.58 (0.34 - 1.10)
1.29 (0.91 - 1.95)

1.43 (0.46 - 4.32)
0.80 (0.41 - 2.68)
4.75 (1.24 - 24.34)

2.14 (0.79 - 5.98)
0.83 (0.34 - 2.92)
4.49 (1.70 - 8.70)

1.48 (0.47 - 4.48)
0.82 (0.41 - 2.69)
4.78 (1.25 - 24.17)

2.37 (0.81 - 7.37)
0.91 (0.34 - 2.93)
4.41 (1.75 - 8.83)

BB
EDT [s] Mid

L.v.H.

0.51 (0.31 - 0.90)
0.56 (0.32 - 1.06)
1.34 (0.91 - 1.94)

0.49 (0.29 - 0.90)
0.55 (0.31 - 1.05)
1.34 (0.92 - 2.27)

0.49 (0.27 - 0.90)
0.53 (0.27 - 1.05)
1.43 (0.95 - 2.14)

0.52 (0.31 - 0.94)
0.57 (0.32 - 1.09)
1.33 (0.92 - 2.22)

0.51 (0.30 - 0.93)
0.55 (0.30 - 1.08)
1.40 (0.89 - 2.12)

BB
Cso [dB] Mid
L.v.H.

6.2 (1.6 - 10.4)
5.1 (0.3 - 9.5)
0.6 (-0.1 - 1.0)

7.1 (2.0 - 11.2)
5.7 (0.5 - 10.4)
0.6 (-0.1 - 1.0)

7.2 (2.2 - 11.8)
5.7 (-0.0 - 10.8)
0.5 (-0.1 - 0.9)

7.6 (2.5 - 11.8)
6.1 (1.0 - 10.7)
0.6 (0.1 - 0.9)

7.7 (2.7 - 12.4)
6.1 (0.6 - 11.3)
0.5 (0.0 - 0.9)

BB
Dso [%] Mid

76.9 (58.1 - 89.7)
74.1 (51.9 - 88.5)

79.4 (58.6 - 91.8)
76.3 (52.7 - 91.3)
0.9 (0.7 - 1.0)

79.5 (58.9 - 92.0)
76.3 (49.9 - 91.8)
0.9 (0.7 - 1.0)

80.9 (61.3 - 92.7)
78.1 (55.5 - 91.9)
0.9 (0.7 - 1.0)

80.8 (61.7 - 92.9)
77.8 (53.5 - 92.7)
0.9 (0.7 - 1.0)

0.03 (0.02 - 0.06)
0.04 (0.02 - 0.07)
1.56 (0.99 - 2.79)

0.03 (0.02 - 0.06)
0.04 (0.02 - 0.07)
1.75 (1.12 - 2.78)

0.03 (0.02 - 0.06)
0.04 (0.02 - 0.07)
1.54 (0.95 - 2.70)

0.03 (0.02 - 0.06)
0.04 (0.02 - 0.08)
1.71 (1.06 - 2.65)

L.v.H. 0.9 (0.7 - 1.0)
BB 0.03 (0.02 - 0.06)
Ts [s] Mid 0.04 (0.02 - 0.07)
L.v.H. 1.48 (0.96 - 2.15)
Note. ref = omnidirectional microphone;

A-HATS,, /C-HATS,,

adult and child HATS, with the averaging method;

A-HATSprom/C-HATSprom = adult and child HATS, with the prominent-ear method. BB = broadband (31.5 Hz-16 kHz), Mid = mid-
frequencies (500 Hz, 1kHz, 2kHz), L.v.H. = low- (31.5 Hz-1kHz) versus high- (2 kHz-16 kHz) frequency ratio.
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2.4.1 Room acoustic parameters

All room acoustic parameters were statistically examined as single values for each
parameter and each room according to the measurement methods. The one-way
ANOVA results are summarized in Table 2.5.

Table 2.5: One-way ANOVA results on RA parameters as single values.

RA parameter Statistical test Significance
Tso BB Kruskal-Wallis-Test® p > .05
Mid Kruskal-Wallis-Test® p > .05
L.v.H. Kruskal-Wallis-Test® H(4) =10.33,p = .035
T30 BB Kruskal-Wallis-Test® H(4) = 36.22,p < .001
Mid Kruskal-Wallis-Test® p > .05
L.v.H. Kruskal-Wallis-Test® H(4) = 40.65,p < .001
EDT BB Kruskal-Wallis-Test® p > .05
Mid Kruskal-Wallis-Test® p > .05
L.v.H. Kruskal-Wallis-Test® p > .05
Cso BB Kruskal-Wallis-Test® p > .05
Mid One-Way ANOVA p > .05
L.v.H. One-Way ANOVA p > .05
Dso BB Kruskal-Wallis-Test® p > .05
Mid Kruskal-Wallis-Test® p > .05
L.v.H. One-Way ANOVA p > .05
Ts BB Kruskal-Wallis-Test® p > .05
Mid Kruskal-Wallis-Test® p > .05
L.v.H. One-Way ANOVA p > .05

Note. In case assumptions of normality®, the respective non-parametric test was
chosen. BB = broadband (31.5 Hz-16 kHz), Mid = mid-frequencies (500, 1k, 2kHz),
L.v.H. = low- (31.5Hz - 1 kHz) versus high- (2kHz - 16 kHz) frequency ratio.

The results indicate significant effects for the room acoustic parameter T3¢, calcu-
lated for the broadband frequency spectrum and the low- versus high-frequency
ratio, as well as for the low-high-frequency ratio of Txg.

The post-hoc t-test analyses are summarized in Table 2.6 comparing the five
levels to each other. No significant difference was revealed for the low- versus
high-frequency ratio of T5¢ within the post-hoc tests between all measurement
methods, though the main effect was significant. However, significant differences
were yielded in the broadband calculation of T5¢ between the omnidirectional
microphone (ref) and both HATSs using the prominent ear method, as well as the
reference microphone and the child HATS using the averaging method. Regarding
the low-high-frequency ratio of T30, significant differences were found between
the omnidirectional microphone and both HATS, independent from the averaging
or prominent-ear method.
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Table 2.6: Post-hoc analyses of RA parameters as single values.

z p
T20 L.v.H.
ref A-HATS, 0.836 >.05
ref C-HATS,v 2.482 >.05
A-HATS, C-HATS,» -1.646 >.05
ref A-HATSprom 1.142 >.05
ref C-HATSprom 2.686 >.05
A-HATSprom C-HATSrom -1.544 >.05
T30 BB
ref A-HATS,, 2.526 >.05
ref C-HATS,. 4.919 <.001
A-HATS,, C-HATS,v -2.392 >.05
ref A-HATSprom 2.833 .046
ref C-HATSprom 5.289 <.001
A-HATSprom C-HATSprom -2.456 >.05
T30 L.v.H.
ref A-HATS,., 3.796 .001
ref C-HATS,.. 5.487 <.001
A-HATS, C-HATS,» -1.691 >.05
ref A-HATSprom 3.968 <.001
ref C-HATSprom 5.538 <.001
A-HATSprom C-HATSrom -0.797 >.05

Note. Significance values with regard to the p-value have been adjusted by the Bonfer-
roni correction for multiple tests. Significant effects are indicated in bold. ref = omnidi-
rectional microphone; A-HATS,, /C-HATS,, = adult and child HATS, with the averag-
ing method; A-HATS rom /C-HATSprom = adult and child HATS, with the prominent-
ear method. BB = broadband (31.5 Hz-16 kHz), L.v.H. = low- (31.5 Hz-1kHz) versus
high- (2kHz-16 kHz) frequency ratio.
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Considering the single values, only the reverberation time with respect to the
frequency bands revealed differences between the measurement methods. A de-
tailed examination of the room acoustic parameters over each octave band (e.g.,
as shown in Figure 2.3 with regard to the averaging method) cannot give expla-
nations, especially in terms of the lower versus the higher frequencies.

It further shows that the reverberation time and the early decay time were quite
insensitive to differences between measurement methods across octave bands.
The parameters Cso, Dso, and Ts, however, indicated tendencies of larger dif-
ferences comparing measurement methods across the octave bands, especially
towards higher frequency bands, though the single values did not reflect these
differences. This leads to the assumption that these parameters analyzed across
octave bands might add insights to the standard examination procedure of room
acoustic parameters for noise assessment methods appropriate for children.

Figure 2.3: Room acoustic parameters over octave bands for head and torso sim-
ulators using the averaging method.
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The STI, as a single value calculated following van Wijngaarden and Drullman
(2008), across all rooms and concerning the measurement devices, omnidirectional
microphone, adult and child HATS, is shown in Figure 2.4. Levene’s Test on nor-
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mality revealed a significant effect for the sample of the reference and the adult
head and torso simulator (A-HATS) (both p < .05). Thus, the non-parametric
Kruskal-Wallis was chosen and revealed an insignificant effect of measurement
method H(2) = 2.75,p > .05, i.e., no differences between the omni-directional
microphone, the A-HATS and the child head and torso simulator (C-HATS) was
found.

Figure 2.4: STI differences between the measurement methods.
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Regarding TACC, single values averaged across all frequency bands for the I ACCrun,
TACCearly, and IACClate. were analyzed The I ACCearty measured using the A-

HATS (M = 0.536, SD = 0.032) compared to the C-HATS (M = 0.550, SD

= 0.028) showed an insignificant effect, t(34) = —1.472 (two-sided), p > .05 as

well as for the TACCtun, t(34) = —1.466 (two-sided), p > .05 measured using

A-HATS (M = 0.519, SD = 0.035) compared to C-HATS (M = 0.535, SD =

0.031). However, the IACCiate revealed a significant effect, ¢(34) = —2.981 (two-

sided), p = .005 between A-HATS (M = 0.424, SD = 0.012) and C-HATS (M

= 0.435, SD = 0.010).

In general, results indicated little differences between measurement methods when
investigating room acoustic parameters using single-values. Even binaural param-
eters, such as the binaural STI (Van Wijngaarden & Drullman, 2008) and the
TACC developed to account for possible differences in binaural hearing yielded
differences only for TACClate-

Differences in TACC reflect differences and separation of signals reaching the
two ears. Since the A-HATS and the C-HATS had different anthropometric head
sizes, it was assumed that at least this parameter would reveal more significant
differences. However, IACC (as well as the IACC based on early and late reflec-
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Figure 2.5: IACC differences across octave bands between the factor measurement
methods.
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tions, TACCearly and I ACClage, respectively) depends on the sound reflections
within a room (Barron, 1971). Since the HATSs were positioned at different
positions, the reflections varied significantly from position to position, leading to
a high variance in measurement results that might mask the overall difference
between the two HATSs. Furthermore, Okano (2002) reported a JND of 5% in
TACC based on investigations with adult participants. Though differences were
found, it remains unclear whether the differences in IACC between the HATSs
are interpretable since they were neglectable in terms of noticeable differences.

A frequency-dependent statistical analysis of the JACC concerning the octave
bands with center frequencies in the range of 31.5 Hz to 16 kHz. T ACCtuni, IACCearly
and TACChate were calculated for each octave band and both HATS (cf. Fig-
ure 2.5). Independent t-tests were conducted to compare HATS for the IACC
values on each octave band. Corresponding results are listed in Table 2.7. Signifi-
cant differne between both HATS were found for JACCtu1 and IACCearly in the
frequency bands 31.5 Hz, 125 Hz, 250 Hz, and 8 kHz. For I ACClate, differences
were found in the lower octave bands 62.5 Hz and 250 Hz.

Table 2.7: T-test results for IACC based on octave bands.

TACCeun TACCearly TACCiate
Hz df t P df t p df t p
31.5 34 -2.274 .029 34 -2.516 .017 34 -1.054 >.05
62.5 34 -2.004 >.05 34 -1.784 >.05 34 -2.458 .019
125 34 -3.274 .002 34 -2.982 .005 34 -1.759 >.05
250 34 -3.133 .004 34 -2.896 .007 34 -2.965 .005
500 34 -2.309 .027 34 -2.196 .035 34 -1.108 >.05
1k 34 0.093 >.05 34 0.142 >.05 34 1.226 >.05
2k 34 0.894 >.05 34 1.068 >.05 34 0.618 >.05
4k 34 0.731 >.05 34 0.854 >.05 34 -.607 >.05
8k 34 -5.603 <.001 34 -5.756 <.001 34 0.004 >.05
16k 34 0.978 >.05 34 0.987 >.05 34 -.528 >.05

Note. Significant effects are indicated in bold. Octave band are denoted with center
frequencies. p is calculated twosided

Differences in the high-frequency band, 8 kHz, can be explained by the findings
reported by Fels et al. (2004) and Fels and Vorlidnder (2009) where they found
significant differences in the HRTF of adults compared to the HRTF of children.
However, results indicated differences starting from 500 Hz towards higher fre-
quencies so that the found differences in the lower frequencies, 250 Hz and lower,
can not explained by the results by Fels et al. (2004) and Fels and Vorldnder
(2009).
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To summarize findings, single-values of room acoustic parameters cannot represent
the full extent of differences between HATS when accounting for differences in
anthropometric dimension. Results in this work indicated a strong frequency-
dependent difference that was reflected in the IACC to begin with.

To thoroughly examine the frequency-dependent differences, analyses regarding
the (binaural) STI in Section 2.4.3 were conducted. The binaural STI specifically
takes binaural aspects of hearing into account (e.g., van Wijngaarden & Drull-
man, 2008) and was evaluated subjectively against the standard STI measured
using omni-directional microphones. However, this binaural STI was primarily
examined with regard to adults, and children were not in focus. Therefore, this
thesis aims to gain more insights on the effect of differences of anthropometric
sizes in objective measurement results by comparing the overall singe-value of STI
versus binaural STT for both HATS and with different binaural evaluation meth-
ods. Furthermore, the STI was examined in detail based on frequency-dependent
MTIs to obtain insights between single-values and frequency-dependent analyses
concerning anthropometric size differences.

2.4.2 Noise parameters

One-way ANOVAs (and corresponding robust tests or non-parametric alternative
tests) were applied for all noise parameters as single values to examine possible
differences between the measurement methods (ref vs. A-HATS,, vs. C-HATS,,
vs. A-HATSprom vs. C-HATSprom). The results of the statistical analyses are
summarized in Table 2.8. Post-hoc analyses were conducted for all significant
main effects of measurement method and significant post-hoc tests are denoted
in Table 2.9, Table 2.10, and Table 2.11.

Summing up the significant differences with the level-based parameters, signif-
icant main effects of measurement methods were found for all Lz and all La
parameters. Concerning the prominent-ear method, differences between the ref-
erence and both HATS were observed for Lz cq and Lz cq(L.v.H). Differences
between the two HATS were found for Lz 10, Lz,00, and Lz eq(L.v.H) for both
methods (averaging and prominent-ear method).

Regarding the psychoacoustic parameters, all parameters yielded significant ef-
fects of measurement methods except for the loudness parameters Nmean and
Ngo.

Regarding the level-based noise parameters, differences were found primarily sig-
nificant between the omnidirectional and both HATS using either averaging or
prominent-ear or both methods. Between the child and adult HATS, significant
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Table 2.8: Statistical analysis results on noise parameter as single values.

RA parameter

Statistical test

Significance

L7z, cq

LzF mean

Lz 10

Lz,90

Lz eq(L.v.H)LvH

Welch’s F-Test”
One-Way ANOVA
One-Way ANOVA
One-Way ANOVA
One-Way ANOVA

F(4,41.1) = 16.78,p < .001, 77 = .492
F(4,89) = 15.30,p < .001, 72 = .523
F(4,89) = 27.76,p < .001, 72 = .649
F(4,89) = 8.71,p < .001, 7 = .405
F(4,89) = 56.31,p < .001,n2 = .780

LA eq
LAF,mean
La10

La,90

LA eq(L.v.H)

Kruskal-Wallis-Test®
One-Way ANOVA
One-Way ANOVA
One-Way ANOVA
One-Way ANOVA

H(4) = 41.76,p < .001
F(4,89) = 13.47,p < .001, 72 = .495
F(4,89) = 27.67,p < .001,72 = .649
F(4,89) = 7.45,p < .001,n7 = .374
F(4,89) = 59.88,p < .001,n2 = .790

NIIleal'l
N5
Noo

One-Way ANOVA
One-Way ANOVA
One-Way ANOVA

F(4,89) = 2.00,p > .05
F(4,89) = 3.44,p = 012,02 = .245
F<1,p>.05

Smean
Ss
Soo

One-Way ANOVA
Welch’s F-Test®
One-Way ANOVA

F(4,89) = 56.02,p < .001, 72 = .780
F(4,42.2) = 58.53,p < .001, 72 = .771
.641

F(4,89) = 26.66,p < .001, 77

Rmean

One-Way ANOVA
One-Way ANOVA
One-Way ANOVA

F(4,89) = 36.93,p < .001, 72 = .706
F(4,89) = 26.77,p < .001, 72 = .642
F(4,89) = 30.84,p < .001,n2 = .671

FSs
FSyo

One-Way ANOVA
One-Way ANOVA
Kruskal-Wallis-Test®

F(4,89) = 2.60,p = .042, 77 = .208
F(4,89) = 3.54,p = .010,n2 = .249
H(4) = 10.67,p = .031

Note. In case assumptions of normality® or homogeneityb were violated, the respective
non-parametric test was chosen. L.v.H. = low- versus high-frequency ratio.
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differences were only yielded for the low- versus high-frequency ratio of Lz .qand
LA eq-

In terms of the psychoacoustic parameters, significant differences were mainly
observed between the omnidirectional microphone compared to the adult HATS
and between the adult and child HATS. However, no significant differences were
found between the omnidirectional microphone and the child HATS. Consider-
ing N5, F'Ss, and F'Sog, differences were yielded between the omnidirectional
microphone and the adult HATS using the prominent ear method.

Table 2.9: Significant post-hoc analyses results for the noise parameter concerning
the Kruskal-Wallis test.

z p
Laseq [4B(A)]
ref A-HATS,, 4.791 <.001
ref C-HATS.,v 3.872 .001
ref A-HATSprom 5.487 <.001
ref C-HATS,rom 5.435 <.001
FSgo [vacil]
ref A-HATSprom 2.986 .028

Note. Significance values with regard to the p-value have been adjusted by the
Bonferroni correction for multiple tests.

From these results, it can be assumed that measuring with HATS can add in-
sights to the noise assessment process. The direction-independent components
within the measurement results showed significant differences between the omni-
directional microphone and the HATSs within level-based noise parameters. Thus,
when only level-based parameters are applied, information might be missing when
interpreting measurement results toward a more plausible and realistic percep-
tion of children. With this, it can be questioned whether the commonly used
A-weighted sound pressure level, developed based on studies conducted with
adult participants, is also suited for noise assessment appropriately for children.

As for the room acoustic parameters, a frequency-dependent investigation of
the noise parameters was conducted to reveal more insights into the differences
between the omni-directional microphone, the adult HATS, and the child HATS.
However, the psychoacoustic parameters already integrated the spectral effects
within single values, so the frequency-dependent analysis was only meaningful
regarding the level-based parameters of Lz and La (cf. Figure 2.6).
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Table 2.10: Significant post-hoc analyses results for the level-based noise param-
eter concerning the ANOVA tests.

e Ga p (G1 - Gs) Maiss [95 %-CI]
Lz,eq [dB]
ref A-HATS prom <.001 -10.6 [-15.9, -5.3]
ref C-HATSprom <.001 -10.6 [-16.0, -5.3]
LzF,mean [dB]
rof A-HATS,, <.001 5.8 [-8.7, -2.9]
ref C-HATS,, <.001 4.3 [-7.2, -1.4]
Lz,10 [dB]
rof A-HATS., <.001 6.8 [-9.1, -4.5]
ref C-HATS,, <.001 49 [-7.2, -2.6]
Lz,90 [dB]
ref A-HATSa, .005 45 [-8.1, -0.9]
ref C-HATS,, 042 3.7 [-7.3, -0.1]
Lz,0q(L.v.H)
rof A-HATS., <.001 -0.05 [-0.08, -0.03]
ref C-HATS,v .021 0.03 [0.00, 0.05]
ref A-HATSprom <.001 -0.06 [-0.08, -0.03]
ref C-HATS,rom <.001 0.04 [0.01, 0.06]
A-HATS.,v C-HATS,. <.001 0.08 [0.06, 0.10]
A-HATSprom C-HATSprom <.001 0.09 [0.07, 0.12]
Larmenn [B(A)]
ref A-HATS,, <.001 8.6 [-12.5, -4.7]
ref C-HATS., <.001 7.0 [-10.9, -3.1]
ref A-HATS prom 040 4.0 [-7.8, -0.1]
La,10 [dB(A)]
rof A-HATS., <.001 8.5 [-11.2, -5.9]
ref C-HATS,, <.001 6.9 [-9.5, -4.2]
ref A-HATS rom <.001 4.0 [-6.7, -1.4]
ref A-HATS,, <.001 8.4 [-13.6, -3.2]
ref C-HATS,, 001 72 [-12.4, -2.0]
La,eq(L.v.H)
ref A-HATS,, <.001 -0.08 [-0.10, -0.06]
ref A-HATSprom <.001 -0.05 [-0.07, -0.03]
A-HATS,, C-HATS,. <.001 0.07 [0.05, 0.09]
A-HATS prom C-HATS prom <.001 0.07 [0.05, 0.09]

Note. ref = omnidirectional microphone; A-HATS,, /C-HATS,, = adult and child HATS,
with the averaging method; A-HATSom /C-HATSrom = adult and child HATS, with the
prominent-ear method. L.v.H = low- versus high-frequency ratio.
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Table 2.11: Significant post-hoc analyses results for the psychoacoustic noise pa-
rameter concerning the ANOVA tests.

G, Go p (G1 - G2) Maiss [95 %-CI]
N5 [sone]

ref A-HATS prom 018 -3.26 [-6.18, -0.34]

Smean [acuml]

ref A-HATS,, <.001 0.22 [0.16, 0.28]

ref A-HATSprom <.001 0.17 [0.10, 0.23]

A-HATS,, C-HATS,y <.001 -0.20 [-0.26, -0.14]

A-HATS prom C-HATS prom <.001 -0.21 [-0.27, -0.14]
Ss [acuml]

ref A-HATS,v <.001 0.31 [0.22, 0.39]

ref A-HATSprom <.001 0.21 [0.13, 0.29]

A-HATS,v C-HATS,. <.001 -0.25 [-0.33, -0.17]

A-HATS prom C-HATSprom <.001 -0.25 [-0.33, -0.17]
Sgo [acum]

ref A-HATS,, <.001 0.17 [0.09, 0.25]

ref A-HATS prom <.001 0.13 [0.06, 0.21]

A-HATS,, C-HATS,, <.001 -0.18 [-0.26, -0.11]

A-HATSprom C-HATS,rom <.001 -0.19 [-0.26, -0.11]

Rmean [asper]

ref A-HATS,, <.001 -0.03 [-0.04, -0.02]

ref A-HATSprom <.001 -0.04 [-0.05, -0.03]

ref C-HATS,rom .003 -0.02 [-0.03, 0.00]

A-HATS,, C-HATS,. <.001 0.03 [0.01, 0.04]

A-HATSprom C-HATSprom <.001 0.03 [0.01, 0.04]
Rs [asper]

ref A-HATS,, .002 -0.02 [-0.04, -0.01]

ref A-HATSprom <.001 -0.05 [-0.06, -0.03]

ref C-HATSprom .001 -0.02 [-0.04, -0.01]

A-HATS,, C-HATSay <.001 0.03 [0.01, 0.04]

A-HATSprom C-HATS,rom <.001 0.03 [0.01, 0.04]
Rgo [asper]

ref A-HATS, <.001 -0.03 [-0.04,-0.02]

ref A-HATSprom <.001 -0.04 [-0.05, -0.03]

A-HATS,y C-HATS.v <.001 0.03 [0.01, 0.04]

A-HATSprom C-HATSprom <.001 0.03 [0.01, 0.04]
FSs [vacil]

ref A-HATS prom .020 -0.03 [-0.06, 0.00]

Note. ref = omnidirectional microphone; A-HATS,, /C-HATS,, = adult and child HATS,

with the averaging method; A-HATSom /C-HATSprom = adult and child HATS, with the
prominent-ear method. L.v.H = low- versus high-frequency ratio.
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Figure 2.6: SPL parameters over octave bands (average method = solid line,
prominent-ear method = dashed line).
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The results show deviations of the frequency response curves between the adult
HATS and the child HATS as well as the omnidirectional microphone in the high
frequencies above 2kHz for all four level-based parameters. The shape of the
frequency response curve of the child HATS and the omnidirectional microphone
was similar to each other, especially with a constant offset across all frequency
bands of the child HATS with higher levels relative to the omnidirectional micro-
phone. In contrast, the frequency response curve of the adult HATS showed a
steeper decrease of levels towards higher frequencies. This finding might explain
the differences in the psychoacoustic parameters of sharpness and roughness
between the adult HATS and the omnidirectional microphone. In contrast, the
differences between the omnidirectional microphone and the child HATS were
neglectable.

Adding to the limitations of the general measurement setup as presented in
Section 2.3.4, it is important to highlight the fact that the both chosen HATS
(ITA adult HATS (Schmitz, 1995) and ITA child HATS (Fels et al., 2004)) within
this work did not comprise ear canal simulators. Fels (2008) highlighted in her
dissertation the importance of the ear canal contributing to the amplification of
the higher frequency range. The ear canal impedances of children up to seven
years old differed significantly from those of adults in simulated and measured
data. The data of ear canal as well as eardrum impedances indicated a shift of the
first resonance from higher to lower frequencies in the range between 2.9 kHz and
9.5kHz with increasing age. This explains the small differences between HATS
found in this thesis. It can be assumed that adding ear canal simulators to the
HATS respectively to the anthropometric measures of adults and children would
make differences in the higher frequency bands more prominent observable.

Furthermore, adult and child HATS differed significantly in term of the pinna
shapes. While the adult HATS provided a detailed outer ear replica, the child
HATS only comprised a simplifed model including the pinna and the cavum con-
chae (cf. Fels & Vorlander, 2009). Spectral amplication introduced by the complex
shape of the outer ear were, therefore, not fully represented in the child HATS
measurements. This could be an explanation foir the missing expected difference
between child HATS and omnidirectional microphone that was observable for
adult HATS compared to omnidirectional microphone and child HATS.

Differences between the frequency response curves were more distinct within the
Lz than in the La. With this observation, it can be assumed that possible effects
between omnidirectional, adult HATS and child HATS might be removed within
the noise assessment due to the A-weighting. It is necessary to examine whether
these differences in La and the psychoacoustic parameters are perceivable and
evaluated differently by adults compared to children.
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2.4.3 Binaural speech transmission index of HATSs

Following the insights from the previous sections concerning the importance
of frequency-dependent differences in room acoustic and noise parameters, the
speech transmission index (STI) (IEC, 2012) was examined in detail to under-
stand the specific impact of measurements using HATSs. This parameter was
chosen since it is a commonly used metric to describe information loss within
the speech transmission between speakers and listeners, especially in the context
of classrooms(Astolfi et al., 2019a). Preliminary results of the work presented in
this section were published as a conference paper at Forum Acusticum 2023 (Loh
et al., 2023a).

As described in IEC (2012) and in the work by Loh et al. (2023a):

[... The STI] is derived from objective assessment methods [and] is calculated
by determining and further processing the Modulation Transfer Function
(modulation transfer function (MTF)), which contains the effects inside the
transmission channel reflected by differences in the intensity envelope of the
speech signal (sent signal vs. received signal). Traditionally, the STT within
rooms has been assessed using omnidirectional mono microphones without
considering the effects of binaural hearing. Recently, several studies have
investigated binaural models in combination with the STI measured using
head and torso simulators (HATSs). They showed that using HATSs better
represents human perception (Schlesinger et al., 2009; van Wijngaarden &
Drullman, 2008). A binaural STI (bSTI) comprises advantages of binaural
hearing and, therefore, helps to minimize mismatches between the subjective
speech intelligibility and the objective STI metric.

It is unknown whether these binaural models, developed based on inves-
tigations with adults, also apply to children with considerably different an-
thropometric sizes. Fels et al. (2004) and Fels and Vorlédnder (2009) showed
that the different anthropometric sizes of children compared to adults result
in a different amplification of sound on each octave band, respectively [...].
Following this, a study in Italian classrooms (Prodi et al., 2007) measured STI
and interaural cross-correlation (IACC) using an adult HATS, a child HATS,
and a mono microphone as receiver devices. They observed some differences
in the STI between those three receiver devices. However, differences in IACC
were more pronounced.

This observation was expected since the STI is developed as a single-value
metric that does not account for individual differences in each octave band.

Though modulation transfer indices (MTIs) are calculated for the modulation
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transfer functions (MTFs) individually for each octave band, the MTIs are
summed up finally to the single-value STT and interpreted as such (IEC, 2012).

According to previous works (Bronkhorst, 2015; Lavandier & Best, 2020), there
are different methods to account for the binaural hearing aspects within the
computation of STI. The MTF coefficients for each octave band are derived for
each ear separately, and before calculating the MT1Is, specific MTF coefficients
are chosen to represent both ears. For this work, three methods were chosen:

1. The mean can be calculated from the MTF coefficients from the left and
right ear (mean method).

2. The better ear can be chosen, i.e., both ears are directly compared with
each other, and the values of the MTF coefficients of the better ear are
determined (prominent-ear method).

3. The binaural method follows the work by van Wijngaarden and Drullman
(2008), which chooses the better MTF coefficients of both ears separately
for each octave band (binaural (band-by-band) method).

The work in this section explores the effects introduced by measurements us-
ing HATSs compared to a mono omni-directional microphone by evaluating the
different methods for calculating the binaural STI and the corresponding MTTIs.
Differences were primarily expected within the MTIs when comparing the differ-
ent receiver devices that might not be reflected in the final STI value and could
be essential to account for children’s hearing and speech intelligibility in complex
acoustic environments. Additionally, the effect of the positioning of the different
receiver devices was investigated to understand the corresponding impact on the
MTTs and resulting STTs.

Measurement procedure

The measurements were conducted in the seminar room of the Institute for
Hearing Technology and Acoustics (IHTA), RWTH Aachen University in Ger-
many (cf. Loh et al., 2023a). This room was considered exemplary for classrooms
and provided optimal conditions for controlled room acoustic measurements. The
STI was measured following IEC 60268-16 (IEC, 2012) using the indirect method.
Impulse responses were measured with two sender and six receiver positions de-
fined according to DIN 3382-2 (ISO, 2008), resulting in twelve sender-receiver
position combinations (cf. Figure 2.7). The measurement signal was a sine sweep
covering the frequencies from 20 Hz to 20 kHz.

The measurement procedure is further described in Loh et al. (2023a) and Loh
et al. (2023a):
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Figure 2.7: Positions of senders (S) and receivers (R) (from Loh et al., 2023a).

As receiver devices, an omnidirectional microphone (B&K 1/2" Type 2669)
as the reference mono microphone, the ITA adult HATS (Schmitz, 1995), and
the [preschool| child HATS (Fels et al., 2004) were used. The child HATS was
designed based on a range of statistically analyzed anthropometric sizes of
children. [Compared to the adult HATS,| it has no elaborated ear shape. |...
To maximize possible differences between the adult and the child HATS, the
preschool child HATS was chosen over the primary school child-sized HATS
as it was used in the aforementioned acoustic measurements. To put it into
context, the| head size [of the preschool child HATS]| is comparable to a |...|
child at approx. three to six years old (Fels et al., 2004). Both HATSs’ ear
axes and the microphone were positioned at 1.15 m over the floor, representing
a sitting adult’s ear height. All HATSs were facing toward the sender, the
omnidirectional dodecahedron loudspeaker (cf. Figure 2.8).

Furthermore, a singer HAT'S simulating a natural speaker was used to playback
modulated pink noise for a direct measurement method for STI [as shown
in Figure 2.8]. However, these results are not discussed in this work and are

objects to future studies.

MATLAB and the ITA toolbox (Berzborn et al., 2017) were used for the mea-
surement procedure and the following signal post-processing. The adult and child
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Figure 2.8: Measurement setup in the seminar room (from Loh et al., 2023a).
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Note. Omnidirectional dodecahedron source (front left), singer HATS source
(front right), adult HAT'S receiver (center), and child HATS receiver (rear by the
windows).

HATS measurements were equalized using their corresponding diffuse field filters
to account for the directionally independent components of the measurements as
described in Section 2.4.1.

Results and discussion

Starting with the overall STI (cf. Figure 2.9), measurement results were aver-
aged over all twelve sender-receiver position combinations receiving one single
value for the room after considering the binaural evaluation methods. STI results
for all three measurement devices were generally observed between 0.701 and
0.719. Differences between measurement devices were found between 0.030 and
0.045. The lowest differences were yielded between adult and child HATS, while
the highest differences were found between child HATS and the reference micro-
phone. STT results evaluated using the prominent-ear and band-by-band methods
were slightly higher for the band-by-band method. However, differences between
measurement devices scaled linearly, resulting in the fact that both methods
accounting for binaural hearing yielded similar differences between measurement
devices.

modulation transfer index (MTI) results of each octave band are summarized
in Table 2.12 showing the overall MTI averaged over all twelve sender-receiver-
position combinations in the room. Differences of each octave band evaluated
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Figure 2.9: Overview of average STI over N = 12 sender-receiver-positions and
the differences of average STI between the receiver devices.
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Table 2.12: Overview of modulation transfer indices per octave band.

MTI
125Hz 250Hz 500Hz 1kHz 2kHz 4kHz 8kHz
. M 0.649 0.662 0.667 0.714 0.694 0.687 0.782
re:

SEM 0.011 0.013 0.011 0.009 0.012 0.011 0.010
M 0.652 0.658 0.664 0.720 0.696 0.702 0.744

A-HATS
mean SEM 0.011 0.010 0.011 0.011 0.011 0.014 0.010
M 0.647 0.654 0.668 0.708 0.700 0.699 0.781

C-HATS
SEM 0.011 0.013 0.010 0.009 0.010 0.011 0.011
M 0.655 0.676 0.673 0.730 0.707 0.714 0.758

A-HATS
prominent ear SEM 0.012 0.012 0.010 0.012 0.012 0.015 0.012
M 0.649 0.661 0.677 0.718 0.709 0.710 0.794

C-HATS
SEM 0.012 0.013 0.012 0.011 0.011 0.013 0.012
M 0.663 0.680 0.679 0.734 0.709 0.715 0.758

binaural A-HATS
naura SEM 0.011 0.012 0.010 0.011 0.012 0.015 0.012

(band-by-band)

M 0.655 0.668 0.682 0.722 0.711 0.712 0.795

C-HATS
SEM 0.011 0.012 0.011 0.011 0.010 0.013 0.012

Note. A-HATS = adult HATS, C-HATS = child HATS, ref = reference microphone. Mean (M) and standard error
of the mean (SEM) is calculated for N = 12 sender-receiver positions.
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using all three methods accounting for binaural hearing abilities are shown in
Figure 2.10 in direct comparison to the STI differences and the just-noticeable-
difference (JND) of 0.03 as defined by Bradley et al. (1999). One-way ANOVA
analyses for each evaluation method and each octave band yielded no significant
effect of measurement devices (all p > .05), except in the mean method for the
8kHz octave band (F(2,35) = 4.333,p = .021,7n; = .208). The post-hoc t-test
yielded a significant difference between reference microphone and adult HATS
(p = .043, Mpig = 0.038) and a marginal difference between adult and child HATS
(p = .051, Mpig = —0.037) with slightly higher MTT for child HATS on the 8 kHz
octave band. Though differences between measurement devices using all three
binaural evaluation methods were statistically insignificant, it is noticeable that
differences in all octave bands and the overall STI were above the JND of 0.03
(Bradley et al., 1999).

Results of this study underline previous findings by Fels et al. (2004) and Fels and
Vorlédnder (2009), stating that the differences in anthropometric head size lead
to differences in amplification on the individual octave bands. It was observed
that differences in the MTIs of each octave band and all binaural evaluations
were found above the JND. Especially the 8 kHz octave band was also found
to be statistically different between measurement devices as observed by Fels
and Vorlander (2009) stating differences due to anthropometric head sizes were
primarily observed in higher frequencies. With this, it can be assumed that the
STI as a single value might show differences between omni-directional micro-
phones and HATS. However, it might also neglect individual differences in octave
bands, specifically when comparing adult and child HATS. In terms of the binau-

ral evaluation method, it was found that differences between the prominent-ear
and band-by-band methods scaled linearly, resulting in similar differences be-
tween measurement devices no matter which evaluation method. Furthermore,
differences in the MTI values were more specific within the octave bands when
comparing the mean and the binaural methods. This observation suggests that
choosing a binaural method over averaging left and right ear parameters might
add insights into the speech intelligibility interpreted from children’s perspectives.

However, results of this sudy must be interpreted with consideration as described
in the work by Loh et al. (2023a):

[...] Results of this study were considered preliminary since the MTIs and
(binaural) STIs were derived following the indirect method for STI calculation.
This method accounts for existing noises and directivity of the speaker only in
a limited way, which might be essential for binaural effects (Lavandier & Best,
2020). In this case, each ear would be positioned slightly differently within
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Figure 2.10: Absolute differences in MTT and STI between the receiver devices
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the directivity of a speaker, which might not be the case if an omnidirectional
source like the dodecahedron is used. Furthermore, with regard to the work
by [Liang and Yu (2020)], a strong dependency of the bSTI to the angle and
positioning of the HATSs within the room and towards the sound source is
expected. This effect was reduced in this study by common facing of the HATSs
towards the omni-directional source, which explains the slight differences
between the left and right ear, resulting in |[...] differences between the [binaural
STI| and the reference STI.

Additionally, it must be mentioned that the JND by Bradley et al. (1999) was ob-
tained from studies conducted with adult participants. It is questionable whether
this JND also holds for children’s speech perception since it is unclear whether
it is directly comparable to adults’ speech perception (Loh et al., 2023a).

Concluding remarks

This study showed the importance of binaural measurement methods when
assessing speech intelligibility within classrooms from children’s perspectives.
Though the STT obtained using HATS indicated how speech intelligibility be-
tween children and adults would differ, octave band-specific differences might not
be reflected in the STI. The investigation of MTIs revealed that differences be-
tween the omnidirectional microphone and adult and child HATSs should not be
neglected within the room acoustic assessment, especially regarding differences in
the higher frequency bands of the HATSs. Furthermore, binaural evaluation meth-
ods can add insights toward child-appropriate speech intelligibility assessments
besides averaging left and right ear parameters.

2.4.4 Concluding remarks on HATS differences

The findings of this work indicate the benefit of using HATS and adding binaural
evaluations to noise assessment. It adds insight into the spectral differences in the
measured sound signals, not only in the noise parameters but also in the room
acoustic parameters. To appropriately add the perspective of children, the results
of this work showed that using HATS with appropriate anthropometric sizes can
reveal additional insights into the differences in room acoustic, level-based param-
eters, and psychoacoustic parameters that might be introduced by differences in
anthropometric sizes, especially when addressing children’s perspective in noise
assessment in educational buildings.
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2.5 Children’s Noise Perception Survey

After analyzing the acoustic environments in pre- and primary schools based on
objective values derived from physically measured signals with HATSs comprising
anthropometric sizes of interest, it was apparent to compare these results with
the subjective perspective of people who are daily exposed to these noisy acoustic
environments.

This section aimed to assess children’s and adults’ noise perception using sub-
jective methods, such as a questionnaire, and to evaluate whether the results
can be directly linked to the objective measures from the previous sections (cf.
Section 2.3 and Section 2.4).

In the first step, the results of the questionnaires of children and adults from
preschool and primary schools were compared. From previous work by Persson
Waye et al. (2013) is known that children are more sensitive to high-frequency
sounds, and the objective of this work was to examine whether differences between
adults and children existed, as well as between different educational institutions
(preschool and primary schools) and whether there are linked age effects (older
children versus younger children) to the responses. Furthermore, problems of
the present study design were discussed when linking the results from subjective
methods designed for children with objective measurement results.

2.5.1 Questionnaire and interview procedure

For this work, the Inventory of Noise and Children’s Health (INCH) by Persson
Waye et al. (2013) was chosen to measure adults’ and children’s sound percep-
tions. This questionnaire enables the assessment of children’s reactions to indoor
sounds at a very young age in a daycare center. This study evaluated only data re-
garding the frequency of perception and emotional responses (sadness and anger)
in three different sound categories. Other information collected via the INCH
questionnaire was not included in this work.

Participant’s reactions to three sound categories, 1) sounds of angry, yelling
children, 2) loud and strong sounds, and 3) scraping and screeching sounds, were
answered using a five-point Likert scale. Therefore, the answer to a specific sound
category is either positive or negative with respect to a neutral center. Visual
graphic representations of this bipolar scale were used to allow direct identification
and reflection of the younger participants on their perceptions and emotions. The
participant’s report on the frequency of a specific sound category was represented
in circles, including one, almost never, to five dots, very often (cf. Figure 2.11.a),
while the report on emotional reactions was visualized using bodily and facial
expressions shown in a drawing of a person representing sadness on the scale
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sad/afraid to glad/safe (cf. Figure 2.11.b) and anger on the scale angry/irritated
to kind/friendly (cf. Figure 2.11.c).

Figure 2.11: Excerpt from the INCH questionnaire (Persson Waye et al., 2013).
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Note. a) Representation of frequency of occurrence. b) Representation of the
emotional reaction sadness. c¢) Representation of the emotional reaction angriness.

The original questionnaire in Swedish and English was translated to German
under the consultation of experienced educators and teachers with an additional
adaptation of the language to be further suitable for children younger than
four years old. Children were interviewed according to the questionnaire. The
interviewers were instructed to follow the questionnaire’s wording as closely as
possible. Deviations were only allowed in case the children did not understand
the question. Children were asked to point to the graphical representation of
their reaction to the question, and the interviewer marked the answer. Children
were interviewed individually in a separate room within their daily activities. The
interview was executed in parallel to the in-situ acoustic measurements. Hence,
it could be reasonably assumed that the children’s answers were directly related

to the measured sound environment.

The questionnaire was further adapted for adults, containing the same questions.
However, coping methods and stress-related questions were asked more appropri-
ately for adults than using figures. However, the questions on the reactions to
the sound categories were retained using visual graphic representations to ensure
direct comparability between children and adults. The adult questionnaires were
handed out to the participants at the beginning of the acoustic measurements in
the corresponding educational institutions and filled out by the adult participants.

The procedure was approved with the acoustic measurements within the study
protocols EK 321/16 and EK 218/18 by the Medical Ethics Committee at RWTH
Aachen University. Signed informed consent was collected from all involved edu-
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cational institutions, teachers, and educators. In the case of children, informed
consent was signed by their parents before the interview of their children (for
more details, see Loh et al., 2022b).

Children and adults were recruited from the involved classes and groups and
were present most of the time during the in-situ acoustic measurements while
participating in normal daily activities. The adult participants were educators
and teachers of the corresponding groups of children and were exposed to the
same noise as the children. All adults worked in the investigated educational
environments for at least six months. The INCH interview was part of the study,
and it included acoustic measurements in pre- and primary schools. An overview
of all participating institutions and respectively interview participants is shown
in Figure 2.1 and in Table 2.13.

Table 2.13: Overview of INCH survey participants.

Age category Playrooms Classrooms
Nfemale Nfmale Nfomale Ntmale
Children
3y/o 6 7 - -
4y/o 12 13 - -
5y/o 17 12 - -
6y/o 8 8 10 10
7y/o . . 32 17
8y/o - - 15 9
9y/o - - 2 5
10 y/o - - 0
Adults
<20y/o 3 - 1 -
20-30 y/o 15 1 3 1
31-40 y/o 7 1 3 5
41-50 y /o 4 - 8 -
51-60 y/o 2 - 5 -

2.5.2 Differences in age group and room types

For the difference analyses, the five-point Likert scale was recoded into a binary
score with responses on the negative side, including the neutral center (< 3) as 0
and answers on the positive side (> 3) as 1, achieving a binary representation of
the answers. Descriptives of the INCH responses according to the binary score
are summarized in Table 2.14.

When examining the dataset, it became obvious that it violated several assump-
tions when conducting a multi-factor ANOVA. However, a nested non-parametric
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Table 2.14: Descriptives of the INCH survey (binary score).

A. Perceived frequency of occurrence

Sound of angry,

Loud and strong

Scraping and

yelling children sounds screeching sounds
% % Y%
N 7% M SEM 7% M SEM 7% M SEM

Classrooms (N = 8)
Adults 29 20.7 7.7 51.7 9.4 10.3 5.8
Children 101 46.5 5 62.4 4.8 10.9 3.1
Playrooms (N = 10)
Adults 33 50 8.8 81.8 6.8 30.3 8.1
Children 83 54.2 5.5 65.1 5.3 21.7 4.6

Note. Percentage of responses answering 4 and 5, interpreted as “often” and “very

often” in terms of frequency of perception.

B. Emotional reaction: sadness

Sound of angry,

Loud and strong

Scraping and

yelling children sounds screeching sounds
% % %
N % M SEM % M SEM % M SEM

Classrooms (N = 8)
Adults 29 10.3 5.8 6.9 4.8 25 8.2
Children 101 41.6 4.9 52.5 5 31.7 4.7
Playrooms (N = 10)
Adults 33 15.6 6.4 28.1 8 19.4 7
Children 83 47 5.5 43.4 5.5 28.8 5

Note. Percentage of responses answering 4 and 5, interpreted as “much” and “very
much” in terms of the emotional reaction sadness.

C. Emotional reaction: angriness

Sound of angry,

Loud and strong

Scraping and

yelling children sounds screeching sounds
% % %
N % M SEM % M SEM % M SEM

Classrooms (N = 8)
Adults 29 41.4 9.3 41.4 9.3 44.8 9.4
Children 101 52.5 5 50.5 5 34.7 4.8
Playrooms (N = 10)
Adults 33 36.4 8.5 46.9 8.8 27.3 7.9
Children 83 40.7 5.4 46.8 5.5 28.4 5

Note. Percentage of responses answering 4 and 5, interpreted as “much” and “very
much” in terms of the emotional reaction angriness.
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test procedure using the Chi-square tests was chosen to investigate possible in-
teraction effects.

Therefore, the dataset was split to conduct Chi-square analyses examining dif-
ferences in the variable age group with two levels (adults vs. children) and the
variable room type with two levels (classrooms vs. playrooms) sequentially. The
analyses were conducted for the three response types (1. frequency of perception,
2. sad emotional reaction, and 3. angry emotional reaction) regarding all three
noise types (1. sounds of angry, yelling children, 2. loud and strong sounds, and
3. scraping and screeching sounds).

Firstly, the dataset was split according to age groups, such as adults and children.
The differences between the two room types, classrooms and playrooms, were then
analyzed for all three response types (cf. Table 2.15 A). Significant differences
between the two room types, classrooms and playrooms, were found within adults
in terms of the perceived frequency of occurrence regarding the noise type sounds
of angry yelling children and loud and strong sounds (both p < .05). Significant
more adults in playrooms reported a higher frequency of occurrence of the two
noise types than in classrooms. Within children, the perceived frequency of
occurrence regarding the noise type scraping and screeching sounds differed
significantly between the two room types (p < .05). In playrooms, considerably
more children reported a higher frequency of occurrence regarding scraping and
screeching sounds. Regarding the emotional reaction of sadness, a significant
difference was observed within adults (p < .05) in terms of loud and strong
sounds. More adults in playrooms reported feeling sad considering loud and
strong sounds than in classrooms.

Secondly, the dataset was split according to the room types (classrooms and play-
rooms). Differences between the age groups, adults and children, were analyzed
for all three response types (cf. Table 2.15 B). Significant differences between
the age groups, adults and children, were found within classrooms in terms of
the perceived frequency of occurrence regarding sounds of angry yelling children
(p < .05). In classrooms, more children than adults reported to perceive sounds of
angry yelling children (very) often. In terms of the emotional reaction of sadness,
significant differences between adults and children were observed within class-
rooms regarding two noise types sounds of angry yelling children (p < .01) and
loud and strong sounds (p < .001). For both noise types, significantly more chil-
dren than adults in classrooms reported feeling (very) sad when perceiving these
noises. However, in playrooms, differences in the emotional reaction of sadness
between adults and children were only significant regarding the sounds of angry
yelling children (p < .01). In playrooms, significantly more children than adults
reported feeling (very) sad when hearing the sound of angry, yelling children.
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Regarding the INCH responses and the perceived frequency of different sounds,
significant differences in age groups were found for the sounds of angry and
yelling children within classrooms. Here, more children (M = 46.5%) than adults
(M = 20.7%) reported a more frequent occurrence of the sounds of angry and
yelling children. This result indicates slightly higher attention toward these sounds
for children than adults regarding the sounds originating directly from children.
In case that yelling children can be considered high-frequency sounds, this result
would support the insights from the work by Persson Waye et al. (2013) states
that children are more sensitive to high-frequency sounds. However, the significant
difference in age group considering the sad emotional reaction to the sounds of
angry, yelling children in both room types, classrooms and playrooms, as well
as to strong and loud sounds in classrooms, indicated more children (more than
M = 41.6%) than adults (less than M = 15.6%) to report emotional reaction.
This result suggests that children may experience or express a stronger emotional
response towards these sounds as compared to adults, in addition to the fact
that they perceive these sounds more frequently than adults. However, this result
should be treated cautiously since the participant group of adults (N = 62) is
significantly smaller than that of children (N = 134).

Differences between the room types, classrooms and playrooms, were found for the
perceived frequency of two sound types angry, yelling children (CR: M = 20% vs.
PR: M = 50%) and loud and strong sounds (CR: M = 51.7% vs. PR: M = 81.8%)
within adults, where this was significantly more reported in playrooms. Regarding
children, a difference between the room types, classrooms and playrooms, was
found for the frequency of perception of scraping and screeching sounds. This
result provided evidence that at least a higher sensitivity to the different sound
types existed in playrooms than in classrooms or that preschool-age children are
more sensitive to these presumably high-frequency sounds. This is in accordance
with the results by Fels et al. (2004). They found that a higher amplification
of high-frequency sounds exists due to the head-related transfer functions intro-
duced by children’s smaller anthropometric size than adults. The finding also
supports the results from an acoustic intervention study previously performed
among preschools in the work by Persson Waye et al. (2016) using the same
INCH questionnaire among preschool-aged children. A significantly reduced per-
ception of scraping and screeching sounds was found in relation to the acoustic
intervention, indicating a higher sensitivity to these types of sounds. Furthermore,
the reduction of children’s perception of scraping and screeching sounds with
the intervention was significantly associated with an intensity reduction of the
emotional reactions to these sounds, particularly to the angry response. With
this, it can be assumed that the sensitivity is coupled with higher awareness and
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attention to the high-frequency sounds and a higher annoyance in children.

However, there is a major limitation to this investigation, which is due to the
small sample sizes regarding the different room types to compare. To link results
between existing acoustic environments and subjective perception, only the main
rooms of activities where the people spend most of their time, i.e., the classrooms
(N = 8) and the playrooms (N = 10), could be reasonably taken into account.
Representative values for each age group and each room had to be calculated,
leading to very small and varying sample sizes with, on average, 22 children and
one adult in classrooms and 16 children and two adults in playrooms.

2.5.3 Correlation of subjective responses and objective
measurements

For the correlation analyses, the five-point Likert scale was examined based on
the values evaluated on a metric scale by recoding the responses from 1 to 5
corresponding to the graphical representation of the frequency and emotional
reaction as shown in Figure 2.11 from right to left, allowing the interpretation of
the value towards increasing annoyance with higher values achieved on the metric
scale. Descriptives of the INCH survey based on the metric scale are summarized
in Table 2.16.

As objective measurement results, only the noise parameters from the in-situ
measurements were considered (level-based metrics and psychoacoustic parame-
ters, as presented in Table 2.4). Results of every subjective response variable and
objective parameter were averaged per room to link single values of each room’s
subjective and objective parameters.

Pearson’s correlation coefficients and corresponding significance indicators were
calculated to examine possible relations between subjective responses and ob-
jective measurement results. Where the assumption could not be met, the non-
parametric alternative Spearman’s correlation coefficient was evaluated instead.
Results for adults were investigated separately from children’s responses and
were further only correlated with results measured using the reference micro-
phone (omni-directional) and the adult HATS. The respective evaluation was
carried out for children but using the child HATS instead. Significant correla-
tion results are summarized in Table 2.17. Any other correlations between noise
parameters and INCH responses were insignificant, p > .05, and for clarity, not
listed individually.

The findings for adults, while preliminary, suggest that there is a connection
between the frequency of noise perception and the noise parameter sharpness
(mean and percentiles), independent of the measurement device (reference mi-
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Table 2.16: Descriptives of the INCH survey (metric scale).

A. Perceived frequency of occurrence

Sound of angry, Loud and strong Scraping and
yelling children sounds screeching sounds
N M SEM M SEM M SEM
Classrooms (N = 8)
Adults 29 2.72 0.19 3.45 0.17 2.28 0.18
Children 101 3.45 0.13 3.60 0.13 1.85 0.12
Playrooms (N = 10)
Adults 33 3.63 0.14 4.24 0.13 2.91 0.18
Children 83 3.42 0.19 3.78 0.15 2.25 0.14

Note. Responses were evaluated based on a metric scale.

B. Emotional reaction: sadness

Sound of angry, Loud and strong Scraping and
yelling children sounds screeching sounds
N M SEM M SEM M SEM
Classrooms (N = 8)
Adults 29 2.90 0.11 2.79 0.10 3.11 0.16
Children 101 3.53 0.08 3.54 0.08 3.24 0.08
Playrooms (N = 10)
Adults 33 3.09 0.08 3.16 0.13 3.16 0.08
Children 83 3.28 0.16 3.16 0.13 2.83 0.14

Note. PResponses were evaluated based on a metric scale.

C. Emotional reaction: angriness

Sound of angry, Loud and strong Scraping and
yelling children sounds screeching sounds
N M SEM M SEM M SEM
Classrooms (N = 8)
Adults 29 3.41 0.15 3.34 0.15 3.34 0.16
Children 101 3.65 0.08 3.59 0.08 3.22 0.09
Playrooms (N = 10)
Adults 33 3.33 0.11 3.47 0.14 3.30 0.11

Children 83 3.33 0.15 3.20 0.14 3.00 0.13
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Table 2.17: Significant correlations, denoted in r (p — value), between INCH

responses and noise parameters.

Adults
ref
Ss
Frequency - N2 -0.553 (.017)
Frequency - N3 -0.485 (.041)
A-HATS,.
Smean Ss Seo
Frequency - N1 -0.570 (.013) -0.602 (.008)
Frequency - N2 -0.639 (.004) -0.727 (.001) -0.469 (.050)
A-HATS prom
Smean Ss
Frequency - N1 -0.480 (.044) -0.485 (.042)
Frequency - N2 -0.578 (.012) -0.606 (.008)
Lz,eq
Sadness - N3 -0.500 (.035)
Lz,eq
Angriness - N1 -0.582% (.011)
Children
ref
Noo Ss Rmean Rgo
Frequency - N1 0.522 (.026)
Sadness - N2 0.480 (.044) -0.484 (.042)
Angriness - N2 -0.499 (.035) -0.491 (.038)
C-HATS..
Ss Seo Rmean
Sadness - N2 0.529 (.024)
Sadness - N3 0.541 (.020)
Angriness - N2 -0.495 (.037)
C-HATSprom
Seo Rmean FSmean FSs
Sadness - N3 0.513 (.029)
Angriness - N2 -0.513 (.029) -0.474 (.047) -0.533 (.023)
Lz,eq(L.v.H) LA,eq
Frequency - N2 -0.515 (.029)

Sadness - N2
Angriness - N1

-0.509 (.031)
0.469 (.050)

Note. ® Spearman correlation coefficient, when assumption ist violated. N1 =
Sound of angry, yelling children; N2 = Loud and strong sounds; N3 = Scraping
and screeching sounds.
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crophone or adult HATS) and the binaural evaluation method Furthermore, the
Lz q showed significant correlation with the emotional reaction of sadness (in
terms of scraping and screeching sounds) and angriness (in terms of sounds of
angry, yelling children).

These findings must be treated with consideration. The sample sizes of adults
participating in the questionnaire per room did not exceed five people per room,
which can not be representative for adults in general. However, the educational
situation did not allow for a larger sample size since there would always be fewer
supervisors than children per group. In Germany, the standard supervisor-to-
child ratio is always 1:7.5, so there will always be a small sample size of adult
participants exposed to the same sound environment as the children.

In terms of the children, results suggest a correlation between the psychoacoustic
parameters and mainly the emotional reaction of sadness and angriness towards
the loud and strong sounds as well as the scraping and screeching sounds. While
the parameters loudness and sharpness indicated a positive correlation (i.e., the
higher the psychoacoustic parameter was measured, the higher the annoyance), a
negative correlation was found for roughness and fluctuation strengths. These re-
sults led to the assumption that the loud and high-frequency components result in
higher annoyance, which aligns with previous findings by Persson Waye and Karl-
berg (2021). This finding suggests that psychoacoustic parameters were better
suited to reflect noise perception, especially regarding child-appropriate evalu-
ation methods. However, there is no specific trend toward an omni-directional
measurement device or a child HATS.

Level-based parameters only yielded significant results in terms of La eq and the
low-versus-high-frequency ratio of Lz eq when measured using the child HATS
and evaluated using the prominent-ear method. This observation underlined the
findings of the previous sections that choosing appropriate measurement methods
is important when addressing children’s perspectives on noise and using common
parameters, such as level-based parameters.

This investigation is, however, limited by the small sample size of N = 18 rooms in
educational buildings, all chosen within one city in Germany. Therefore, N = 18
rooms cannot be considered a representative sample size, especially under the
assumption of neglecting possible age effects since classrooms and playrooms
were analyzed together. Furthermore, only one single value of the room acoustic
and noise parameters can be applied for this type of correlation analysis. As
findings from previous sections suggest, frequency-dependent analysis was not
integrated into this study and is subject to future studies.
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2.5.4 Concluding remarks

The INCH questionnaire revealed a higher sensitivity in terms of awareness and
possible annoyance to high-frequency sounds in children than in adults. The
high-frequency sounds in this work are reflected in the yelling children and the
scraping and screeching sounds. Interestingly, this finding was different among
the room types, classrooms and playrooms, indicating either a different sensitivity
of the children to the sound environments existing in the room or different sound
environments dominating the two room types. Furthermore, results indicated a
significant correlation between psychoacoustic parameters and the INCH response,
pointing towards the fact that psychoacoustic parameters are better suited to
represent noise perception of children than level-based parameters.

2.6 Activity-based Acoustic Settings (ABAS)

Concerning long-term acoustic measurements, it was standing to reason that the
noise and corresponding noise levels would depend on the predominant activity
inside a room. Previous work (e.g., Shield et al., 2015) investigated this fact in
relation to classroom activities and examined the corresponding noise levels. The
activities during lessons were classified into four categories: 1. plenary, 2. group
work, 3. individual work, and 4. watching/listening. This classification was based
on standard class activities typically applied in an educational context. Analyses
on noise levels revealed that group work yielded the highest noise levels, while
little difference was found between plenary and individual work.

The goal was to link activity components to specific acoustic properties by creat-
ing a more systematic description of activities that includes the acoustic perspec-
tives and goes beyond the educational context. Therefore, the work presented
in this section focused on the people’s interaction and communication within
the activities. Based on this systematic description of activities, the acoustic
properties in terms of two level-based and two psychoacoustic noise parameters
were examined to gain insights on comparing in-situ measurements using HATS
with different anthropometric head sizes.

Description of activity patterns, further denoted as activity-based acoustic setting
(ABAS), in classrooms were generated with respect to the specifications of the
teacher-pupil interaction and communication pathways, whereas communication
pathways were investigated without specific directions in a first step to obtain
general insights. With this, four types of activities commonly in primary schools
(cf. Figure 2.12) were identified by Loh and Fels (2021):



64 CHAPTER 2. Towards Child-Appropriate Noise Assessment Methods

Figure 2.12: Activity-based acoustic settings in primary schools (6-10 y/o).
a) b) 9 d)
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(orange) and children (blue) in primary schools. a) silent work, b) frontal teaching,
c¢) group work, and d) breaks. Figure adapted from Loh and Fels (2021).

e Frontal teaching - The teacher guides and controls activity and communica-
tion. Communication exists mainly between the teacher and an individual
child.

e Group work — The teacher supervises but does not control activity and
communication. Children are working in groups. The teacher remains in
the rooms and participates in discussions within individual groups or moves
from group to group. Communication is limited within groups.

e Silent work — Children work individually, and the teacher actively supervises
the situation. Communication is unwanted and, thus, almost non-existent.
The teacher controls the amount of accepted communication.

e Breaks — The teacher rarely interfered in the children’s activities. Com-
munication is not structured and is generally not limited in frequency,
interference, or space.

Younger age groups have been rarely examined in previous literature. Similar to
the classroom activity-based acoustic patterns, the preschool focus was on the
educator-children interaction and corresponding communication pathways. The
concept by Loh et al. (2023b) included four main activities for preschools (cf.
Figure 2.13):

e Free playtime — Children are free to choose their activity. Communication
is limited within groups of interacting children. There is little interaction
between groups since the subject of attention differs in each group. The
educator does not explicitly control or interfere with the situation.

e Guided playtime — Children are split into small groups with specific in-
structions on how to interact. The educator controls and supervises the
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situation by speaking to each group individually. Communication between
children is limited to the groups. Communication between groups is almost
non-existent.

e Group circle — All people are sitting in a circle. The educator guides and
controls the situation, hands over the right to speak, and no more than one
speaks simultaneously.

e Mealtime — Communication is not controlled. The educator takes turns
speaking to every group individually and giving instructions to the whole
group. Children are chatting uncontrolled within and between groups. Com-
munication is not limited.

Figure 2.13: Activity-based acoustic settings in preschools (3-6 y/o).
a) b) c) d)
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Note. Communication pathways of the speaking person (lines) between educators

(orange) and children (blue) in preschools. a) group circle, b) guided playtime, c)
free playtime, and d) mealtime. Figure adapted from Loh et al. (2023b).

2.6.1 Acoustic properties of ABAS

For the acoustic examination, eight classrooms from four primary schools and four
playrooms from three preschools were chosen for a detailed analysis based on the
four exemplary activities existing in the range of daily activities in primary schools
and preschools, respectively. The measurements were taken from the acoustic
inventory described in Section 2.3, where a third-party person was present during
the whole measurement period. Continuous monitoring was ensured, and detailed
activity protocols were recorded. Specific details on the measurement procedure,
ethical approval, data post-processing, and evaluation methods were reported
in the work by Loh et al. (2022b). For this study, only periods with children in
the room were evaluated. All data were post-processed using MATLAB and the
ITA toolbox (Berzborn et al., 2017) to extract the respective time frames of each
activity according to the activity protocol.
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Unweighted sound pressure level (Lz,cq), A-weighted sound pressure level (LA cq),
loudness (Nmean), and sharpness (Smean) were examined in this context. All pa-
rameters were computed using ArtemiS SUITE 14.3 by HEAD Acoustics (Her-
zogenrath, German) as described in Section 2.3.2. All time frames according to
the predefined activity were averaged to achieve a single value.

Binaural effects were included to account for a more natural hearing and sound
perception, as described in Section 2.3.2 (In-situ noise measurements) by con-
sidering the independent from direction components and calculating binaural
parameters for the adult and child HATSs (A-HATS,,, C-HATS.y, A-HATS rom,
and C-HATSprom ). For brevity and clarity of this thesis, only the results of the
average method were presented in detail, and the results of the prominent-ear
method were added to the appendix (cf. Appendix A.4) since both results did not
differ significantly. Significant differences were observed regarding the parameter
sharpness obtained from the child HATS, where the results tended to be higher
in the prominent-ear method than in the average method.

Preliminary results were partly presented at thelnternational Commission on
Biological Effects of Noise (ICBEN) 2021 (Loh & Fels, 2021) and published in a
conference paper at Inter-noise 2023 (Loh et al., 2023b).

2.6.2 Classroom ABAS

Concerning the average method, the lowest sound pressure levels (both A- and Z-
weighted) were found for frontal teaching and silent work, while breaks yielded the
highest SPLs (cf. Figure 2.14). Similar results were found for the psychoacoustic
noise parameter loudness.

It is noticeable that the A-HATS,, yielded the highest SPL, especially in A-
weighted SPLs, and loudness values compared to the other receiver devices.
In sharpness, though, values of the A-HATS,, were lower than those of the
C-HATS,, and the reference microphone. Values obtained from the reference mi-
crophone and the C-HATS,, were comparable for A-weighted SPLs and loudness.
In contrast, in Z-weighted SPLs and sharpness, the C-HATS,, revealed lower
values than the reference microphone.

In general, it can be stated that the results yielded different values for each
noise parameter concerning the different ABAS. However, the pattern comparing
the three receiver devices remained similar across all four ABAS in classrooms
with the specific observation that differences between reference microphone and
C-HATS,. were neglectable.
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Figure 2.14: Primary school ABAS: noise parameters (average method).
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Note. Comparing results of the four activities, each obtained from the reference
microphone (Ref), adult (A-HATS) and child head and torso simulator (C-HATS)

evaluated using the average method, respectively.
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2.6.3 Playroom ABAS

Comparing noise parameters between preschool and primary school activities, it
was observable that primary school activities yielded generally higher (A- and
Z-weighted) SPL, loudness, and sharpness values independent from the type
of activity (cf. Figure 2.15). Values of the activities group work and breaks
additionally exceeded 62 dB[Z], 60 dB[A], and 10 sone, while in preschools, these
values were not exceeded in any activities. Overall, differences in results between
the measurement devices from the primary schools were more pronounced than
in preschools. However, variation across activities was smaller in preschools than

in classrooms.

Overall, the lowest noise levels were observed for the activity group circle, while
the highest were found for mealtime independent from the receiver device. The
activities of free play and guided play showed similar results.

As observed for classrooms, the A-HATS,, yielded the highest values in (A-
and Z-weighted) SPLs and loudness as well as the lowest sharpness values when
comparing the three receiver devices. At the same time, results from the reference
microphone and the C-HATS,, were similar to each other. Also here, the pattern
of the relation between the three receiver devices remained comparable across
activities with one exception in Z-weighted SPL: towards higher Z-weighted SPLs,
the pattern with highest values for the A-HATS,, changed to highest values for
the reference microphone, while the relative value of C-HATS,, remained lowest
in all for activities.

2.6.4 Discussions on ABAS

For both educational institutions, differences in all four examined noise parameters
were found between the four categories of activity-based acoustic settings defined
by the adult-children interaction and communication pathways. As previously
assumed, the most controlled and supervised situation with little communication
paths (as given in group circles in preschools or silent work in primary schools)
yielded the lowest measured noise levels in (A- and Z-weighted) SPLs and loudness.
Activity settings with a high degree of freedom in communication, including many
interaction and communication pathways, revealed the highest noise levels in (A-
and Z-weighted) SPLs and loudness. As loudness is a psychoacoustic parameter
that was developed to give insights into the pleasantness and annoyance of an
acoustic situation, this might explain a more annoying perception of the acoustic
situation with regard to higher loudness values. These results were in line with
the observation from previous work (cf. Berggren et al., 2008; Picard & Boudreau,
1999; Shield et al., 2015) and added perspectives from a psychoacoustic point of
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Figure 2.15: Preschool ABAS: noise parameters (average method).
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view. However, the psychoacoustic parameter sharpness did not add information
on the differences between the four activity settings in both pre- and primary
schools. With this observation, it can be assumed that high-frequency sounds
contributed less to the overall activity-based acoustic situations. However, these
results are preliminary and must be validated with a subjective evaluation of the
individual acoustic settings compared to each other.

With respect to differences between the three receiver devices, preliminary results
by Loh et al. (2023b) were validated in this work:

[Generally| differences between the three measurement devices were found
in the results|, leading] to the assumption that parameters obtained using
the head and torso simulators can provide additional insights into the nat-
ural human sound perception, especially evaluated using the prominent ear
method commonly suggested by the research community (Bronkhorst, 2015;
van Wijngaarden & Drullman, 2008). Differences were observed compared to
the reference microphone [as well as| between the adult and child head and
torso simulators, which can be interpreted that different anthropometric sizes
between adults and children can lead to different sound perceptions, reflected
in all [four| parameters examined in this work aligning to the previous work
by Fels et al. (2004) and Fels and Vorlander (2009). [It] shows the importance
of considering binaural evaluation methods and measured signals with regard
to the individual anthropometric sizes when assessing sound perception from
children’s perspectives.

Results from this study are considered preliminary and require further
investigations into binaural evaluation methods and long-term evaluation pa-
rameters. There is little knowledge of how sound is perceived over a long time
with children. It is unclear whether children are affected by long-term exposure
to the same extent as adults. Furthermore, current psychoacoustic parameters
were developed based on studies with adults. It is unknown whether these

observations can be directly translated into children’s perceptions.

2.6.5 Concluding remarks on ABAS

Overall, we introduced two concepts of activity-based acoustic settings based
on the adults-children interactions and corresponding communication pathways
with regard to the predominant activities, one for classroom activities in primary
schools, i.e., regarding children from six to ten years old, and one for playroom
activities in preschools, i.e., children between three to six years old.

Analyses of the acoustic properties of ABAS confirmed assumptions that con-
trolled interaction and communication situations with fewer communication path-
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ways led to lower noise levels, reflected in (A- and Z-weighted) SPL and loudness
values (cf. Loh et al., 2023b). Additionally, it was observed that the impact of high-
frequency sounds in educational situations had less impact than expected since
children’s voices were considered to contain more high-frequency components
than other noise sources in the educational context. Finally, results from this
work indicated the importance of integrating binaural measurement and evalua-
tion methods into sound perception assessment using HATS to reflect children’s
noise perception more appropriately. Binaural methods can add insights to the
commonly applied procedures using mono and omni-directional microphones.

2.7 Insights on Child-Appropriate Noise Assessment

This dissertation compared room acoustic and in-situ long-term measurements
using head and torso simulators with different anthropometric sizes to investi-
gate possible effects on children’s noise perception. In general, it was found that
overall room acoustics in German classrooms and playrooms could be improved
to meet guidelines for ’good acoustics’ by introducing acoustic treatments for
high-frequency sound absorption and controlling reverberation times and speech
intelligibility. Regarding long-term measurements, it was observed that psychoa-
coustic parameters can complement insights derived from SPL-based parameters.
Additionally, differences in sound measurements using head and torso simulators
with adults’ compared to children’s anthropometric size indicated some benefit in
characterizing in-situ noise measurements, especially concerning higher frequency
reflected in some psychoacoustic parameters, e.g., sharpness.

These differences in the higher frequency spectrum were specifically observed
when examining the room acoustic parameters and in the long-term in-situ
measurements with respect to the frequency bands between 250 Hz and 16 kHz.
Within these investigations, it was found that specific room acoustic parame-
ters, such as Csp, Dso, and Ts, were more sensitive to differences due to the
anthropometric sizes of head and torso simulators than other parameters, such as
the reverberation times Tso, T30, and EDT. Additionally, findings from detailed
examinations of the STI and TACC revealed that single-value parameters might
mask potential differences in the higher frequency spectrum when measuring
using head and torso simulators. This is especially essential when interpreting
results from children’s perspective, where differences due to the different an-
thropometric sizes compared to adults were primarily observed in the higher
frequency range. Though STI is conceptualized as a single-value and binaural
version of the STI is capable of indicating differences between adult and child
HATSSs, it was found beneficial to investigate the frequency bands by examining
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the modulation transfer indices (MTIs), which can additionally reflect differences
across the whole frequency bands that were introduced by the differences be-
tween the HATSs. These findings were underlined by investigating the long-term
measurements concerning the psychoacoustic and SPL-based parameters, taking
the different frequency bands into account. Binaural versions of the psychoa-
coustic parameters added insights to the interpretation of noise perceptions of
children compared to adults. The frequency response curves of the long-term
measurements obtained from adult and child HATSs and the omnidirectional
reference microphone explicitly revealed the differences in the higher frequencies,
which explained the differences in the psychoacoustic parameters. The benefit of
noise assessment using psychoacoustic parameters over level-based parameters
was further underlined by investigating the correlation of subjective noise ratings
using the INCH questionnaire and the noise parameters studied in this disserta-
tion. Results revealed more correlations between psychoacoustic parameters and
subjective noise ratings than level-based parameters.

The hypothesis that educational activities in pre- and primary schools can signif-
icantly influence noise levels was examined in detail within this dissertation by
introducing concepts describing activity-based settings from an acoustic point
of view. The activities were investigated, focusing on adult-children interaction
and communication pathways, which introduced a systematic way to compare
activities besides the common way of classifying activities in the educational con-
text. With this, measurement results confirmed assumptions that activities with
controlled and less communication pathways led to lower noise levels regarding
the level-based parameters and the psychoacoustic parameter loudness. However,
differences in high frequency were found to have less impact when examining noise
levels in terms of activities, though differences between adult and child HATSs
were still observed and can add insights on interpreting the noise perception of
children in comparison to adults.

However, results from this dissertation are considered preliminary and require
further investigations on children’s perceptual evaluations of room acoustic and
noise parameters. All acoustic parameters examined in this dissertation were
developed from an adult point of view. It is unclear whether children would reveal
similar perception ratings regarding the room acoustic and noise parameters
when the same analyses were conducted with children participants, and thus,
whether objective noise assessment using current room acoustic, level-based, and
psychoacoustic parameters is valid for children. This dissertation mainly revealed
differences in the physically measured signals when including head and torso
simulators with different anthropometric sizes in the measurement procedures and
that these can be reflected in the acoustic parameters under specific conditions.



Children’s Auditory Cognition in Noise

This chapter presents the development of a child-appropriate paradigm on inten-
tional auditory selective attention switching for children three to ten years old.
Three studies were conducted to 1) validate the newly developed paradigm, 2) to
investigate age effects for young children and at which point the paradigm can
reliably examine intentional switching of auditory selective attention and when
this cognitive function could be considered fully developed, and 3) to examine
health effects reflected in heart rate variability changes when exposed to noise
in an auditory cognition paradigm.

Parts of this chapter have been published in Loh et al. (2022a), have been sub-
mitted to Scientific report by Naure (Loh et al., 2024) and was presented at
Euronoise 2021 in Madeira including a contribution to the proceedings (Loh
et al., 2021).

3.1 State of the Art

Parts of the following literature research have been published previously in Loh
et al. (2021) and Loh et al. (2022a), and was submitted to Loh et al. (2024) for
review. For clarity and completeness, the state of the art has been summarized
and limited to the context of the dissertation.

Intentional Switch of Auditory Selective Attention

For this dissertation, a cognitive function was chosen that is part of the auditory
abilities within the cocktail party effect. The cognitive control of intentional
switching of auditory selective attention in spatial acoustic setups and complex
acoustic environments represented a good choice and has been extensively ex-
amined in previous studies conducted with adult participants (Koch et al., 2011;
Lawo et al., 2014; Nolden et al., 2019) as summarized by Loh et al. (2022a):

The authors measured reaction times and error rates to analyze attention
switch costs and information processing interference. They used a paradigm
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comprising two auditory stimuli (numbers from one to nine without five) that
were simultaneously presented to each ear. One of them was indicated as
the target stimulus using a preceding cue. The participant’s task was then
to solve the categorization task (smaller or larger than five) by selectively
attending to the target stimulus. With this paradigm, effects due to attention
switch were observed when the target’s position changed from left to right
ear or vice versa in contrast to repeating the target’s position. The ability
to select relevant information is reflected in the congruency effect. In one
trial, stimuli presented by both target and distractor could be either from the
same (congruent) or from different categories (incongruent). The congruency
effect is thus defined as the differences in responses between incongruent and
congruent trials.

Results from these investigations lead to two main findings: On the one
hand, auditory attention switches lead to higher reaction time (RT) and worse
performance in error rate (compared to repetitions of the attention focus). The
so-called attention switch costs are interpreted as a cost to resolve interferences
caused by switches of attention. On the other hand, a consistent congruency
effect in error rates indicates delayed filter choices during attention switches,
which results in worse performance when target and distractor stimuli are

from different categories.

Children’s Auditory Selective Attention

Since children cannot be considered small adults, it is necessary to understand the
differences between adults and children. Loh et al. (2022a) summarized findings
on children’s auditory selective attention as follows:

Children’s selective attention was broadly examined in previous research
(Doyle, 1973; Huang-Pollock et al., 2002; Roer et al., 2018). Early theories of
selective attention(e.g., Broadbent, 2013) state that incoming information is
filtered by basic features before processing semantic content. However, further
studies added insights to the early filter theory (Deutsch & Deutsch, 1963;
Treisman, 1969) and led to the challenge to better understand the interplay of
selective attention and external influences. Different paradigms were therefore
introduced to examine abilities to select relevant information and attention
control by blocking involuntary attention shifts in particular.

Children’s auditory selective attention was specifically analyzed by Doyle
(1973) in a dichotic listening experiment with the task to remember and to
repeat words presented by a target in the presence of distracting. She observed

that younger children (8 years old) have less ability to focus and to inhibit
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irrelevant information than older children (11 years old). In conclusion, the
cognitive ability to distinguish between relevant and irrelevant information
did not seem to be fully developed by the age of eight.

Regarding the inhibitory control of attention switching, studies by Dibbets
and Jolles (2006)and A. Peng et al. (2018) showed that there was no lack of
inhibitory control for young children. Children were not worse than young
adults in attentional flexibility. Roer et al. (2018) added to these observa-
tions examining children’s inhibitory control in the auditory domain, and
the influence of irrelevant stimuli. Their results align with studies where a
higher susceptibility to distracting sounds in children compared to adults was
observed (for a review, see Klatte et al., 2013). In general, results from these
studies revealed higher performance costs for children in comparison to adults,
while cognitive flexibility remained similar. Additionally, Huang-Pollock et
al. (2002) found these performance differences between children and young
adults. However, they concluded that the mechanisms for selective attention
are already fully developed at an early age. Presumably, performance differ-
ences depend on the perceptual load at that stage of information processing
at which attentional selection occurs. Another explanation could be that the
executive functions or abilities to resolve conflicts were not fully developed at
the age of 7-8 years old (Dibbets & Jolles, 2006; A. Peng et al., 2018).

In sum, previous research revealed similar auditory attention flexibility for
children and young adults. It was found that the ability to focus on relevant
information and to ignore irrelevant information develops in early childhood
and improves with increasing age. Moreover, performance differences between
children and adults were mostly introduced by less developed abilities to

process information sufficiently.

Intentional Control of Auditory Selective Attention in Spatial
Hearing

The experiments on intentional switching of auditory selective attention were
incrementally adapted towards spatial and sound reproduction methods as de-
scribed by Loh et al. (2022a):

To reach higher ecological validity, sound reproduction for listening exper-
iments needs to be more realistic and plausible than in dichotic listening
experiments, providing an acoustic scene that meets the listener’s expectation
(Lindau & Weinzierl, 2012). Dichotic listening experiments are highly artificial
and cannot reflect real-life listening appropriately. Natural hearing implies,
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among others, the spatial distribution of sound sources, the possibility of bin-
aural hearing with two ears, and connected cognitive benefits. For this reason,
the study by Oberem et al. (2014) extended the dichotic listening paradigm by
Koch et al. (2011) to a binaural-listening paradigm on intentional switching of
auditory selective attention. On the one hand, they presented sound spatially
via a setup with real loudspeakers distributed around the participant. On
the other hand, spatial sound sources were first simulated using head-related
transfer functions (HRTFs), incorporating spatial information, in a virtual
acoustic environment, and then presented via headphones. These spatial sound
reproduction methods lead to more plausible sound perception in contrast
to a simple headphone representation in dichotic listening experiments with
mono-signals on the left and right ear each (Oberem et al., 2016).

In general, comparable results to the dichotic listening paradigm have been
found in this study (Oberem et al., 2014). Both significant switch costs and sig-
nificant congruency effects in reaction time and error rate have been observed
and underline the conclusion by Koch et al. (2011). A major advantage of
this binaural listening paradigm was the possibility to examine the influence
of spatial separation on attention switch and the ability to select relevant
information more differentially. Target’s location now can adopt even more
realistic positions such as front and back beside left and right or even more
specific positions such as front-right and back-left. Results from this study
and further studies using this binaural listening paradigm (Oberem et al.,
2017, 2018) revealed a significant effect of the target’s position as well as tar-
get—distractor position combination in space. For example, worse performance
was found for target and distractor positions in front and back compared to
positioning at the left and right sides.

hild-Appropriate Spatial Sound Reproduction in Listening Ex-

periments

Previous research on intentional switching of auditory selective attention with

spatial acoustic setup has mainly focused on young adults (18-35 years) and
elderly adults (60-75 years) (Oberem et al., 2014, 2016, 2017, 2018). There is

lit

tle knowledge about whether these findings can be transferred to children since

no study to date has examined this cognitive ability in children in comparison

to

er.

adults as described by Loh et al. (2022a). They also pointed out which consid-
ations are required when taking sound reproduction methods appropriate for

children into account (Loh et al., 2022a):
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[...] Real-life comparable listening in experiments includes more than the
spatial distribution of sound sources. It also comprises plausible sound repro-
duction methods that consider natural (binaural) hearing cues provided by
the head and body of an individual person. Differences in anthropometric
sizes of head and body lead to different variances in the head-related trans-
fer functions, which are caused by shadowing, diffraction, and reflection of
the sound. Thus, plausible sound reproduction is crucial for the outcome of
listening experiments. For example, participants reacted faster and achieved
higher accuracy in auditory localization experiments when plausible sound
presentations were used (Mgller et al., 1996). In other words, if participants
can utilize natural cues provided by binaural hearing, performance in listening
experiments will increase.

[..] This fact was also investigated regarding the intentional switch of audi-
tory selective attention. Oberem et al. (2014) investigated not only the effect
of spatial sound source distribution but also different types of plausible sound
reproduction methods. They compared, among others, real sources positioned
around the participants in contrast to headphones presentation. The latter
included individualized head-related transfer functions that were measured
individually per participant incorporating their individual anthropometric
head and body. In addition to previous studies, the results revealed significant
benefits if more natural sound reproduction methods were chosen.

[...] In terms of children, smaller anthropometric sizes of head and ear are
noticeable in comparison to adults. These size differences lead to significant
differences in head-related transfer functions and therefore conclude in dif-
ferent sound perceptions (Fels et al., 2004; Fels & Vorldnder, 2009). With
this in mind, it is essential to include individualization processes in sound
reproduction in the listening experiment implementation. For example, these
individualization processes adjust head-related transfer functions (Bomhardt
& Fels, 2014) according to children’s smaller head and ear sizes. Thus, it is
possible to provide a more plausible sound perception for children.

[-..] Spatial hearing becomes possible mainly through binaural and monau-
ral cues, such as interaural time and level differences and spectral information
provided by the head shape and pinna. These are especially important when
localizing and identifying sound sources in a spatial setup (Blauert, 1997). It
must be noted that these were not available in traditional dichotic-listening
paradigms. Interaural time and level differences (as binaural cues) are mainly
important to locate in the horizontal plane. Spectral cues (as monaural cues)
are required to accurately resolve sound origins in challenging situations when,

for example, sound sources are situated in a front-to-back configuration. In
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terms of children, differences in anthropometric sizes might lead to the as-
sumption that also a smaller range of binaural cues is available for children
compared to adults. That means that smaller head sizes result in smaller
interaural time and level differences, as well as that smaller pinna sizes and
shapes provide less spectral cues for children in comparison to adults. There-
fore, it might be expected that the binaural and monaural cues arriving at
the ears of children are less pronounced, so that children cannot use them
to a full extent as adults can. In previous research, localization precision of
children at the age of 4-5 years old has been studied using a real-life setup
with loudspeakers in the context of the precedence effect (Litovsky & Godar,
2010; Litovsky et al., 1999). By using a design with surrounding loudspeakers,
it can be assumed that the participants were able to use their individual
binaural and monaural cues to the full extent as given naturally. Even though
the localization accuracy of children was lower than that of adults (minimum
audible angle [MMA|] = approx. 10.2° vs. approx. 3.6°), the results in these
studies indicated comparable localization abilities in a perceptual context
(Litovsky & Godar, 2010). If choosing spatial positions above the MMA, it
can be assumed that the available binaural and monaural cues for children
are sufficient to localize in a perceptual context. In the context of auditory
selective attention in a spatial setup, the question arises whether cognitive

processes are involved besides the given physical cues |...].

Heart rate variability and physiological stress

To meet higher ecological validity in listening experiments, especially in terms of
children, influences caused by the experimental setup should be minimized. The
usage of unobtrusive measurement methods for physiological parameters, which
do not constrain participant movement during the experiment, is undeniable.
There is a wide range of commercial products to measure heart rate available for
everyday usage with minimal intrusion into everyday activities, such as wearable
devices measuring electro-cardiogram data using wireless electrodes (Rodrigues
et al., 2022).

HRYV parameters, as they were used in this dissertation, were considered to reflect
noise-induced bodily stress reactions due to the fight-or-flight response by Mc-
Carty (2016). The parameters can be separated into time- and frequency-domain
HRV parameters since frequency-based HRV parameters are more prone to error,
such as measurement disturbance due to body movements (Lackner et al., 2020),
and some of them were not recommended for the interpretation of short-term
measurements (Chemla et al., 2005), frequency-based HRV parameters were not
investigated in this dissertation. In terms of the time-domain HRV parameters,
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only those suitable to examine ultra-short-terms were considered: meanHR and
meanNN for about 10s(cf., Baek et al., 2015; Salahuddin et al., 2007; Shaffer
et al., 2016), StdNN (Munoz et al., 2015; Wu et al., 2020) and StdHR (Cipresso
et al., 2019) for about 30s, and RMSSD (Kim et al., 2021; Munoz et al., 2015)
and pNN50 (Kim et al., 2021) for approx. 10s. The parameters SD1, SD2, and
SD1/5D2 are derived from the Poincare plots visualizing the distribution of
differences between RR intervals. SD1 was found to be suitable for time frames
of 15s (Schaaff & Adam, 2013) and SD2 for 90s (Shaffer et al., 2016). SD1/SD2
were found reliable for time frames of 30s (Wu et al., 2020).

3.2 Children’s Intentional Switching of Auditory Selective
Attention

The paradigm to investigate intentional the switch of auditory selective atten-
tion was brought into focus to examine children’s cognition in complex acoustic
environments in educational buildings, as this cognitive function (as it was ex-
amined by Oberem et al. (2014)) was considered essential to listen and perform
in complex acoustic environments successfully. The paradigm by Oberem et al.

(2014) was adapted and extended with features appropriately for children aged
three to ten years. It was further ensured that children could solve the paradigm
task and that their motivation was maintained throughout the experiment. This

section presents the base paradigm to examine intentional switching of auditory
selective attention in children and all extensions, including aspects of complex
acoustic scenes and methods to appropriately reflect children’s hearing as close
to real life as possible. Parts of this section were previously published in Loh
et al. (2022a) and are submitted for review in Loh et al. (2024).

This dissertation presents the application of this child-appropriate paradigm in
three studies investigating the influence of noise, the spatial distribution of sound
sources as essential components of complex acoustic environments, and the age
and health effects corresponding to these two aspects. For brevity and precision
of this work, the short reference names of each study are indicated in brackets
in the following list:

1. Validation study including primary school children and adults
(ChildASA - Validation study) in Section 3.3.

2. Preschool study examining age and developmental effects
(ChildASA - Preschool study) in Section 3.4.

3. Study on physiological and cognitive noise effects in children
(ChildASA - Noise study) in Section 3.5.
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3.2.1 Stimulus material

For the ChildASA - Validation study, a first version of the speech material was
developed as described in the work by Loh et al. (2022a):

[It] consisted of eight German animal names that could be categorized
easily as flying or nonflying. Each word contained two syllables, and all were
phonetically dissimilar words (English translations in brackets): Biene (bee),
Ente (duck), Taube (pigeon), and Eule (owl) versus Katze (cat), Ratte (rat),
Schlange (snake), and Wanze (bug). The [first version of the| speech material
was spoken by one female adult (24 years old) and by one female child (7 years
old), both native German speakers.

[It] was recorded with a Zoom H6 hand-held recorder and a diaphragm
condenser microphone Neumann TLM 170 (cardioid directivity pattern) under
anechoic conditions at 24-bit resolution and 44.1 kHz sampling rate. A time
stretching algorithm in the open-source program Audacity was used to adjust
all stimuli to the same length of 600 ms (max. modification of length: 39.8%).
This length adjustment procedure ensures that all stimuli started and ended
synchronously when presented at the same time. All stimuli were further
equalized in loudness following the German standard DIN 45631/A1 (DIN
e.V., 2010). The loudness of a signal was then calculated using the Zwicker
algorithm, which also considers the time-variant properties of a signal and
is more correlated to the human subjective evaluation of a signal’s specific
loudness. The loudness of all signals was then adjusted iteratively to each
other based on the computed loudness parameter. [...] The choice to have a
female adult speaker, a female child speaker, and a speech-shaped noise with
a long-term frequency spectrum of children was made to represent aspects of
daily life in educational institutions in a real-life a manner as much as possible

(in Germany, most primary school teachers are female).

The first set of stimulus material unintentionally comprised the stimulus Wanze
(English: bug), which cannot be categorized unambiguously. Though no signifi-
cant difference between the stimuli was found in the first study validating the
paradigm for primary school children, it was decided to create a new set of stimu-
lus material without the stimulus Wanze. Aiming to also address preschool sound
environments, children younger than six years old were included as speakers as
described in Loh et al. (2024):

[Therefore, the second version of the| speech material [similar to the first
version| consisted of eight German animal names containing two syllables, all
considered phonetically dissimilar. The animal names could easily be distin-
guished as flying or nonflying: Biene (bee), Ente (duck), Taube (pigeon), and
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Eule (owl) versus Katze (cat), Ratte (rat), Schlange (rat), Robbe (seal). A
female adult speaker and a male child speaker spoke each set of animal names.
[...] Detailed information on generating the [stimuli material] can be found in
the technical report via https:/doi.org/10.18154/RWTH-2023-00740.

To address effects of room acoustics (e.g., unfavorable reverberation time starting
from Too = 0.8s as stated by Astolfi et al. (2019b, 2019a)), a stimuli length
longer than 600ms (as in the first and second version of the speech material)
was required. Therefore, The stimuli were extended in the next increment of the
paradigm design with the two-syllable words indicating the size of the animal
presented as the stimulus. It could be either Grofe (English: big) or Kleine
(English: small). These words were recorded as part of the second version of
speech material as provided in https:/doi.org/10.18154/RWTH-2023-00740.

When noise was applied in the study, a speech-shaped noise with a long-term
frequency spectrum of children (age: 56 years old) was presented at all four
noise positions simultaneously (cf. Figure 3.1, right). The recording details to
achieve the long-term frequency spectrum of preschool children can be found in
the technical report via https:/doi.org/10.18154/RWTH-2023-00740).

The SPL of all four noise positions and the individual target and distractor were
calibrated to the following SPLs in each study as indicated in Table 3.1.

Table 3.1: Noise and stimuli SPL calibration of each study.

Individual T & D Noise
Study name SPL Total SNR
ChildASA - Validation study 65 dB[SPL] +6dB
ChildASA - Preschool study 64 dB[SPL] 0dB
ChildASA - Noise study 64 dB[SPL] Condition 1: 0dB

Condition 2*: +6dB

Note. T = target; D = distractor. *examined only in the study with adults,
and not further investigated in this dissertation.

3.2.2 Task

Comparable to the speech material, the task evolved incrementally. First, the task
from the work by Oberem et al. (2014) was adapted appropriately for children
as presented in Loh et al. (2022a) and was used in the ChildASA - Validation
study:


https:/doi.org/10.18154/RWTH-2023-00740
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[Two stimuli were presented simultaneously,] one of them being he target
(T) and the other one being the distractor (D)[. They| were spoken by different
speakers, [e.g.,] the target was the female adult voice and the distractor was
the female child voice or vice versa. The decision of which voice was applied
to the target and the corresponding distractor was made in a randomized
manner and changed from trial to trial. Target and distractor were always
located at two different and never collocated positions. They could be situated
at two of the four possible positions (cf. Figure 3.1, center).

The participants’ task was to identify and to categorize the spoken target-
stimulus correctly while ignoring the distractor. [...] The target’s position
was previously indicated using a visual cue (see Figure 3.2.a) displayed on a
monitor (22-in. screen, 1.3 m distance). To support children’s imagination of
space, the scene was shown from an elevated position behind the listener in
the cue. Thus, children can directly identify themselves with the character in
the center and project the target in the corresponding direction |[...]. The two
categories, flying or nonflying, were mapped to two response buttons, which
were held in the left and right hand each and pressed by the left and right
thumb, respectively. The response mapping was always visible on the bottom
of the cue represented as the wing, for flying, and the paw, for nonflying (see
Figure 3.2.a).

Figure 3.1: Setup of virtual sound sources and receiver position (from Loh et al.,
2022a).

Note. Left: Listener positioned in the center surrounded by eight possible sound
source positions. Center: Possible target and distractor source positions are
marked in green. Right: Noise positions are marked in orange.

For the ChildASA - Preschool study, version two including coloration of the
respective buttons was introduced to allowed better identification of the buttons
(cf. Figure 3.2.b). In the ChildASA - Noise study, the animal names were extended
with the words Grofle (English: big) and Kleine (English: small), which resulted
in four possible response options: big flying, big nonflying, small flying, and small
nonflying. The third version of the cue was introduced as shown in Figure 3.2.c.
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Hereby, flying and nonflying were balanced to the left and right, and big and
small were matched to the top and bottom of the cue, respectively.

Figure 3.2: Child-appropriate cue indicating the target’s position.
a)

Note. The blue character in the center represents the listener and the green one
shows the direction to focus on. a) 1°° version (from Loh et al., 2022a), b) 274
version (from Loh et al., 2024), c) 3*¢ version.

The process of an individual trial including the task was described by Loh et al.
(2022a) as follows:

Each trial started with the onset of the visual cue. After 500 ms, the cue-
stimulus-interval, target and distractor were simultaneously presented while
the visual cue remained displayed. From this point on, the [reaction time
(RT)] was measured until the participant gave a response. Immediately after
the response, the feedback was given by either a happy smiley (correct answer)
or a sad smiley (wrong answer) in a feedback interval lasting 500 ms. Between
feedback and the next cue, the intertrial interval, a fixation cross was shown
for 500 ms. Then, the next trial started with the onset of the next cue. [...]
The schematic procedure of a trial is shown in Figure 3.3.

3.2.3 Gamification

To ensure reliable cognitive results, it was necessary that children maintained a
sufficient level of motivation and stayed focused and attentive throughout the
whole experiement. For this purpose, several gamification element were added
to the paradigm and the experiment progress, as described in the work by Loh
et al. (2022a):

An extended feedback system was designed to reflect the performance of a
participant in every task directly. [... It] integrated a progress visualization in
the experiment in order to maintain an appropriate motivation level during
the whole experiment |[... and the| total performance during one block was
implicitly displayed to the participant during the breaks. They could receive



84 CHAPTER 3. Children’s Auditory Cognition in Noise

Figure 3.3: Example of a trial structure including all interval durations (from
Loh et al., 2022a).

Cue
(trial n+1)

ﬂf_ Inter-trial
n interval
Button press
«®
o
7

T&D
presentation

3
Cue N <«
(trial n) 0%\’/

Note. CSI = cue-stimulus-interval; RT = reaction time; FI = feedback-interval;
ITI = intertrial-interval.

three to five out of five stars, depending on their error rates per block. Every
participant got at least three stars. If they achieved less than 20% errors, they
received four stars. If they reached less than 10% errors, it was indicated with
five stars. Furthermore, the overall progress in the experiment was displayed
by an increasing number of colorful stickers. They were collected per block
throughout the experiment

This feedback system was used in all studies except in the ChildASA - Preschool
study. Children younger than six years old were expected to loose motivation and
attention even faster than children older than six years old, as explained in the
work by Loh et al. (2024):

[The] story and game elements were refined according to the age of three to
six. Valkenburg and Piotrowski (2017) inspired to integrate a main character
leading through the experiment, explaining each step of the preparational part
as well as the task and reflecting the process within the experiment using a
narrative storyline.In this [work], a plush rabbit toy with long ears was chosen
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and introduced to the children as Hasi from the MobiLab (Hasi: German pet
name for a rabbit) on the first day in the daycare centres so that children
could get familiar with it. Hasi was supposed to go on a listening adventure
across different stops with the children to see how well they could hear. Each
stop comprised another topic, e.g., the zoo or the fire brigade. During the
preparational part, Hasi was physically going along with the procedure, and
when the instruction on the monitor started, Hasi was shown on the monitor
(cf. Figure 3.4.a).During the experiment, the children collected stickers for

every ten completed trials. With increasing numbers of stickers, the process
within one block was reflected. Additionally, the six blocks were visually shown
in a progress map as Hasi travelling from block to block (cf. Figure 3.4.b). |[...
Direct] feedback was [also adapted and| provided to the participant for every
individual response in each trial: Hasi was shown with a smiling or sad face.
This was combined with an overall performance per block displayed [in the
same manner as in the base feedback system| implicitly during the breaks(Loh
et al., 2024).

Figure 3.4: Child-friendly experiment components (from Loh et al., 2024).
a) b)

R

Note. a) Hasi the main character, b) Illustration of the storyline.

3.2.4 Binaural reproduction

A major objective of this dissertation was to integrate aspects of children’s
hearing as close to real life as possible. For this, it was necessary to adjust the
sound reproduction methods for the virtual sound environment accordingly, as
described in the work by Loh et al. (2022a):
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The acoustic virtual environment for the listening experiment was imple-
mented using the Virtual Acoustics integration for MATLAB [(Berzborn et
al., 2017)]. To ensure a plausible perception of the virtual sound sources, an
individualized set of head-related transfer functions (HRTF) was calculated
based on the participant’s individual head dimensions (head width, height, and
circumference), cf. Figure 3.5 from right to left]) by modifying the interaural
time difference cues following Bomhardt and Fels (2014) and the HRTF set of
the ITA (Institute of Technical Acoustics, now known as IHTA, Institute for
Hearing Technology and Acoustics, RWTH Aachen University) [adult] artifi-
cial head (Schmitz, 1995). In other words, the standard HRTF set is morphed
according to the individual head dimensions and is more comparable with
the individual HRTF set if it would be measured. A static binaural repro-
duction via open headphones (Sennheiser HD 650) was chosen for this study
using a robust headphone equalization following Masiero and Fels (2011).
Hence, six headphone transfer functions of every participant were measured
using Sennheiser KE3 microphones placed at the entrance of the blocked ear
canal using exponential sweeps. After every measurement, the participant was
asked to readjust the headphones. All measurements were averaged, and the
equalization was finally realized as a minimum-phase filter.The virtual sound

sources were set up in a free field condition and at a two-meter distance to
the participant. In total, eight virtual sound source position in the horizontal
plane were simulated (see Figure 3.1, left). Four out of these eight positions
(front at 0°, right at 90°, back at 180°, left at 270°) were intended as possible
source positions for the target and distractor (cf. Figure 3.1, center). The re-
maining virtual sound source positions (at 45°, 135°, 225°, and 315°) simulated
a surrounding noise (cf. Figure 3.1, right).

3.2.5 Room setup

All listening experiments presented in this dissertation took place in the mobile
hearing laboratory, MobiLab (see Figure 3.6). The details were described by Loh
et al. (2022a):

The listening experiment took place in a mobile hearing laboratory, MobiLab.
The MobiLab is a modified trailer, including an acoustically optimized hearing
booth. It can be easily set up close to institutions where participants are
available (e.g., schools) to allow on-site listening experiments. The hearing
booth (I x w x h = 1.86m X 32.40m x 31.77m) ensured a quiet environment
during the listening experiment with a sound reduction index R,, = 35dB
(Pausch & Fels, 2019). For the [studies]|, the Mobi-Lab was positioned [close to]
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Figure 3.5: Measurement procedure for the ITD individualization process (from
Loh et al., 2024).(from Loh et al., 2022a).

Note. Right: head width; Center: head height; Left: head circumference.

the cooperating [educational institutions| ’s schoolyard [or playgrounds| and
was not moved until data collection [with all participants| was finished. The
[cooperating educational institutions were mostly| situated in a residential

area with moderate traffic.

3.2.6 General procedure

The procedure was adapted slightly for every study to align with the expectations
and requirements of each cooperating educational partner. However, a common
procedure was carried out in every study, as described in the work by Loh et al.

(2022a):

[In general, every| participant was tested individually, and the procedure
started with a preparational part that included the audiometry, the individual-
ization process, and the headphone equalization. Preceding the experimental
part, a recorded, spoken, and written instruction (shown on the monitor) in-
cluding three practice blocks each was presented to every participant. In the
first training block, the participant practiced the categorization task. In the
second training block, the categorization task was combined with the spatial
localization of the target. The distractor was still absent, meanwhile. Finally,
in the third training block, the distractor was added; thus, the complete
task was trained. Additionally, all participants were instructed to respond
as fast and accurately as possible.All participants, including children and

adults, had [generally] no problems understanding the task and during the



88 CHAPTER 3. Children’s Auditory Cognition in Noise

Figure 3.6: Mobile Hearing Laboratory "MobiLab" (from Loh et al., 2022a).

b)
Note. a) A preschool participant together with Hasi (from Loh et al., 2024).
b) Left: MobiLab from the outside on a primary school playground; Right: A
primary school participant running the experiment (from Loh et al., 2022a).

practice sessions|, otherwise it is reported specifically in the section of the
study]. Individual feedback after the experiments revealed that the three-step
introduction and training phase was beneficial. However, neither children nor
adults had questions during the introductory session and continued immedi-
ately with the main experiment after a short break|, otherwise it is reported
specifically in the section of the study].

3.2.7 General experiment design

Cognitive performance of intentional switching of auditory selective attention was
measured according to the following factors and corresponding levels provided
by the task and stimuli, as described by Loh et al. (2022a, 2024):
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Attention transition (AT) The cues of two consecutive trials could either
indicate the target on the same spatial position (e.g., left-left), i.e., the auditory
attention focus is repeated (denoted as repetition), or on different spatial positions
(e.g., left-right), i.e., the auditory attention focus is switched (denoted as switch).

Figure 3.7: Factor Attention transition (AT).

Repetition

Switch

Congruency (C) Stimuli presented by the target and distractor speakers could
be either from the same category (denoted as congruent, e.g., both animals could
fly) or from different categories (denoted as incongruent, e.g., the target animal
could not fly, and the distractor animal could fly).

Concerning the stimuli containing two words (big or small combined with an
animal name), a third category, semi-congruent, was introduced. Both words from
the target and distractor were from the same category (congruent), and both
words from the target and distractor were from different categories (incongruent).
If the category of one word from the target overlaps with the distractor and the
category of the other does not, it is considered semi-congruent.
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Figure 3.8: Factor Congruency (C).

Congruent Incongruent

b)

Note. a) Base categories. b) Extended categories concerning the double word
stimuli: Left - congruent, center - semi-congruent, right - incongruent; Groffe =
big; Kleine = small.

Target-distractor-position combination (TDPC) The four possible source
positions resulted in three categories of how the positions of the target and dis-
tractor could be arranged to each other: 1. target and distractor were positioned
on the left and right side of the listener (left-right, LR), 2. target and distractor
were positioned on neighboring positions (Next), and 3. target and distractor
were positioned in the front and the back of the listener (front-back, FB). From
an acoustic perspective, the difficulty of locating sound sources within categories
one to three could be considered incrementally increasing, e.g., the front-back
combination represents the median plane as part of the cone of confusion, where
sources are hard to localize and distinguish.

Noise (N) Noise was presented in a surrounding manner simultaneously from
all four noise source positions in between the target and distractor source positions.
The noise playback started at the beginning of a block and ended after completing
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Figure 3.9: Factor Target-distractopr-position combination (TDPC).
Left-Right Next

Front-Back

a block in the first study, ChildASA - Validation study, i.e., the participants could
stop the noise by responding and pressing the buttons. To avoid participants’
control over the noise in the following studies, the noise was presented continuously
during a noise block and stopped when the break started.

Four identical noise signals were played, and they were overall presented (in
summation) at a signal-to-noise ratio (SNR) of +6 dB (equal loudness for noise
and target) in the ChildASA - Validation study, which was chosen according
to Stellmack et al. (1997). The resulting noise signal was separately calibrated
with respect to the target and distractor SPL to ensure the defined SNR of the
respective study. In the ChildASA - Preschool study, the SNR was 0 dB, and in
the ChildASA - Noise study, the SNR was +6dB dB

3.3 Child-appropriate Paradigm Validation Study

The ChildASA - Validation study, as it is presented in this dissertation, was
published in Loh et al. (2022a). This study aimed to validate a newly devel-
oped paradigm that appropriately investigates children’s intentional switching of
auditory selective attention as described in the work by Loh et al. (2022a):
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It should incorporate realistic acoustic situations in educational buildings,
such as classrooms, including room acoustics, spatially distributed sound
sources, and background noises. For this purpose, a child-appropriate ver-
sion of the binaural-listening paradigm was developed, which is comparable
to the paradigm by Oberem et al. (2014).

In this child-appropriate paradigm, knowledge on numbers and the classi-
fication task (regarding the number five) were discarded to meet children’s
cognitive ability and knowledge. The categorization task was simplified to
flyingor nonflyingusing well-known animal names as stimulus material. This
simplification was decided following the suggestion by Rueda et al. (2004),
stating that children must more likely cope with problems in understanding
the task and the response code.

An extended feedback system was designed to reflect the performance of a
participant in every task directly. Children will, therefore, not be discouraged
by too many errors, and participants are always aware of the result from a
given input. This extended feedback system further integrated a progress vi-
sualization in the experiment in order to maintain an appropriate motivation
level during the whole experiment, especially in children. Additionally, colorful
pictures and childish game elements were used to meet the expectations of
a computer game, which is more attractive and motivating for children. In
consideration of realistic sound environments, this study addressed the topic
of plausible sound reproduction in the field of listening experiments with chil-
dren, in contrast to how listening experiments are conducted until nowadays.
Different anthropometric sizes of children and adults were considered in the
binaural sound reproduction so that a plausible perception of sound in space
was guaranteed for all age groups. Furthermore, a noise condition was added
in contrast to the no-noise condition to examine background noise effects on
intentional attention control of adults and particularly in children. A station-
ary noise filtered with the frequency spectrum of children’s speech was chosen.
It was presented with low noise levels to obtain first insights.

To summarize, this work’s objectives were threefold: First, the newly devel-
oped paradigm is validated as suited for children with results from previous
studies that were designed for adults. The hypothesis tested is that the newly
developed paradigm shows switch costs and congruency effects in a compara-
ble manner to previous studies on intentional switching of auditory selective
attention including spatial auditory aspects. Second, this cognitive ability and
its extent is examined in children and compared to young adults. The hypoth-
esis is that significant differences in switch costs and congruency effects exist
between children and adults. Finally, the hypothesis that background noises
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affect these cognitive processes within a spatial acoustic setup is tested for
young adults, children, and young adults compared to children. More specifi-
cally, it is assumed that there are significant differences in trials with noise
versus without noise and that these differences vary between different spatial
setups.

3.3.1 Participants

To validate the paradigm for children, primary school children (six to ten years
old) were chosen as the test participant group, and young adults were recruited
as the reference group as it was known from the previous work by Oberem et al.
(2018) and as described by Loh et al. (2022a):

The sample size was chosen in the same manner as previous studies (Lawo
et al., 2014; Oberem et al., 2014, 2017) on auditory selective attention, to al-
low direct comparison and validation of this new paradigm suited for children.
Twenty-four young adults (age: 18-26 years; M = 22 years, SD = 2 years,
12 female) and 24 primary school children (age: 6-10 years; M = 8 years,
SD = 1 years, 12 female) participated in the experiment. Inclusion criteria
were normal hearing abilities (within 25 dB[HL] defined as no impairment
by the WHO (1991)), German-speaking, and no behavioral syndromes such
as attention deficit hyperactivity disorder, which is assessed by consulting
the responsible teachers in the case of children. To ensure normal hearing
abilities, all listeners were screened by an ascending-pure-tone-audiometry pro-
cedure for frequencies between 125 Hz and 8 kHz using a diagnostic audiometer
(ear3.0, AURITEC — Medizindiagnostische Systeme GmbH, Hamburg, Ger-
many) complying with DIN 60645-1 (DIN e.V., 2018). All listeners could be
considered novices regarding the task since they had never participated in a
listening experiment on auditory selective attention before. For participating
in the experiment, every adult received a financial compensation of 8€ and
every child received a voucher of the same amount for a bookstore.

Recruitment was performed after obtaining ethical approval by the Medical
Ethics Committee at the RWTH Aachen University, with the study title
Studie zur selektiven auditiven Aufmerksamkeit bei Kindern im Vorschul—
und Grundschulalter mit einem kindgerechten Paradigma([English:] Study on
auditory selective attention in preschool and primary school children using a
child-appropriate paradigm) and the protocol number EK 036/18. Primary
school children were recruited from the cooperating primary school through
teacher—parent communication and were tested after the regular school day

during all-day childcare. Informed consent was obtained from all participating
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children and their families and adult participants prior to testing. Children
gave verbal consent, with the possibility to revoke the consent and cancel at
any time during the experiment session.

3.3.2 Experiment design in detail

The general experiment design was described in Section 3.2. In this section,
experiment design specifics of the ChildASA - Validation study are highlighted
as described in the work by Loh et al. (2022a):

[Each trainings block contained 16 trials and the|] main experiment contained
twelve blocks with 48 trials each. The blocks were separated by short breaks,
which could be extended if needed. The total duration of the experimental
procedure did not exceed 90 minutes [...].

The conditions target-distractor-position combination, auditory attention
transition, and congruency were balanced, and all categories of every condition
were presented in an equal number of trials with 24 repetitions each. Noise and
no-noise conditions were blocked, and the order was counterbalanced across
all participants. The mapping of the response buttons to the two categories
(flyingvs. nonflying) was counterbalanced over participants as well. [...]

A repeated-measures ANOVA was conducted with a mixed-subject (within-
and between-subject) design. [...] Independent variables were auditory atten-
tion transition (switch vs. repetition), congruency (incongruent or Incongvs.
congruent or Cong), target-distractor-position combination (L-R vs. Next vs.
F-B), and noise (no noise vs. noise) as within-subject variables. Age group
(children vs. adults) was analyzed as a between-group variable. Dependent
variables were reaction times and error rates. |[...]

For the response time (RT) and error rate (ER) analyses, practice trials, the
first trial of each block, and trials following an error were removed from the
data. RTs were Z-transformed for each participant separately, and then, values
exceeding +2 SD were excluded from analyses as outliers (4.1%). Furthermore,

error trials were discarded for the RT analyses.

3.3.3 Results and discussion

The complete ANOVA results for reaction time and error rates are summarized in
Table 3.2. The following section will present the results and discussions relevant
to the scope of this dissertation. More details and descriptions on the results and
extended discussion can be found in Loh et al. (2022a).
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Paradigm validity Results of the ChildASA - Validation study found the
newly developed paradigm to be appropriate for children, and it reflected effects
on intentional switching of auditory accurately (Loh et al., 2022a):

Young adults yielded results comparable to those in previous research de-
spite the reduced task complexity and an additionally implemented motivation
system. This observation leads to the assumption that the specific categoriza-
tion task is not essential for the paradigm. The categorization task must
consist of at least two categories (e.g., flyingvs. nonflyingor bigger than fivevs.
smaller than five). This restriction for the task is enough to provide results
to derive corresponding cognitive mechanisms of attention switch and the
selection of relevant information. Moreover, a motivation system, including
positive and negative feedback, does not affect intentional attention control.
Even though we introduced the aspect of positive feedback not included in pre-
vious research (e.g., Koch et al., 2011; Oberem et al., 2014), attention switch
costs and congruency effects remained consistent with previous results. This
consistency in results confirms that the present paradigm is a good choice for
examining children’s intentional attention control and delivers robust results.

Age efffect As expected, Loh et al. (2022a) reported a significant age effect in

reaction time and error rate:

On average, children showed higher reaction times (—912 ms) and higher er-
ror rates (-11.7%) compared to young adults. However, the results of this work
suggest that there is no significant difference in auditory attention flexibility
between children and young adults. In general, attention switch costs and
congruency effects were comparable in young adults and children][, ...] which
is in line with the existing literature (A. Peng et al., 2018; Rder et al., 2018).
Taken together, the findings of this work suggest that age-related differences
in intentional switching of auditory selective attention are due to differences
in processing resources or execution processes. In this context, it seems rea-
sonable to assume that cognitive mechanisms of intentional attention control
are comparable to young adults at the age of 6-10 years old. This age limit
has also been found for different auditory processes in a developmental con-
text (for review, see Litovsky, 2015). Further work should concentrate on age
groups below 6 years old to explore whether abilities considering intentional
attention switch and selection of target information are developed at an earlier

stage of children’s development.
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Noise effect The ChildASA - Validation study further revealed an interest-
ing noise effect on the intentional switching of auditory selective attention as
described by Loh et al. (2022a):

[-.. Results| revealed a negligible noise effect for young adults and a signifi-
cantly reversed pattern for children. With the objective to investigate noise
effects on intentional switching of auditory selective attention, a moderate
signal-to-noise ratio of 6 dB[SPL| was chosen for children to provide first
insight. The results of this study found that this signal-to-noise ratio is chal-
lenging for younger children but does not affect young adults, which is in line
with previous research (e.g., Neuman et al., 2010).

The technical implementation [...] allowed the participant a certain amount
of control over the noise presentation. Noise playback was started shortly
before the stimuli were present and stopped at the participant’s response.
Children could have realized this fact during noise conditions and responded
faster while taking more errors into account. Hence, we can consider a speed-
accuracy trade-off. One possible explanation for this phenomenon might be
that children perceive the noise as unpleasant and choose to conduct an
avoidance strategy. On that score, they conclude faster with the noise and
can recover subsequently.

The significant noise effect on children’s auditory selective attention is
noteworthy. [...] This might conclude in significant effects during children’s
development. Nevertheless, guidelines nowadays limiting noise levels in educa-
tional institutions are mainly developed based on experimental findings based
on young adults. Taking this into consideration, results from this work offer
indisputable evidence for the importance of child-appropriate guidelines.

In future work, it would be interesting to change the technical implementa-
tion of the noise presentation and to examine further the corresponding noise

effect on attention switch and relevant information selection.

Spatial processing Results on spatial sound processing in combination with
auditory selective attention differed slightly between adults and children as ob-
served by Loh et al. (2022a):

The findings of this study on the spatial aspect of hearing correlate reason-
ably well with Oberem et al. (2014) and further support the concept of auditory
processing benefits when using binaural cues. Depending on the spatial con-
figurations of target and distractor, participants obtain different amounts of
information due to interaural time and level differences. For example, differ-
ences between the left and right ears are higher than in the right-left-position
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than in the front-back configuration, where differences are nearly zero. Thus, it
is more complex to locate the target position accurately. It is explainable why
performance decreases with the complexity of spatial configuration. Before
attention selection happens, the target sound source must be identified using
the provided acoustic information. Therefore, more cognitive load is needed to
resolve the target’s location if the spatial configuration becomes more complex.
It becomes more difficult to select relevant information. This effect is reflected
in the interaction of congruency and target-distractor position combination.

Remarkable insights into the age differences were revealed regarding the
benefits of congruent configurations. Results from this study showed age differ-
ences regarding the selection of relevant information (congruency effect) but
not in attentional flexibility. In other words, only the ability to select relevant
information differed in young adults and children depending on the spatial
configuration of target and distractor, as one can see in the error rates. Young
adults seem to benefit more from easier spatial configurations. The response
times revealed a weaker specification of congruency effects. This discrepancy
of response times and error rates, especially regarding congruency, is in line
with previous work on attentional flexibility (Nolden & Koch, 2017; Nolden
et al., 2019; Oberem et al., 2017, 2018). Since the congruency effect does not
change significantly for children over the different spatial configurations in
RT, it can be assumed that they might not benefit from spatial auditory cues
to the same extent as adults. It is likely that children have not developed the
ability to make use of spatial auditory cues for auditory attention control in
the present development stage and, therefore, cannot benefit from them as
much as adults yet.

Litovsky (2015) indicated in her work that children at the age of 5 years
old are already able to locate sound sources accurately. To be more precise,
Litovsky and Godar (2010) found that children were able to distinguish single
sound sources up to a minimum audible angle of approximately 10.2°. Since
the spatial setup in this experiment included a separation of sound sources at
an angle of 45°, it can be expected that children were able to utilize binaural
cues for accurate perception when localizing the origin of sound sources. This
leads to the conclusion that the worse performance compared to adults might
have its origin in other auditory attention processes, at least for the horizontal
plane and well-separated sound sources. However, it must be noted that the
worse performance is especially noticeable within the hardest spatial setup:
the front-back configuration. It might be explained by the smaller pinna sizes
of children compared to adults, leading to a lack of spectral information to
resolve this challenging spatial configuration.
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3.4 Developmental Differences in Young Children

After validating the paradigm with primary school children (six to ten years old),
the objective was to adapt the base paradigm for preschool children (three to
six years old). Three major considerations arose considering the paradigm design
when taking children younger than six years old into account:

e Duration of the experiment, since the current length was approx. 90 minutes
and up to 120 minutes, including the preparation. Furthermore, it was
unknown whether younger children would need even more time to solve the
task.

e Maintenance of motivation in the course of the experiment, since younger
children tend to be more easily distracted and lose motivation in continu-
ously repeating tasks and events.

e Solvability of the task by younger children, since it is unknown whether the
younger children understood and were able to solve the task.

The base paradigm was, therefore, restructured into shorter blocks, and a more
extensive gamification system was added as described in Section 3.2.3. Addition-
ally, a three-stage assessment of the task was added to the training to ensure
that the participant understood the task sufficiently (see Section 3.4.1). Parts of
this section were submitted to Scientific Reports by Nature in August 2023. In
the following, these parts are referenced as Loh et al. (2024).

3.4.1 Participants

To achieve sufficient power, an a-priori power analysis was conducted based on
the previous study by Loh et al. (2022a) to determine an appropriate sample size
across the four age groups (three-, four-, five-, and six-years-old) (cf. Loh et al.,
2024):

To achieve a power of (1 - 3) = .8 with an average effect size of 77;2, = .3 at
the standard o = .05 error probability, the analysis via G*Power (Faul et al.,
2007) resulted in a sample size of 20 participants per age group, thus a total
of 80 participants.

In total, 91 children (age: 3-6 years; full descriptives on age and gender
can be found in Table 3.3) were recruited in cooperation with seven day-
care centres in Aachen, Germany. Recruitment was performed after obtaining
ethical approval from the Medical Ethics Committee at the RWTH Aachen
University with the protocol number EK 476/21. All participants received
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a 10 €-voucher as compensation. Informed consent was obtained from all
participating children and their families prior to the experiment. Children
gave verbal consent, with the possibility to cancel at any time during the
experiment. The study was conducted in accordance to the rules of conduct
stated in the Declaration of Helsinki.

Inclusion criteria were German mother tongue, normal hearing abilities, and
never received attention deficit hyperactivity disorder diagnosis (all assessed
by consulting the legal guardians via a questionnaire and educators).

[-..] To make sure that the children understood the task and were able
to continue with the main experiment, the three-stage training comprised
an incremental assessment. In the first two training stages, including only
the target speaker, a maximum of 20% error rate was accepted. In the third
training stage, including both the target and distractor speaker, a maximum
of 40% was tolerated. It was ensured that 50% of the trials were congruent and
incongruent, respectively. The limits were chosen according to the guessing
probability of 50% and the expected difficulty due to the number of present
speakers. Each training stage could be repeated once if the maximum error
rate was exceeded. If the participant failed any training stage twice, it was
assumed they did not understand the task sufficiently and were excluded from
the main experiment. This procedure was designed in reference to Jones et al.
(2015).

Table 3.3: ChildASA-preschool: Overview of participants.

Recruited Completion rate|%]| Cancelled within training

Nr Nt Nm T £ m N Na N  Nc

> 85 39 46 58.8 59.0 58.7 35 1 3 31
3y/o 15 9 6 46.7 55.6 33.3 8 1 3 4
4y/o 23 11 12 56.5 36.4 75.0 10 - - 10
5y/o 30 12 18 60.0 75.0 50.0 12 - - 12
6y/o 17 7 10 70.6 71.4 70.0 5 - - 5

Note. T = Total, f = female, m = male; Nao, N, Nc = cancelled after stage A,
B, C, respectively.

3.4.2 Experiment design in detail

The experiment design comprised the independent variables attention transition
(AT), congruency (C), and target-distractor-position combination (TD-PC) as
within-variables and the age group (AG) as between-variable with four levels
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(three-, four-, five-, and six-years-old). A detailed description of the independent
variables can be found in Section 3.2.7. To avoid sequential biases, balancing for
the presentation of the independent variables was applied and the experiment
design was setup as described in Loh et al. (2024):

Attention transition, congruency, and target-distractor position were bal-
anced within one block. At the same time, the factor noise was presented
block-wise, and the order of blocks was counterbalanced over the participant
ID. The first block was always noise-free so participants could adjust to the
experimental conditions. The mapping of the response buttons of the two
task categories was also counterbalanced over the participant ID. All fac-
tor combinations (conditions) were repeated 15 times and divided into six
blocks with equally distributed numbers of each condition. Each block endured
five minutes, and the total duration of the complete experiment (including
all preparatory measurements, training and experimental part, and multiple
breaks between the blocks) did not exceed 75 minutes. Participating children
decided how many and how long the breaks between the blocks lasted to

ensure enough recovery time.

Originally planned analyses were defined based on results of the previous study by
Loh et al. (2022a) and preregistered on the Open Science Framework (access via
https: /doi.org/10.17605/OSF.I0/EW4QR). Results according to the preregistra-
tion can be found in the supplementary information of the submitted manuscript
by Loh et al. (2024). However, the preregistered analyses revealed that additional
analyses were needed to understand the impact of random factors (Claesen et al.,
2021; Nosek et al., 2019). Eventually, analyses, according to the factors of age
group and noise, revealed insightful results presented in this dissertation. The
analysis plan, therefore, comprised a four-step analysis (see Loh et al., 2024):

1. Investigation of success rate across age groups to complete the training and
the whole experiment resulting in insights which age groups understood
and were able to solve the categorization task.

2. Analyzing the development of response times and error rates during the
experiment yielding explanations on maintaining motivation and attention
within the duration of the experiment across age groups.

3. Focusing on age and noise effects, repeated-measures ANOVAs with mixed-
subject design for the response times and error rates were conducted with
the factors age group (AG, four levels: three-, four-, five-, and six-year-olds),
attention transition (AT, two levels: repetition and switch), congruency (C,
two levels: congruent and incongruent), and noise (N, two levels: noise and
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no noise). To compensate for the lack of repetitions for each condition, the
planned variable target-distractor-position combination (TD-PC) was not
evaluated in the present analysis (see supplementary information in the
submitted manuscript by Loh et al. (2024) for further details). Furthermore,
the effect of gender was not considered in this study due to the small sample
size in each age group.

The models were additionally controlled in linear mixed-effects models for
the random effects participant id, daycare, and trial number to consider the
within-participant variances, effects from the differences of daycare centers
that participated in the experiment, and the duration of the experiment.
However, the random effects did not change the models significantly from
the results of the ANOVAs. Thus, only the results of the ANOVA were
presented and evaluated.

4. Investigating the impact of trials with and without errors on the response
time, the repeated-measures ANOVA for the response time was conducted
with an additional factor Error with two levels trials with error versus
trials without errors. The two ANOVA models were initially checked in
comparison, revealing significant differences (X?(1) = 106.87,p < .0001)
between the models with a better fit using the new model, including the
factor Error.

All data, models, and results were pre-processed and computed using the R version
4.2.2' using the packages Im4 version 1.1-33% as reported in Loh et al. (2024)
and IBM SPSS Statistics (Version 29).

3.4.3 Results and discussion

Completion rate across age groups

Before the main experiment, children had to complete a three-stage training,
which comprised an incremental assessment of task understanding (stages A, B,
and C). An overview of the participants finishing the training and assessment is
added to Table 3.3. Thirty-five children did not pass the training stage, and one
child did not complete the experiment after passing the training and assessment.

The completion rate reflects the percentage of children understanding the com-
plete paradigm task and having the endurance to finish the whole experiment. In
general, 58.8% of the participating children completed the experiment. Moreover,

1 https:/www.r-project.org

2 https:/cran.r-project.org/web/packages/Ilme4 /index.html
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it can be observed that the success rate increased with age from three- to six-year-
olds (46.7%, three-year-olds, vs. 56.5%, four-year-olds, vs. 60.0%, five-year-olds,
vs. 70.6%, six-year-olds).

Training stage A involved only the categorization task, and the maximum er-
ror rate was predefined to 20%. Training stage B comprised the categorization
task while the target speaker switched the position from trial to trial. The maxi-
mum error rate of stage B was also defined as 20%. Training stage C eventually
contained the final task, which included the distractor speaker. At this stage,
a maximum of 40% error rate was tolerated. If the maximum error rate was
exceeded, the run of a training stage was noted as failed and could be repeated
once. If both runs failed, the training was canceled, and the child did not move
on to the main experiment.

In this study, children mainly canceled after training stage C, unable to distin-
guish the distractor speaker from the target speaker. However, four three-year-olds
canceled in stages A and B, showing that these children could not solve the catego-
rization task. This result indicates that the paradigm task might be too complex
for the youngest children, though 46.7% of three-year-olds were able to complete
the whole experiment. In this case, it is necessary to consider differences in chil-
dren’s development. At the age between three to six years, children’s development
can strongly vary and depend on external factors, such as the parent’s socioe-
conomic status and their influences on the development of their children. With
reference to the supplementary information in the submitted manuscript by Loh
et al. (2024), it is noticeable that the parents of the three-year-olds participating
in this experiment reported a significantly higher socioeconomic status than the
average of the parents within the other age groups.

Performance over time

To investigate possible attention declines in the course of the experiment, linear
regression analyses (with the model y = creg * T + cint) of the response times
(cf. Figure 3.10) and error rates (cf. Figure 3.11) over time within the main
experiment was conducted. For this, the blocks were numbered from one to six,
and the block number was treated as an independent variable representing the
course of time.

Furthermore, the data was pre-processed to prevent biases in the results: the
first trial of each block, trials following an error, and values where the response
times exceeded £2S5D were filtered as outliers, assuming possible irritation of
the participants in these trials. Additionally, error trials were removed from the
response time analyses to avoid overlaying trade-off.
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Figure 3.10: ChildASA-preschool: RT over block number per age group.
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In response times, a steeper decrease of response times with increasing block
number was observed for three-year-olds (creg = —414.4ms, with p = .002 and
adj. R? = .192) compared to the older children (creq = [—187.0, —113.8]ms). The
decrease in response time with the course of time reduced with increasing age:
Creg = —187.0ms for four-year-olds (p>.05) vs creg = —162.6ms for five-year-olds
(p = .010 and adj. R* = .051) VS creg = —113.8ms for six-year-olds (p = .033
and adj. R? = .051). Additionally, the response time results indicated a lower
variation of results for the older (five- and six-year-olds) than the younger children.

In error rates, a split was found between the younger (three- and four-year-olds)
and the older (five- and six-year-olds) children. While error rates in the course
of time decreased insignificantly for the three- (creg = —1.1%, with p> .05) and
four-year-olds (creg = —0.5%, with p>.05), it increased for five- (creg = 1.3%,
with p = .001 and adj. R? = .085) and six-year-olds (creg = 2.1%, with p = .005
and adj. R* = .192).

Taking the analyses of error rates and response times together, it can be assumed
that the five- and six-year-olds revealed a slight decline in attention in the course
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Figure 3.11: ChildASA-preschool: ER over block number per age group.
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of time within the main experiment. It seems they took a speed-accuracy trade-off
into account the longer they participated in the experiment. This effect was not
observable for the younger children (three- and four-year-olds).

Age group and noise effects

The paradigm differentiates between three within variables,attention transition
(AT), congruency (C), and noise (N), and one between variable, age group (AG).
For the model, practice trials, the first trial of each block, and trials following an
error were filtered from the data. Additionally, response times were z-transformed
for each participant, values exceeding +25D were excluded as outliers, assuming
possible irritation of the participants after negative feedback, and all error trials
were excluded to avoid overlayed trade-offs. In case of violation of the assumptions
for running ANOVAs, Greenhouse-Geisser correction was applied. The complete
ANOVA results for response times and error rates are presented in Table 3.4, and
corresponding significant post-hoc tests are summarized in Table 3.5.
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Table 3.4: ChildASA-preschool: ANOVA results for RT and ER (N = 50).

Response time Error rate
df F p n; df F p 2
AT (1, 46) 9.2 .004 .166 (1, 46) 27.4 <.001 .373
C (1, 46) 1.4 .239 .030 (1, 46) 68.4 <.001 .598
N (1, 46) 39.0 <.001 .459 (1,46) 3.7  .060  .075
AT x C (1,46) 2.3  .134  .048 (1,46) 6.9 .012 .130
AT x N (1, 46) 4.1  .049 .082 (1, 46) 0.3 615  .006
CxN (1,46) 7.9 .007 .147 (1,46) 2.4  .126  .050
AT x C x N (1, 46) 3.1 .083 .064 (1, 46) 3.1 .085 .063
AG (3, 46) 3.6 .021 .188 (3, 46) 1.7 .183 .099
AG x AT (3, 46) 2.4 .082 134 (3, 46) 1.5 215 .092
AG x C (3, 46) 2.2 .104 124 (3, 46) 0.7 542 .045
AG x N (3, 46) 2.6 .061 147 (3,46) 2.4 .080 135
AG x AT x C (3,46) 2.8 .049 .156 (3,46) 1.5 236 .087
AG x AT x N (3, 46) 1.3 .283 .079 (3,46) 0.1 .937 .009
AG x C x N (3,46) 2.8 .048 .156 (3,46) 0.4  .754  .025
AG x AT x C x N (3, 46) 1.3 .300 .076 (3,46) 0.5 697 .030

Note. AG = age group; N = noise; AT = attention transition; C = congruency.
Significant effects are indicated in bold.
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Descriptives of the main effects are shown in Figure 3.12. Attention transition
and noise yielded significant main effects in response times, while in error rates,
the main effects of attention transition and congruency were found significant.
Attention transition and congruency in interaction with noise yielded a significant
interaction effect in response times. The interaction effect of attention transition
and congruency was significant in error rates. It was observable that age group ef-
fects were mainly found in the response time, especially the three-way interaction
of age group and attention transition with congruency and noise, respectively. In
general, the effects of the cognitive flexibility of intentional switching of auditory
selective attention could be found for children younger than six years old and
were mainly observed in error rate. Interestingly, the speed-accuracy trade-off
effect, as found in Loh et al. (2022a), was also observed in this study, though not
to the same extent.

Figure 3.12: ChildASA-preschool: Main effects age group, attention transition,
congruency, and noise in reaction time and error rate.
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Note. The error bars represent standard errors. AG = age group; N = Noise;
NoN = No Noise; C = Congruent; IC = Incongruent; Rep = Repetition; Sw =
Switch.

Descriptives of the two-way interaction effects with age group are presented
in Figure 3.13 and three-way interaction of age group and noise in Figure 3.14.
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Table 3.5: ChildASA-preschool: ANOVA - significant post-hoc tests.

Gq Go P Mgifs [95 %-CI]
(G1 - G2) [ms] [ms]
RT: AG
3y/o 5y/o 0.014 1862 [274, 3449]
RT: AT x N
NoN Rep Sw 0.003 -298 [-487, -109]
Rep NoN N 0.000 403 [239, 566]
Sw NoN N 0.000 665 [407, 923]
RT: C X N
NoN C iC 0.023 -237 [-439, -35]
C NoN N 0.000 389 [207, 572]
ite] NoN N 0.000 678 [461, 896]
RT: AG x AT x C
Rep c 3y/o 5y/o 0.028 1623 [120, 3126]
[¢] 3y/o 5y/0 0.017 1667 [208, 3126]
S Ic 3y/o 4y/o 0.028 2112 [152, 4073]
(e} 3y/o 5y/o 0.003 2480 [658, 4303]
IC 3y/o 6y/o 0.021 2184 [224, 4144]
8 y/0 ife] Rep Sw 0.001 -795 [-1257, -333]
Sw C (e} 0.004 -815 [-1351, -280]
RT: AG X C X N
c NoN 3y/o 5y/0 0.030 1761 [114, 3409]
N 3y/o 5y/0 0.020 1528 [163, 2893]
NoN 3y/o 4y/o 0.037 2226 [89, 4362]
ic NoN 3y/o 5y/o 0.004 2614 [628, 4600]
NoN 3y/o 6y/o 0.032 2269 [132, 4405]
3y/o NoN [¢] ic 0.001 -893 [-1401, -385]
C NoN N 0.017 564 [106, 1022]
3y/o ife} NoN N 0.000 1398 [852, 1945]
13/0 C NoN N 0.006 498 [148, 848]
i(e] NoN N 0.012 541 [123, 958]
5 3y/0 c NoN N 0.021 330 [52, 608]
(e} NoN N 0.036 448 [31, 866]
G Go P Mgifs [95 %-CI]
(G1 - Ga) [%] [%]
ER: AT x C
[¢] Rep Sw 0.023 -3.3 [-6.1, -0.5]
ic Sw Rep 0.000 -9.3 [-13.1, -5.5]
Rep C (¢ 0.000 -16.1 [-20.4, -11.7]
Sw C IC 0.000 -22.1 [-28.0, -16.2]
Note. All results were Bonferroni corrected when required. N = Noise; NoN = No Noise; C =

Congruent IC Incongruent; Rep Repetition; Sw Switch.
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Results indicated significant differences between three-year-olds and the other age
groups. In contrast, the other age groups did not reveal significant differences,
leading to the assumption that children’s cognitive flexibility could be fully
developed starting at the age of four. Furthermore, a tendency to decrease error
rates with increasing age was found while response times remained constant
across age groups starting from the age of four. However, this trend was not
significant and must be interpreted with care.

The results of the three-year-olds must be interpreted with care due to the small
sample size. A tendency towards a higher impairment of intentional switching
of auditory selective attention was observed in more complex situations, such
as incongruent and noise conditions. Three-year-olds’ ability to correctly select
target speech and to inhibit the distractor speaker was similar to that of older
children. Interestingly, response times and error rates in noise and no noise
conditions were inversed to expectations. Response times in noise conditions were
lower than in noise-free conditions, while error rates were higher in noise-free
conditions than in noise conditions. It could be assumed that the three-year-olds
tried to put more effort into solving the task but could still not solve it. This
could indicate mental overload and not having a coping strategy developed for
the three-year-olds, but still, it was to their advantage since their error rates were
comparatively low.

The present findings suggest similar cognitive flexibility in children starting at the
age of four years and children aged six to ten, as well as young adults older than
18. No specific developmental differences were found above the age of four, which
assumes that intentional auditory selective attention switching is developed to
a reasonable extent by age four. Though not significantly different, performance
tended to increase with age, as indicated by decreasing error rate and relative
constant reaction times. This result aligned with the previous study by Jones
et al. (2015) and added insights to the findings by Stellmack et al. (1997) and
Doyle (1973). It was further in line with previous studies on the intentional switch
of auditory selective attention (Koch et al., 2011; Loh et al., 2022a; Nolden et al.,
2019; Oberem et al., 2014), including adults and older children.

Summarizing the results from the four age groups, the three-year-olds represented
the group of children not reliably solving the paradigm (i.e., non-solvers). At the
same time, the four-year-olds posed to be the age of transition, and the pooled
group of five- and six-year-olds as solvers where the abilities to switch the auditory
selective attention intentionally were settled. Therefore, it can be assumed that
this cognitive ability develops around the age of three to four. However, this
result is preliminary and requires further studies, including bigger sample sizes
and focusing on the age groups around three- and four-year-olds to validate this
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Figure 3.13: ChildASA-preschool: Interaction with AG in RT and ER.
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finding.

Noise effects on attention transition and the ability to select relevant information
were observed in this study. The average difference in response times between
noise and noise-free conditions was increased in switch compared to repetition
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Figure 3.14: ChildASA-preschool: Interaction AG x C x N in RT and ER.
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conditions. A similar effect was found for incongruent versus congruent trials
(cf. Table 3.5). These observations suggested an increase in cognitive load within
noisy conditions. Typically, higher response times in noise conditions and lower re-
sponse times in noise-free conditions (and error rates, respectively) were expected,
reflecting the benefit of noise-free hearing situations. However, the opposite was
observed for the main effect of noise in response times, yielding higher response
times in no-noise trials versus noise trials. This finding indicated a trend towards
a speed-accuracy trade-off as a noise avoidance strategy to escape noisy condi-
tions faster. Especially when further taking the different age groups into account,
it became clear that each age group had different strategies to deal with the noise
conditions. These observed noise effects impairing cognitive processes aligned
with previous studies (Klatte et al., 2013), and added to the findings by Loh et al.
(2022a) where a similar noise avoidance strategy was found for children aged six
to ten years.

Response times of trials with and without errors
To investigate the effect of trials with error in comparison to trials without
errors, the difference response time (ART = RTno error trials — R error trials) Was
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calculated and investigated in an ANOVA with three within variables,attention
transition (AT), congruency (C), and noise (N), and one between variable, age
group (AG). The first trial of each block, trials following an error, and values
where the response times exceeded +2SD were filtered as outliers, assuming
possible irritation of the participants in these trials. Error trials were excluded
from the response time analysis to avoid overlayed trade-offs. The complete
ANOVA results for response times and error rates are presented in Table 3.6.
The descriptives of the significant main effect and the significant post-hoc tests
are presented in Figure 3.15.

Table 3.6: ChildASA-preschool: ANOVA results for ART (N = 50).

Response time

df F p 2
AT (1, 43) 0.8 373 019
c (1, 43) 1.2 286 .026
N (1, 43) 4.2 .046 .089
AT x C (1, 43) 0.3 612 .006
AT x N (1, 43) 5.4 .025 112
CxN (1, 43) 0.3 603 .006
AT x C x N (1, 43) 0.5 497 011
AG (3, 43) 1.1 348 073
AG x AT (3, 43) 1.1 348 073
AG x C (3, 43) 1.8 162 111
AG x N (3, 43) 1.4 269 086
AG x AT x C (3, 43) 0.5 673 .035
AG x AT x N (3, 43) 2.1 119 126
AG x C x N (3, 43) 0.5 651 .037
AG x AT x C x N (3, 43) 0.3 829 .020

Note. AG = age group; N = noise; AT = attention transition; C = congruency.
Significant effects are indicated in bold.

A significant main effect was only found for the noise conditions. Furthermore,
the interaction effect between attention transition and noise yielded a signifcant
effect. The post-hoc analyses revealed only one significant difference between the
noise-free and noise conditions within switch trials. In this case, no noise trials
yielded a higher difference in response time (ART = 7ms) compared to noise
condition(ART = —173ms). A negative difference indicated a higher reaction
time in error trials than in no-error trials.

The present results revealed that noise generally affected the cognitive processes
of attention transition, especially in the complex situation of spatial reorientation
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Figure 3.15: ChildASA-preschool: Noise effects in ART.
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when the target changed position.

Concluding remarks

This study examined age and noise effects on intentional switching of auditory
selective attention, an essential auditory cognitive process to locate and identify
relevant information in complex spatial acoustic situations. The child-friendly
paradigm from previous work by Loh et al. (2022a) was validated for children
younger than six years old starting at the age of four years. Additional insights
were gained on developmental changes within children’s cognitive abilities be-
tween three- to six-year-olds. With increasing age, children were more capable
of understanding and solving a categorization task presented in spatial and relo-
cating acoustic scenes, primarily reflected in the completion rate across the age
groups (cf. Table 3.3).

The general main effects of attention transition, congruency, and noise were not
observed to the same extent as in the previous studies (Koch et al., 2011; Loh
et al., 2022a; Nolden et al., 2019; Oberem et al., 2014). Switch costs in attention
transition were observed in tendencies, while the congruency effect was found to
be significant only in the error rates and the noise effect only in the response
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times. An explanation could be that the age effects (i.e., different behavioral
patterns in the different age groups) overlayed the main effects, primarily reflected
in the complexity of the conditions (switch cost, performance decrease due to
incongruency, and noise effects).

Results of this study indicated that younger children (three-year-olds) did not
manage to solve the paradigm reliably or only for easier conditions. Three-year-
olds showed a reversed pattern of response times and error rates compared to
older children. It could be assumed that the three-year-olds tried to put more
effort into solving the problem but could still not reliably solve it. This could
indicate mental overload and not having a coping strategy developed for the
three-year-olds, but still, it was to their advantage since their error rates were
comparatively low. However, this result needs further investigation since the
number of three-year-olds who completed the whole experiment was significantly
lower than in the other age groups.

Tendencies of different strategies during the experiment were observed across age
groups, not only for conditions with higher complexity, e.g., noise in combination
with the switch or incongruent trials but also in the course of the experiment (cf.
Figure 3.10 and Figure 3.11).

Younger age groups (three- and four-year-olds) primarily showed a decrease in
response times and constant error rates in the course of the experiment, while
the older age groups (five- and six-year-olds) tended to yield higher error rates,
additionally to the decrease in response times in the course of the experiment.
This supports the previous findings regarding the speed-accuracy trade-off con-
cerning the course of the experiment. It leads to the assumption that children of
different age stages applied different listening strategies to solve the task, which
also depends on the experiment’s duration. The youngest age group investigated
in this study (three-year-olds) showed a more substantial decline in response
times in the course of the experiment than the older children.

These analyses resulted from those preregistered on the Open Science Framework
(https:/doi.org/10.18154/RWTH-2023-00740), which were added to the submit-
ted manuscript (Loh et al., 2024). The preregistered analyses focused on the
paradigm’s spatial aspects, suggesting an important role of spatial distribution
and combination of sound sources. For this study, it was chosen to focus on the
age and noise effects that appeared during the analyses. However, the results
from the preregistered analyses and the previous work by Loh et al. (2022a) sug-
gest that children can distinguish sound sources and information presented from
different locations starting from a very young age of four. Still, they might be
unable to use the natural binaural cues within the cognitive process of auditory
selective attention switching to their advantage. This is consistent with the theory
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that children’s poorer performance in a selective listening task may be caused by
their immature listening strategies (Werner, 2019). Physiologically, this finding
could be supported by the ongoing myelination of the connection between the
two cerebral hemispheres, which is mainly responsible for interpreting binaural
cues (Boothroyd, 1997; Chevalier et al., 2015). Future work might focus on the
abilities and strategies of children to resolve spatial cues provided by the natural
hearing processes. Since cognitive flexibility was similar across the young age
of three years until reaching adulthood, it is assumed that children might have
different listening strategies than adults. This study provided the first substan-
tial information on how children locate and attend to sound and information in
spatial setups.

3.5 Comparing Physiological and Cognitive Noise Effects

This chapter examines health effects in children compared to adults reflected in
heart rate variability parameters induced by noise exposure within a listening
experiment on auditory cognition. This study aimed to investigate the relation
between physiological and cognitive noise effects in children.

3.5.1 Participants

Twenty-seven young adults (age: 20 - 26 years; M = 23.1 years, SD = 1.6 years,
12 female) and 25 children (age: 6 - 9 years; M = 7.36 years, SD = 0.81 years, 14
female) participated this study after obtaining ethical approval by the Medical
Ethics Committee of the RWTH Aachen University (protocol number EK 231/22).
Recruiting was performed with a cooperating primary school in Aachen, Germany.
Children and their legal guardians were approached via information material
distributed by the school’s teachers. All participants (children represented by
their legal guardians) gave signed consent before the start of the experiment and
were instructed that they could cancel the experiment at any time. Children
further gave verbal consent. All participants completing the experiment were
compensated with a 10 €voucher for a local book store in Aachen, Germany.

Inclusion criteria were German-speaking, not diagnosed with any attention disor-
der, and normal hearing abilities within 25 dB[HL| as defined by WHO (1991). To
ensure normal hearing, a pure-tone-audiometry for frequencies between 125 Hz
and 8kHz was conducted using a diagnostic audiometer (ear3.0, AURITEC —
Medizindiagnostische Systeme GmbH, Hamburg, Germany) complying with DIN
60645-1 (DIN e.V., 2018).
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3.5.2 Evaluation of heart rate variability

Heart rate variability was assessed via a Polar H7 sensor mounted on a chest
band (cf. Figure 3.16) for each participant individually, and RR intervals were
measured for the evaluation. The H7 sensor was connected via Bluetooth to the
computer, and thus, connection issues could not be reliably avoided. To filter
unusual measurements and missing RR intervals, unplausible RR intervals that
exceeded a standard range of children (Paul, 2015) and adults (Gambi et al.,
2017; Ostchega et al., 2011) at rest were discarded before the HRV parameters
were derived.

Figure 3.16: ChildASA-noise: HRV measurement using Polar H7.
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This study focused on the independent variables evaluated blockwise, i.e., noise
(with two levels: no noise vs. noise) and age group (with two levels: children vs.
adults). Variables requiring a trialwise evaluation were not explicitly examined
here except for validating the adapted paradigm. HRV parameters were calculated
for each trial over an interval of 30s using a moving window, i.e., the first window
would start with the beginning of the first trial and end 30s later, and the second
window then began with the beginning of the second trial. The moving window
ended with the last 30s window of a block. Finally, all HRV parameters of
each trial were averaged per block to achieve one value for each HRV parameter
per participant and block. To ensure the highest reaction time and error rate
comparability, the error rates were calculated for each block, and reaction times
per trial were averaged over each block.
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3.5.3 Experiment design in detail

Each participant was introduced to the task individually in three training rounds
with 16 trials each. The main experiment comprised a total of twelve blocks.
The experiment for adults was slightly different from the experiment for children
since the experiment for children had to be reduced to ensure reasonable stress
and attention levels throughout the experiment with a planned duration of 90
minutes. The adults’ study included three noise conditions (no noise versus SNR
of +6 dB[SPL] versus SNR of 0 dB[SPLJ). As a result, the noise conditions were
chosen to represent a condition with general background noise and a condition
where the noise could also impair the listening process. Each condition was
repeated 16 times, leading to 72 trials per block. The noise condition with an SNR
of +6 dB[SPL]| was omitted for children. Therefore, the results of this condition
from the adults’ experiment were not included in the final evaluation of this study.
The first 50% of children participants were presented with 16 repetitions, ending
up with 48 trials per block. Nevertheless, the duration of children’s participation
still exceeded 2 hours and required a further adaptation of the repetition number
from 16 to 12 presented, leading to 36 trials per block.

All trials from the training rounds prior to the main experiment were excluded
from the analyses. Further decisions on excluding trials for statistical analyses
are shown in Table 3.7.

This study includes objectives to examine the relation between physiological
and cognitive noise effects within an auditory cognition paradigm on intentional
switching of auditory selective attention:

1. The general paradigm was validated after adapting the number of repeti-
tions within the children’s experiment and the double-word stimuli, includ-
ing the three-level congruency variable.

2. HRV parameters were examined by comparing age effects between adults
and children and noise effects regarding noise versus noise-free conditions.

3. Performance over time was examined for all dependent variables to reflect
increasing stress levels with the course of the experiment since participants
were exposed to noise for a long duration but with interleaved exposure
breaks.

4. Linear regression models between the standard dependent variables (re-
action times and error rates) and the HRV parameters were analyzed to
derive dependencies between HRV and behavioral measures of cognitive
paradigms.
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Table 3.7: ChildASA-noise: Trial exclusion criteria and outlier treatment.

ANOVA Lin. Reg.

Exclusion Criteria f::lls RT ER  HRV Rlblock &
[%] E Rplock

RT < 1200 ms 1.1 X X
RT > 7227 ms 4.7 X X
RTpiock < 1200 ms 0 X X
RTpiock > 7227 ms 2.7 X X
|RT| > 2SD(RT) 3.7 X X
Error trials 21.5 X
Trials following an error trial 14.4 X X
First trial of a block 1.9 X X
62<HRchildren <133 [bpm]| 1.9 X
40<HRadults <100 [bpm]| 8.2 X
HRV parameter=0 X
Total [%)] 40.5 28.1 2.7 2.7

Note. Exclusion of unsual heart rates (HR) occured before the statistical removal
of outliers. All other parameters were calculated afterwards. The percentage of HRV
parameters equal to zero was not specified here as it was different for every HRV
parameter. The percentage of excluded trials for the criterion Trial following an error
trial excluded error trials.

3.5.4 Results and discussion

Paradigm validity

Due to missing data in the datasets, not all participants could be included
in the evaluation. For the RT analysis, 14 children and 27 adult datasets were
analyzed, and 24 children and 27 adult datasets were included in the ER analysis.
Results of the repeated-measures ANOVA for RT and ER are summarized in
Table 3.8 and descriptives of the main effects are shown in Figure 3.17. For the
sake of clarity and brevity of this thesis, post-hoc analyses are added to the
appendix since they did not add significantly to the insights of this dissertation
(cf. Appendix B.1).
Based on the significance found within the main interaction effects, it can be
generally stated that the adapted paradigm, including more prolonged stimuli
and reduced condition repetition number in the presentation, was valid. The
cognitive flexibility of intentional switching of auditory selective attention was
reflected in transition, congruency, and target-distractor position combination. It
was even more pronounced in error rates than in reaction time, which aligned with
previous studies (Loh et al., 2022a, 2024; Nolden et al., 2019). Also, a notable noise
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Figure 3.17: ChildASA-noise: Main effects for RT and ER.
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effect, comprising lower reaction times and higher error rates in noisy conditions
than in noise-free conditions, was observed. Regarding congruency, the error rate
yielded significant differences between congruent and semi-congruent, as well as
incongruent trials. On the contrary, semi-congruent and incongruent trials were
not significantly different. It is noteworthy that the effect in reaction times was
observed in a reversed manner, indicating a difference in cognitive processing,
namely that more complex configurations of the stimuli required more cognitive
capacity but at the same time led to a higher decisiveness.

Comparing the age groups adults and children (cf. Figure 3.18), no interaction
effect with noise was found, the interaction effects with attention transition
were less pronounced, and the interaction effects with congruency was primarily
observed in error rates, as in previous studies including children participants(cf.
Loh & Fels, 2021; Loh et al., 2024). The interaction effects of age group and
target-distractor position combination revealed significant effects between the
categories as expected and found in previous studies including adult participants
(cf. Koch et al., 2011; Oberem et al., 2014). Contrary to the previous study with
children participants within the same age range (Loh et al., 2022a), the children’s
effect introduced by the target-distractor position combination was comparable
to adults’ effects. The previous assumption that children could not process spatial
auditory cues to the same extent as adults could not be verified in this study
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Figure 3.18: ChildASA-noise: Interaction effects of age groups for RT and ER.
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and should be further examined in future studies. The possibility of controlling
noise presentation in the paradigm, which was the main difference between the
two paradigms, might mask the spatial benefits.

The adapted paradigm could reflect the cognitive performances of intentional
auditory selective attention switching for children and adults. Even though the
stimuli consisted of two words, congruency effects did not change significantly.
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It still revealed a two-level complexity (congruent vs incongruent) instead of
three levels (congruent, semi-congruent, and incongruent). However, using more
prolonged stimuli will benefit future studies on acoustic properties that reflect
more prolonged effects than the usual stimuli length of 500 ms.

Analysis of Heart Rate Variability

For the ANOVAs on HRV parameters, 25 children and 27 adults’ datasets were
evaluated. Datasets were excluded due to a significant amount of missing data
(more than 25%). Repeated measures ANOVA results for all HRV parameters
are shown in Table 3.9.

Table 3.9: ChildASA-noise: ANOVA results for HRV parameters.

HRV parameter df F P ng
N (1, 50) 0.8 .366 .016
meanHR AG (1, 50) 38.7 < .001 .436
N x AG (1, 50) 5.7 .021 .102

N (1, 50) 0.3 .573 .006
meanNN AG (1, 50) 31.8 < .001 .389
N x AG (1, 50) 4.4 .040 .081

N (1, 50) 0.3 .600 .006
StdHR AG (1, 50) 44.0 < .001 .468
N x AG (1, 50) 1.9 176 .036

N (1, 50) 0.0 914 .000

StdNN AG (1, 50) 1.7 197 .033
N x AG (1, 50) 4.9 .031 .090

N (1, 50) 0.6 437 .012

RMSSD AG (1, 50) 0.0 918 .000
N x AG (1, 50) 0.3 .593 .006

N (1, 50) 0.2 648 .004

SD1 AG (1, 50) 0.5 .505 .009
N x AG (1, 50) 3.6 .064 .067

N (1, 50) 0.3 .567 .007

SD2 AG (1, 50) 2.9 .096 .054
N x AG (1, 50) 6.6 .014 116

N (1, 50) 1.8 .189 .034

SD1/SD2 AG (1, 50) 1.5 .222 .030
N x AG (1, 50) 0.5 467 .011

Note. AG = age group; N = noise. Significant effects are indicated in bold.
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The results revealed no significant noise effect for all HRV parameters. Signifi-
cant age group effects were found for meanHR, meanNN, and StdHR. Since the

;)
? meanHR/’
it was expected that results would be similar and, thus, redundant. Significant

measure meanNN is considered as the inverse value of meanHR (i.e.

interaction effects of age group and noise were found for meanHR, meanNN,
StdNN, and SD2. Post-hoc analyses revealed mainly differences between adults
and children in each (noise and noise-free) condition for meanHR and meanNN.
For StdNN, no significant difference was found in the post-hoc analyses. Regard-
ing SD2, differences between noise and noise-free conditions were found for adults,
and an age difference was found in the noisy condition.

Table 3.10: ChildASA-noise: Post-hoc test results for HRV ANOVA analyses.

Gy Ga p Maiys [95 %-CI]
(G1 - G2)

meanHR [bpm] [bpm]
Children NoN N .026 -1076 [-2.020, -0.132]
Adults NoN N 292 0 [-0.427, 1.390]
NoN Children Adults <.001 14 [9.315, 19.257]
N Children Adults <.001 16 [10.999, 20.687]
meanNN [ms] [ms]
Children NoN N .069 0.008 [-0.001, 0.018]
Adults NoN N .273 -0.005 [-0.014, 0.004]
NoN Children Adults <.001 -0.122 [-0.169, -0.075]
N Children Adults <.001 -0.135 [-0.181, -0.090]
StdNN
Children NoN N .149 0.003 [-0.001, 0.006]
Adults NoN N .099 -0.003 [-0.006, 0.001]
NoN Children Adults .099 0.009 [-0.002, 0.021]
N Children Adults 429 0.004 [-0.006, 0.013]
SD2 [ms] [ms]
Children NoN N 175 0.003 [-0.001, 0.007|
Adults NoN N .028 -0.004 [-0.008, 0.000]
NoN Children Adults 175 0.003 [-0.001, 0.007]
N Children Adults .028 -0.004 [-0.008, 0.000]

Note. Significant effects are indicated in bold. N = Noise; NoN = No Noise.
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These findings pointed towards an age effect between children of six to 10 years
and young adults within the physiological stress parameters, which aligned with
previous research indicating that heart rates generally differ between children
and adults (cf. Gambi et al., 2017; Ostchega et al., 2011; Paul, 2015) with higher
meanHR for children than adults. Furthermore, results indicated that SD2 was
sensitive to measure differences within noise specifically.

Performance over Time

Linear regressions were conducted for each dependent variable (RT, ER, and
all HRV parameters) to investigate children’s and adults’ performance over time
within noise and noise-free conditions. Age group (adult vs. children) and noise
conditions were split, so four conditions were investigated for each dependent
variable and the independent variable of block number. The increasing block
number represented the progression of time. The linear regression results are
presented in Table 3.11. An exemplary representation of the regression of meanHR,
in dependncy of successive block number is shown in Figure 3.19.

Figure 3.19: ChildASA-noise: RT over time in the course of the experiment.
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Significant regressions were mainly found for children in the dependent variables
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Table 3.11: ChildASA-noise: Linear regression results considering the course of

time.
Dependent Factors df F p R2 Ccreg
variable
Children & No Noise (1, 137) 0.7 .402
Children & Noise (1, 139) 0.8 .386
BETplock )
Adults & No Noise (1, 105) 5.7 .018 .052 -98 ms
Adults & Noise (1, 104) 3.3 .074
Children & No Noise (1, 137) 0.3 .566
Children & Noise (1, 139) 2.9 .090
ERplock .
Adults & No Noise (1, 105) 2.3 .129
Adults & Noise (1, 104) 0.0 .955
Children & No Noise (1, 120) 5.5 .021 .044 -1 bpm
Children & Noise (1, 127) 2.2 .140
meanHR
Adults & No Noise (1, 97) 0.9 .344
Adults & Noise (1, 96) 1.1 294
Children & No Noise (1, 120) 7.2 .008 .056 0.008
Children & Noise (1, 127) 3.0 .088
mean NN
Adults & No Noise (1, 97) 0.8 .373
Adults & Noise (1, 96) 1.1 .301
Children & No Noise (1, 120) 3.6 .059
Children & Noise (1, 127) 3.1 .080
StdHR
Adults & No Noise (1, 97) 0.0 877
Adults & Noise (1, 96) 0.7 .396
Children & No Noise (1, 120) 8.5 .004 .066 0.003
Children & Noise (1, 127) 5.7 018 .043 0.002
StdN N
Adults & No Noise (1, 97) 0.1 743
Adults & Noise (1, 96) 1.1 .299
Children & No Noise (1, 120) 8.4 .004 .066 0.001
Children & Noise (1, 127) 3.4 .069
RMSSD
Adults & No Noise (1, 97) 1.4 247
Adults & Noise (1, 96) 0.1 .807
Children & No Noise (1, 120) 8.4 .004 .066 0.003
Children & Noise (1, 127) 3.2 .075
SD1
Adults & No Noise (1, 97) 0.3 .600
Adults & Noise (1, 96) 0.5 495
Children & No Noise (1, 120) 7.6 .007 .060 0.004
sD2 Children & Noise (1, 127) 6.1 .015 .046 0.003
Adults & No Noise (1, 97) 1.1 304
Adults & Noise (1, 96) 1.1 .301
Children & No Noise (1, 120) 2.4 123
Children & Noise (1, 127) 0.0 .926
SD1/SD2
Adults & No Noise (1, 97) 1.5 222
Adults & Noise (1, 96) 0.1 734

Note. Significant effects are indicated in bold.
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meanHR, meanNN, StdNN, RMSSD, SD1, and SD2. Significant relations were
found for no noise conditions, but for the parameters StdNN and SD2, significant
relations were also found for noisy conditions. In RT, a significant relation was
found for adults within noise-free conditions. Investigating the regression coeffi-
cients, it was questionable whether the found relations were reasonable since the
declines were relatively small. As shown in Figure 3.19, it was observed that the
variation of children’s results was relatively high so that the decline of -1 bpm
was neglectable in terms of reasonable numbers for heart rate changes though
it was statistically significant. However, a tendency to increase values for the
HRYV parameters was observed for the children, which could be interpreted as
relaxation with the progression of the experiment. An explanation for this could
be the increasing familiarity with the task, resulting in less tension with the
progression of time.

Summarizing the findings regarding the stress level reflected in the cognitive and
physiological parameters, it was found that a tendency of relaxation was reflected
in the HRV parameters. However, this observation must be treated with caution
since the changes in HRV were in the range of regular variations of heart rate
that cannot be interpreted as stress reactions without limitations.

Relation between cognitive and HRV parameters

For the linear regression analyses on the cognitive parameters (RT and ER),
as indicators for cognitive flexibility, and the HRV parameters, 25 children and
27 adults datasets were included in the evaluation. Datasets were excluded in
case the amount of missing data exceeded 25%. Results of the linear regression
analyses are summarized in Table 3.12.

Linear regression analyses between ER and the HRV parameters were all found
insignificant. Results revealed mainly significant regressions between RT and
HRV parameters. In RMSSD and SD1, significant effects were found for adults.
In RMSSD, the effect was found for noisy and noise-free conditions, indicating
an increase in RT was related to an increase in RMSSD. However, the same
effect for SD1 was only found for noise-free conditions. Notably, the SD1/SD2
not only revealed a significant relation to RT for adults in both noisy and noise-
free conditions but also yielded a significant effect for children in the noise-free
conditions.

These observations indicate a relation between RT and specific HRV, leading to
the assumption that changes in the HRV were connected to RT. As cognitive
functions require time to process and execute, it can be assumed that increasing
RT indicates a higher cognitive load, as it was explained in previous studies
(cf., Loh et al., 2022a; Nolden et al., 2019; Oberem et al., 2018). An increase
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in HRV indicates relaxation. These two facts, combined with higher RT and
higher cognitive load in relation to higher HRV and higher relaxation, appeared
unintuitive. It was expected that a higher cognitive load would lead to stress
reactions rather than relaxation.

Taken together, it is questionable whether stress in a cognitive paradigm with
continuously changing conditions, though the noise is continuously presented, can
be measured using HRV parameters. Present findings indicated that noise effects
in auditory cognitive functions, such as the intentional switching of auditory
selective attention, did not translate directly into bodily reactions to noise, inter-
preted as stress reactions. HRV parameters were intended for long-term stress
reactions assessed over long-term measurements (more than 7-8 hours) (cf. Baek
et al., 2015; Kim et al., 2021; Lackner et al., 2020). Though validated for short
time frames, it appeared not to be sensitive to short-term noise exposure as it
was applied in this study with the noise within blocks (less than 15 minutes).

Concluding remarks

Overall, the adapted paradigm on intentional auditory selective attention switch-
ing with more prolonged (two-word) stimuli and less repetition of conditions was
validated, and the task was found to be not more complex than before.

Assessing HRV parameters might add insights into children’s susceptibility to
noise within paradigms on auditory cognitive functions. A higher susceptibility
to noise is hereby regarded as a higher risk of being affected by noise. Previous
research (Cohen et al., 1986; Stansfeld & Clark, 2015) showed that children may be
more susceptible to environmental exposures, such as noise, than adults because
of several factors, e.g., less cognitive capacity to understand the environmental
exposures or having a less well-developed repertoire to cope with the challenges
coming along with the exposures. However, a negative impact of noise could
not be shown to the same extent in this work compared to previous reviews
provided by, for example, Stansfeld and Clark (2015). In this work, differences
of HRV parameters were found between children and adults in noisy compared
to noise-free conditions. The variation of differences indicated different levels
of susceptibility to noise by children compared to adults. Still, it cannot be
applied interchangeably with the behavioral parameters RT and ER, as they
were traditionally used in the paradigm to examine intentional switching of
auditory selective attention. The paradigm task and setup used in this study
were not sufficiently suitable for assessing the noise effect on HRV parameters
to gain insights into stress levels. Specific HRV parameters, such as SD2, can
reveal a certain level of noise susceptibility to noise when examining the change
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of this parameter, for example, over time. A higher value of the HRV parameter
SD2 indicated a better ability to adapt to the situation, which represents a
stronger relaxation process. In general, the results of the linear regression analyses
indicated a tendency for both age groups to adapt better to the task when
there was no noise present in the background. Significant linear regressions were,
however, primarily found for children, so that a stronger attenuation of the stress
response on noise by the children than adults could be assumed, which further
indicates a higher noise susceptibility of children compared to adult, i.e., children
being more reactive noise exposure. It remains to future work, to investigated
this relationship with a better suited paradigm.

3.6 Insights on Children’s Auditory Cognition in Noise

A child-appropriate paradigm was developed to examine the intentional switch-
ing of auditory selective attention for children. The requirements for a child-
appropriate paradigm comprised a categorization consisting of at least two cate-
gories to provide results on attention switch, relevant information selection, and
a motivation system including positive and negative feedback, which yielded con-
sistent results with previous studies on intentional auditory selective attention
switching. The stimuli used in the paradigm can either be one-word stimuli, i.e.,
an animal name, or two-word stimuli, i.e., the words big or small and an animal
name. The extension of the stimuli did not raise the complexity of the catego-
rization task, and the congruency (i.e., representation of a selection of relevant
information) remained consistent.

The newly developed paradigm for children was validated for ages four to ten.
Starting from age five, comparable cognitive flexibility of intentional auditory
selective attention switching as adults was observed, leading to the assumption
that this cognitive ability is generally fully developed at this point. The turning
point of the development of intentional switching of auditory selective attention
tended to be at the age of four, revealing increasing performance with increasing
age. However, the sample size of three years old was too small to state this
without limitations.

Significant noise effects on intentional switching of auditory selective attention
were observed for children and adults alike. However, children revealed a higher
susceptibility to noise than adults. Higher noise susceptibility is hereby inter-
preted as a stronger influence on cognitive ability induced by noise, revealing a
higher reactivity when noise is present. Tendencies of a speed-accuracy trade-off
were observed for children of all ages in all studies conducted within the scope
of this dissertation. Additional investigations on attention retention throughout
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the listening experiments and the reaction time in error versus non-error trials
were found to depend on the presence of noise and the progression of time. Chil-
dren starting at the age of five especially revealed an increasing tendency toward
speed-accuracy trade-off with the increasing amount of time spent in the listening
experiment. Furthermore, different strategies to deal with noisy conditions were
found between the age groups three to six.

The ability to process spatial information in a paradigm on intentional switching
of auditory selective attention was generally in line with previous research. The
cognitive performances depended on the complexity of the spatial configuration
of the target and distractor and the corresponding availability of information
provided through binaural cues, such as interaural time and level differences.
However, age differences between adults and children were inconclusive regarding
spatial abilities across the studies conducted in the scope of this dissertation. The
first study, ChildASA - wvalidation study, revealed that children did not benefit
from the spatial cues to the same extent as adults. The ChildASA - noise study,
on the contrary, found that children were able to process spatial cues in the same
manner as adults. Their performance increased, as did adults’, with the decrease
in the complexity of spatial configuration of target and distractor. Generally,
there are two explanations for this phenomenon: On the one hand, the possibility
of controlling noise conditions might have masked the spatial effect as given in
the ChildASA - validation study. On the other hand, developmental differences
in spatial processing of children at the same age could be the reason since the
differences in the benefit of available spatial cues were also observed to a certain
extent for very young children between three and six years old. Though children
can be categorized into age groups, their cognitive-developmental state can still
vary a lot based on other factors, e.g., socio-economic status, etc., as it was
found in the ChildASA - preschool study and the ChildASA - noise study and
the ChildASA - wvalidation study were conducted in different areas of Aachen
with different general socio-economic status. Since the sample size of the age
groups with regard to the variable of socio-economic status in the ChildASA -
preschool study was too small to derive final conclusions, this observation had to
be interpreted with caution.

Dependencies between cognitive behavior in terms of intentional switching of
auditory selective attention and physiological reactions measured via heart rate
variability as a result of noise-induced stress could not be observed. Though the
heart rate variability measures were promising for assessing physiological reactions
easily and unobtrusively, results indicated that HRV parameters and cognitive
behavior parameters (here RT and ER) could not be used interchangeably. How-
ever, HRV parameters, such as SD2, can add insights into noise susceptibility, i.e.,
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degree of reactivity to noise, which was observed as bodily reaction,s e.g., in terms
of a stronger parasympatic response, especially when investigating differences
between adults and children.
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Summary and Outlook

This dissertation aimed to assess noise effects on children’s auditory cognition
and health by bringing close-to-real-life acoustic scenes into listening experiments
on intentional auditory selective attention switching for children between three
and ten years old in a controlled and reproducible manner with high ecological
validity.

The first objective was to determine the general noise situation in German pre-
and primary schools by adding children’s perspectives through measurements
using head and torso simulators (HATS), considering children’s environment and
activities, as well as child-appropriate noise ratings. Room acoustic and long-
term in-situ noise measurements using HATSs of varying anthropometric sizes
were examined to assess differences in the physical signal and their influences on
children’s noise perception.

In general, acoustic conditions in German classrooms and playrooms were found
to be improvable by focusing on high-frequency sound absorption and optimizing
reverberation times and speech intelligibility, enhancing the auditory environment
for children as an essential factor for learning and communication.

In long-term noise measurements, psychoacoustic parameters provided deeper
insights into noise assessment than traditional sound pressure level (SPL)-based
parameters. Differences between adult and child HATS were particularly pro-
nounced in higher frequencies, where psychoacoustic parameters like sharpness
played a crucial role. Furthermore, this observation was strengthened within the
room acoustic analyses, focusing on the frequency bands from 250 Hz to 16 kHz.
Differences were mainly found in higher frequencies and parameters such as C50,
D50, and TS, which tended to be more responsive to anthropometric differences
between HATSs than reverberation parameters like T20, T30, and EDT.

The STT analysis on HATS measurements revealed that single-value measures
might obscure significant differences in the higher frequency spectrum when av-
eraging across frequency bands to achieve the final single-value measure. The
binaural version of STI displayed differences between adult and child HATS,
which were further explored through modulation transfer indices (MTIs), offering
a more detailed frequency-dependent analysis. This approach helped capture
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distinctions between HATS of varying anthropometric sizes primarily found in
the higher frequency bands.

These results were also reflected in the analyses of psychoacoustic and SPL-based
parameters across frequency bands derived from long-term measurements, show-
ing how noise parameters vary between adults and children, particularly in higher
frequencies. Frequency response curves obtained from measurements with adult
and child HATS, alongside omnidirectional reference microphones, highlighted
these differences, eventually reflected in the psychoacoustic parameters.

The advantages of psychoacoustic parameters over level-based ones were fur-
ther supported by their stronger correlation with subjective noise ratings by
children. Using the INCH questionnaire, this dissertation demonstrated that
psychoacoustic measures aligned better with children’s subjective noise ratings
than SPL-based metrics. Furthermore, differences between adults and children’s
noise ratings were observed, with children experiencing or expressing stronger
emotional reactions towards the assessed sound types than adults. Differences be-
tween preschool (three to six years old) and primary school (six to ten years old)
children were further found with young children, i.e., preschool-aged children, to
be more susceptible to high-frequency sounds reflected in stronger negative emo-
tional reactions reported in the INCH questionnaire, which aligned with previous
research.

Different educational activities in pre-primary and primary schools were con-
sidered influential for existing noise levels and were, therefore, systematically
explored in this dissertation to understand their impact. By analyzing these
activities from an acoustic perspective, focusing on adult-child interactions and
communication pathways, the study found that activities with more structured
communication patterns tended to lower noise levels. However, differences in the
higher frequency bands had a relatively minor impact when addressing activities,
though differences between adult and child HATS were still observed. These
findings add valuable insights into how children might perceive noise compared
to adults.

This dissertation showed that anthropometric differences between child and adult
HATS can significantly impact measured acoustic parameters, especially in edu-
cational buildings and contexts. While this dissertation offers essential findings
on the differences within the physical sound signals measured using HATSs of
varying anthropometric sizes and corresponding acoustic parameters, it empha-
sizes the need for further research to understand how children perceive acoustic
and noise parameters fully. Since most acoustic parameters were developed for
adults, their validity for assessing children’s noise perception remains uncertain
and is subject to future research.
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The second objective was to investigate the noise effects on children’s auditory
cognition and health based on insights from the previously assessed acoustic
conditions in German pre- and primary schools. This dissertation developed a
child-appropriate paradigm for studying auditory selective attention switching in
spatial and noisy acoustic environments using close-to-real-life sound reproduction
methods, a motivation system, and gamification of the paradigm.

The newly developed paradigm was validated for children aged four to ten. It
required them to solve a categorization task to assess intentional auditory selec-
tive attention switching and incorporate a motivation system with immediate
feedback. By age five, children displayed similar cognitive flexibility in intentional
auditory selective attention switching to adults. The development of this ability
appears to begin around age four, with performance improving as children age.
However, the sample size for three-year-olds was too small in the study conducted
within this dissertation to draw definitive conclusions.

Significant noise effects on intentional auditory selective attention switching were
observed in children and adults, with children being more sensitive to noise,
i.e., the noise will lead to stronger reactions regardless of whether beneficial or
detrimental. A speed-accuracy trade-off was noted, especially in children aged five
and older, with decreased reaction times and increased error rates. Additionally,
children employed different strategies to cope with noisy conditions, varying by
age group, particularly between ages three and six.

This dissertation further examined how children processed spatial information in
auditory cognition tasks, especially in intentional switching of auditory selective
attention. Results, aligning with previous research, showed that performance de-
pended on the complexity of spatial configurations and the availability of binaural
cues, such as interaural time differences. However, age-related differences were
inconclusive. In the initial validation study, children benefitted less from spatial
cues than adults, but later noise studies showed that children’s ability to process
spatial cues improved as task complexity decreased. Possible explanations for the
mixed results include either the potential to control noise presentation within the
experiments by the participants that might have introduced masking of spatial
effects in the validation study or developmental variability in spatial processing
among children, which leads to the conclusion that categorizing children in terms
of the actual age cannot sufficiently reflect their developmental stage. Develop-
mental differences in auditory processing were found to show tendencies towards
linkages to socio-economic status, as shown in the preschool studies conducted in
different regions with varying socio-economic backgrounds. Nevertheless, these
findings should be treated with caution due to the small sample sizes.
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Lastly, no clear relationship was found between behavioral response measures
(reaction times and error rates) in auditory selective attention tasks and physio-
logical responses (e.g., heart rate variability (HRV)) under noise-induced stress.
While HRV measures were promising as non-intrusive indicators of noise suscep-
tibility, meaning reflecting different levels of reactivity to noise, e.g., in terms
of cognitive effects representing noise-induced stress levels, they could not fully
substitute or represent behavioral response metrics from cognitive paradigm de-
sign. Nonetheless, particular HRV parameters, such as SD2, may offer additional
insights into noise susceptibility, i.e., as distinct levels of bodily reactivity to noise,
especially when comparing adults and children.

In conclusion, this dissertation provides significant insights into children’s au-
ditory cognition under noise exposure, especially in educational environments.
Furthermore, it revealed significant differences in measured signals when applying
head and torso simulators of varying anthropometric sizes. It highlights the need
for child-specific acoustic standards and further research into developmental and
socio-economic factors influencing auditory perception.
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A.1 Complete overview on RA parameters
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A.1. Complete overview on RA parameters
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Table A.2: Complete RA parameters derived from the A-HATS,, per measured room.

T2 [s] T30 [s] EDT [s] Cso [dB] Dgo [%] Tg [s]
Room ZﬁOw BB Mid L.v.H BB Mid L.v.H. BB Mid L.v.H. BB Mid L.v.H BB Mid L.v.H. BB Mid L.v.H.
CRO1 11 0.480 0.477 1.35 0.554 0.490 1.49 0.433 0.471 1.44 7.9 6.8 0.53 83.6 81.8 0.86 .025 0.026 1.84
CRO2 11 0.569 0.606 1.10 1.072 0.606 2.93 0.526 0.588 1.08 5.6 4.2 0.83 76.3 71.5 0.97 .035 0.040 1.10
CRO3 12 0.926 1.044 1.37 0.987 1.052 1.49 0.880 1.004 1.43 2.0 0.5 -0.06 58.6 52.7 0.71 .061 0.069 1.60
CRO04 10 0.963 1.094 1.52 0.990 1.113 1.55 0.902 1.049 1.58 2.4 0.5 -0.03 59.2  52.9 0.71 .062 0.071 1.69
CRO5 10 2.336 0.603 7.71 3.947 0.997 8.16 0.449 0.475 1.41 7.7 6.9 0.55 83.1 82.3 0.87 .029 0.028 1.95
CRO6 11 0.578 0.612 1.11 2.601 0.619 8.36 0.515 0.611 0.96 6.3 4.6 0.93 78.5 73.6 1.01 .031 0.036 0.99
CRO7 10 0.524 0.570 1.06 0.636 0.576 1.49 0.517 0.574 1.08 5.5 3.9 0.79 75.5 70.2 0.96 .034 0.040 1.10
CRO8 8 0.504 0.550 0.90 1.571 0.562 4.84 0.476 0.541 0.92 6.6 5.2 0.95 79.8 76.1 1.02 .030 0.033 0.99
PRO9 12 0.455 0.501 1.44 0.468 0.506 1.47 0.410 0.486 1.36 7.8 5.8 0.59 82.7 78.4 0.89 .027 0.032 1.54
PR10 6 0.421 0.383 1.57 4.316 0.416 24.34 0.339 0.348 1.34 9.8 8.8 0.66 87.6 86.8 0.91 .023 0.023 1.61
PR11 10 0.340 0.339 0.92 0.946 1.618 4.20 0.289 0.307 0.95 11.2 10.4 0.96 91.8 91.3 1.00 .018 0.018 1.13
PR12 8 0.452 0.459 1.38 0.474 0.487 1.43 0.446 0.432 1.49 7.5 6.7 0.50 81.4 81.5 0.84 .028 0.029 1.80
PR13 11 0.579 0.620 1.22 4.064 2.683 13.69 0.457 0.517 1.39 7.5 5.9 0.57 82.6 79.1 0.87 .027 0.031 1.77
PR14 10 0.419 0.403 2.11 0.461 0.407 2.32 0.409 0.429 2.27 9.5 7.3 0.36 84.4 82.4 0.79 .026  0.026 2.79
PR15 10 0.481 0.495 1.22 0.501 0.498 1.24 0.418 0.468 1.31 7.8 6.4 0.60 83.2 80.7 0.88 .026 0.028 1.60
PR16 4 0.460 0.493 1.53 0.463 0.503 1.51 0.364 0.392 1.17 9.2 7.9 0.78 86.2 83.9 0.96 .025 0.028 1.29
PR17 12 0.514 0.446 1.39 1.038 0.453 3.66 0.469 0.429 1.39 7.5 7.3 0.60 81.8 83.4 0.88 .028 0.026 1.69
PR18 12 0.659 0.766 1.42 0.693 0.790 1.42 0.589 0.750 1.56 5.5 2.8 0.36 72.8 64.3 0.81 .039 0.050 1.64
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Table A.4: Complete RA parameters derived from the A-HATS, om per measured room.

T2 [s] T30 [s] EDT [s] Cso [dB] Dgo [%] Tg [s]
Room ZﬁOw BB Mid L.v.H. BB Mid L.v.H. BB Mid L.v.H. BB Mid L.v.H BB Mid L.v.H. BB Mid L.v.H.
CRO1 11 0.485 0.481 1.36 587 0.493 1.62 0.458 0.493 1.41 8.3 7.1 0.54 84.7 83.1 0.87 0.026 0.028 1.81
CRO2 11 0.581 0.619 1.13 .080 0.615 2.93 0.553 0.616 1.08 6.2 4.8 0.86 78.5 74.3 0.98 0.037 0.042 1.10
CRO3 12 0.942 1.062 1.39 .000 1.063 1.51 0.917 1.043 1.47 2.5 1.0 0.07 61.3 55.5 0.73 0.064 0.072 1.59
CRO04 10 0.981 1.112 1.54 .002 1.126 1.56 0.942 1.089 1.57 3.0 1.1 0.07 62.2 56.2 0.72 0.065 0.074 1.65
CRO5 10 2.358 0.617 7.63 .071 1.235 6.83 0.480 0.506 1.34 8.3 7.4 0.55 84.5 84.1 0.87 0.031 0.030 1.89
CRO6 11 0.634 0.621 1.29 .665 0.626 8.50 0.543 0.638 0.95 6.8 5.1 0.92 80.5 75.9 1.00 0.034 0.039 0.95
CRO7 10 0.535 0.581 1.08 .652 0.583 1.53 0.542 0.599 1.10 6.0 4.3 0.83 77.3 72.1 0.97 0.036 0.041 1.12
CRO8 8 0.514 0.564 0.91 617 0.567 4.95 0.503 0.577 0.92 7.2 5.8 0.93 81.8 78.5 1.01 0.032 0.036 0.96
PRO9 12 0.463 0.511 1.45 .473 0.510 1.47 0.424 0.499 1.35 8.2 6.1 0.59 83.6 79.4 0.89 0.028 0.033 1.52
PR10 6 0.429 0.391 1.60 4.322  0.424 24.17 0.357 0.366 1.29 10.3 9.4 0.66 88.7 88.5 0.92 0.024 0.026 1.56
PR11 10 0.349 0.345 0.92 996  1.647 4.39 0.309 0.320 0.93 11.8 10.7 0.95 92.7 91.9 1.00 0.019 0.019 1.09
PR12 8 0.456 0.467 1.38 .479  0.495 1.44 0.462 0.454 1.52 7.8 7.2 0.54 82.3 83.1 0.86 0.029 0.030 1.84
PR13 11 0.591 0.629 1.22 4.479 2.689 14.98 0.481 0.533 1.36 8.0 6.2 0.57 83.8 79.9 0.87 0.029 0.032 1.66
PR14 10 0.427 0.411 2.14 .470 0.413 2.34 0.425 0.448 2.22 10.0 7.9 0.37 85.4 83.8 0.80 0.027 0.028 2.70
PR15 10 0.488 0.504 1.23 .506 0.501 1.25 0.434 0.485 1.31 8.0 6.7 0.61 83.9 81.7 0.88 0.027 0.030 1.59
PR16 4 0.474 0.512 1.53 .471 0.513 1.52 0.400 0.421 1.20 9.8 8.6 0.80 87.8 85.5 0.97 0.027 0.029 1.26
PR17 12 0.526 0.454 1.41 .062 0.458 3.73 0.500 0.445 1.45 7.9 7.6 0.63 83.1 84.5 0.89 0.030 0.027 1.70
PR18 12 0.671 0.781 1.43 700 0.801 1.41 0.614 0.779 1.51 6.1 3.4 0.40 75.1 67.6 0.83 0.042 0.052 1.66
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Table A.7: In-situ level parameters derived from the A-HATS,, per measured room.

Room Npos | ‘Zign  TZFgmean  fzgo  fzeo [Zeq | fAga PAfpmean  fAge AR A5
CRO1 11 72.7 65.9 76.2 54.9 1.16 70.2 62.2 73.6 50.1 0.90
CRO02 11 69.1 59.0 71.1 48.2 1.19 66.6 51.9 67.2 38.9 0.92
CRO3 12 76.5 71.4 80.5 61.7 1.15 74.2 67.4 78.2 55.4 0.89
CRO0O4 10 73.3 64.9 77.2 53.4 1.14 71.2 59.9 74.7 46.1 0.88
CRO5 10 72.7 65.5 76.2 56.1 1.18 69.5 59.9 72.7 48.2 0.93
CRO6 11 70.8 65.0 74.2 56.6 1.17 68.2 60.4 71.7 49.1 0.91
CROT 10 68.5 59.9 71.5 47.8 1.13 66.4 54.0 68.9 36.9 0.88
CRO08 8 73.4 67.1 76.6 57.6 1.14 71.5 62.5 74.5 49.3 0.89
PRO9 12 73.0 67.7 76.3 58.5 1.17 70.8 64.0 74.0 53.7 0.92
PR10 6 69.6 63.5 72.6 53.6 1.16 67.6 60.0 70.7 48.2 0.90
PR11 10 71.3 65.4 74.5 56.3 1.10 69.8 62.7 73.0 51.9 0.86
PR12 8 71.9 67.9 75.3 60.2 1.15 69.6 64.3 73.1 54.8 0.91
PR13 11 68.7 60.4 71.1 49.8 1.13 66.8 55.9 68.9 42.6 0.87
PR14 10 74.9 70.0 78.4 62.0 1.15 73.1 66.6 76.3 57.1 0.91
PR15 10 69.9 63.0 73.2 51.9 1.14 68.0 58.5 71.2 44.0 0.89
PR16 4 70.7 64.0 73.8 54.2 1.14 69.1 60.4 72.1 48.3 0.89
PR17 12 70.8 63.7 73.9 53.9 1.14 68.3 59.1 71.4 46.5 0.89
PR18 12 71.9 64.4 74.3 54.9 1.12 70.2 60.7 72.1 49.7 0.88
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Table A.9: In-situ level parameters derived from the A-HATSp om per measured room.

Room Npos | ‘Zign  TZFgmean  fzgo  fzeo [Zeq | fAga PAfpmean  fAge AR A5
CRO1 11 73.2 61.1 71.8 50.0 1.16 83.4 57.5 69.2 45.2 0.88
CRO02 11 64.9 54.5 66.6 43.5 1.19 63.3 47.3 62.8 34.0 0.91
CRO3 12 91.3 66.5 75.7 56.7 1.21 93.2 62.6 73.4 50.3 0.88
CRO0O4 10 69.4 60.5 72.9 48.6 1.14 67.1 55.6 70.5 41.3 0.86
CRO5 10 88.3 60.7 71.4 51.1 1.17 68.9 55.2 68.0 43.3 0.91
CRO6 11 72.5 60.2 69.6 51.8 1.16 99.4 55.7 67.2 44.3 0.89
CROT 10 72.2 55.4 67.0 43.5 1.12 62.5 49.7 64.5 32.9 0.85
CRO08 8 90.6 62.3 72.0 53.0 1.14 73.0 57.9 69.9 44.6 0.86
PRO9 12 71.2 62.9 71.8 53.5 1.18 72.9 59.3 69.5 48.7 0.86
PR10 6 76.5 59.0 68.5 49.0 1.15 67.0 55.6 66.6 43.7 0.88
PR11 10 83.9 60.7 70.0 51.4 1.10 73.1 58.0 68.6 47.1 0.83
PR12 8 74.4 63.4 70.9 55.6 1.14 73.4 59.8 68.8 50.4 0.88
PR13 11 78.4 55.4 66.3 44.9 1.15 65.7 51.1 64.1 37.7 0.85
PR14 10 86.9 65.5 74.0 57.6 1.15 84.5 62.1 71.9 52.6 0.87
PR15 10 70.1 58.3 68.6 46.9 1.15 69.0 53.9 66.7 39.2 0.88
PR16 4 70.1 59.4 69.4 49.5 1.13 67.3 55.9 67.8 43.7 0.84
PR17 12 82.3 58.8 69.2 48.6 1.14 86.7 54.3 66.8 41.5 0.87
PR18 12 86.0 59.4 69.6 49.8 1.14 87.6 55.7 67.4 44.6 0.85
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Table A.11: In-situ psychoacoustic parameters derived from the reference microphone per measured room.

Room Npos Nmean N5 Noo Smean S5 Seo Rmean Rs Rgo FSmean FSs FSgg
(sone) (acum) (asper) (vacil)
CRO1 11 8.3 18.0 3.0 1.56 2.14 1.23 0.08 0.16 0.03 0.08 0.17 0.04
CRO2 11 4.5 12.1 1.4 1.29 1.88 0.80 0.09 0.24 0.02 0.03 0.10 0.00
CRO3 12 10.4 21.3 3.9 1.53 2.01 1.25 0.07 0.13 0.03 0.07 0.14 0.03
CRO04 10 7.4 19.1 1.9 1.45 1.95 1.12 0.06 0.13 0.01 0.05 0.11 0.02
CRO5 10 8.0 18.2 3.1 1.52 2.05 1.20 0.08 0.17 0.03 0.06 0.13 0.03
CRO06 11 9.0 19.0 3.6 1.61 2.16 1.29 0.07 0.14 0.02 0.08 0.16 0.03
CRO7 10 5.0 13.3 0.9 1.53 2.11 1.13 0.06 0.14 0.01 0.05 0.13 0.01
CRO8 8 8.7 20.0 2.9 1.62 2.17 1.29 0.07 0.15 0.02 0.08 0.16 0.03
PRO0O9 12 9.6 19.5 3.9 1.45 1.93 1.14 0.08 0.15 0.03 0.09 0.18 0.04
PR10 6 6.1 13.7 1.7 1.37 1.88 1.04 0.08 0.15 0.03 0.09 0.18 0.04
PR11 10 8.5 17.9 3.4 1.50 1.99 1.20 0.09 0.17 0.03 0.10 0.20 0.04
PR12 8 8.7 16.6 4.0 1.45 1.90 1.15 0.08 0.15 0.04 0.08 0.15 0.04
PR13 11 5.4 13.4 1.5 1.43 2.08 1.05 0.07 0.15 0.02 0.07 0.16 0.03
PR14 10 10.7 20.9 4.9 1.42 1.86 1.13 0.10 0.18 0.05 0.09 0.18 0.04
PR15 10 6.6 15.9 1.7 1.46 2.04 1.11 0.07 0.16 0.02 0.09 0.18 0.03
PR16 4 6.0 14.2 1.7 1.37 1.89 1.02 0.08 0.15 0.03 0.08 0.17 0.04
PR17 12 5.8 14.6 1.3 1.35 1.88 1.00 0.07 0.15 0.02 0.08 0.17 0.03
PR18 12 8.0 17.6 2.8 1.41 1.92 1.10 0.07 0.15 0.03 0.07 0.14 0.03
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Table A.13: In-situ psychoacoustic parameters derived from the C-HATS,, per measured room.
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Room Npos Nmean N5 Noo Smean S5 Seo Rmean Rs Rgo FSmean FSs FSgg
(sone) (acum) (asper) (vacil)
CRO1 11 8.3 17.7 3.1 1.50 2.04 1.20 0.09 0.16 0.04 0.08 0.17 0.04
CRO2 11 4.5 12.1 1.0 1.43 2.00 1.06 0.05 0.13 0.01 0.04 0.11 0.01
CRO3 12 11.0 21.6 4.6 1.45 1.88 1.20 0.08 0.14 0.04 0.07 0.14 0.03
CRO04 10 7.8 19.6 2.1 1.46 1.94 1.14 0.06 0.13 0.02 0.05 0.11 0.02
CRO5 10 7.7 2.9 1.45 1.94 1.16 0.09 0.17 0.04 0.06 0.13 0.03
CRO06 11 8.4 17.7 3.4 1.56 2.07 1.26 0.07 0.14 0.02 0.07 0.15 0.03
CRO7 10 5.3 13.8 0.8 1.47 1.99 1.12 0.06 0.15 0.01 0.05 0.13 0.01
CRO8 8 8.6 19.3 2.9 1.58 2.09 1.28 0.08 0.16 0.03 0.08 0.15 0.03
PRO9 12 10.5 21.3 4.4 1.40 1.85 1.11 0.09 0.15 0.04 0.09 0.18 0.04
PR10 6 7.0 14.6 2.5 1.42 1.84 1.15 0.08 0.15 0.04 0.09 0.19 0.04
PR11 10 7.3 15.3 2.8 1.44 1.92 1.14 0.09 0.18 0.04 0.09 0.19 0.04
PR12 8 9.5 18.1 4.4 1.41 1.83 1.14 0.09 0.15 0.05 0.08 0.16 0.04
PR13 11 6.2 15.1 1.9 1.40 1.98 1.05 0.08 0.16 0.02 0.08 0.18 0.03
PR14 10 11.1 21.8 5.1 1.38 1.79 1.12 0.11 0.18 0.06 0.09 0.19 0.04
PR15 10 7.6 17.8 2.1 1.43 1.96 1.10 0.08 0.16 0.03 0.09 0.19 0.03
PR16 4 7.2 16.4 2.5 1.41 1.90 1.09 0.09 0.16 0.04 0.09 0.19 0.04
PR17 12 7.5 17.4 2.4 1.39 1.88 1.07 0.07 0.15 0.03 0.09 0.18 0.04
PR18 12 8.1 17.4 3.2 1.41 1.88 1.12 0.08 0.15 0.03 0.07 0.15 0.03
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Table A.15: In-situ psychoacoustic parameters derived from the C-HATS,;om per measured room.

CHAPTER A. Appendix - Child-Appropriate Noise Assessment

Room Npos Nmean N5 Noo Smean S5 Seo Rmean Rs Rgo FSmean FSs FSgg
(sone) (acum) (asper) (vacil)
CRO1 11 9.2 19.6 3.4 1.56 2.14 1.24 0.10 0.19 0.04 0.09 0.19 0.04
CRO2 11 4.9 13.1 1.1 1.49 2.08 1.10 0.06 0.15 0.01 0.05 0.13 0.01
CRO3 12 12.7 25.2 5.1 1.50 1.96 1.23 0.09 0.16 0.04 0.08 0.16 0.04
CRO04 10 8.6 21.6 2.4 1.52 2.01 1.19 0.07 0.15 0.02 0.06 0.12 0.02
CRO5 10 8.6 19.4 3.4 1.52 2.05 1.20 0.10 0.20 0.04 0.07 0.14 0.03
CRO06 11 9.2 19.5 3.7 1.61 2.15 1.29 0.08 0.17 0.03 0.08 0.16 0.04
CRO7 10 5.7 14.7 0.9 1.53 2.08 1.17 0.07 0.18 0.01 0.06 0.15 0.01
CRO8 8 9.6 21.5 3.3 1.65 2.20 1.32 0.09 0.19 0.03 0.08 0.17 0.04
PRO9 12 11.1 22.3 4.7 1.43 1.90 1.14 0.10 0.17 0.05 0.10 0.19 0.04
PR10 6 8.5 18.0 3.0 1.54 2.07 1.22 0.10 0.19 0.05 0.11 0.24 0.05
PR11 10 7.9 16.8 3.1 1.49 2.01 1.18 0.10 0.20 0.04 0.10 0.21 0.04
PR12 8 10.5 20.0 4.9 1.45 1.89 1.16 0.10 0.18 0.05 0.09 0.17 0.05
PR13 11 6.7 16.1 2.0 1.45 2.07 1.08 0.09 0.18 0.03 0.09 0.19 0.03
PR14 10 12.2 24.0 5.6 1.44 1.89 1.16 0.12 0.21 0.07 0.10 0.21 0.05
PR15 10 8.2 19.1 2.3 1.48 2.06 1.14 0.10 0.19 0.03 0.10 0.21 0.04
PR16 4 8.0 18.4 2.7 1.47 2.00 1.13 0.10 0.18 0.05 0.11 0.22 0.04
PR17 12 8.4 19.1 2.8 1.43 1.95 1.10 0.09 0.17 0.03 0.09 0.20 0.04
PR18 12 8.7 18.7 3.4 1.45 1.96 1.15 0.09 0.18 0.04 0.07 0.16 0.03
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Table A.16: INCH survey descriptives (adults participants).

Playrooms

< 20 20-30 31-40 41-50 51-60 >61
Age category

y/o y/o y/o y/o y/o y/o

N 3 16 7 5 2 -
Frequency

Angry and yelling 33.3% 68.8% 14.3% 50.0% 50.0% -
Loud and strong 66.7% 81.3% 85.7% 80.0% 100.0% -
Scraping and screeching 33.3% 31.3% 28.6% 20.0% 50.0% -
Sadness

Angry and yelling 0.0% 25.0% 14.3% 0.0% 0.0% -
Loud and strong 0.0% 37.5% 14.3% 40.0% 0.0% -
Scraping and screeching 0.0% 26.7% 14.3% 20.0% 0.0% -
Angriness

Angry and yelling 33.3% 31.3% 42.9% 40.0% 50.0% -
Loud and strong 50.0% 50.0% 42.9% 40.0% 50.0% -
Scraping and screeching 33.3% 31.3% 42.9% 0.0% 0.0% -

Classrooms

< 20 20-30 31-40 41-50 51-60 >61
Age category

y/o y/o y/o y/o y/o y/o
N 1 4 8 8 5 3
Frequency
Angry and yelling 0.0% 0.0% 12.5% 37.5% 40.0% 0.0%
Loud and strong 0.0% 50.0% 37.5% 62.5% 100.0% 0.0%
Scraping and screeching 0.0% 0.0% 0.0% 0.0% 60.0% 0.0%
Sadness
Angry and yelling 0.0% 0.0% 0.0% 0.0% 60.0% 0.0%
Loud and strong 0.0% 0.0% 0.0% 0.0% 20.0% 33.3%
Scraping and screeching 0.0% 50.0% 12.5% 37.5% 0.0% 50.0%
Angriness
Angry and yelling 0.0% 75.0% 50.0% 25.0% 60.0% 0.0%
Loud and strong 0.0% 50.0% 50.0% 25.0% 60.0% 33.3%

Scraping and screeching 100.0% 50.0% 62.5% 25.0% 20.0% 66.7%
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Table A.17: INCH survey descriptives (children participants).

Playrooms
Age category 3y/o 4y/o 5y/o 6y/o
N 13 25 29 16 -
Frequency
Angry and yelling 30.8% 64.0% 62.1% 43.8% -
Loud and strong 53.8% 68.0% 72.4% 56.3% -
Scraping and screeching 30.8% 36.0% 10.3% 12.5% -
Sadness
Angry and yelling 61.5% 36.0% 55.2% 37.5% -
Loud and strong 61.5% 44.0% 37.9% 37.5% -
Scraping and screeching 15.4% 32.0% 32.1% 28.6% -
Angriness
Angry and yelling 30.8% 47.8% 48.3% 25.0% -
Loud and strong 41.7% 47.8% 51.7% 40.0% -
Scraping and screeching 38.5% 21.7% 24.1% 37.5% -
Classrooms
Age category 6 y/o 7y/o 8 y/o 9y/o 10 y/o
N 20 49 24 7 1
Frequency
Angry and yelling 55.0% 38.8% 41.7% 85.7% 100.0%
Loud and strong 55.0% 65.3% 58.3% 71.4% 100.0%
Scraping and screeching 5.0% 14.3% 8.3% 0.0% 100.0%
Sadness
Angry and yelling 50.0% 42.9% 33.3% 28.6% 100.0%
Loud and strong 60.0% 49.0% 50.0% 57.1% 100.0%
Scraping and screeching 40.0% 16.3% 58.3% 14.3% 100.0%
Angriness
Angry and yelling 65.0% 44.9% 58.3% 42.9% 100.0%
Loud and strong 60.0% 44.9% 58.3% 28.6% 100.0%

Scraping and screeching 55.0% 22.4% 37.5% 57.1% 0.0%
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A.4 ABAS results (prominent-ear method)
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Figure A.1: ABAS in noise parameters (prominent-ear method) with regard to
classroom activities.

Classrooms

[mref BA-HATS m C-HATS| - o~

L [dB(A)]

Breaks

. Frontal teaching
Silent work

Group work

Note. Classrooms in primary schools. Comparing results of the four activities,
respectively, obtained from the reference microphone (Ref), adult (aHATS) and
child head and torso simulator (cHATS) evaluated using the prominent-ear
method.
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Figure A.2: ABAS in noise parameters (prominent-ear method) with regard to
playroom activities.

Playrooms

Guided play Free play Mealtime

Group circle

Note. Playrooms in daycare centers . Comparing results of the four activities,
respectively, obtained from the reference microphone (Ref), adult (A-HATS) and
child head and torso simulator (C-HATS) evaluated using the prominent-ear
method.
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Table B.1: ChildASA-noise: Post-hoc test results according to Bonferroni for the
reaction time (RT).

Gy Gy p Mg;sg [95 %-CI]
(G1 - G2) [ms] [ms]
o NoN L-R Rep Sw .031 132 [13 , 251]
F-B Rep Sw .006 171 [52, 290]
Rep NoN B c c < .001 236 [131, 341]
sc ic .001 245 [84, 407]
Sw NoN L-R C sSC .017 -260 [-482, -37]
N F-B c c .031 232 [17, 446]
Rep o L-R NoN N < .001 221 [92, 351]
F-B NoN N .034 136 [11, 261]
c Next NoN N 006 161 [48, 273]
Sw so L-R NoN N 011 315 [77, 552]
Next NoN N .039 150 [8, 293]
Ic F-B NoN N .029 129 [14, 244]
NoN L-R F-B < .001 594 [405, 783]
L-R Next < .001 489 [335, 644]
c L-R F-B < .001 509 (337, 681]
N L-R Next .005 259 [67, 450]
Next F-B .008 250 [56, 444]
Non LR F-B < .001 592 [333, 850]
L-R Next < .001 491 [242, 741]
Rep sc L-R F-B < .001 603 [386, 821]
N L-R Next .003 311 [96, 527]
Next F-B .001 292 [114, 470]
L-R F-B < .001 831 [560, 1102]
NoN L-R Next < .001 464 [224, 703]
1c Next F-B < .001 367 [230, 504]
N L-R F-B < .001 612 [282, 941]
L-R Next < .001 419 [172, 666]
L-R F-B < .001 633 [471, 795]
NoN L-R Next .001 263 [103, 423]
c Next F-B < .001 370 [222, 518]
N L-R F-B < .001 537 [339, 736]
L-R Next < .001 456 [284, 629]
L-R F-B < .001 788 [485, 1091]
NoN L-R Next .001 450 [177, 723]
so Next F-B < .001 338 [150, 525]
Sw L-R F-B < .001 557 [264, 849]
N L-R Next 029 286 [24, 548]
Next F-B .001 271 [98, 444]
L-R F-B < .001 678 [502, 853]
NoN L-R Next .003 423 [121, 724]
c Next F-B .030 255 [19, 490]
L-R F-B < .001 779 [577, 980]
N L-R Next < .001 378 [178, 577]
Next F-B < .001 401 [196, 606]

Note. N Noise; NoN No Noise; C Congruent; SC Semi-Congruent; IC Incongruent;
F-B = Front-Back; L-R = Left-Right; Rep = Repetition; Sw = Switch.
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Table B.2: ChildASA-noise: Post-hoc test results according to Bonferroni for the
reaction time (ER) with regard to age group.

G Go P Mgify [95 %-CI]
(G1 - G2) [%] (%]
c FB Rep Sw .002 59 [2.3,9.4]
FB Rep Sw < .001 -29.2 [-37.3, -21 ]
sC LR Rep Sw .027 9 [1.1,16.9]
Next Rep Sw < .001 -23.7 [-30 , -17.4 |
FB Rep Sw .005 -15.2 [-25.6 , -4.7 ]
ic LR Rep Sw .002 10.1 [3.8 ,16.5 ]
Next Rep Sw .003 -12.2 [-20 , -4.5 |
¢} sc < .001 -18.3 [-26.5 , -10 ]
LR C Ic < .001 -29.1 [-37.5 , -20.7 ]
(@] sC .02 10.9 [1.4,20.3]
[¢] LR Next .011 5.8 [1.1,10.5]
sc LR Next .028 10.9 [0.9 ,20.9 ]
Rep ic LR Next .001 14.3 [4.8,23.8]
C sc < .001 -21 [-30.3 , -11.8 ]
FB C ic < .001 -28.2 [-38.4, -18 ]
Ic sc .012 7.2 [1.3,13.1]
Next c sc < .001 -13.2 [-19.4, -7
c ic < .001 -20.6 [-28.1, -13.2 ]
Children LR le] sC < .001 -53.3 [-63.4 , -43.3 ]
] ic < .001 -50.2 [-57.7 , -42.7 |
c sC < .001 -14 [-20.8 , -7.2 ]
FB C ic < .001 -20 [-27 ,-13.1]
IC sc .025 6 [0.6 ,11.4 ]
Next [¢] sc < .001 -37.6 [-45.8 , -29.4 |
Sw [¢] ic < .001 -33.6 [-43.4 , -23.7 ]
LR FB < .001 40.4 [30.8 , 50 ]
sc LR Next < .001 16.4 6.8 , 26|
Next FB < .001 24 [15.1, 32.8 ]
LR FB < .001 31.2 [20.5 , 41.9 ]
ic LR Next < .001 17.2 [7.5, 27 ]
Next FB < .001 14 [5.4 , 22.6 |
LR C sC < .001 -44.7 [-52.2 , -37 ]
C ic < .001 -40.7 [-48.6 , -32.7 |
Next c sc .034 -6.2 [-12.1,-0.4 ]
sc LR FB < .001 44.4 [33 , 55.8 ]
LR Next < .001 40 [30.6 , 49.4 |
Rep - LR FB < .001 41.2 [27 , 55.3 ]
Adults LR Next < .001 36.8 [27.9 , 45.8 ]
LR c sc < .001 -39.6 [-49 , -30.1 ]
[e] ic < .001 -41.8 [-48.8 , -34.7 |
Sw sc LR FB < .001 41.2 [32.1, 50.2 ]
LR Next < .001 34.6 [25.6 , 43.6 ]
G LR FB < .001 42.9 [32.8 , 53]
LR Next < .001 36.7 [27.5 , 45.9 ]

Note. C = Congruent;

SC = Semi-congruent; IC = Incongruent; FB =
Right; Rep = Repetition; Sw = Switch.

Front-Back; LR = Left-
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