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Abstract
The aim of the present thesis is to examine the cognitive control mechanisms
underlying auditory selective attention by considering the influence of variables
that increase the complexity of an auditory scene. Therefore, technical aspects
such as dynamic binaural hearing, room acoustics and head movements as well as
those that influence the efficiency of cognitive processing are taken into account.
Step-by-step the well-established dichotic-listening paradigm is extended into a
“realistic” spatial listening paradigm.
Conducted empirical surveys are based on a paradigm examining the intentional
switching of auditory selective attention. Spoken phrases are simultaneously
presented by two speakers to participants from two of eight azimuthal positions.
The stimuli are phrases that consist of a single digit (1 to 9, excluding 5), in
some experiments followed by either the German direction “UP” or “DOWN”.
A visual cue indicates the target’s spatial position, prior to auditory stimulus
onset. Afterwards, participants are asked to identify whether the target number
is arithmetically smaller or greater than five and to categorize the direction.
Human performance measure differences in reaction times and error rates between
the repetition of the target’s spatial position and the related switch (i.e. switch
costs) describe the loss of efficiency associated with redirecting attention from
one target’s location to another. To examine whether the irrelevant auditory
information is decoded, interference in the processing of task-relevant and task-
irrelevant information is created in the paradigm.
Using the binaural-listening paradigm, the ability to intentionally switch au-
ditory selective attention is tested when applying different methods of spatial
reproduction. Essential differences between real sources, an individual and a non-
individual binaural synthesis reproduced with headphones as well as a binaural
synthesis based on Cross-Talk Cancellation are found. This indicates how the
loss of individual information reduces the ability to inhibit irrelevant information.
As a step towards multi-talker scenarios in realistic environments participants are
tested in differently reverberating environments. Switch costs are highly affected
by reverberation and the inhibition is also impaired by to be unattended infor-
mation. Age-related effects are also found when applying the binaural-listening
paradigm, indicating difficulties for elderly to suppress processing the distractor’s
speech.
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1
Introduction

Communication in noisy reverberant environments is an immense challenge for
our auditory attention. Referred to as the “cocktail-party effect”, it has been
in the interest of research since Cherry [26] reported his initial study asking
participants to selectively listen to one ear while ignoring the speech from a
distracting speaker in the other ear. Using dichotic-listening paradigms, many
different facets of auditory attention have been analyzed in the last decades
(among others [20, 169, 32, 140, 22]).

Recently, Koch and colleagues [74] applied dichotic listening to examine inten-
tional switching of auditory selective attention. The paradigm is based on the
combination of dichotic listening [26] with the methodology of task cueing [107].
Koch and colleagues’ auditory task-switching paradigm differs from other stud-
ies on attention switches (for example [81, 150, 165]). These studies deal with
involuntary attention switches, meaning that the attention switches are not in-
structed but occurred spontaneously. In contrast, Koch and colleagues explicitly
emphasize the examination of endogenous, voluntary attention switches.
In the present paradigm attention switches are cued in advance and referred
to the target’s gender or the target’s location, indicating that the target’s lo-
cation/gender is switched or repeated between subsequent trials. To be more
precise, a switch of the target’s location means that the target is positioned to the
left side in the preceding trial and in the following trial the target is positioned to
the right side. Further studies [72, 73, 85, 89, 86, 88, 87, 162, 163, 161, 164] that
use the introduced dichotic-listening paradigm report about their main finding
on a cued switch of the relevant target which resulted in a worse performance
than a cued repetition of the relevant target’s speaker gender.
To examine whether the irrelevant auditory information is encoded, an interfer-
ence in the processing of task-relevant and task-irrelevant information is created
in the paradigm. The participants’ task is to categorize the spoken digit (1 to
9, excluding 5) presented by the target speaker into categories of smaller or
greater than five. To respond to the task the associated response button has
to be pressed. The two simultaneously presented stimuli of one trial are either
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CHAPTER 1. Introduction

congruent or incongruent. To be more precise, for congruent trials digits are
either both smaller than five or both greater than five and therefore call for the
same response. In incongruent trials, one digit is smaller and one is greater than
five and therefore call for different responses. Participants’ performance measures
are smaller in congruent trials than in incongruent trials which is numerously
confirmed [74, 72, 73, 85, 89, 86, 88, 87, 162, 163, 161, 164]. The “congruency
effect” [71] suggests the lack of inhibition and therefore a processing of irrelevant
information [134].

The dichotic-listening paradigm on intentional switching of auditory selective
attention has several advantages: it is technically very easy to handle and con-
venient, it uses experimentally well-controlled stimuli, and it is capable of very
precise performance measures. However, to completely understand the cognitive
control mechanisms underlying auditory selective attention in realistic environ-
ments utilizing dichotic listening is not sufficient. A dichotic presentation is a
highly artificial situation compared to natural listening. A realistic “cocktail-
party” scenario includes a number of additional cues that are associated with
binaural hearing.

To study the binaural effects in the intentional switching of auditory selec-
tive attention, the dichotic-listening paradigm is gradually extended towards a
binaural-listening paradigm representing complex dynamic acoustic scenes in the
present thesis [129, 44, 134, 136, 45].

In order to realize the extension of the paradigm towards a realistic scene various
technical methods and tools need to be applied. As the listening paradigm is
step-wise broadened towards realistic scenes the technical methods and tools are
assessed with respect to the collected empirical results.
The advantages and shortcomings of individual compared to non-individual head-
related transfer functions (HRTFs) have been in the focus of research for several
decades. Usually differences and similarities are found using localization tasks
(among others [160, 25, 180, 115]). Furthermore, studies on plausibility and au-
thenticity were applied to evaluate the needed accuracy of HRTF measurements
[38, 39, 41, 42, 126, 131, 186, 119, 82, 156, 94, 19]. However, a simple localization
task or comparisons of differently plausible stimuli lack in representing a listening
task in complex environments. Applying different binaural reproduction methods
to the paradigm on the intentional switching of auditory selective attention is
the approach of this thesis to gain a deeper insight.
To create reverberant and dynamic binaural scenarios further software tools are
necessary. In the present thesis, RAVEN (Room Acoustics for Virtual ENvi-
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ronments) [159] and Virtual Acoustics (VA) [65, 179] are used, which have been
developed at the Institute of Technical Acoustics, RWTH University Aachen.
By applying these software tools to the binaural-listening paradigm on auditory
selective attention benefits and deficiencies are analyzed.

This thesis describes and evaluates the step-by-step development of the binaural-
listening paradigm and the conducted application scenarios.
Chapter 4.1 and 4.4 evaluate the general extension from the dichotic-listening
paradigm to the binaural-listening paradigm. Different binaural reproduction
methods are compared utilizing the newly developed binaural-listening paradigm
in chapter 4.2 to examine how they affect the results in experiments involving
auditory selective attention. Since an anechoic spatial reproduction of stimuli
fails to represent a realistic multi-talker conversation in a noisy environment,
reverberant energy is provided to observe whether auditory selective attention
is affected in chapter 4.3 and 4.5. Preceding results imply an analysis of head-
movements in a dynamic binaural reproduction, which is discussed in chapter
4.6. In chapter 4.7 and 4.8 the binaural-listening paradigm is also applied to
older participants to explore age-related effects in auditory selective attention in
spatial environments.
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2
Fundamentals

This chapter gives a brief introduction into the fundamentals used in this the-
sis. After defining different methods of auditory reproductions, the theory of
binaural hearing and Head-Related Transfer Function (HRTF) are introduced.
Furthermore, some relevant background information on terms from experimental
psychology are edited.

2.1. Definition of Auditory Reproduction

Stimuli can be presented monaurally or binaurally to a listener. Monaural refers
to a presentation relating to only one ear and binaural to both ears. In a binaural
reproduction, the stimuli can either be identical, called diotic or different, called
dichotic [12].
In experimental psychology, stimuli are often presented monaurally or dichotically
in listening experiments via headphones (for example [26, 20, 22, 140, 74]).
A spatial, binaural presentation of stimuli, which is by definition dichotic, since
left and right ear’s stimulus are not identical, is usually used in technical acoustics
(for example [116, 53, 129]). In technical acoustics and also in the present thesis,
the terms binaural and dichotic are used slightly deviating from the formal
definition. Using binaural it is only referred to the situation where stimuli
reach both ears and also include spatial information. The term dichotic is used
referring to two different stimuli presented separately to the two ears excluding
the special case of stimuli containing spatial information [45].

2.2. Fundamentals of Spatial Hearing

2.2.1. Head-Related Coordinate System

To describe the relation between a listener and sound sources, the head-related
coordinate system is introduced, depicted in figure 2.1. The center of the co-
ordinate system is placed in the middle of the head between the upper edge
of the entrances of the ear canals [11]. The interaural axis passes through all
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CHAPTER 2. Fundamentals

Figure 2.1.: Head-related coordinate system definitions [148].

those three points and spans the horizontal plane with the front-back connection
(compare figure 2.1, colored in red). The frontal plane divides the forehead and
face from the back of the head along the interaural axis (compare figure 2.1,
colored in blue). The median plane cuts the head along the front-back axis into
two symmetrical halves (compare figure 2.1, colored in green).

2.2.2. Binaural Hearing

The ability to hear binaurally makes it possible to localize sound sources. Subtle
differences in intensity, spectral, and timing cues enable a listener to aurally find
a position in space.

Interaural Time Difference (ITD)

The arrival-time of a sound wave is in most cases not identical for left and right
ear, due to different path lengths from the source to the ears. This arrival-time
difference is called Interaural Time Difference (ITD). The maximal ITD (∼ 690 𝜇s
[120]) is given, when a sound source is positioned on the interaural axis, directly
facing one ear. The sound wave has to travel all around the head to arrive at the
opposite ear. In contrast, sound waves from a source positioned in the median
plane arrive simultaneous and therefore the Interaural Time Difference dissolves
(𝐼𝑇 𝐷 = 0). Azimuthal localization is therefore mainly based on the ITD cue
[13, 120].
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2.2. Fundamentals of Spatial Hearing

Interaural Level Difference (ILD)

The sound wave is always disturbed by reflections and diffraction of the listener’s
head and torso depending on its direction of arrival. This causes an attenuation
especially at the averted ear, which is called the Interaural Level Differences
(ILD). The level difference or intensity difference is frequency dependent. Low
frequencies (< 500 Hz) are practically not constrained by the body, higher
frequencies (> 1.5 kHz) are highly affected by reflections, diffraction and head
shadowing. Frequencies greater than 3 kHz are even influenced by the shape of
the pinna. The ILD cue provides information for localization in horizontal and
vertical angle [13, 120].

Duplex Theory

Already in 1907, Lord Rayleigh [95] reported his so called “duplex theory”, in-
dicating how the physical cue of ILD is most useful at high frequencies, while
the cue of ITD is most useful at low frequencies. Nowadays, the definition of the
duplex theory is loosened and it is recognized that the ITD is also important in
the higher frequency range [30] . The duplex theory is not strictly accurate for
complex sounds and the discrimination of front-back-reversals can also not be
explained by the duplex theory.

Cone of Confusion

Front-back-reversals often occur when ITDs and ILDs are identical for two or
more positions. It is also referred to “cones of confusion” to describe positions of
indistinguishable interaural differences. This holds true for all positions placed
on the surface of circular conical slices centered around the interaural axis. The
median plane is a special case of cone of confusions where ITD and ILD equal
zero. Ambiguities related to the cone of confusion may be resolved by monaural
cues and small head movements [120].

Monaural Cues

The outer ear and especially the shape of the pinna form a direction-selective
filter. Complex concave folds of the pinna reflect and scatter the incoming sound
wave depending on the the direction of the acoustic source. These amplifications
and attenuations of particular frequencies are called monaural cues, which are
mainly important for vertical sound localization [24].
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CHAPTER 2. Fundamentals

Sounding Movements

The advantage from small spontaneous head movements may assist resolving
ambiguities on cones of confusion. This observation originally is reported by van
Soest in 1929 [173] and later systematically described by Wallach [177]. It was
often shown how prominent localization errors such as front-back uncertainties
can be solved by sounding movements [14, 97, 183].
For stimuli with a duration of less than 600 − 800 ms [66, 143, 147] there is no
gain for dynamic cues since it takes a minimum time of 200 ms to initiate head
movements [11]. These sounding movements are mainly rotations performed in
horizontal plane [168] resulting in ITD and ILD changes. Blauert [11] observed,
how at least 95 % of these movements are smaller than 1 ∘.

Head-Related-Transfer-Function (HRTF)

The head-related transfer function (HRTF) describes the filtering process of
incoming sound waves due to diffraction and interference at the body, head
and outer ear. A free-field HRTF is defined by the sound pressure measured at
the eardrum or at the entrance of the ear canal divided by the sound pressure
measured with a microphone in the center of the head-related coordinate system
with the head absent.
The HRTF 𝐻(𝑓) is the Fourier transform of the Head-Related Impulse Response
(HRIR) ℎ(𝑡). In figure 2.2 an example of an HRTF and the belonging HRIR is
shown, as well as the procedure of transformation of time domain and frequency
domain of a linear and time invariant system.

Figure 2.2.: Linear time-invariant system of HRTF and HRIR [37].
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2.3. Psychological Background

2.2.3. Binaural Synthesis

To localize a sound source in space humans merely process the differences be-
tween the signals at the two ears, described above. To create a virtual sound
source which is localized in a certain direction by the listener, these interaural
differences and the monaural coloration need to be integrated into the presented
monaural stimulus. Due to channel separation a common and convenient way of
reproduction is to convolve (non-)individual HRTFs with the desired stimulus
and to play back over headphones.

Artificial Heads

Often HRTFs are measured with artificial heads (compare figure 3.11) instead of
measuring the HRTFs of real participants due to the lack of time or for practical
reasons. Findings in localization tasks applying individual and non-individual
HRTFs show that differences are significant [116, 109]. Throughout the present
thesis an artificial head produced at the Institute of Technical Acoustics, RWTH
Aachen University, with a simple torso and a detailed ear geometry [158, 111] is
used, when refering to non-individual HRTFs.

Headphone-Transfer Function (HpTF)

When reproducing binaural synthesis via headphones, headphone characteristics
and the transfer path from membrane to the eardrum are naturally included into
the presented binaural synthesis. Colorations based on the frequency response of
the headphone, that mainly occur in higher frequencies, are not desirable. The
HRTF already contains the transfer path along the pinna to the eardrum. It is
not preferable to add these amplifications and attenuations from reflections of the
outer ear. By measuring a headphone transfer function (HpTF) and convolving
the inverse with the binaural synthesis this challenge is resolved. This is also
described as a headphone equalization [102, 113].

2.3. Psychological Background

2.3.1. Historical Beginning of Studying Auditory Selective Attention

Examining auditory selective attention has a long tradition in experimental
psychology. Referred to as the “cocktail-party effect”, this has been in the focus
of research since Cherry [26] reported his first dichotic-listening study where
participants are asked to selectively listen to one ear while ignoring the speech
from a distracting speaker in the other ear. The speakers are always assigned
to one of the ears. The participant’s task is to directly shadow and therefore to
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CHAPTER 2. Fundamentals

repeat the relevant speech out loudly. During the reproduction, the stimulus of
the distracting speaker is partly switched to a different language or the speaker’s
gender is changed. After the shadowing task, participants are asked about the
to be unattended speech of the opposite ear. They are mostly able to report
whether the gender of the distracting speaker has changed and therefore sensory
characteristics of the irrelevant information are noticed. However, characteristics
that require perceptual processing, as for example the language of the irrelevant
speech, cannot be processed. Furthermore, participants are not able to report
the content of the speech for the most parts [62, 140, 87].
An important research question is therefore, how much of the to be unattended
information is actually processed and how much could be ignored or is filtered
out [61]. Three different theories are delineated, subsequently.

Early Selection or Filter Theory

Based on Cherry’s findings [26] and his own auditory attention examination using
digit pairs, Broadbent [20] proposed the early filter theory. The theory posits that
stimuli are filtered at an early stage of processing based on basic physical features,
such as color, pitch or incoming direction. Consequently, the theory implies that
the relevant and irrelevant information is processed ear-wise, in serial order. A
selective filter provides the transmission of irrelevant-ear information into a buffer
store and the relevant-ear information towards perceptual processing. Hence, the
unattended ear information is not processed beyond the in higher perceptual
levels [81]. Broadbent substantiated his theory using a split-span technique,
where participants listened to different lists of digits presented dichotically. It
was observed that listeners reported the digits of one ear first and than switched
to the other ear [20]. Shortcomings of the theory were detected in other empirical
studies (among others [169]), which is why further theories are postulated.

Attenuation Theory

In contrast to the early filter theory, Treisman [169] as well as Moray [121] found
attention switches to the to be unattended ear after the participant’s name is
included in the irrelevant speech, meaning some of the irrelevant information
must be processed perceptually. Treisman proposed an alternative theory, called
attenuation theory. This theory supports the early filter theory, however, it
assumes an attenuation of the irrelevant speech up to the level of perceptual
processing, rather than filtering out. To gain conscious awareness of the to be
unattended information, the information needs to surpass a threshold. Depending
on the semantic features of the information the threshold is differently easy to

10



2.3. Psychological Background

pass. For example if the information includes the listener’s name the threshold is
comparably low and the information can be attended.

Late Selection Theory

A third theory was proposed in 1963 by Deutsch and Deutsch [32]. It is assumed
that a selective filter restrains the irrelevant information, however, at a later stage
in information processing compared to Broadbent’s early filter theory. In more
detail, it is argued that information is selected after processing for meaning and
therefore all information is attended up to the point where semantic encoding and
analysis is performed. Afterwards only the most important stimuli are selected
for further processing.

2.3.2. Control of Processing Irrelevant Information

To control and examine whether and how much of the irrelevant auditory informa-
tion is nevertheless encoded, an interference in the processing of task-relevant and
task-irrelevant information is created in the paradigm used in the present thesis
[74, 45] (compare chapter 3.1.1 and 3.2.2). The impairment of the performance
is measured by the congruency effect [71]. Koch and colleagues [74] found in
several studies how congruent and incongruent stimulus reproduction differed
in performance [72, 73, 85, 89, 86, 88, 87, 162, 163, 161, 164]. For congruent
stimulus reproduction relevant and irrelevant auditory information result in the
same response categories of task requirement, whereas for incongruent stimulus
reproduction relevant and irrelevant auditory information result in different re-
sponse category of task requirement. The congruency effect can be interpreted
as an implicit performance measure of attending to task-irrelevant information
or in other words disobeying the task instructions [74, 45].

2.3.3. Maintaining and Switching Attention

The ability to enhance the processing of certain stimuli while suppressing the
information from another concurrent stimuli is called selective attention. An
interesting research question is how well a certain stimuli can be attended.
Substantial research effort has been invested in the observation of maintenance
of attention on one sound source and hence, the prevention of attention switches
towards another sound source [184, 150]. These attention switches are not
instructed but occurred spontaneously and involuntary [81, 150, 165, 22].
In contrast, Koch and colleagues [74] explicitly examined endogenous, voluntary
attention switches and thus a paradigm to explore the intentional switching of
auditory selective attention is introduced.
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Fundamentals of the Present Paradigm

The present paradigm (compare chapter 3.1) utilizes the intentional switching
of auditory selective attention combined with the methodology of task cueing
[107, 67, 118, 174]. Cued attention switches referred to the target’s gender or
the target’s location [73, 85]. A target’s location switch implies that the target’s
location switched between trials, whereas in the preceding trial the target is for
example on the left side and in the subsequent trial the target is on the right
side (compare also chapter 3.2.1). The main finding is that a cued switch of
the relevant target’s location or gender resulted in a worse performance than in
cued repetitions of the relevant target’s location or gender [72, 74, 85, 88]. The
performance costs are observed in two performance measures: reaction time and
accuracy. This is different than in several other studies on auditory selective
attention [165, 22], where speech perception and comprehension are measured
directly in terms of the accuracy of (verbal) report. The present paradigm offers
the possibility to observe and interpret reaction times, since auditory attention
is assessed by requiring participants to categorize the target’s stimulus as quickly
as possible while ignoring the simultaneously presented distracting speaker’s
stimulus [45].

Switch Costs

Switch costs describe the loss of efficiency associated with redirecting attention
from one target’s location to another. Therefore, performance measures provide
worse results (i.e. longer reaction times and higher error rates) when the target’s
location is switched between trials compared to a repetition of the target’s
location. Switch costs describe the numerical difference in performance measures
between switches and repetitions. The switch costs point to cognitive interference
in information processing when the selection criterion needs to be intentionally
adjusted and provide an explicit measure of how well instructions to switch
attention can be followed.

Exogenous and Endogenous Cues

To cue the auditory attention-switch a visual cue is presented to the participant
(compare chapter 3.1). Throughout this thesis endogenous cues are used. How-
ever, in discussed literature (for an overview [70]) exogenous cues are also applied
and confined to the present work.
Exogenous cues are often used in detection tasks and lead to an automatic (i.e.,
bottom up) target selection. Therefore, exogenous cues initiate an involuntary
movement of attention. An example for such a cue in a spatial listening experi-

12



2.3. Psychological Background

ment would be a small flashing/active LED lamp mounted on top of the active
loudspeaker.
In contrast, endogenous cues instruct a participant in a task to direct attention
to a particular location. Attention to “actively” select (i.e., top down) the target
stimulus is needed in order to perform the task. Therefore, endogenous cues
initiate a voluntary movement of attention. An example for such a cue in a
spatial listening experiment would be a visual symbolic cue at a centered screen
indicating the position of the active loudspeaker.

2.3.4. Age-related Effects in Auditory Attention Switching

Aging humans largely experience a decline in cognitive capacity to some degree,
that becomes apparent through forgetfulness, a decreased ability to maintain
focus as well as a decreased problem solving capacity. Demanding situations as
for example communication in noisy environments evoke difficulties for senior
citizens. It has been proven that elderly adults often have difficulties to follow a
conversation in a multi-talker situation [57, 172]. These communication challenges
may possibly arise from an age-related hearing loss, however, a constraint in
cognitive processing may be another reason [145, 144]. The theory of general
slowing and the inhibitory deficit theory try to provide answers for some effects
of the decline in cognitive capacity.

General Slowing

Generally the theory of general slowing states and explains the poorer cognitive
performance of older adults on a variety of cognitive tasks. The general hypothesis
states that increased age in adulthood is associated with a decrease of the speed
of cognitive processing. Several investigations [153, 154, 175] observe the general
slowing of information-processing speed. A way to address to this effect, when
analyzing reaction time data of different age groups, is comparing the logarithmic-
transformed scores of young and old participants [78, 104].

Inhibitory Deficit Theory

An important mechanism behind the concept of cognitive control is the inhibition.
To be able to focus attention the irrelevant information needs to be inhibited.
When talking about the ability to switch attention and to ignore distracting
speakers in elderly, the inhibitory-deficit theory becomes important [54, 96]. The
theory implies an age-related deficit in inhibitory processes, which are important
for multi-talker situations in complex environments. Inhibition functions are
the access, the deletion and the restrain of information that decline with age
according to Braver and Barch [17] as well as others [55].
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3
Experimental Setups

This chapter defines and specifies the paradigm, variables, data filters, stimuli,
laboratories, measuring procedures, reproduction techniques and roomacoustics
modeling software used for the experiments on intentional switching of auditory
selective attention.

3.1. Paradigm

The paradigm was firstly introduced by Koch and colleagues [74] and developed to
analyze the intentional switching in auditory selective attention using dichotic lis-
tening. Stepwise the paradigm is transformed into a binaural-listening paradigm
representing more realistic scenes than a dichotic-listening scenario. Experiments
described in this thesis are based on one of the following three versions of the
paradigm: dichotic-listening paradigm, binaural-listening paradigm and extended
binaural-listening paradigm.

3.1.1. Dichotic-Listening Paradigm

The dichotic-listening paradigm consists of two simultaneously presented stimuli.
These stimuli are delivered by two speakers of opposite sex and are presented
each at one ear.
“One speaker acts as the target and the other acts as the distractor. The partici-
pant is asked to focus on the target speaker and ignore the distracting speaker. To
distinguish between target and distractor, the target speaker’s direction is cued in
advance.”[129] Hence, a visual cue (letter, compare figure 3.4 (a)) highlighting the
target’s position is shown on a monitor (15 inch screen, 1.8 m distance in anechoic
chamber and 0.7 m distance in hearing booth). The letter L indicates that the
participant is asked to focus his/her attention to the left speaker, accordingly
the letter R for the right speaker.
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The speech material comprises all digits except zero and five (speech material:
1, 2, 3, 4, 6, 7, 8, 9). Every speaker presents one of those eight digits. Spoken
digits are never identical within one trial, but can be both smaller than 5, both
greater than 5 or one greater and one smaller than 5. The listener’s task is to
categorize the target’s speech into smaller or greater than five. The two stimulus
categories are mapped to two response buttons, held in hands, to be pressed by
the left and right thumb (compare figure 3.2 (a)). The push button held in the
left hand is to be pressed in case the relevant number is smaller than 5 and right
response key should be pressed for numbers greater than 5, consistent with the
mental number line [127, 40, 129].

Figure 3.1.: Dichotic-listening paradigm: Procedure of a trial with a visual
cue indicating the target direction (L vs. R), a cue-stimulus-
interval (CSI) of 500 ms, the synchronous presentation of the stimuli,
reaction time between onset of stimulus and the response of the
participant, and the response-cue-interval (RCI) of 500 ms.

Figure 3.1 shows the procedure of a trial. Each trial starts with a visual cue
presented on the monitor in front of the participant. After a cue-stimulus interval
(CSI) of 500 ms, the two acoustic stimuli (target and distractor) are simulta-
neously presented. The visual cue remains on the screen until the participant
responds to the acoustic target. The interval between response and next cue
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(RCI) is also set to 500 ms. In case of an error, visual feedback (“Fehler!”, German
for “error”) is displayed for 500 ms, delaying the onset of the next cue.
Dependent variables of the experiment are always measured reaction times (time
between onset of stimulus and button press) as well as error rates.

(a) Push buttons for response input. (b) Controller for response input.

Figure 3.2.: Devices for response input: (a) Push button held in hand to be
pressed with right and left thumbs for response input in dichotic-
listening and binaural-listening paradigm. (b) Controller used for
response input with extended binaural-listening paradigm. Four
buttons on front side to be pressed by right and left index and
middle finger.

3.1.2. Binaural-Listening Paradigm

The dichotic-listening paradigm is extended into a binaural-listening paradigm,
firstly introduced by Oberem and colleagues [129].
The main procedure of a trial of the binaural-listening paradigm is kept identical
to the procedure of the dichotic-listening paradigm, but visual cue and speaker
positions are changed. There are eight possible positions for target and distracting
speaker (front, front-right, right, back-right, back, back-left, left, front-left).
Target-speaker and distracting speaker are located in two different directions.
Due to the enlargement of possible positions, the visual cue needs to be adjusted.
The visual cue consists of a sketch of all directions indicating the target direction
with a filled dot (compare figure 3.4 (b)).
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Figure 3.3.: Binaural-listening paradigm: Procedure of a trial with a visual
cue indicating the target direction, a cue-stimulus-interval (CSI) of
500 ms, the synchronous presentation of the stimuli, reaction time
between onset of stimulus and the response of the participant, and
the response-cue-interval (RCI) of 500 ms [129].

(a) Dichotic-listening paradigm. (b) Binaural-listening paradigm.

Figure 3.4.: Visual cue: (a) in dichotic-listening paradigm, indicating the tar-
get’s position to the right. (b) in binaural-listening paradigm,
indicating the target’s position in front-right [136, 129, 134].
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3.1.3. Extended Binaural-Listening Paradigm

To analyze auditory selective attention in realistic environments, the setup and
stimuli are modified stepwise. When using reverberating stimuli it became
clear that the binaural-listening paradigm is limited (compare chapter 4.3, [128].
Short and monosyllabic stimuli (730 ms, compare chapter 3.4.1) are not or only
neglectably influenced by reverberation. Stimuli and response options are suc-
cessfully extended to ensure the possibility to analyze the intentional switching
of auditory selective attention in realistic environments (compare chapter 4.4,
[43, 44]).

Figure 3.5.: Extended binaural-listening paradigm: Procedure of a trial with a
visual cue indicating the target direction, a cue-stimulus-interval
(CSI) of 500 ms, the synchronous presentation of the stimuli, re-
action time between onset of stimulus and the response of the
participant, and the response-cue-interval (RCI) of 500 ms.

In the extended binaural-listening paradigm, “stimuli of both speakers consist of
a single spoken digit (1-9, excluding 5) which is followed by a German disyllabic
direction word for “UP” or “DOWN” (e.g. the combined stimulus could be
“Eight Up” or “One Down”) [125]. The participants’ task is a two-step process.
Concerning the digit the participant has to categorize the relevant digit presented
by the target speaker as smaller or larger than five. Secondly, the direction word
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has to be cognitively processed to press the corresponding response button [(com-
pare figure 3.2 (b))]. There are four response possibilities given in a quadratic
arrangement to be pressed by index fingers and middle fingers of both hands
(clockwise: “> 5+up” to be pressed by right index finger, “> 5+down” to be
pressed by right middle finger, “< 5+down” to be pressed by left middle finger,
“< 5+up” to be pressed by left index finger). Therefore the categories of smaller
and greater five are mapped to the left hand buttons and the right hand buttons
at the front side of a controller. Furthermore, the direction word presented by
the target gives information whether the index finger (in case the direction word
is “UP”) or the middle finger (in case the direction word is “DOWN”)has to be
pressed”[136].

3.2. Independent Variables

Independent variables vary between experiments. Auditory attention switch and
congruency are used in every experiment. The spatial position of the target and
the spatial angle between target and distractor are variables that are created in the
course of the extension into a binaural-listening paradigm. Further independent
variables are described in the belonging chapter.

3.2.1. Auditory Attention Switch

Auditory attention switch (AS) refers to the target’s spatial position in two
consecutive trials. The variable has two different levels (switch vs. repetition).
The target’s spatial position can either be repeated from one trial to another
(e.g. front - front) or switched between trials (e.g. left - back). The distractor’s
position is switched between all trials (compare figure 3.6).
The corresponding differences between switch-trials and repetition-trials in reac-
tion times and error rates are also called switch costs [71].

3.2.2. Congruency

“Congruency (C) refers to the stimuli of target and distractor within one trial.
The variable has two different levels (congruent vs. incongruent). The two stimuli
can be congruent, which is the case when both number words are smaller than
five or both greater than five (e.g. 2 and 4, 6 and 9), or they can be incongruent,
which is the case when one number word is smaller and one is greater than five
(e.g. 1 and 7, 8 and 3) ”[134] (compare figure 3.7).
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Figure 3.6.: Auditory attention switch refers to the target’s spatial position in
two consecutive trials. The variable has two different levels (switch
vs. repetition).

When the extended binaural-listening paradigm (compare chapter 3.1.3) is ap-
plied the congruency needs to be redefined. The variable has still two different
levels (congruent vs. incongruent). A trial is considered congruent when target’s
digit and distractor’s digit belong to the same category and the direction word is
identical. In case the digits belong to different categories and/or the direction
word is not identical the trial is considered as incongruent.

3.2.3. Spatial Position of Target

The effect of the target’s position (TPOS) is studied in the binaural-listening
paradigm. There are eight possible positions for the target (compare figure 3.4
(b)). “These eight positions are sorted into three different categories (compare
figure 3.8). The categories are designed with respect to the planes of the head-
related coordinate system [11] as well as the results of the analysis of the first
study using the binaural-listening paradigm [128]. The first category included all
positions on the median plane (front; back) and was therefore called “median
plane”. The second category described all positions placed on the inter-aural axis
and therefore on the frontal plane (left; right); it is later called “frontal plane”.
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Figure 3.7.: Congruency refers to the stimuli of target and distractor within
one trial. The variable has two different levels (congruent vs.
incongruent).

The third class, named “diagonal plane”, included all other possible spatial
positions which were located in 45 ∘ from the defined planes of the head-related
coordinate system”[134].

Figure 3.8.: Possible positions of the target speaker categorized in three planes:
median plane, diagonal plane and frontal plane [136, 134].

3.2.4. Spatial Angle between Target and Distractor

To analyze the spatial relation of the speaker the variable of angle between
target’s and distractor’s spatial location is introduced. This variable has four
levels (compare figure 3.9). Target and distractor can be directly neighbored
and therefore separated by 45 ∘. They can be across from each other (180 ∘) or
perpendicular (90 ∘). The fourth possibility of the spatial arrangement for target
and distractor comprises 135 ∘.
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Figure 3.9.: Possible angles between target’s and distractor’s spatial location:
45 ∘, 90 ∘, 135 ∘, 180 ∘. Exemplary for the distractor’s position
being in front. [136]

3.3. Data selection and statistics

For the analysis of reaction times (RT) and error rates (ER), the training se-
quences are always removed from the data. The first trial in every block and
every trial with a reaction time exceeding ±3 standard deviations from the indi-
vidual’s mean reaction time are also excluded from the analysis. In experiments
performed in the anechoic chamber using a static reproduction all trials in which
head movements (> ±1 cm in translation and > ±2 ∘ in rotation) are detected
by the tracker, are also deleted. Additionally, for the analysis of reaction times,
every trial with an error and the following trial are eliminated, since these trials
can not validly be defined as switch or repetition trials.
Fundamentals of statistical analysis are not introduced in this thesis. An overview
on statistics can be found by Bortz and colleagues [16]. However, tests and cor-
rections that are used in the analyses are named in the following for the sake of
completeness.
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Using the statistic software SPSS by IBM repeated measures ANOVAs (Analysis
of variance) are calculated for the conducted experiments. To test the normality of
data distributions a Kolmogorov-Smirnov test (𝑝 > .05) is used. For independent
variables with more than two levels the assumption of sphericity can be violated.
In case Mauchly’s test indicates the violation, the Huynh-Feldt correction is
applied in the ANOVA. For significant main effects with more than two levels as
well as interactions post-hoc tests are computed using the Bonferroni-adjustment.
For the sake of clarity, non-significant interactions are not listed in the result
sections of the experiments, but can be found in tables listed in the appendix A.
All collected data of this thesis is published in a supplementary data set combined
with a technical report [124].

3.4. Stimulus Material

All stimuli used for the experiments presented in this thesis are recorded in the
anechoic chamber (compare chapter 3.5.1).

3.4.1. Binaural-Listening Paradigm

“Speech material [...][is] recorded under anechoic conditions with two male and two
female native German speakers. The used hardware, studio microphone TLM170
by Neumann and sound card Hammerfall DSP Multiface by RME, [...] [allows]
recordings with a frequency range from 70 Hz to 20 kHz. The stimuli consist of
single spoken digits (1-9, excluding 5). With a time stretching algorithm that
maintains the original frequencies of the recording [64], stimuli [...] [are] shortened
or extended to 730 ms (max. modification of length: 20%). Therefore, stimuli
start and end synchronously when presented at the same time. The loudness of
the recorded stimuli [...] [is] adjusted according to DIN 45631 [48]”[129].

3.4.2. Extended Binaural-Listening Paradigm

For the extended paradigm new speech material is recorded under anechoic
conditions with two male and two female professional, native German speakers.
“The used hardware, a large diaphragm condensor microphone TLM170 by
Neumann and Zoom H6 Handy Recorder (both: cardioid directivity pattern),
[...] [allows] recordings with a frequency range from 70 Hz to 20 kHz. The stimuli
consist, as in the original paradigm, of single spoken digits (1-9, excluding 5)
which [...] [are] followed by a German disyllabic direction word (“UP”, in German
“OBEN” and “DOWN”, in German “UNTEN”). All stimuli (digits and direction
words separately) [...] [are] shortened or stretched to 600 ms (max. modification
of length: 32%) with the same time stretching algorithm [64]. The total length of
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the stimulus [...] [is] therefore 1200 ms. The loudness of the recorded stimuli [...]
[is] adjusted according to DIN 45631 [48]”[136]. This speech material is published
in a supplementary data set combined with a technical report [125].

3.5. Laboratory

Early experiments are conducted in the fully anechoic chamber and experiments
based on the extended binaural-listening paradigm take place in the hearing
booth.

3.5.1. Fully Anechoic Chamber

As a laboratory for listening tests “a fully anechoic chamber (𝑙 × 𝑤 × ℎ =
9.2 × 6.2 × 5.0 m3) with a lower boundary frequency limit of 200 Hz [...] [is]
used. The participants [...] [are] asked to sit inside a frame of eight loudspeakers
(compare figure 3.10 (a)), which [...] [are] equally distributed over azimuth (every
45∘), whereas the distance between the participant and the loudspeakers [...] [is]
kept constant at 1.8 m. The chair [...] [is] provided with a backrest, armrests,
and an adjustable head rest. An electromagnetic tracker (Polhemus Patriot) [...]
[is] used during the HRTF measurements and the listening test to control and
supervise the movements of the participant’s head. A monitor (15 inch screen)
to present written instructions and show the visual cue [...] [is] installed in a
distance of 1.8 m distance. [...] To take the focus from vision to audition, lights
[...] [are] turned off during the listening test [120, 11]”[129].

(a) Anechoic chamber. (b) Hearing booth.

Figure 3.10.: Laboratories: (a) Fully anechoic chamber with loudspeaker setup
and monitor in front [129]. (b) Hearing Booth for listening tests
with monitor in front.
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3.5.2. Hearing Booth

To ensure a quiet environment during the test, listening tests also take place in
a hearing booth (𝑙 × 𝑤 × ℎ = 2.3 × 2.3 × 1.98 m3) (compare figure 3.10 (b)). A
monitor (15 inch screen) to present written instructions and show the visual cue is
installed in a distance of 0.7 m. Again lights are turned off during the listening test.

(a) Headphones with optical markers. (b) Optical tracking camera.

Figure 3.11.: Tracking devices: (a) Artificial head wearing headphones
Sennheiser HD600 equiped with retro reflective optical mark-
ers by OptiTrack. (b) Infrared tracking cameras by OptiTrack
mounted in the hearing booth to monitor the participants’ head-
movements.

An optical tracking system (OptiTrack by NaturalPoint Inc., [123]) is used to
monitor head movements during the experiment. The system used four infrared
(wavelength: 850 nm) cameras mounted in the room close to the ceiling (compare
figure 3.11b)). The system operates with a sampling frequency of 120 Hz and
is capable of monitoring several tracking bodies simultaneously. To monitor
the participant’s head movements retro reflective optical markers are fastened
centrally on the headphones (compare figure 3.11a)). This point is monitored
throughout the experiment. As this tracking body is not located in the center
of the head, the movement of this tracking body does not correspond in all
axes to the actual head movement. To correct this offset, a head calibration is
done individually. For this calibration, the position of the two ears is marked at
the beginning of the test with two additional tracking bodies. From these two
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positions and the position on top of the head, the center point of the head can
be approximated more closely.
Three-dimensional position data of the optical markers are registered with the
optical sensors, using the triangulation method. The marker positions are dis-
played with Motive which is a software designed to supervise and control motion
capture systems for tracking applications.

3.6. Measurements

Depending on the experimental setup HRTFs and/or HpTFs are measured in
different settings.

3.6.1. Positioning of Microphones

Different types of microphones used to measure HRTFs within the ear canal as
well as the most adequate and applicable position in or around the ear have
been investigated by several researchers [51, 106, 110]. Probe microphones were
used by Wightman and Kistler [182] as well as Bronkhorst [21] among others
due to size and signal to noise ratios, whereas in recent time measurements are
more commonly made using miniature microphones placed at the entrance of the
blocked ear canal [51, 176]. In 1995, Møller et al. [114] measured HRTFs with
an open auditory canal, but reported better results when HRTFs were measured
with a blocked ear canal. However, the application and positioning of miniature
microphones with silicon Open-Domes (compare figure 3.12 (b), figure 3.13 (b))
is very simple, precise and little time consuming when HRTFs are frequently
measured.
Oberem and colleagues [38, 39, 41, 42, 126, 131] compared different recording
methods (open meatus vs. blocked meatus) regarding the perception of the
spatial sound reproduction. It is found that when using an adequate headphone
equalization and a binaural synthesis, the condition of the ear canal and the
recording technique do not yield to different findings. The comfortable and little
time consuming measuring method using Open-Domes however, is recommended
for HRTF and HpTF measurements in terms of plausibility.
In further studies, closed-domes are also used which turned out to be even more
practical in precise fastening at the entrance of the ear canal due to the design of
two nested domes (compare figure 3.12 (c)).
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(a) Ear-plug. (b) Open-dome. (c) Closed dome.

Figure 3.12.: Miniature microphones (KE3 by Sennheiser) fixed in (a) ear plug,
(b) open dome and (c) closed dome to fasten the microphone flush
with the entrance of the ear canal.

(a) Microphone in ear-plug. (b) Microphone in open-dome.

Figure 3.13.: Miniature microphones (KE3 by Sennheiser) fixed in (a) ear plug
and (b) open dome positioned the entrance of the ear canal [131].
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3.6.2. HRTF Measurements

Measurement with loudspeakers in loudspeaker arrangement

HRTFs (compare chapter 2.2.2) are either measured in a loudspeaker setup or
with the HRTF arc. Individual HRTFs are measured in the anechoic chamber in
the construction of loudspeakers (compare figure 3.10). “Measurements [...] [run]
automatically with the ITA-Toolbox [64] in MATLAB. Interleaved exponential
sweeps [33, 98] (frequency range: 70 Hz-20 kHz, bit rate: 24 bit, sampling rate:
44.1 kHz, total excitation length: 7.5 s, no averaging) [...] [are] first sent to the
sound card, then converted by an D/A-converter of type Behringer ADA8000
Ultragain Pro-8 and amplified, and finally played by the loudspeakers in the
anechoic chamber. For recording, microphones (KE3 by Sennheiser) [...] [are]
placed at the entrance of the ear canal with an open-dome, a little silicon carrier,
so that the ear canal [...] [stays] partly open or with an ear plug shortened
in length to have a closed ear canal. The in-ear recorded signal [...] [goes]
through the above-mentioned A/D-converter and the sound card before being
post-processed (including time windowing).”[129]

Measurement with the HRTF Arc

HRTF measurements can also take place in a semi-anechoic chamber (𝑙 × 𝑤 × ℎ =
9.2 × 6.2 × 5.0 m3) with a lower boundary frequency limit of 200 Hz.
The measurement system is specifically developed for fast individual HRTF
measurements with a small impact on the measurement signal [149]. It uses 64
loudspeakers (1 ”) arranged in an incomplete semi-circle from elevation 0 ∘ to
160 ∘ with 2.5 ∘ degree resolution (compare figure 3.14). The participants have
two Sennheiser KE3 microphones inserted into their ears at the entrance of the
blocked ear canals. They are positioned standing at two meters ear height in the
center of the measurement arc on a turntable. The measurement signal is an
interleaved sweep of all 64 loudspeakers with a frequency range from 500 Hz to
22050 Hz with a time delay between loudspeaker starts of 40 ms and an overall
length of 3.38 s.
To reduce unnecessary head movements, the participant’s head is positioned
against a head rest. The turntable moves the participant in azimuth angle of
2.5 ∘. The overall measurement duration is about ten minutes.
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Figure 3.14.: The HRTF Arc with 64 loudspeakers, exemplarily an artificial
head is positioned in the center [148].

3.6.3. Individual Headphone Equalization

Headphone-transfer-functions (HpTFs) (compare chapter 2.2.3) are measured to
calculate an adequate robust equalization. To this end, miniature microphones
(KE3 by Sennheiser) in closed domes are positioned in the ear canal to be flush
with the entrance. In case HRTF measurements are conducted using open domes
or earplugs to fasten the miniature microphones, these are also used for the HpTF
measurement. After each of in total eight HpTF measurements, headphones
are repositioned on the participants head [103]. To give the best comfort, the
repositioning is done by the participant itself. Based on Masiero and Fels [103]
the equalization is calculated using the mean of the HpTF measurements. Since
phase information is lost at this process, minimum phase is used. Furthermore,
notches in the high frequency range are smoothed [103, 131].
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3.7. Reproduction Method

Reproduction methods are compared and changed over experiments presented in
this thesis.

3.7.1. Dichotic

For the dichotic presentation of stimuli open headphones (Sennheiser HD 600)
are used. Although, the characteristics of the used headphones are nearly flat,
stimuli for the dichotic reproduction are also convolved with the robust headphone
equalization, to assure that no influence by the headphones is given.

3.7.2. Real sources

The scene of competing speakers is reproduced by loudspeakers placed in the
anechoic chamber (compare figure 3.10 (a)). “The used loudspeakers [...] [are]
Genelec two-way active loudspeakers, model 6010A (frequency range: 73 Hz -
21 kHz (-3 dB)), which [...] [are] equalized and fed by the sound card, a Hammer-
fall DSP Multiface by RME.”[129]

3.7.3. Binaural - Static

In most of the described experiments the binaural reproduction of stimuli is
static. This means that movements of the participant are not integrated into
the binaural scene. In case the participant turns his/her head to one side, the
binaural scene turns with the listener, respectively. Therefore, the participant is
not free to move within a scene to get for example further localization cues from
changing ITD and ILD (compare chapter 2.2.2).

Individual

Individually generated stimuli are presented binaurally via headphones. Therefore,
HRTFs are measured individually (compare chapter 3.6.2). Open headphones
(Sennheiser HD 600) are used for the binaural reproduction and an individual
headphone equalization is applied for every participant (compare chapter 3.6.3).
The convolution of stimuli, HRTF (filter length: 40 ms) and equalization (filter
length: 23 ms) is done off-line with MATLAB. Each binaural stimulus is stored
as a separate sound file in wave format. The presentation of the binaural stimuli
is static [129].
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Non-individual

The HRTFs of an artificial head are used to create binaural stimuli. “The dummy
head is a mannequin produced at the Institute of Technical Acoustics, RWTH
Aachen University, with a simple torso and a detailed ear geometry [158, 111]”[129].
Convolution and processing is identical to the individual binaural stimuli. Stimuli
are in most studies presented binaurally via headphones.
In one study the procedure of Cross-Talk Cancellation (CTC) is applied. “First
introduced by Atal and Schröder [4], CTC makes it possible to present binaural
stimuli via loudspeakers. Detailed information about the theory and procedure
can be found in Møller [112], Schmitz [157], and Lentz [91]. A third order CTC
filter [...] [is] used and stimuli [...] [are] presented with two loudspeakers in the
horizontal plane at ±45∘ (front-left and front-right). Further information about
the CTC-filter [...] [are] presented by Majdak et al. [99]. The participant’s
movements [...] [are] restricted to ±1 cm in translation and ±2∘ in rotation to
ensure that the participant [...] [is] always within the sweet spot [91]”[129].

3.7.4. Binaural - Dynamic

To estimate the relevance of a dynamic reproduction a real-time auralization of
the experimental scene is created. In case a scene is reproduced dynamically the
listener has the possibility to move freely within the scene. When listening to a
static reproduction, however, the listener has a defined position and orientation
in the scene. Head movements cause a rotation of the whole scene to the same
angle (compare figure 3.15).

Real-time auralization

As participants were free to move their head, different HRTF filters have to be
used, depending on the current head position and orientation. To adjust the
binaural synthesis synchronized with the head movement, real-time convolution
with HRTF filters and headphone equalization is required.
Head movements are monitored and tracked using the OptiTrack system (by
NaturalPoint Inc., [123]) and the associated software Motive (compare chapter
3.5.2).
The real-time auralization was realized with the software Virtual Acoustics (VA)
which was developed at the Institute of Technical Acoustics, RWTH Aachen
University [65, 179]. It allows fast exchange of filters (for latency analysis, see
[141, 46]) as a result of head movements and can be controlled by the OptiTrack
tracking system. A HRTF data set measured with the ITA artificial head
[158, 111] with a resolution of (1 ∘ × 1 ∘) is used for the auralization in the present
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Figure 3.15.: Schematic representation of the consequences of head movements
during a dynamic and a static reproduction. In a dynamic scene
the listener is able to freely move within the scene. When the
listener moves his/her head in a static reproduction the complete
acoustical scene turns, accordingly.

thesis. Neighboring HRTFs were selected on a nearest neighbor basis. Therefore,
HRTF filters are changed when the participant turns his/her head for more than
0.5 ∘.

3.8. Roomacoustics

The software RAVEN (Room Acoustics for Virtual ENvironments) [159, 2] en-
ables an auralization of reverberating environments. The software is based on the
method of deterministic image sources as well as a stochastic ray-tracing algo-
rithm. The auralization software offers a physically nearly accurate auralization
of sound propagation in complex environments. It supports spatially distributed
and freely movable sound sources and receivers.
For experiments set in reverberating environments presented in this thesis a
room model is build and binaural room impulse responses are calculated. “The
modeled room has a total volume of 137 m3 with a quadrangular ground area.
All walls are not parallel and have different lengths (front: 6.1 m, right: 7.5 m,
back: 6.0 m, left: 7.6 m). The height of the room is set to a constant value of 3 m.
The listener is located slightly off the center of the room with a sitting height of
1.3 m (listener’s position: l = 2.9 m; w = 3.2 m; h = 1.3 m). The source positions
are located in a circular arrangement around the listener, each with a distance of
1.8 m to the listener. The walls are not set to be parallel and the listener is not
positioned in the center of the room to prevent unwanted acoustical effects due
to nodal points or echos [52, 146, 50].

33



CHAPTER 3. Experimental Setups

Absorption coefficients in the room model are changed to achieve three levels of
reverberation: anechoic (RT60=0 s), low reverberation (RT60=0.8 s), and high
reverberation (RT60=1.75 s). Reverberation times for octave-bands from 63 Hz to
8 kHz are listed in Table 3.1. The absorption coefficients for the three conditions
are adjusted according to common building materials for floor, wall and ceiling.
Binaural room impulse responses (BRIR) are calculated with RAVEN based on
the simulated room model as well as HRTFs of an artificial head, measured in
an anechoic chamber [159]. The dummy head is a mannequin produced at the
Institute of Technical Acoustics, RWTH Aachen University, with a simple torso
and a detailed ear geometry [158, 111].
The convolution of stimuli with BRIRs and equalization [(compare chapter 3.6.3)]
is done off-line using MATLAB. All binaural stimuli are stored separately in wave
format” [136].

Frequency in Hz
63 125 250 500 1k 2k 4k 8k

Anechoic 0 0 0 0 0 0 0 0
Low 0.5 0.6 0.8 0.8 0.8 0.8 0.6 0.5
High 2.5 2.2 2.0 1.8 1.7 1.5 1.2 0.8

Table 3.1.: Reverberation times in seconds for the three simulated rooms in
octave bands [136].
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4
Experiments on auditory selective

attention

This chapter describes eight different experiments using the paradigm on inten-
tionally switching auditory selective attention in different settings and versions.
Step-wise the dichotic-listening paradigm is transferred into a “realistic-listening”
paradigm.

4.1. From Dichotic To Binaural – Experiment I

Parts of this study are presented at the national conference on acoustics DAGA
in 2013 [40] and on an international student poster conference in Prague in 2013
[127]. Experimental data can be downloaded from the technical report [124].

The transformation of the dichotic-listening paradigm into a binaural-listening
paradigm enabling auditory attention tasks in realistic environments is done step-
wise. As the first step the dichotic-listening paradigm is fed with binaural stimuli
[127, 40]. More precisely, an experiment on intentional switching of auditory
selective attention using the dichotic-listening paradigm is carried out using three
different techniques of reproduction: a dichotic reproduction of the stimuli (left
and right ear), a reproduction with real sources, in this case loudspeakers located
at ±90∘ in the horizontal plane, and a reproduction using individual binaural
reproduction via headphones as well as an individual headphone equalization.

To the author’s knowledge, there is no investigation comparing dichotical and
binaural reproduction methods in an auditory attention task. Several authors
already compared the results of monaural and spatial reproduction in different
experiments.
Drullman and Bronkhorst [35] studied the intelligibility and talker recognition
against a background of competing voices in monaural and binaural reproduction.
They found that the performance between a 3D-auditory display based on HRTFs
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and a conventional monaural presentation differs significantly. The binaural pre-
sentation yields better speech intelligibility with two or more competing talkers.
Yost and colleagues [185] asked participants to identified spoken words, letters,
and numbers which were presented in three listening conditions. The three lis-
tening conditions are a monaural reproduction of the acoustical scene, a binaural
reproduction using headphones and KEMAR-HRTFs for the binaural synthesis
and a reproduction over loudspeakers arranged in an anechoic chamber. Results
show best performance for “normal listening condition” (reproduction with loud-
speakers) and worst for the monaural reproduction. They reasoned that spatial
hearing plays an important role in divided attention tasks. Especially, in cocktail-
party problems where more than two stimuli are presented simultaneously this
effect is found.
The overall conclusion shows that speech intelligibility is better for a spatial
scene than for a monaural reproduction. Different than in these investigations,
the present paradigm on auditory selective attention focuses especially on the
intentional switching of attention [74] and dichotic listening is compared to bin-
aural listening.

4.1.1. Methods

A number of 30 unpaid, student participants aged between 20 and 29 years
(mean age: 23.4 ± 2.2 years) participated voluntarily in the experiment. They are
equally divided in female and male participants. All of them report that they
are normal-hearing and inexperienced in binaural listening tests.

The dichotic-listening paradigm as described in chapter 3.1.1 is used for this
experiment and therefore speaker’s positions are limited to right and left. For
the dichotic reproduction each stimulus is presented to one ear. Headphones
as described in chapter 3.7.3 are used for dichotic and binaural reproduction.
For the binaural reproduction via headphones individual HRTFs are measured
with loudspeakers of type KH O110D Klein und Hummel (compare chapter
3.6.2) with microphones placed in earplugs (compare chapter 3.6.1). HpTFs are
measured and calculated as reported in chapter 3.6.3. Participants are asked
to wear headphones only for dichotic and binaural reproduction. Two equalized
loudspeakers of type KH O110D Klein und Hummel are used for the reproduction
method of real sources (different from those described in chapter 3.7.2). The
experiment took place in the anechoic chamber (compare chapter 3.5.1) and
stimuli as described in chapter 3.4.1 are used.
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4.1. From Dichotic To Binaural – Experiment I

There are three independent variables in the present experiment (compare table
4.1). The reproduction method has three levels as described above: dichotic
reproduction, binaural reproduction with headphones using individual synthesis,
real sources represented by loudspeakers in an anechoic chamber. Attention
switch (repetition vs. switch) and congruency (congruent vs. incongruent) are
described in chapter 3.2. Dependent variables are reaction times and error rates.

Participants are tested in a within-subject design, including three blocks in total,
one of every reproduction method (arranged in Latin square design). Each
block includes a training phase of 32 trials and 144 trials used for the analysis.
Participants are asked to take a break of 5 minutes between blocks.

Table 4.1.: Experiment I: Independent variables and their levels.

Independent Variables

Reproduction Method [RM] Dichotic
Binaural
Real Sources

Attention Switch [AS] Repetition
Switch

Congruency [C] Congruent
Incongruent

4.1.2. Results

Reaction Times

In reaction times, the ANOVA yields no significant main effect of reproduction
method, [RM : 𝐹 (2, 58) = 1.42, 𝑝 > .05, 𝜂2

𝑝 = .05].
The main effect of attention switch is significant, [AS : 𝐹 (1, 29) = 43.64, 𝑝 <

.001, 𝜂2
𝑝 = .60], indicating longer reaction times in switches than in repetitions.

The switch costs (compare chapter 2.3.3) amounted on average to 104 ms.
The main effect of congruency is also significant, [C : 𝐹 (1, 29) = 6.96, 𝑝 = .01, 𝜂2

𝑝 =
.19], indicating longer reaction times in incongruent trials than in congruent trials.
No significant interaction can be found (compare table A.1 and A.3). Data is
shown in figure 4.1.
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Figure 4.1.: Experiment I: Reaction times (in ms) as a function of reproduction
method, attention switch and congruency (RM × AS × C). Error
bars indicate standard errors.

Error Rates

In error rates, the same main effects as in RT turn out to be significant.
The ANOVA yields no significant main effect of reproduction method, [RM :
𝐹 (1.16, 33.69) = 1.44, 𝑝 > .05, 𝜂2

𝑝 = .05].
The main effect of attention switch is significant, [AS : 𝐹 (1, 29) = 30.99, 𝑝 <

.001, 𝜂2
𝑝 = .52], indicating higher error rates in switches than in repetitions.

The main effect of congruency is also significant, [C : 𝐹 (1, 29) = 6.26, 𝑝 < .05, 𝜂2
𝑝 =

.18], indicating higher error rates in incongruent trials than in congruent trials.
A difference of 3.4 % can be found between congruent and incongruent stimuli.
No significant interaction can be found (compare table A.2 and A.3). Data is
shown in figure 4.2.

4.1.3. Discussion

Regarding the reproduction method, neither a significant main effect, nor any
interaction can be found. Congruency effects and switch costs ([71], compare
chapter 3.2.2) agree with findings of earlier experiments [85, 74]. On account of
the findings, it can be assumed that this experiment on intentional switching of
attention is not highly affected by the reproduction method, but more or less
robust.
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4.1. From Dichotic To Binaural – Experiment I

Figure 4.2.: Experiment II: Error rates (in %) as a function of reproduction
method, attention switch and congruency (RM × AS × C). Error
bars indicate standard errors.

This is in contrast to the results of the named investigations [35, 185], where
significantly better results are found when a spatial reproduction is used. Com-
pared to Drullman and Bronkhorst as well as Yost and colleagues a very simple
setup, having speakers positioned to the left and right, is used in the present
examination. This represents the spatial scene that can be reproduced by a
dichotic presentation rather than anything else. The monaural reproduction
of a spatial scene, as performed by Yost and colleagues, lacks in imitating the
binaural reproduction of the spatial scene. Therefore it is estimated that the
quality difference between the monaural and the binaural reproduction is greater
than the quality difference between the dichotic and the binaural reproduction in
the present simplified setup. Further possible reasons for this disagreement are
general differences in the design and the exploratory focus of the experiment.
As a next step the dichotic-listening paradigm is extended to a binaural-listening
paradigm in order to investigate auditory selective attention in spatial environ-
ments.
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4.2. Comparing Binaural Reproduction Methods – Experiment
II

Parts of this study are published in Acta Acoustica in 2014 [129]. Experimental
data can be downloaded from the technical report [124].

“In simple experimental setups as presented by Koch and colleagues [74] where
two sources are presented to the right and left ear, the dichotic reproduction of
stimuli is convenient [140, 62]. In general, however, dichotic listening is a highly
artificial situation compared to natural listening. A binaural reproduction of
stimuli is more natural and offers several advantages”[129].
The binaural-listening paradigm (compare chapter 3.1.2) as a first extension of
the dichtoic-listening paradigm (compare chapter 3.1.1) is verified in the present
experiment. It is to be ascertained whether the effects of attention switch and
congruency yield to the same effects in the binaural setup compared to the
dichotic-listening paradigm. Several experiments by Koch, Lawo and colleagues
[74, 72, 73, 85, 89, 86] using the dichotic-listening paradigm have shown how
the participant’s performance declines when the target’s location is switched
compared to a repetition of the target’s position (attention switch, compare
chapter 3.2.1). Furthermore, it is expected that the participant’s performance
of filtering out the irrelevant information delivered by the distracting speaker
is deteriorated in incongruent trials compared to congruent trials (congruency,
compare chapter 3.2.2) in the binaural-listening paradigm.
The binaural scene presented to the listener in the binaural-listening paradigm
can be reproduced by different binaural reproduction methods (compare chapter
3.7). The most straight forward method would be a presentation by loudspeakers
positioned around the listener to serve as real sources. Furthermore, binaural
stimuli can be created using HRTFs (individual or non-individual) and reproduced
via headphones. Cross-Talk Cancellation offers an alternative to headphones for
reproducing a binaural synthesis.
“These binaural reproduction methods can differ in accuracy of the binaural
synthesis. Evaluations of binaural reproduction methods are usually performed
with localization experiments. Comparisons of localization performance between
real sources and individual binaural synthesis presented with headphones were
analyzed and rated as similar by Bronkhorst [21]. Wightman and Kistler [181]
found similar results, but they also report about challenges in elevated positions
for the individual binaural synthesis which became apparent through an increased
angle of error. The results of comparisons between individual and non-individual
binaural recordings were analyzed by several authors [160, 25, 180, 115]. All of
them showed that individual recordings yielded better results than non-individual
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recordings for localizing sources in space. Detailed results also showed that in
localization tasks non-individual binaural stimuli especially caused difficulties for
sources located in the median plane, on cones of confusion, as well as in elevated
directions”[129].
Using the present binaural-listening paradigm differences, similarities, shortcom-
ings and advantages of the reproduction methods should be validated. It is
explored whether the reproduction method has an impact on the listener’s perfor-
mance in general (reaction times and error rates) and whether the performance
of intentional attention switching (attention switch and congruency effect) are
influenced by the reproduction method.
“With a binaural reproduction, there are more degrees of freedom for the location
of sources. [...] In contrast to the limitation to left and right in dichotic listening,
in binaural listening, sources can be positioned at any location on a sphere around
the listener. [...] Therefore the distance between sources as well as the distance of
sources to the listener are more variable [9, 10, 68, 3, 117]. Questions of whether
a spatial separation of target and distractor improves attention performance
[3, 7] or, whether attention acts like a “spotlight” [8], can only be analyzed and
answered with a binaural experimental setup. For example, Bregman [18] and
Deutsch [31] reported a benefit of binaural listening emphasizing the ability to
switch voluntarily between multiple channels or streams of information”[129].
Based on different localization uncertainties for sources in front, back and to the
side [11], it is expected that the listener’s performance is affected by the target’s
position. Localization is to be known as challenging with in the median plane or
other cones of confusion [11, 116]. It is expected that the spatial combination of
target’s and distractor’s location makes a contribution to the overall performance
of the listener. An interdependence between speaker’s arrangement and repro-
duction methods as well as the performance of intentional attention switching
(attention switch and congruency effect) are probable.

4.2.1. Methods

A number of 96 (4 · 24, between-subject design) paid students aged between
19 and 34 (mean age: 24.2 ± 3.6 years) participated in the experiment and are
randomly assigned to the four reproduction methods. Participants are equally
divided into male and female listeners. Listeners are screened to ensure that
they have normal hearing (within 20 dB) for frequencies between 250 Hz and
10 kHz. All listeners can be considered as non-expert listeners since they have
never participated in a listening test on auditory selective attention.
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Different reproduction techniques are compared in the present experiment. The
“normal” listening situation is covered by reproduction method A: Real sources
(compare chapter 3.7.2). Loudspeakers are evenly distributed in an anechoic
chamber around the listener. The other reproduction methods are based on
binaurally synthesized stimuli. In reproduction method B: Individual binaural
stimuli via headphones (compare chapter 3.7.3), HRTFs are measured individu-
ally. Reproduction method C : Non-individual binaural stimuli via headphones
and reproduction method D: Non-individual binaural stimuli via CTC (compare
chapter 3.7.3), both use HRTFs of a dummy head. They differ in the reproduction
device. In reproduction method C headphones are used, while in reproduction
method D loudspeakers and a CTC-filter are applied.

The binaural-listening paradigm as described in chapter 3.1.2 is used for this
experiment and therefore there are eight possible speaker’s positions. Head-
phones as described in chapter 3.7.3 are used for reproduction methods B and
C. For reproduction methods A and D loudspeakers as described in chapter
3.7.2 are used. For reproduction method B individual HRTFs are measured
with loudspeakers arranged in a spherical arrangement (compare chapter 3.6.2)
with microphones placed in open-domes (compare chapter 3.6.1). HpTFs are
measured and calculated as reported in chapter 3.6.3. Participants are asked to
wear headphones only for reproduction methods B and C. The experiment took
place in the anechoic chamber (compare chapter 3.5.1) and stimuli as described
in chapter 3.4.1 are used.

There are five independent variables in the present experiment (compare table
4.2). The reproduction method has four levels as described above: A - real
sources, B - individual binaural synthesis reproduced by headphones, C - non-
individual binaural synthesis reproduced by headphones, D - non-individual
binaural synthesis reproduced via CTC.
Eight possible positions on the horizontal plane for target- and distracting speaker
result in 58 possible spatial combinations. To break this down, the analysis of
the spatial combination of target and distractor is split in two variables: Target’s
position (median vs. diagonal vs. frontal plane), Angle between target and
distractor (45 ∘ vs. 90 ∘ vs. 135 ∘ vs. 180 ∘) (compare chapter 3.2.3 and 3.2.4).
Attention switch (repetition vs. switch) and congruency (congruent vs. incongru-
ent) are described in chapter 3.2.1 and 3.2.2. Dependent variables are reaction
times and error rates.

Participants are tested in a between-subject design. In total 600 trials divided
into four blocks of 150 trials each are separated by short breaks (5 min). The
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experimental blocks are preceded by one training block of 50 trials. The total
duration of the experiment does not exceed 60 min including the audiometry.
Trials are counterbalanced over combinations of digits, target’s and distractor’s
postion.

Table 4.2.: Experiment II: Independent variables and their levels.

Independent Variables

Reproduction Method [RM] A Real Sources
(between-subject) B Ind. HRTFs via Headphones

C Non-ind. HRTFs via Headphones
D Non-ind. HRTFs via CTC

Angle bewteen Target 45 ∘

and Distractor [ANG] 90 ∘

135 ∘

180 ∘

Position of Target [TPOS] Median
Diagonal
Frontal

Attention Switch [AS] Repetition
Switch

Congruency [C] Congruent
Incongruent

4.2.2. Results

Main Effects – Reaction Times

For reaction times, all main effects turn out to be significant (compare table A.4).
The repeated measures ANOVA yields a significant main effect of reproduction
method [RM : 𝐹 (3, 92) = 6.67, 𝑝 < .001, 𝜂2

𝑝 = .18]. A significant Bonferroni-
adjusted post-hoc analysis reveals a significant difference (𝑝 < .01) in performance
of the reproduction method A and D as well as B and D, indicating shorter reac-
tion times (∼ 1000 ms) for individual reproduction methods (A and B) than for
the non-individual reproduction methods (1100 ms−1200 ms) (compare figure 4.3
and table A.6).
The Huynh-Feldt corrected ANOVA reveals a significant main effect of target’s
position [TPOS : 𝐹 (1.66, 152.29) = 49.69, 𝑝 < .001, 𝜂2

𝑝 = .35]. A significant post-
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hoc analysis determines significant differences (𝑝 < .01) in performance between
all planes, indicating longest reaction times for trials with target positioned on
median plane (∼ 1150 ms) and shortest for those on frontal plane (∼ 1050 ms)
(compare figure 4.4 and table A.6).
The main effect of the spatial angle between target and distractor is significant
[ANG: 𝐹 (2.89, 265.92) = 61.69, 𝑝 < .001, 𝜂2

𝑝 = .40]. A significant post-hoc
analysis determines significant differences (𝑝 < .001) in performance between the
45 ∘ arrangement of target and distractor (∼ 1150 ms) and all other tested angles
(1075 ms-1090 ms), indicating longer reaction times for the directly neighbored
arrangement of target and distractor (45 ∘) (compare figure 4.4 and table A.6).
The main effect of attention switch on reaction time is significant [AS : 𝐹 (1, 92) =
65.18, 𝑝 < .001, 𝜂2

𝑝 = .42] and indicates a longer reaction time for switches than
for repetitions (compare figure 4.3 and table A.6). The switch costs amounted
on average to 53 ms (compare figure 4.3 and table A.6).
The ANOVA also yields a significant main effect of congruency [C : 𝐹 (1, 92) =
34.43, 𝑝 < .001 𝜂2

𝑝 = .27], indicating longer reaction times for incongruent stimuli
(1125 ms) than for congruent stimuli (1076 ms) (compare figure 4.3 and table A.6).

Figure 4.3.: Experiment II: Reaction times (in ms) as a function of reproduction
method, attention switch and congruency (RM × AS × C). Error
bars indicate standard errors.
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Figure 4.4.: Experiment II: Reaction times (in ms) as a function of position
and angle ( TPOS × ANG). Error bars indicate standard errors.

Significant Interactions – Reaction Times

The reproduction method interacts with the target’s position [RM×TPOS :
𝐹 (4.97, 152.28) = 4.01, 𝑝 < .01, 𝜂2

𝑝 = .12]. While for reproduction method A the
difference between the median plane and the frontal plane amounts to 3 % this
difference is 10 % for reproduction method D, respectively (compare figure A.1).
The reproduction method also interacts with congruency [RM×C : 𝐹 (3, 92) = 2.96,
𝑝 = .04, 𝜂2

𝑝 = .09]. The congruency effect is smallest for reproduction method
A (congruency effect: 17 ms), is continuously growing with numbering of repro-
duction methods and is largest for reproduction method D (congruency effect:
84 ms) (compare figure 4.3).
The target’s position interacts with the spatial angle between target and distrac-
tor [TPOS×ANG: 𝐹 (3.89, 357.86) = 54.93, 𝑝 < .001, 𝜂2

𝑝 = .37]. The interaction
can be seen in figure 4.4. If target and distractor are in a 45 ∘ arrangement,
reaction times are longest for the target being positioned in frontal plane. For all
other arrangements reaction times are shortest if the target speaker is positioned
in frontal plane. A separation of 180 ∘ entails short reaction times in frontal and
diagonal plane. However, in median plane (meaning target and distractor are po-
sitioned in front and back) reaction times are clearly longest for all combinations
(1237 ms vs. mean(𝑅𝑇180 ∘ ) = 1088 ms).
The three-way interaction with reproduction method turns also out to be signifi-
cant [TPOS×ANG×RM : 𝐹 (11.67, 357.86) = 2.03, 𝑝 = .02, 𝜂2

𝑝 = .06], showing
how the effects of the 180 ∘ arrangement in median plane and the 45 ∘ arrange-
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ment in frontal plane are differently distinct in reproduction methods (compare
figure A.1).
The spatial angle between target and distractor interacts with the attention
switch [ANG×AS : 𝐹 (2.87, 263.86) = 5.21, 𝑝 = .002, 𝜂2

𝑝 = .05]. If target and
distractor are in a 45 ∘ arrangement the switch costs add up to 82 ms. For all
other angles the switch costs amount to 37 ms - 44 ms (compare figure A.2).
The three-way interaction with reproduction method turns also out to be sig-
nificant [ANG×AS×RM : 𝐹 (8.60, 263.86) = 2.24, 𝑝 = .03, 𝜂2

𝑝 = .07]. Greatest
differences can be observed between reproduction method A and D. While in
reproduction method A switch costs decrease with growing angles and vanish
for an arrangement angle of 180 ∘, in reproduction method D switch costs stay
nearly constant for all angular arrangements, respectively (compare figure A.2).
The target’s position interacts with the congruency effect [TPOS×C :
𝐹 (1.88, 172.67) = 11.01, 𝑝 < .001, 𝜂2

𝑝 = .11]. The congruency effect in me-
dian plane amounts to 77 ms. For frontal plane and diagonal plane, it is less
distinct and amounts to 46 ms and 25 ms, respectively (compare figure A.3).
The three-way interaction with reproduction method turns also out to be signifi-
cant [TPOS×C×RM : 𝐹 (5.63, 172.67) = 2.64, 𝑝 = .02, 𝜂2

𝑝 = .08], showing how the
distinct congruency effect in median plane holds only true for the non-individual
reproduction methods (C and D) (compare figure A.3).
Please find further interactions in table A.4.

Main Effects – Error Rates

In error rates, all main effects, except attention switch turn out to be significant
(compare table A.5).
The repeated measures ANOVA yields a significant main effect of reproduction
method [RM : 𝐹 (3, 92) = 17.93, 𝑝 < .001, 𝜂2

𝑝 = .37]. A significant Bonferroni-
adjusted post-hoc analysis reveals a significant difference (𝑝 < .01) in performance
of the reproduction method A and all other reproduction methods, indicating
shorter reaction times for reproduction method A (3.3 %) than for the other
reproduction methods (7.5 % - 9.0 %).
The Huynh-Feldt corrected ANOVA reveals a significant main effect of target’s
position [TPOS : 𝐹 (1.82, 167.07) = 39.42, 𝑝 < .001, 𝜂2

𝑝 = .30] (compare figure 4.6).
A significant post-hoc analysis determines significant differences (𝑝 < .01) in
performance between all planes, indicating longest reaction times for trials with
target positioned on median plane (9.0 %) and lowest for those on frontal plane
(5.6 %).
The main effect of the spatial angle between target and distractor is significant
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[ANG: 𝐹 (2.84, 261.01) = 81.69, 𝑝 < .001, 𝜂2
𝑝 = .47] (compare figure 4.6). A

significant post-hoc analysis determines significant differences (𝑝 < .001) in per-
formance between the 45 ∘ arrangement and the arrangements of 90 ∘ and 135 ∘.
As well as, a significant differences (𝑝 < .001) in performance between the 180 ∘

arrangement and the arrangements of 90 ∘ and 135 ∘.
The main effect of attention switch on reaction time turns out not to be significant
[AS : 𝐹 (1, 92) = 2.38, 𝑝 = .13, 𝜂2

𝑝 = .03].
The ANOVA also yields a significant main effect of congruency [C : 𝐹 (1, 92) =
430.21, 𝑝 < .001, 𝜂2

𝑝 = .82], indicating longer reaction times for incongruent
stimuli than for congruent stimuli (compare figure 4.3 and table A.6). The
congruency effect amounts to 9.5 %.

Figure 4.5.: Experiment II: Error rates (in %) as a function of reproduction
method, attention switch and congruency (RM × AS × C). Error
bars indicate standard errors.

Significant Interactions – Error Rates

The reproduction method interacts with the target’s position [RM×TPOS :
𝐹 (5.45, 167.07) = 17.93, 𝑝 = .001, 𝜂2

𝑝 = .37]. While for reproduction method
A the difference between the median plane and the frontal plane amounts to
8.6 %, this difference is 45.0 % for reproduction method D, respectively (compare
figure A.4).
The reproduction method interacts with the spatial angle between target and
distractor [RM×ANG: 𝐹 (8.51, 261.01) = 3.21, 𝑝 = .001, 𝜂2

𝑝 = .10]. Generally,
error rates are lowest in the 135 ∘ arrangement for all reproduction methods and
highest for the 45 ∘ arrangement (except reproduction method D: 45 ∘: 11.7 %;
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Figure 4.6.: Experiment II: Error rates (in %) as a function of position and
angle ( TPOS × ANG). Error bars indicate standard errors.

180 ∘: 11.9 %). Percentage differences between error rates of angular arrangements
differ between reproduction methods (compare figure A.4).
The reproduction method also interacts with congruency [RM×C : 𝐹 (3, 92) =
19.37, 𝑝 < .001, 𝜂2

𝑝 = .39]. The congruency effect is smallest for reproduction
method A (congruency effect: 3.6 %), is continuously growing with reproduction
methods and is largest for reproduction method D (congruency effect: 12.3 %)
(compare figure 4.5).
The target’s position interacts with the spatial angle between target and distrac-
tor [TPOS×ANG: 𝐹 (4.42, 406.49) = 134.90, 𝑝 < .001, 𝜂2

𝑝 = .60]. The interaction
can be seen in figure 4.6. If target and distractor are in a 45 ∘ arrangement,
error rates are highest for the target being positioned in frontal plane. For
all other arrangements error rates are shortest if the target speaker is posi-
tioned in frontal plane. A separation of 180 ∘ entails low error rates in frontal
and diagonal plane. However, in median plane error rates are clearly highest
for all combinations (19.5 % vs. mean(𝐸𝑟𝑟𝑜𝑟𝑅𝑎𝑡𝑒180 ∘ ) = 5.9 %). Target and
distractor are positioned on a cone of confusion, where it is more difficult to
distinguish between sources, when spatially arranged in 90 ∘ on diagonal plane.
Error rates reflect this with higher values (8.5 %) than for median and frontal
plane (mean(𝐸𝑟𝑟𝑜𝑟𝑅𝑎𝑡𝑒90 ∘ (𝑚𝑒𝑑𝑖𝑎𝑛, 𝑓𝑟𝑜𝑛𝑡𝑎𝑙)) = 4.1 %).
The three-way interaction with reproduction method turns also out to be signifi-
cant [TPOS×ANG×RM : 𝐹 (13.26, 406.49) = 4.40, 𝑝 < .001, 𝜂2

𝑝 = .39], showing
how the effects of the 180 ∘ arrangement in median plane, the 45 ∘ arrangement in
frontal plane and the 90 ∘ arrangement in diagonal plane are differently distinct
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in reproduction methods (compare figure A.4).
The target’s position interacts with the congruency effect [TPOS×C :
𝐹 (1.68, 154.67) = 36.66, 𝑝 < .001, 𝜂2

𝑝 = .29]. The congruency effect in me-
dian plane amounts to 13.3 %. For frontal plane and diagonal plane, it is less
distinct and amounts to 7.2 % and 8.2 %, respectively (compare figure A.5).
The three-way interaction with reproduction method turns also out to be signifi-
cant [TPOS×C×RM : 𝐹 (5.04, 154.67) = 3.89, 𝑝 = .002, 𝜂2

𝑝 = .11], showing how
the distinct congruency effect in median plane holds only true for the reproduction
methods B, C and D (compare figure A.5).
The spatial angle between target and distractor interacts with the congruency
effect [ANG×C : 𝐹 (2.77, 254.53) = 66.25, 𝑝 < .001, 𝜂2

𝑝 = .42]. The congruency
effect differs significantly for tested arrangements of target and distractor (45 ∘:
14.2 %; 90 ∘: 7.2 %; 135 ∘: 4.5 %; 180 ∘: 12.3 %) (compare figure A.6).
The three-way interaction with reproduction method turns also out to be sig-
nificant [ANG×C×RM : 𝐹 (8.30, 254.53) = 2.95, 𝑝 = .003, 𝜂2

𝑝 = .09], showing
how the congruency effect dependent on angular arrangement differs between
reproduction methods, especially reproduction method A compared to the other
reproduction methods (compare figure A.6).
Please find further interactions in table A.5.

4.2.3. Discussion

The dichotic-listening paradigm [74] is extended to a more realistic binaural-
listening paradigm in the present experiment. A significant effect of attention
switch in reaction times and a significant effect of congruency in reaction times and
error rates is observed. Present results are compared to results collected with the
dichotic-listening paradigm by Koch, Lawo and colleagues [74, 72, 73, 85, 89, 86].
Compared to Experiment I delineated by Koch and colleagues [74], reaction times
are generally longer in the present experiment (dichotic: 1019 ms vs. binaural:
1100 ms). However, error rates are smaller for a binaural reproduction (dichotic:
8.6 % vs. binaural: 7.1 %). The present experiment yields the same significant
main effects and interactions in attention switch and congruency (compare table
A.4 and table A.5).
The significant effect of attention switch in reaction times, indicating that subjects
responded more slowly when the target’s direction is switched, can be observed in
all performed experiments [40, 127, 129, 74, 72, 73, 85, 89, 86]. The switch cost
provide an explicit measure of how well instructions to switch attention could be
followed. In reaction times, switch costs are lower in the binaural experiment
compared to the dichotic experiment (dichotic: 126 ms, 12.4 % compared to the
mean reaction times vs. binaural: 52 ms, 4.7 % compared to the mean reaction
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times). “A switch between only two possible directions (i.e. dichotic listening)
[...] [is] expected to be easier to detect than a switch to one of eight possible
directions equally distributed on the horizontal plane. The angular distance
between the target’s positions could [...] [be] a reason for different complexity of
switches. Besides the angular distance of target’s positions, the visual cue (in
ear-based dichotic experiments the visual cue [...] [is] a letter (L/R) and therefore
[...] [differs] from the cue design of this investigation) as well as the reproduction
method (binaural vs. dichotic) might have [...] an effect on the switch costs”[129].
“While the significant effect of congruency [...] [is] less apparent for reaction times,
the difference between congruent and incongruent trials [...] [is] more pronounced
for error rates. These findings [...] [are] also confirmed by the previous dichotic
investigations [74, 72, 73, 85, 89, 86]. The congruence effect [...] [can] be taken as
an implicit performance measure of attending to task-irrelevant information and
filtering out the irrelevant information [74]”[129]. The congruency effect in error
rates is greater in the binaural experiment even though error rates are generally
lower (dichotic: 5.4 %, 62.8 % compared to the mean error rates vs. binaural:
9.5 %, 133.8 % compared to the mean error rates).

One important research question of this experiment is whether the four binaural
reproduction methods differ by means of a paradigm focusing on intentional
switching in auditory selective attention. “There [...] [is] statistical evidence
that absolute values of reaction times and error rates differed between reproduc-
tion methods. By contrast with other investigations that compare reproduction
methods in localization experiments, similarities and differences [...] [can] be
found”[129].
For reproduction method A (Real Sources) lowest error rates and shortest reac-
tion times are found. Reproduction method A does not differ significantly from
reproduction method B in reaction times, as expected since individual HRTFs are
used to present binaural stimuli. However, in error rates the two reproduction
methods differ significantly. Supposedly, the difference between reproduction
method A and B is due to the static presentation of the binaural synthesis in
reproduction method B. “In both reproduction methods [...] [participants are]
able to perform small head movements (sounding) [[66, 143, 177]] within the
permitted area defined by the tracker. While [...] [participants] listening to real
sources [...] [get] a feedback in terms of changes in interaural level difference
(ILD) and interaural time difference (ITD) from the movements of sounding, [...]
[participants] listening to the binaural synthesis miss this additional localization
information. The static presentation of individual binaural stimuli [...] [does] not
offer the additional localization information of head movements and therefore, it
[...] [can] be assumed that error rates were increased at least partly due to the
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lack of this advantage”[129].
In a localization experiment Bronkhorst [21] found that participants localize
almost equally accurate when receiving sounds reproduced by headphones based
on an individualized binaural synthesis compared to real sources. In contrast
to the present experiment, in Bronkhorst’s experiment it is provided that head
movements can be made. Moller and colleagues [116] agree even though no head
movements are allowed in their experiment. They state: “When compared to real
life, the localization performance was preserved with individual recordings”[116].
It became general knowledge that non-individual binaural synthesis lacks in
localization quality compared to individual reproduction methods [116, 21, 180].
In the present experiment no significant difference between reproduction method
B and C, as well as method A and C in reaction times and error rates can be
found. A tendency towards longer reaction times and higher error rates for
non-individual binaural reproduction using headphones can be observed com-
pared to the individual binaural reproduction methods (A and B). Reproduction
method D, which is also based on non-individual data achieve the results with
longest reaction times and highest error rates. A significant difference between
reproduction method A and D in reaction times and error rates and a significant
difference between B and D in reaction times is found. Since, no significant
difference between the individual and the non-individual reproduction method (B
and C) is found, the present difference is also based on the reproduction device
(headphones vs. CTC). “In CTC evaluations [47, 167, 92, 5] concerning localiza-
tion, limited sweet spots raise a challenge and affect performance. Since head
movements are supervised limitation due to the sweet spot do not severely affect
the results of this reproduction method in the present study”[129]. However, a
CTC-reproduction using only two loudspeakers is only stable within the spanned
angle of the loudspeakers. An extension to four loudspeakers is a more robust
solution for a dynamic CTC-reproduction [47, 90].

Significant differences in absolute values of reaction times and error rates for the
tested reproduction methods are found. Furthermore, it is examined whether
the different reproduction methods have any impact on the effects of auditory
attention switching and congruency. While the effect of attention switching is
not influenced by the reproduction methods, the reproduction methods largely
affected the congruency effect. Participants are more challenged to suppress the
interfering speech when the binaural reproduction is based on non-individual
HRTFs. This effect is found in reaction times and error rates. In error rates
the congruency effect is also differently distinct within individual reproduction
methods, indicating the smallest congruency effect when using real sources.

51



CHAPTER 4. Experiments on auditory selective attention

The new binaural-listening paradigm offers eight possible source locations on the
horizontal plane and entails further effects regarding the spatial position and
angular combination of target and distractor. It is observed how the participants
performance (RT and ER) drops significantly when target and distractor are
located on the median plane (meaning target and distractor are positioned in
front and back) compared to the frontal plane. This effect is supposedly based
on different degrees of difficulty in localization especially in the extreme cases of
median plane (ITD and ILD information vanish) and frontal plane (ITD and ILD
information are maximal). When using CTC-reproduction the effect in median
plane is even more pronounced than in the binaural reproduction methods A
and B. Localization experiments confirm these findings. For example Møller and
colleagues [116] found accumulated errors in “Median Plane” and “Within Cone”
conditions which is especially true for non-individual reproduction methods. In
agreement, Wenzel [180] also found increased median plane errors when using
non-individual HRTFs.
Generally, highest error rates and longest reaction times are observed when target
and distractor are in a 45 ∘ arrangement and therefore directly neighbored. The
effect of spatial separation of sources is also studied by Best and colleagues [8] in
an experiment focusing on selective attention. Observing error rates, it is shown
that auditory selective attention is exposed to a greater challenge when sources
are not or only little spatially separated.
Accuracy of localization in the horizontal plane is to be known as best in front
and worst to the sides [11]. It is reasoned that the effect that reaction times and
error rates rise when the target is being positioned to the side and the distractor
is positioned directly next to the target on diagonal plane is due to the lack of
the localization ability. This effect is even more pronounced in the non-individual
reproduction methods.

Another benefit of the binaural extension of the paradigm is that the performance
of intentional attention switching can be analyzed depending on the speakers’
positions. The participants ability to switch attention declines when target and
distractor are next neighbors (45 ∘). It is assumed that switching the attention
to a new position which is directly neighbored by a distracting source, gives more
uncertainty whether the correct source is focused.
Suppressing the distractor’s speech is significantly more difficult when the target
is positioned on median plane and even more if the distractor is also located
on median plane and the reproduction method is based on a binaural synthesis
relative to the real sources. The loss of the additional localization information
due to a static reproduction can be a reason for this effect. The congruency effect
is also influenced when the speech sources are directly neighbored. When using
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non-individual reproduction methods this effect is even more distinct. From a
spatially acoustically point of view these challenging arrangements of target and
distractor are self-explanatory. The effects in absolute reaction times and error
rates can be transferred to the congruency effect.

According to this investigation, the extension of a dichotic-listening paradigm
to a binaural-listening paradigm affords greater opportunities to analyze inten-
tional switching in auditory attention. The arrangement of target and distractor
have a great impact on the cognitive processing, especially in suppressing the
attention towards the distracting sources. It is therefore inevitable to analyze
these relations in further experiments. However, the amount of data taken in
some subsequent experiments is limited which is why the angular arrangement of
target and distractor is disregarded in several cases.
The comparison of reproduction methods showed that the differences between
absolute values of reaction time and error rates should not be neglected. The loss
of individual information (reproduction methods C and D) and the restriction
of head movements (reproduction methods B, C and D) diminish the ability of
ignoring a distracting speaker in a spatial setup and therefore intensifies the ob-
served effect of congruency. The performance of attention switching is negligibly
affected by the reproduction methods.
Reproduction method A, using real sources, offers results most similar to those
collected before in experiments using the dichotic-listening paradigm. However,
this reproduction method is inconvenient, since an anechoic chamber is necessary.
Furthermore, it is not possible to examine reverberation effects without setting
the experiment in reverberating rooms. Using a binaural synthesis augmented
by a room model and the belonging acoustic computations, a large number of
reverberation times in different rooms can be tested. Since no difference in
performance of cognitive processing (congruency effect and attention switch)
between the reproduction methods B (individual HRTFs) and C (non-individual
HRTFs) presented via headphones is found, it is decided to use the binaural
reproduction method based on non-individual HRTFs reproduced via headphones
(C) for subsequent experiments. In terms of applicability, it is the most convenient
and feasible reproduction method. Experiments can be performed in hearing
booths instead of an anechoic chamber and no individual HRTFs need to be
measured.
As a next step towards auditory selective attention in realistic scenes, the listener
is set into scenarios taken place in rooms of different reverberation.
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4.3. Reverberation – Constraints of the Binaural-Listening
Paradigm – Experiment III

Parts of this study are presented at the national conference on acoustics DAGA
in 2014 [128]. Experimental data can be downloaded from the technical report
[124].

As a next step towards realistic cocktail-party scenes reverberation is included in
the auralization [128]. In real-life scenes reverberant energy distorts the signal
[122, 28, 84] and therefore it is also of interest how auditory selective attention is
affected by reverberant energy.
“Using an attention task where [participants][...] are asked to repeat four con-
secutive digits spoken by the target speaker always positioned in front in the
presence of two other distracting speakers located to the sides, Ruggles and
Shinn-Cunningham [152] varied the amount of reverberant energy from “anechoic
(𝑅𝑇60 = 0 s), intermediate reverberation (𝑅𝑇60 = 0.4 s) to high reverberation
(𝑅𝑇60 = 3 s)”. They reported a great impact on performance when adding rever-
beration, especially differences in performance between anechoic (60-80% correct)
and intermediate reverberation (40-50% correct) are noteworthy. On account
of these results they conclude that reverberant energy interferes with spatial
selective attention.
Similar reverberation times are analyzed by Culling and colleagues [27] who
measured Speech Reception Thresholds under anechoic (𝑅𝑇60 = 0 s) and rever-
berant (𝑅𝑇60 = 0.4 s) conditions. Target and distractor are collocated in front
of the [participant][...] or spatially separated (−60 ∘/+60 ∘). Speech Reception
Thresholds are found to be significantly lower under anechoic conditions, which
is reconfirmed by Lavandier and Bronkhorst [83]. The reverberant energy also
interacts with the location of target and distractor, indicating no improvement in
Speech Reception Threshold for spatially separated speakers in the reverberant
condition.
Contradictory to that are findings by Kidd and colleagues [68]. They reported
that the effect of reverberation is greater when target and masker are spatially
separated rather than collocated at the same position. Instead of using simu-
lated reverberation times, Kidd and colleagues changed the reverberation of the
laboratory by mounting foam and plexiglas to the walls. Further findings are
that the amount of masking increased as reverberation times increased and that
these acoustic differences also significantly affected the performance in the speech
identification task.
Related to the cited investigations [152, 27, 68], Darwin and Hukin [29] explored
the effect of reverberation (𝑅𝑇60 = 0.4 s) on the ability of listeners to maintain
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their attention to one speaker across time. Using a paradigm with minimal
intelligibility requirements it is found that the influences of reverberant energy
on inter-aural time differences (ITD) are significant. The use of ITD differences
is impaired by reverberation and therefore maintaining attention to the target
is more complicated. However, natural prosody and vocal-tract size differences
between talkers, being two further cues for selective attention, are not affected
by reverberation”[136].

“Inspired by the findings of Ruggles and Shinn-Cunningham [152], reverberation
times in three levels from anechoic (𝑅𝑇60 = 0 s), low reverberation (𝑅𝑇60 = 0.8 s,
comparable to an acoustically untreated classroom instead of 𝑅𝑇60 = 0.4 s, com-
parable to a damped recording room) to high reverberation (𝑅𝑇60 = 1.75 s,
comparable to a auditorium instead of 𝑅𝑇60 = 3 s, comparable to a medium-sized
church) are simulated (compare chapter 3.8). The underlying room model is also
designed with comparable diameters, however, walls are not set to be parallel
and the listener is not positioned in the center of the room to prevent unwanted
acoustical effects due to nodal points or echos [52, 146, 50]” [136].

“It is postulated that reverberant energy increases reaction times and error rates
in the present investigation, based on the cited findings [152, 27, 69, 29]. Further-
more, Ruggles and Shinn-Cunningham [152] showed how maintaining auditory
selective attention on a single sound source in presence of interfering sources is
degraded by reverberant energy. These findings led to the hypothesis of increased
reaction times and error rates for repetition trials (i.e. where a listener is asked
to focus on the same direction in two consecutive trials) under increased reverber-
ation in the present investigation. Since it is known, how reverberation degrades
ITD timing information, which results in a blurred localization information [152],
it is predicted in the present investigation that localizing a new sound source and
focusing attention on that source would also degrade with increasing reverberation
times. This is the case for switch trials where the listener has to switch his/her
attention to a new spatial position between trials.
Spatial separation turned out to be beneficial in findings by Kidd and colleagues
[69] under increasing reverberation times, however, Culling and colleagues [27]
reported an opposite effect. Therefore, in this investigation special attention is
focused on the spatial location of target and distractor as well as their angular
separation” [136].
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4.3.1. Methods

A number of 48 (3 · 16, between-subject design) paid, student participants aged
between 18 and 27 years (mean age: 22.3 ± 2.3 years) took part in the experiment.
They were equally divided in female and male participants. Listeners are screened
to ensure that they had normal hearing (within 20 dB) for frequencies between
250 Hz and 10 kHz. All listeners can be considered as non-expert listeners since
they have never participated in a listening test on auditory selective attention.

The binaural-listening paradigm as described in chapter 3.1.2 is used for this
experiment and therefore stimuli presenting only numbers are applied (compare
chapter 3.4.1). Headphones as described in chapter 3.7.3 are used for all partici-
pants. Binaural synthesis is based on HRTFs of the dummy head, but headphones
are equalized by individually measured HpTFs (compare chapter 3.6.3). The
experiment took place in the darkened hearing booth (compare chapter 3.5.2).
Using RAVEN stimuli are adjusted to three different reverberation levels (com-
pare chapter 3.8).

Table 4.3.: Experiment III: Independent variables and their levels.

Independent Variables

Reverberation [R] (between-subject) Anechoic
Low Reverberation
High Reverberation

Position of Target [TPOS] Median
Diagonal
Frontal

Attention Switch [AS] Repetition
Switch

Congruency [C] Congruent
Incongruent

There are four independent variables in the present experiment (compare table
4.3). The between-subject variable reverberation has three levels as described
above (anechoic vs. low reverberation vs. high reverberation).
Target’s position (median vs. diagonal vs. frontal plane), attention switch (repe-
tition vs. switch) and congruency (congruent vs. incongruent) are described in
chapter 3.2. Dependent variables are reaction times and error rates.
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Participants are tested in a between-subject design. In total 600 trials divided
into four blocks of 150 trials each are separated by short breaks (5 min). The
experimental blocks are preceded by one training block of 50 trials. The total
duration of the experiment does not exceed 60 min including the audiometry.
Trials are counterbalanced over combinations of repetitions and switches, target’s
and distractor’s postion.

4.3.2. Results

Reaction Times

In reaction times, the repeated measures ANOVA yields no significant main effect
of the between-subject variable reverberation time [R: 𝐹 < 1, 𝜂2

𝑝 = .01].
The Huynh-Feldt corrected ANOVA reveals a significant main effect of target’s
position [TPOS : 𝐹 (1.58, 70.95) = 54.46, 𝑝 < .001, 𝜂2

𝑝 = .55] (compare figure 4.7).
A significant post-hoc analysis determines significant differences (𝑝 < .002) in
performance between all planes, indicating longest reaction times for trials with
target positioned on median plane and lowest for those on frontal plane (compare
table A.9).
The main effect of attention switch on reaction time is significant [AS : 𝐹 (1, 45) =
40.28, 𝑝 < .001, 𝜂2

𝑝 = .47] and indicates a longer reaction time for switches than
for repetitions (compare figure 4.7). The switch costs amounted on average to
54 ms.
The ANOVA also yields a significant main effect of congruency [C : 𝐹 (1, 45) =
13.21, 𝑝 = .001 𝜂2

𝑝 = .23], indicating longer reaction times for incongruent stimuli
than for congruent stimuli (compare figure A.7 and table A.9).

There are four significant interactions in reaction times. The interaction of
target’s position and attention switch turns out to be significant [TPOS×AS :
𝐹 (1.79, 80.52) = 4.65, 𝑝 = .02 𝜂2

𝑝 = .09], indicating significantly different switch
costs for varying target’s positions (switch costs: median plane 81 ms, diagonal
plane 38 ms, frontal plane 42 ms).
The interaction of target’s position and congruency is significant [TPOS×C :
𝐹 (2, 90) = 8.28, 𝑝 < .001 𝜂2

𝑝 = .16], indicating a significantly different congru-
ency effect for varying target’s positions (congruency effect: median plane 60 ms,
diagonal plane 55 ms, frontal plane 11 ms, also compare figure A.7).
The triple interaction of target’s position, attention switch and congruency turns
out to be also significant [TPOS×AS×C : 𝐹 (2, 90) = 6.56, 𝑝 = .002 𝜂2

𝑝 = .10].
Finally, the interaction of all variables is just significant [TPOS×AS×C×R:
𝐹 (4, 90) = 2.51, 𝑝 = .047 𝜂2

𝑝 = .10] (compare figure A.7).
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Figure 4.7.: Experiment III: Reaction times (in ms) as a function of reverber-
ation, target’s position and attention switch (R × TPOS × AS).
Error bars indicate standard errors. Note that for the sake of
clarity the variable of congruency is not visualized in this plot.
figure A.7 shows all four variables.

Error Rates

In error rates, the repeated measures ANOVA yields no significant main effect
of the between-subject variable reverberation time [R: 𝐹 (2, 45) = 2.68, 𝑝 = .08,
𝜂2

𝑝 = .11].
The ANOVA reveals a significant main effect of target’s position [TPOS :
𝐹 (2, 90) = 42.14, 𝑝 < .001, 𝜂2

𝑝 = .48] (compare figure 4.8). A significant
post-hoc analysis determines significant differences (𝑝 < .001) in performance
between frontal plane and the other two planes, indicating highest error rates
for trials with target positioned on median plane and lowest for those on frontal
plane (compare table A.9).
The main effect of attention switch on reaction time is not significant [AS :
𝐹 (1, 45) = 2.27, 𝑝 = .14, 𝜂2

𝑝 = .05].
The ANOVA yields a significant main effect of congruency [C : 𝐹 (1, 45) = 271.39,
𝑝 < .001 𝜂2

𝑝 = .86], indicating higher error rates for incongruent stimuli than
for congruent stimuli (compare figure 4.8 and table A.9). The congruency effect
amounts to 12.4 %.

There are two significant interactions in error rates. The interaction of target’s
position and congruency turns out to be significant [TPOS×C : 𝐹 (2, 90) = 38.41,
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𝑝 < .001 𝜂2
𝑝 = .45], indicating that the congruency effect differs for the three

planes of target’s position. The congruency effect on median and diagonal plane
is significantly different from the congruency effect on frontal plane (congruency
effect: median plane 16.6 %, diagonal plane 13.4 %, frontal plane 7.5 %, also
compare figure 4.8).
Furthermore, the interaction of attention switch and congruency turns out to be
significant [AS×C : 𝐹 (1, 45) = 6.47, 𝑝 = .02 𝜂2

𝑝 = .13]. Switch costs in congruent
trials compared to those in incongruent trials differ significantly (switch costs:
congruent −0.3 % vs. incongruent 1.5 %, also compare figure A.8).

Figure 4.8.: Experiment III: Error rates (in %) as a function of reverberation,
target’s position and congruency (R × TPOS × C). Error bars
indicate standard errors. Note that for the sake of clarity the
variable of attention switch is not visualized in this plot. figure A.8
shows all four variables.

4.3.3. Discussion

Regarding the reverberation time, neither a significant main effect, nor any
interaction can be found (besides the 4-way interaction). This is in contrast
to the postulation and the results of the named investigations [152, 27, 69, 29]
who found significantly worse results when participants are tested in reverberant
environments.
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Compared to Ruggles and Shinn-Cunningham [152], very short stimuli of 730 ms
(only one digit compared to a set of four digits, compare chapter 3.4.1) are
used in the present examination. Besides the short duration, stimuli are also
monosyllabic except for the digit “seven”. Long reverberation times entail the
superposition of late reverberation of a syllable and the presentation of the
following syllables. Ruggles and Shinn-Cunningham report about a “buildup of
spatial selective auditory attention”, where in anechoic and low reverberation
conditions the percent correct of digits is increasing within the digit-sequence
and in high reverberation conditions it remains constant. Therefore it is believed
that no significant difference between reverberation times can be found because
of the short monosyllabic stimuli. Furthermore, the used design of investigating
reverberation as a between-subject variable could be a restriction of finding
significant differences between reverberation times.
As a next step the binaural-listening paradigm is extended (compare chapter 3.1.2
- 3.1.3) in order to revise auditory selective attention in reverberant environments
using longer polysyllabic stimuli (compare chapters 4.4 - 4.5).
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4.4. Extension to New Binaural-Listening Paradigm –
Experiment IV

Parts of this study are presented at the international conference on acoustics
ICA in Buenos Aires in 2016 [43] and published in the proceedings POMA in
2017 [44]. Experimental data can be downloaded from the technical report [124].

When analyzing reverberation it turned out to be a shortcoming of the binaural-
listening paradigm that stimuli are rather short and monosyllabic. To be able to
examine auditory selective attention in realistic, and therefore also reverberant
environments, the binaural-listening paradigm is extended into a binaural-listening
paradigm with more complex and longer stimuli [43, 44].
The extended stimulus presented by target and distracting speaker are composed
of a German digit and a German dissyllabic direction word (“UP”, in German
“OBEN” and “DOWN”, in German “UNTEN”). Stimuli have a duration of
1200 ms (compare chapter 3.4.2).
The extended binaural-listening paradigm is examined and compared to the
former binaural-listening paradigm with respect to cognitive performance.

4.4.1. Methods

A number of 48 paid (2 · 24, between-subject design), student participants aged
between 20 and 32 years (mean age: 24.6 ± 3.0 years) take part in the experiment.
They are equally divided in female and male participants. Listeners are screened
to ensure that they have normal hearing (within 20 dB) for frequencies between
250 Hz and 10 kHz. All listeners can be considered as non-expert listeners since
they have never participated in a listening test on auditory selective attention.

Participants are equally split into participants that perform in the binaural-
listening paradigm as described in chapter 3.1.2 and those who test the extended
binaural-listening paradigm (compare chapter 3.1.3). Since stimuli are assigned to
the used paradigm. Participants tested in the former binaural-listening paradigm
listened to stimuli as described in chapter 3.4.1 and those who are tested with
the extended binaural-listening paradigm have to evaluate the longer stimuli
(compare chapter 3.4.2).
Headphones as described in chapter 3.7.3 are used for all participants. Binaural
synthesis is based on HRTFs of the dummy head, but headphones are equalized
by individually measured HpTFs (compare chapter 3.6.3). The experiment took
place in the darkened hearing booth (compare chapter 3.5.2).
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There are four independent variables in the present experiment (compare table
4.4). The between-subject variable of paradigm has two levels as described above
(former binaural-listening paradigm vs. extended binaural-listening paradigm).
Target’s position (median vs. diagonal vs. frontal plane), attention switch (repe-
tition vs. switch) and congruency (congruent vs. incongruent) are described in
chapter 3.2. Dependent variables are reaction times and error rates.

“The congruency effect [...] [has] to be redefined. The [...] [participants’ task is]
still to categorize the relevant digit presented by the target speaker as smaller
or larger than five and press the corresponding response button. These cate-
gories [...] [are] mapped to the left hand buttons and the right hand buttons
at the front side of a controller. Furthermore, the direction word presented
by the target [...] [gives] information whether the index finger (in case the di-
rection word [...] [is] “UP”) or the middle finger (in case the direction word
was “DOWN”). Therefore, four response possibilities were given in a quadratic
arrangement to be pressed by index fingers and middle fingers of both hands” [44].

Participants are tested in a between-subject design. In total 600 trials divided
into four blocks of 150 trials each are separated by short breaks (5 min). The
experimental blocks are preceded by one training block of 50 trials. The total
duration of the experiment does not exceed 60 min including the audiometry.
Trials are counterbalanced over combinations of digits, target’s and distractor’s
postion.

Table 4.4.: Experiment IV: Independent variables and their levels.

Independent Variables

Paradigm [P] (between-subject) Former
New

Position of Target [TPOS] Median
Diagonal
Frontal

Attention Switch [AS] Repetition
Switch

Congruency [C] Congruent
Incongruent
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4.4.2. Results

Reaction Times

In reaction times, the repeated measures ANOVA yields no significant main effect
of the between-subject variable paradigm [P: 𝐹 (1, 46) = 1.04, 𝑝 = .31, 𝜂2

𝑝 = .02].
The Huynh-Feldt corrected ANOVA reveals a significant main effect of target’s
position [TPOS : 𝐹 (1.40, 64.36) = 58.95, 𝑝 < .001, 𝜂2

𝑝 = .56] (compare figure 4.9).
A significant post-hoc analysis determines significant differences (𝑝 < .001) in
performance between all planes, indicating longest reaction times for trials with
target positioned on median plane and lowest for those on frontal plane (compare
table A.12).
The main effect of attention switch on reaction time is significant [AS : 𝐹 (1, 46) =
41.14, 𝑝 < .001, 𝜂2

𝑝 = .47] and indicates a longer reaction time for switches than
for repetitions (compare figure 4.9). The switch costs amounted on average to
78 ms.
The ANOVA also yields a significant main effect of congruency [C : 𝐹 (1, 46) = 7.31,
𝑝 = .01 𝜂2

𝑝 = .14], indicating longer reaction times for incongruent stimuli than
for congruent stimuli (compare figure 4.9 and table A.12).
There are two significant interactions in reaction times. The interaction of
target’s position and attention switch turns out to be significant [TPOS×AS :
𝐹 (1.78, 81.77) = 3.88, 𝑝 = .03 𝜂2

𝑝 = .08], indicating significantly different switch
costs for varying target’s positions (switch costs: median plane 101 ms, diagonal
plane 78 ms, frontal plane 55 ms).
There is a significant triple interaction of target’s position, congruency and
paradigm [TPOS×C×P: 𝐹 (1.83, 84.43) = 4.80, 𝑝 = .01 𝜂2

𝑝 = .10], indicating that
the congruency effect relating to the target’s position differs between the former
binaural-listening paradigm and the extended binaural-listening paradigm. In
median and diagonal plane the congruency effect disappears for the new extended
paradigm (Congruency effect for the extended binaural-listening paradigm: me-
dian plane 6 ms, diagonal plane 5 ms compared to the congruency effect for the
former binaural-listening paradigm: median plane 83 ms, diagonal plane 55 ms,
also compare figure 4.9).

Error Rates

In error rates, the repeated measures ANOVA yields a significant main effect of
the between-subject variable paradigm [P: 𝐹 (1, 46) = 36.24, 𝑝 < .001, 𝜂2

𝑝 = .44],
indicating higher error rates for the new extended binaural-listening paradigm
(14 % vs. 8 %) (compare table A.12).
The ANOVA reveals a significant main effect of target’s position [TPOS :
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Figure 4.9.: Experiment IV: Reaction times (in ms) as a function of paradigm,
target’s position, attention switch and congruency (P × TPOS ×
AS × C). Error bars indicate standard errors.

𝐹 (2, 92) = 49.55, 𝑝 < .001, 𝜂2
𝑝 = .52] (compare figure 4.10). A significant

post-hoc analysis determines significant differences (𝑝 < .001) in performance
between frontal plane and the other two planes, indicating highest error rates
for trials with target positioned on median plane and lowest for those on frontal
plane (compare table A.12).
The main effect of attention switch on error rates is significant [AS : 𝐹 (1, 46) =
11.57, 𝑝 = .001, 𝜂2

𝑝 = .20] and indicates a higher error rates for switches than for
repetitions (compare figure 4.10).
The ANOVA also yields a significant main effect of congruency [C : 𝐹 (1, 46) =
234.84, 𝑝 < .001 𝜂2

𝑝 = .84], indicating higher error rates for incongruent stimuli
than for congruent stimuli (compare figure 4.10 and table A.12). The congruency
effect amounts to 11.4 %.

There are two significant interactions in error rates. The interaction of target’s
position and paradigm turns out to be significant [TPOS×P: 𝐹 (2, 92) = 4.61,
𝑝 = .01 𝜂2

𝑝 = .09]. Error rates in median and diagonal plane compared to
those in frontal plane differ significantly for the new extended and the for-
mer binaural-listening paradigm. However, the percental difference between
frontal plane and the other planes is greater for the new extended paradigm
(Extended: mean(𝐸𝑟𝑟𝑜𝑟(𝑚𝑒𝑑𝑖𝑎𝑛, 𝑑𝑖𝑎𝑔𝑜𝑛𝑎𝑙)) − 𝐸𝑟𝑟𝑜𝑟(𝑓𝑟𝑜𝑛𝑡𝑎𝑙) = 8.2 % vs. for-
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Figure 4.10.: Experiment IV: Error rates (in %) as a function of paradigm,
target’s position, attention switch and congruency (P × TPOS ×
AS × C). Error bars indicate standard errors.

mer: mean(𝐸𝑟𝑟𝑜𝑟(𝑚𝑒𝑑𝑖𝑎𝑛, 𝑑𝑖𝑎𝑔𝑜𝑛𝑎𝑙)) − 𝐸𝑟𝑟𝑜𝑟(𝑓𝑟𝑜𝑛𝑡𝑎𝑙) = 4.5 %) (compare fig-
ure 4.10).
Furthermore, the interaction of Target’s Position and Congruency turns out to be
significant [TPOS×C : 𝐹 (2, 92) = 26.37, 𝑝 < .001 𝜂2

𝑝 = .36], indicating that the
congruency effect differs for the three planes of target’s position. The congruency
effect on median and diagonal plane is significantly different from the congruency
effect on frontal plane (Congruency effect: median plane 14.8 %, diagonal plane
13.1 %, frontal plane 6.2 %, also compare figure 4.10).

4.4.3. Discussion

The main aim of this experiment was to verify the newly extended binaural-
listening paradigm and compare it to the former binaural-listening paradigm
with regard to cognitive performance.
The contrasted paradigms significantly differ in error rates, yielding higher error
rates for the extended paradigm. Reaction times are also longer for the extended
paradigm, but do not differ significantly. “The increase in reaction time and error
rates is reasonable since the answering task is more demanding (four answering
possibilities vs. two answering possibilities)”[44].
The significant effect of congruency in reaction times dissolves for the target’s
position being on the median or diagonal plane when using the new paradigm.
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In contrast to that the congruency effect turns out to be significant in reaction
times with the former binaural-listening paradigm. It is suggested that the new
task of categorizing the digit and rating the direction word is more demanding
and masks the effect of congruency in reaction times. In preceding experiments
[74, 72, 73, 85, 89, 86, 40, 127, 129] it is always found that the main effect of
congruency is more pronounced in error rates, which holds also true for the new
extended binaural-listening paradigm.
It is concluded that first results using the extended binaural-listening paradigm
show that it is robust and provides comparable findings to the original binaural-
listening paradigm. As a next step open research questions on the impact of
reverberant energy on cognitive performance (Experiment III) are transferred to
the new extended binaural-listening paradigm.
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4.5. Steps towards Realistic Environments – Reverberation –
Experiment V

Parts of this study are presented at the meeting of the acoustical society of
America ASA in 2017 [133] and published in Hearing Research in 2018 [136].
Experimental data can be downloaded from the technical report [124].

In real-life scenes reverberant energy distorts the signal of target and distracting
sources [122, 28, 84]. It is therefore of interest how auditory selective attention
is affected by reverberant energy. Since when testing with the former binaural-
listening paradigm no effect is found (compare chapter 4.3, [128]) a new attempt
[133, 136] is made using the extended binaural-listening paradigm utilizing longer,
polysyllabic stimuli (compare chapter 4.4, 3.1.3, 3.4.2, [43, 44]).
As discussed in detail in chapter 4.3 an increase of reaction times and error rates
dependent on the amount of reverberant energy is expected.

4.5.1. Methods

A number of 24 paid, student participants aged between 19 and 34 years (mean
age: 23.9 ± 3.4 years) take part in the experiment. They are equally divided
in female and male participants. Listeners are screened to ensure that they
have normal hearing (within 20 dB) for frequencies between 250 Hz and 10 kHz.
All listeners can be considered as non-expert listeners since they have never
participated in a listening test on auditory selective attention. One participant
had to be excluded from the analysis due to missing data in reaction times.

The extended binaural-listening paradigm as described in chapter 3.1.3 is used for
this experiment, as a reissue of Experiment III. Different to the first experiment
on auditory selective attention in reverberant room conditions, the stimuli are
extended by a direction word. The stimuli are therefore longer and polysyllabic
(3.4.2). Headphones as described in chapter 3.7.3 are used for all participants.
Binaural synthesis is based on HRTFs of the dummy head, but headphones are
equalized by individually measured HpTFs (compare chapter 3.6.3). The experi-
ment takes place in the darkened hearing booth (compare chapter 3.5.2). Using
RAVEN stimuli are adjusted to three different reverberation levels (compare
chapter 3.8).

There are four independent variables in the present experiment (compare table
4.5). The variable of reverberation has three levels as described above (anechoic
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vs. low reverberation vs. high reverberation) (different than in experiment III,
this variable is a within subject variable in the present experiment).
Target’s position (median vs. diagonal vs. frontal plane), attention switch (repe-
tition vs. switch) and congruency (congruent vs. incongruent) are described in
chapter 3.2. Dependent variables are reaction times and error rates.
The angular arrangement of target and distractor cannot be taken into account
within the presented analysis due to limited data. In Oberem and colleagues
[136] further information about the angular arrangement are presented.

“In total, 576 trials divided into six blocks of 96 trials each [...] [are] separated by
short breaks (2 min and 5 min between the third and fourth block, respectively).
The experimental blocks [...] [are] preceded by two training blocks. The first
training block (10 trials) [...] [presents] the target’s speech only to give the [...]
[participant] the opportunity to get familiar with the input device. Another 40
trials [...] [are] presented in the second anechoic training’s block, also including
the distractor’s speech as in the experimental blocks. The total duration of the
experiment [...] [does] not exceed 70 min including an audiometry.
The three different reverberation conditions [...] [are] changed block-wise. Condi-
tions [...] [are] assigned to block numbers according to a Latin Square Design.
Within a block the location of the target speaker [...] [is] repeated or changed by
the same chance. The location of the distracting speaker [...] [is] changed in every
trial. Changes of speakers positions [...] [are] assigned randomly. Furthermore,
trials [...] [are] counterbalanced over combinations of digits. The speakers of the
stimuli [...] [are] assigned randomly”[136].

Table 4.5.: Experiment V: Independent variables and their levels.

Independent Variables

Reverberation [R] Anechoic
Low Reverberation
High Reverberation

Position of Target [TPOS] Median
Diagonal
Frontal

Attention Switch [AS] Repetition
Switch

Congruency [C] Congruent
Incongruent
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4.5.2. Results

Figure 4.11.: Reaction times (in ms) as a function of reverberation, target’s
position and attention switch (R × TPOS × AS). Error bars
indicate standard errors. Note that for the sake of clarity the
variable of congruency is not visualized in this plot.

Reaction Times

In reaction times, there is no significant effect in reverberation time. There is a
trend towards shorter reaction times in the anechoic condition (anechoic: 1812 ms
vs. low reverb.: 1871 ms vs. high reverb.: 1866 ms) [R: 𝐹 < 1].
The main effect of the target’s position [TPOS : 𝐹 (1.51, 33.13) = 32.96, 𝑝 < .001,
𝜂2

𝑝 = .60] is significant. A post-hoc test reveals that reaction times are signifi-
cantly longest for trials where the target is positioned in the median plane and
significantly smallest for trials where the target is positioned in the frontal plane
(Median: 1964 ms vs. Diagonal: 1865 ms vs. Frontal: 1719 ms).
There is a significant main effect of the attention switch, indicating longer
reaction times for switches than for repetitions (1900 ms vs. 1799 ms) [AS :
𝐹 (1, 22) = 17.11, 𝑝 < .001, 𝜂2

𝑝 = .44] (compare figure 4.11). The switch costs
amount on average to 101 ms.
The main effect of congruency is not significant [C : 𝐹 (1, 22) = 1.38, 𝑝 = .18,
𝜂2

𝑝 = .08]. A non-significant trend towards longer reaction times for incongruent
trials than for congruent trials (incongruent: 1885 ms vs. congruent: 1814 ms) is
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observed.
The ANOVA yields a significant interaction of reverberation time and attention
switch [R × AS : 𝐹 (2, 44) = 3.45, 𝑝 = .04, 𝜂2

𝑝 = .12], indicating greater switch
costs for anechoic conditions than for reverberant conditions (anechoic: 156 ms
vs. low reverb.: 82 ms vs. high reverb.: 63 ms). A post-hoc test shows a signifi-
cant difference between repetitions of the anechoic and the high reverberation
condition (𝑝 < .05).

Error Rates

In error rates, there is a significant main effect of reverberation time [R:
𝐹 (2, 44) = 3.94, 𝑝 = .03, 𝜂2

𝑝 = .15], indicating significant smaller error rates in
anechoic conditions than in highly reverberating conditions (anechoic: 12.4 % vs.
low reverb.: 13.4 % vs. high reverb.: 14.8 %).
The main effect of the target’s position is significant [TPOS : 𝐹 (2, 44) = 23.87, 𝑝 <

.001, 𝜂2
𝑝 = .52]. Error rates are significantly highest for trials where the target is

positioned in the median plane compared to the frontal plane (Median: 15.9 %
vs. Diagonal: 14.9 % vs. Frontal: 9.8 %).
No significant attention switch effect is found in error rates [AS : 𝐹 < 1].
The ANOVA yields a significant main effect of congruency [C : 𝐹 (1, 22) =
231.76, 𝑝 < .001, 𝜂2

𝑝 = .91], indicating higher error rates for incongruent tri-
als than for congruent trials (incongruent: 23.4 % vs. congruent: 3.7 %).
There is a significant interaction of reverberation time and congruency [R × C :
𝐹 (2, 44) = 5.38, 𝑝 < .01, 𝜂2

𝑝 = .20]. While congruent trials yield nearly the same
error rates for all tested reverberation times, incongruent trials yield higher error
rates with increasing reverberation time (congruency effect: anechoic: 17.8 % vs.
low reverb.: 19.2 % vs. high reverb.: 21.3 %). Post-hoc tests indicate a significant
difference in incongruent trials between anechoic and high reverberation condi-
tions.
Furthermore, the interaction of the target’s position and the congruency effect
turns out to be significant [TPOS × C : 𝐹 (2, 44) = 27.74, 𝑝 < .001, 𝜂2

𝑝 = .56].
The congruency effect is greatest in median plane and smallest in frontal plane
(difference in error rates between congruent and incongruent trials: median:
26.0 % vs. diagonal: 20.4 % vs. frontal: 12.9 %). Error rates from incongruent
trials differ significantly between these where the target is positioned in frontal
plane and those where it is positioned in median or diagonal plane.
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Figure 4.12.: Error rates (in %) as a function of reverberation, target’s position
and congruency (R × TPOS × C). Error bars indicate standard
errors. Note that for the sake of clarity the variable of attention
switch is not visualized in this plot.

4.5.3. Discussion

“In line with Kidd and colleagues [69] as well as Darwin and Hukin [29], rever-
beration significantly [...] [degrades] the performance in error rates in the range
of 3.3 % between anechoic and high reverberation conditions. In addition to
error rates and different to the cited investigations, reaction times [...] [are] also
observed, where only a non-significant trend towards longer reaction times for
higher reverberant energy [...] [is] found. However, the most important finding
in this study [...] [is] the interaction between reverberation and the attention
switch in reaction times. In accordance with previous findings [74, 85, 88, 129, 44]
the attention switch [...] [is] significant in reaction times amounting to about
100 ms switch costs. These switch costs [...] [are] strongly depended on the rever-
beration time yielding to a maximum difference of 93 ms between the anechoic
and the high reverberation condition (switch costanechoic = 156 ms and switch
costhigh reverberation = 63 ms). This effect of decreasing switch costs for increasing
reverberation [...] [is] based on the increasing reaction times for repetition trials
for increasing reverberation. While under anechoic condition reaction times
amount on average to 1734 ms, they [...] [are] up to 100 ms greater under high
reverberation condition. Reaction times for switch trials [...] [do] not significantly
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differ between reverberation conditions (max. difference: 23 ms). Consequently,
intentionally switching auditory selective attention [...] [is] such a great demand
by itself that additional reverberant energy [...] [does] not make the task more
difficult regarding reaction times.
Independent from switch or repetition trials a significant interaction of rever-
beration and congruency [...] [is] observed in error rates. The congruence effect
[...] [is] mainly reflected in error rates amounting to about 20 % difference in
error rates between congruent and incongruent trials [...]. The interaction with
reverberant energy [...] [shows] how the task of focusing on and processing
the target speaker while ignoring the speech of the distracting speaker [...] [is]
influenced by reverberation. Up to 5 % difference in error rates between anechoic
and high reverberation condition for incongruent trials [...] [are] observed while
error rates for congruent trials [...] [are] not affected by the reverberant energy.
The congruence effect [...] [can] be taken as an implicit performance measure of
attending to task relevant information and filtering out the irrelevant information
[74] and hence, the conclusion [...] [is] drawn that reverberation significantly
affected attending and filtering out information of target and interferer”[136].
“Reverberation has a detrimental effect on reaction times when maintaining
attention to one source at a constant spatial location, however, intentionally
switching the attention to a sound source at a different spatial location requires
per se more attention and is more difficult that additional reverberant energy
does not have any impact. Furthermore, the human ability to ignore or rather
not to process the content of a distracting source is significantly influenced by
reverberation”[136].
As a next step towards realistic auditory listening scenes the binaural reproduc-
tion method is converted from static to dynamic reproduction.
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4.6. From Static to Dynamic – Experiment VI

Parts of this study are presented at the national conference on acoustics DAGA
in 2017 [132]. Experimental data can be downloaded from the technical report
[124].

In Experiment II (compare chapter 4.2) different reproduction methods are
compared, resulting in (partly significant) differences between the reproduction
method of real sources (A) and the individual binaural synthesis (B). It is assumed
that these differences originate from the limitation of head movements and the
consequential constraint in localization cues naturally offered by head movements
(compare chapter 2.2.2). To illuminate this challenge and as a next step towards
realistic environments, the dynamic binaural reproduction with consideration of
head movements is compared to a static binaural reproduction.
To reproduce a realistic auditory scene it is often proven that a dynamic reproduc-
tion is more beneficial compared to a static reproduction. Pedersen and Minnaar
[142], in line with others [66, 6, 23], report about a better localization accuracy,
significantly less front-back-reversals as well as an impressing plausibility, when
using a dynamic reproduction. In a localization task they presented either long
stimuli (2 s) or short stimuli (2 s), resulting in much greater localization uncer-
tainty when using short stimuli.
Wightman and Kistler [183] reassessed Wallach’s experiments [177] on head
movements in a modern manner. They support the thesis that head movements
are not necessary to resolve ambiguities on median plane. However, a controlled
movement of the source can also reduce front-back reversals. In the field of
auditory scene analysis, Brinkmann and colleagues [19] examined authenticity
applying static and dynamic binaural reproduction. In spite of the dynamic
reproduction they report how the simulation is always clearly distinguishable
from the reproduction using real sources. Nevertheless, for “non-critical source
positions”[19] and speech stimuli the dynamic reproduction successful results are
achieved.
On account of these findings, it is assumed that a dynamic reproduction should
yield to more beneficial results compared to the static reproduction, which are
compared in the present experiment [132].
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4.6.1. Methods

A number of 23 paid, student participants aged between 19 and 35 years (mean
age: 25.8 ± 4.8 years) take part in the experiment. They are equally divided
in female and male participants. Listeners are screened to ensure that they
have normal hearing (within 20 dB) for frequencies between 250 Hz and 10 kHz.
All listeners can be considered as non-expert listeners since they have never
participated in a listening test on auditory selective attention.

The binaural-listening paradigm as described in chapter 3.1.3 is used for this
experiment and therefore stimuli presenting numbers combined with direction
words are applied (compare chapter 3.4.2). Headphones as described in chapter
3.7.3 are used for all participants. Binaural synthesis is based on HRTFs of the
dummy head, but headphones are equalized by individually measured HpTFs
(compare chapter 3.6.3). The experiment takes place in the darkened hearing
booth (compare chapter 3.5.2) equipped with an optical tracking system to
monitor the participants’ head movements. Using VA (compare chapter 3.7.4)
HRTF filters are adjusted depending on the head orientation in real-time.

Table 4.6.: Experiment VI: Independent variables and their levels.

Independent Variables

Reproduction Method [RM] Static
Quasi Static
Real Dynamic

Position of Target [TPOS] Median
Diagonal
Frontal

Attention Switch [AS] Repetition
Switch

Congruency [C] Congruent
Incongruent

The data of performed head movements are saved and interpreted. It is found
that participants move rarely. Therefore, the reproduction method is split into
three different levels, instead of intended categorization of “static” and “dynamic”.
The dynamic trials are split into the categories “quasi static” (containing 38 %
of all data) and “real dynamic” (containing 12 % of all data). “Quasi static”
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comprises all trials that are reproduced dynamically, however, participants move
less than 0.5 ∘ and therefore no HRTF filter change is initiated. Trials where
HRTF filter changes are performed, are categorized into “real dynamic”. Please
note, that in several cases only one filter change is applied.

There are four independent variables in the present experiment (compare table
4.6). The variable reproduction method has three levels as described above (static
vs. quasi static vs. dynamic).
Target’s position (median vs. diagonal vs. frontal plane), attention switch (repe-
tition vs. switch) and congruency (congruent vs. incongruent) are described in
chapter 3.2. Dependent variables are reaction times and error rates.

In total 600 trials divided into four blocks of 150 trials each are separated by
short breaks (5 min). Static and dynamic reproduction is presented block wise
and are arranged in Latin square design. The experimental blocks are preceded
by one training block of 50 trials. The total duration of the experiment does
not exceed 60 min including the audiometry. Trials are counterbalanced over
combinations of repetitions and switches, target’s and distractor’s postion.

4.6.2. Results

Reaction Times

In reaction times, the repeated measures ANOVA yields no significant main effect
of reproduction method [RM : 𝐹 (2, 44) = 1.06, 𝑝 = .36, 𝜂2

𝑝 = .05].
The ANOVA reveals a significant main effect of target’s position [TPOS :
𝐹 (2, 44) = 17.41, 𝑝 < .001, 𝜂2

𝑝 = .44] (compare figure 4.13). A significant
post-hoc analysis determines significant differences (𝑝 < .001) in performance
between the frontal plane and the other two planes, indicating longest reaction
times for trials with target positioned on median plane and lowest for those on
frontal plane (compare table A.18).
The main effect of attention switch on reaction time is significant [AS : 𝐹 (1, 22) =
17.41, 𝑝 < .001, 𝜂2

𝑝 = .44] and indicates longer reaction times for switches than
for repetitions (compare figure 4.13). The switch costs amounted on average to
75 ms.
The ANOVA also yields no significant main effect of congruency [C : 𝐹 < 1,
𝜂2

𝑝 < .001].
The interaction of reproduction method and target’s position turns out to be sig-
nificant [RM×TPOS : 𝐹 (3.29, 72.43) = 3.64, 𝑝 = .009 𝜂2

𝑝 = .14]. Reaction times
significantly differ between the static and the real dynamic reproduction when
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the target is positioned on median plane, indicating shorter reaction times for the
dynamic reproduction. Furthermore, quasistatic and dynamic reproduction differ
significantly on frontal plane, resulting in longer reaction times for the dynamic
reproduction.

Figure 4.13.: Reaction times (in ms) as a function of reproduction method,
target’s position and attention switch (RM × TPOS × AS). Error
bars indicate standard errors. Note that for the sake of clarity
the variable of congruency is not visualized in this plot.

Error Rates

In error rates, the repeated measures ANOVA yields no significant main effect of
the variable reproduction method [RM : 𝐹 (2, 44) = 2.60, 𝑝 = .09, 𝜂2

𝑝 = .11].
The ANOVA reveals a significant main effect of target’s position [TPOS :
𝐹 (2, 44) = 17.14, 𝑝 < .001, 𝜂2

𝑝 = .44] (compare figure 4.14). A significant
post-hoc analysis determines significant differences (𝑝 < .001) in performance
between frontal plane and the other two planes, indicating highest error rates
for trials with target positioned on median plane and lowest for those on frontal
plane (compare table A.18).
The main effect of attention switch on reaction time is not significant [AS : 𝐹 < 1,
𝜂2

𝑝 = .04].
The ANOVA yields a significant main effect of congruency [C : 𝐹 (1, 22) = 86.42,
𝑝 < .001 𝜂2

𝑝 = .80], indicating higher error rates for incongruent stimuli than for
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congruent stimuli (23.5 % vs. 9.5 %).
The interaction of target’s position and congruency turns out to be significant
[TPOS×C : 𝐹 (2, 44) = 5.25, 𝑝 < .009 𝜂2

𝑝 = .19]. Error rates for congruent trials
are significantly different on median and frontal plane. For incongruent trials
results differ significantly for the frontal plane compared to the other two planes.

Figure 4.14.: Error rates (in %) as a function of reproduction method, target’s
position and congruency (RM × TPOS × C). Error bars indicate
standard errors. Note that for the sake of clarity the variable of
attention switch is not visualized in this plot.

4.6.3. Discussion

The present investigation examined how a static and a dynamic reproduction
affected the intentional switching in auditory selective attention [132]. Results
are contradictory: On the one hand, in reaction times, there is a significant
improvement in median plane for the dynamic reproduction, possibly due to the
frequently confirmed effect of diminishing front-back-confusions in dynamic repro-
ductions [142]. On the other hand, the dynamic reproduction yields significantly
longer reaction times in frontal plane than the quasi static reproduction. In error
rates no differences between the static, the quasi static and the real dynamic
reproduction can be found.
In a localization experiment, performed as a technical pretest, exactly the same
dynamic reproduction is used [135, 148]. The main focus of this localization
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experiment is placed on the direct comparison of static and dynamic reproduction
with different resolutions in HRTF-data. Dynamic reproduction of any resolution
applied turned out fundamental for a reduction of undesired front-back reversals
and in-head localization, which is in line with cited localization experiments
[142, 66, 6, 23]. Due to this technical pretest it is assured that the present
reproduction system is not responsible for the missing effects between static and
dynamic reproduction, especially relating to interactions with auditory attention
switches and congruency.
The main finding of this experiment is that the observed head movements are
very small. In preceding experiments (for example chapter 4.2) head movements
are monitored and trials in which head movements exceeded 2 ∘ in rotation are
excluded from the analysis. However, detailed trajectories of head movements are
not saved or evaluated. Even though Blauert [11] reported on head movements
that are consistently small (compare chapter 2.2.2), greater movement angles in
an auditory scene using a task of switching attention are assumed.
When discussing the results of experiment II, it is assumed that differences
between the reproduction methods A and B (real sources vs. individual binaural
synthesis) is due to the static presentation of the binaural synthesis in reproduc-
tion method B. Since no significant differences in error rates between the dynamic
and the static reproduction can be found, the difference in experiment II most
probably originate from any other effect. As a next step to identify the reason for
the significant difference the reproduction with real sources should be compared
to a dynamic reproduction based on individual binaural synthesis. It should
be taken into consideration that Brinkmann and colleagues [19], who examined
authenticity of dynamic binaural synthesis, reported how participants are always
able to identify the synthesis from real sources despite the dynamic reproduction.
Therefore, it may happen that differences between the reproduction methods also
appear with the present paradigm.
Based on the knowledge taken from the present experiment, it is observed that
performed head movements are mostly smaller than 0.5 ∘ and assumed that
this is also due to restrictions in the experimental setup. Participants look at
the cue on a monitor straight ahead and know that missing this cue results in
failing to answer correctly to the task. Participants are reminded before every
experimental block, that reaction times and error rates should be both as low as
possible. This also yields to a restricted time window of one trial. It is believed
that the presentation of the cue is a constraint of the extended binaural-listening
paradigm when examining auditory selective attention in realistic environments.
For realistic scenes with moving participants and sources the presentation of the
cue has to be reassessed.
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4.7. Age-related Effects – Experiment VII

Parts of this study are presented at the national conference on acoustics DAGA
in 2015 [130] and published in ACTA psychologica in 2017 [134]. Experimental
data can be downloaded from the technical report [124].

“All reported effects with the binaural-paradigm on intentional attention switch-
ing [...] [are] found with young participants (18-35 years). As there is a
trend towards an aging society, especially in western civilization, age-related
effects have become of greater interest [105, 151]. There [...] [are] already
several investigations on age-related effects in attention working with di-
chotic reproduction that report increased performance costs in older people
[60, 71, 76, 75, 79, 77, 80, 78, 104, 108, 155, 174].
Age-related switch costs for guided attention switches [...] [are] examined by
Tun and Lachman [170] and Lawo and Koch [86]. Tun and Lachman’s results
of larger switch costs for older participants [...] [are] in contrast to these of the
dichotic listening investigation by Lawo and Koch [86] who use the described
[dichotic-listening] paradigm [74] examining the ability to prepare for an upcom-
ing auditory attention switch. Lawo and Koch [86] report that older participants
respond significantly slower than younger participants. However, the attention
switch costs [...] [do] not differ across age groups, confirming the idea of “general
slowing”, as confirmed in a meta-analysis by Wasylyshyn and colleagues [178],
who [...] [do] not find age-related differences in task switching using visual tasks.
There are several theories of cognitive aging assuming that the ability to inhibit
irrelevant information declines with age [17, 55, 108]; therefore it [...] [can] be
assumed that an increased congruency effect in older people [...] [is] likely. How-
ever, Lawo and Koch’s [86] findings [...] [do] not correspond to predictions from
the inhibitory deficit theory, since they neither [...] [find] an increased congruency
effect nor increased switch costs for older participants.
Age-related effects have also been analyzed with binaural-listening-setups. The
effect that younger participants outperform older participants [...] [is] often
observed in investigations that focused on tasks of perceiving competing speech
[36, 59, 63, 93, 100, 166, 172, 171].
Multiple source possibilities in a binaural-listening-setup build a more complex
scene than a dichotic presentation of stimuli. To successfully focus on the stimulus
of the target speaker in a binaural setup, the ability to localize different sound
sources [...] [is] necessary. The age-related effect in localization tasks [...] [is] for
example analyzed by Abel [and colleagues] [1]. They focus on sound localization
on the horizontal plane for participants aged between 10 and 81. Performance of
older adults [...] [decreases], especially in front-back-confusions and on the right
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side of space. The deterioration of accuracy and precision by older individuals
[...] [is] also found by Dobreva [and colleagues] [34].
Age-related effects in involuntary switches in binaural-listening-setups [...] [are]
examined by Singh [and colleagues] [166]. Using the Coordinate Response Mea-
sure Corpus [15], participants [...] [are] asked to repeat the color and number word
preceded by a fixed call-sign and consequently correct word-identification scores
[...] [are] measured. Participants [...] [are] provided with advance information
about the probability of the sentence being presented from one out of three
possible frontal positions. No age-related differences in switching attention from
one location to another [...] [are] found. However, in a more complex task where
the participant’s attention [...] [is] intentionally misdirected and the participant
[...] [is] therefore required to perform multiple switches of attention, age-related
deficits [...] [are] reported.
In the present investigation [...] the binaural reproduction of stimuli and the anal-
ysis of age-related effects in a task of instructed attention switches [is combined].
Based on the findings of the previous binaural-listening experiment, two groups
of different age [...] [are] tested in the binaural-listening-setup. In general, [...] [it
is expected that] age-related effects in intentionally switching auditory selective
attention [...] [are]comparable to these of the previous dichotic investigation [86].
Essential differences between this investigation and the investigation by Lawo
and Koch [86] [...] [are] the reproduction method (dichotic vs. binaural) and the
cue criterion (gender vs. location). Regarding the location of the target speaker
[...] differences in reaction times and error rates [are expected]. However, there
[...] [are] no firm expectations about the interaction of age group with attention
switches and congruency”[134].

4.7.1. Methods

“A number of 20 paid, student participants aged between 20 and 31 years (mean
age: 24.5±3.1 years) as well as 20 paid senior citizen participants aged between 58
and 74 (mean age: 67.8 ± 3.3 years) [...] [take] part in the experiment. They [...]
[are] equally divided in female and male [...] [participants]. All listeners [...] [can]
be considered as non-expert listeners since they [...] [have] never participated in
a listening test on auditory selective attention. All listeners [...] [are] screened
by an ascending-pure-tone-audiometry procedure for frequencies between 125 Hz
and 8 kHz. All younger participants [...] [have] normal hearing (within 25 dBHL
defined as no impairment by the WHO [138], no greater between-ear-difference
than 8 dB in all tested frequencies). Older participants suffer from a slight hearing
loss in higher frequencies, but none of them [...] [is] provided with any hearing
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aid. Composite audiograms for both participant groups are shown in Figure 4.15.
Based on the categorization of hearing impairment by the WHO [138], one older
participant [...] [belongs] to the category of slight impairment (25.89 dBHL) and
all others [...] [do] not show any impairment. The data of the older participant
with the slight impairment [...] [is] not taken out of the analysis since results [...]
[are] above-average”[134].

(a) Young participants. (b) Old participants.

Figure 4.15.: Audiogram of young participants (a) and older participants (b).
The thick solid line indicates mean values with standard errors
per measured frequency. Upper and lower solid lines represent
maximum and minimum values of all participants. Categorization
of hearing impairment by the WHO is represented by dotted lines.

The former binaural-listening paradigm as described in chapter 3.1.2 is used for
this experiment on age effects. Headphones as described in chapter 3.7.3 are used
for all participants. Binaural synthesis is based on HRTFs of the dummy head,
but headphones are equalized by individually measured HpTFs (compare chapter
3.6.3). The experiment takes place in the darkened hearing booth (compare
chapter 3.5.2) [130].

There are four independent variables in the present experiment (compare table
4.7). The between-subject variable of age has two levels (young vs. old).
Target’s position (median vs. diagonal vs. frontal plane), attention switch (repe-
tition vs. switch) and congruency (congruent vs. incongruent) are described in
chapter 3.2. Dependent variables are reaction times and error rates.
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“In total, 432 trials divided into three blocks of 144 trials each [...] [are] sepa-
rated by short breaks (5 min). One training block of 50 trials [...] [precedes]
the experimental blocks. The total duration of the experiment [...] [does] not
exceed 50 min, including the audiometry. Trials [...] [are] counterbalanced over
combinations of number words with randomly assigned speakers.”[134]

Table 4.7.: Experiment VII: Independent variables and their levels.

Independent Variables

Age [A] (between-subject) Young
Old

Position of Target [TPOS] Median
Diagonal
Frontal

Attention Switch [AS] Repetition
Switch

Congruency [C] Congruent
Incongruent

4.7.2. Results

Main Effects – Reaction Times

For reaction times, all main effects turn out to be significant (compare table
A.19).
The repeated measures ANOVA yields a significant main effect of the between-
subject variable age [A: 𝐹 (1, 38) = 23.52, 𝑝 < .001, 𝜂2

𝑝 = .38], indicating longer
reaction times (1731 ms) for old participants compared to young participants
(1152 ms) (compare figure 4.16 and table A.21).
The Huynh-Feldt corrected ANOVA reveals a significant main effect of target’s
position [TPOS : 𝐹 (1.34, 51.07) = 30.93, 𝑝 < .001, 𝜂2

𝑝 = .45]. A significant post-
hoc analysis determines significant differences (𝑝 < .01) in performance between
all planes, indicating longest reaction times for trials with target positioned on
median plane (∼ 1540 ms) and lowest for those on frontal plane (∼ 1317 ms)
(compare table A.21).
The main effect of attention switch on reaction time is significant [AS : 𝐹 (1, 38) =
21.43, 𝑝 < .001, 𝜂2

𝑝 = .36] and indicates a longer reaction time for switches than
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for repetitions. The switch costs amount on average to 90 ms.
The ANOVA also yields a significant main effect of congruency [C : 𝐹 (1, 38) =
32.44, 𝑝 < .001 𝜂2

𝑝 = .46], indicating longer reaction times for incongruent stimuli
(1513 ms) than for congruent stimuli (1369 ms).

Significant Interactions – Reaction Times

The target’s position interacts with the variable age [TPOS×A: 𝐹 (1.34, 51.07) =
5.83, 𝑝 = .01, 𝜂2

𝑝 = .13]. While for old participants the reaction times differ
significantly between all planes, for young participants reaction times are only
significantly different on frontal compared to diagonal plane, respectively. Stan-
dard errors on median plane are very high (1201 ± 105 ms), which is why no
significant difference occured.
The congruency interacts with the between-subject variable age [C×A: 𝐹 (1, 38) =
12.86, 𝑝 = .001, 𝜂2

𝑝 = .25]. The congruency effect is only significant for old partic-
ipants in reaction times (congruency effect: old:235 ms, young:53 ms) (compare
figure 4.16).
The target’s position interacts with the attention switch [TPOS×AS :
𝐹 (1.66, 62.99) = 4.41, 𝑝 = .02, 𝜂2

𝑝 = .10], indicating greatest switch costs on
median plane and lowest on frontal plane (Switch costs: median 134 ms, diagonal
54 ms, frontal 84 ms.
The target’s position interacts also with the variable congruency [TPOS×C :
𝐹 (2, 76) = 24.22, 𝑝 < .001, 𝜂2

𝑝 = .39], indicating a significant congruency effect on
median and diagonal plane (Congruency effect: median 238 ms, diagonal 156 ms,
frontal 39 ms.
The three-way interaction with age turns out to be significant [TPOS×C×A:
𝐹 (2, 76) = 11.60, 𝑝 < .001, 𝜂2

𝑝 = .23], showing how the significant congruency
effect is true for all planes for old participants and never true for younger partici-
pants in reaction times (compare figure 4.16).
Please find further interactions in table A.19.

Main Effects – Error Rates

For error rates, all main effects turn out to be significant (compare table A.20).
The repeated measures ANOVA yields a significant main effect of the between-
subject variable age [A: 𝐹 (1, 38) = 21.19, 𝑝 < .001, 𝜂2

𝑝 = .36], indicating larger
error rates (16.1 %) for old participants compared to young participants (8.2 %)
(compare figure 4.17 and table A.21).
The ANOVA reveals a significant main effect of target’s position [TPOS :
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Figure 4.16.: Reaction times (in ms) as a function of age, target’s position,
attention switch and congruency (A × TPOS × AS × C). Error
bars indicate standard errors.

𝐹 (1.76, 66.87) = 55.42, 𝑝 < .001, 𝜂2
𝑝 = .59]. A significant post-hoc analysis

determines significant differences (𝑝 < .01) in performance between all planes,
indicating highest error rates for trials with target positioned on median plane
(∼ 15.8 %) and lowest for those on frontal plane (∼ 7.9 %) (compare table A.21).
The main effect of attention switch on reaction time is significant [AS : 𝐹 (1, 38) =
4.86, 𝑝 = .03, 𝜂2

𝑝 = .11] and indicates higher error rates for switches than for
repetitions. The switch costs amounted on average to 0.9 %.
The ANOVA also yields a significant main effect of congruency [C : 𝐹 (1, 38) =
116.40, 𝑝 < .001 𝜂2

𝑝 = .75], indicating higher error rates for incongruent stimuli
(20.2 %) than for congruent stimuli (4.1 %).

Significant Interactions – Error Rates

The target’s position interacts with the variable age [TPOS×A: 𝐹 (1.76, 66.87) =
7.38, 𝑝 = .002, 𝜂2

𝑝 = .16]. While for old participants the error rates differ signifi-
cantly between all planes, for young participants error rates are only significantly
different on frontal plane compared to the other two planes, respectively.
The congruency interacts with the between-subject variable age [C×A: 𝐹 (1, 38) =
7.34, 𝑝 = .01, 𝜂2

𝑝 = .16]. The congruency effect is significanly greater for old
participants in error rates compared to young participants (congruency effect:
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old:20.1 %, young:12.0 %) (compare figure 4.17).
The target’s position interacts with the variable congruency [TPOS×C :
𝐹 (2, 76) = 27.19, 𝑝 < .001, 𝜂2

𝑝 = .42], indicating the significantly greatest
congruency effect on median plane (Congruency effect: median: 21.8 %, diagonal:
17.0 %, frontal: 9.4 %).

Figure 4.17.: Error rates (in %) as a function of age, target’s position, attention
switch and congruency (A × TPOS × AS × C). Error bars
indicate standard errors.

4.7.3. Discussion

“Reaction times and error rates of young, normal-hearing and older, normal-
hearing to slightly hearing-impaired participants [...] [are compared]. There [...]
[is] statistical evidence that absolute values of reaction times and error rates differ
between age groups in this investigation. These expected results agree with the
previous dichotic investigation on age-related effects in intentionally switching
auditory selective attention [86]. Increased reaction times and error rates for
older participants [...] [are] often found in dichotic and binaural investigations on
attention [1, 34, 36, 49, 59, 63, 75, 79, 93, 100, 166, 172, 174].
Along with the binaural extension, more spatial positions for the location of
target and distractor than in a dichotic listening setup [...] [are] selected and their
influence [...] [is] analyzed. While target locations to the left and to the right
[...] [are] comparably the easiest positions for young and old adults to focus on,

85



CHAPTER 4. Experiments on auditory selective attention

target locations in the median plane (front and back) [...] [are] the most difficult
positions to attend for young participants and even significantly more for older
adults. In their localization experiment with participants of different age groups,
Abel and colleagues [1] also found greater difficulties for sources positioned in
front and back than for lateral source positions. The localization performance
from younger (10-39 years) to older (60-81 years) participants dropped about
8 % for lateral positions and about 12.5 % for positions on or close to the median
plane. Regardless of age-related effects, deteriorated performance in the median
plane compared to other positions on the horizontal plane [...] [is] often observed
[116], especially when binaural stimuli [...] [are] based on non-individual HRTFs
as in the present study. It can be summarized that it [...] [is] most difficult to
focus attention on sources positioned in the median plane and an age-related
effect on the horizontal plane compared to other source positions [...] [is] found.
The significant effect of endogenous attention switch, indicating that participants
respond faster when the target’s direction [...] [is] repeated, [...] [can] be ob-
served with both age groups as well as in previous investigations of the authors
[74, 86, 129] using dichotic and binaural listening. Switch costs, which provide
an explicit measure of how well instructions to switch attention [...] [can] be
followed, [...] [do] not differ significantly from those of the previous binaural
investigation [129]. To successfully perform the task of attention switching the
inhibition of competing perceptual filter settings [...] [may] be important. That
there is an age-related decline of the ability to inhibit irrelevant information
has been predicted in several theories [17, 55]. In this investigation, however,
the auditory switch costs in older participants [...] [are] similar compared to
those of young participants, suggesting no age-related differences in attention
switching. This confirms previous findings using a simpler dichotic-listening
set-up [86]. Assuming that inhibitory processes contribute to auditory switch
costs, the results of this investigation deviate from the inhibitory deficit theory.
As reported by Singh and colleagues [166], age-related deficits in word-
identification scores [...] [do] also not occur in simple tasks of exogenous attention
switches. However, significant age-related attentional deficits [...] [are] detected in
more complicated tasks of multiple attention switches. The findings in error rates
agree with the present study. Even though the present result of non-significant
age-related differences on switch costs in reaction times (in addition to error
rates) represent a null effect, it nevertheless provided additional evidence that
older participants perform similar to young participants in tasks of intentional
attention switches.
The examination of the congruency of number words of target and distractor [...]
[offers] the opportunity to analyze the ability of younger and older participants
to focus their attention on one speaker and simultaneously ignore the distracting
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speaker. The greatest difference between the dichotic investigation [86] and the
present binaural investigation [...] [can] be found in the interaction of congruency
and the age-related effect when looking at the non-logarithmic scores. Both
investigations show a significant effect in reaction times and error rates in the
main effect of congruency, indicating a worse performance for incongruent trials.
Indeed, the present investigation [...] [shows] a significant interaction in reaction
times, indicating that older adults perform comparatively worse when stimuli
[...] [are] incongruent which [...] [can] not be found in the dichotic investigation.
The difference between congruent and incongruent trials in reaction time [...] [is]
proportionally three times greater for older participants than for young adults. It
[...] [can] be assumed that older people have more difficulties to ignore a second
speaker than younger adults in a binaural-listening-setup. Thus, it [...] [appears]
that the current results [...] [are] in line with the hypothesis of older adults
having a deficit in inhibitory processes [17, 55]. Considering that there [...] [is] no
age-related effect in attention switch costs, it [...] [may] be assumed that ignoring
concurrent speech depends on inhibition to a much higher degree than switching
attention.
In contrast to present findings [...] [is] an examination of age-related inhibition of
irrelevant speech by Li and colleagues [93]. In a binaural setup with two source
positions, Li and colleagues test the ability to inhibit the masker’s speech with
older and young participants in a shadowing task using meaningless sentences.
Since older adults do not have more difficulties inhibiting the irrelevant, informa-
tional masker in this examination, Li and colleagues’ results oppose the inhibitory
deficit theory. Differences [...] [may] arise from the different complexities of the
binaural setups. The binaural setup used by Li and colleagues [...] [is more]
simple, compared to the binaural setup including eight sources around the listener
used in the present study.
A possible explanation for this difference between the dichotic and the present
investigation [...] [may] also be found in the source setups. The congruency effect
[...] [interacts] with the effect of the target’s spatial position, indicating that the
congruency effect [...] [is] greatest for the target positioned on the median plane
and smallest for the target positioned to the right or left of the participant. The
interaction with age [...] [shows] significantly [...] [longer] reaction time differences
between source positions for older than for younger participants. The effect that
older participants [...] [are] significantly more distracted by the opposing speaker
for target positions in the median plane than for positions in the diagonal plane
or to the sides [...] [can] not be explained completely. It [...] [may] be assumed
that the applicability of the inhibitory deficit theory is confined to dichotic or
very simple spatial listening-test setups which [...] [are] mainly used to support
this theory [17, 55, 86]. Evidence [...] [may] be given by the congruency effect
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which [...] [is] least pronounced on the frontal plane (left and right) which is
comparable to a very simple spatial setup.
As shown in Oberem and colleagues [129], young participants show significantly
worse results in ignoring the distractor’s speech as to be seen in the congruency
effect when binaural stimuli [...] [are] non-individual. Therefore, it [...] [may]
be assumed that older people also have greater difficulties in performing the
task of attending a target-speaker while ignoring the opposing speaker with
non-individual binaural stimuli. Possibly, older participants even suffer more
from the loss of individual binaural information. Individual binaural information
[...] [is] especially important for sources located in the median plane or for
competing sources on one cone of confusion [11]. Effects between target positions
on the median plane and other positions around the listener reinforce this thesis.
Furthermore, the non-individual HRTFs [...] [are] measured with an artificial
head, built from the image of a young person [111] and therefore, the data might
have a better matching for young participants, since size and shape [...] [are]
age-related [139]”[134].
Since an anechoic reproduction of a multi-talker scene fails to represent a realistic
communication scenario, age effects are examined in reverberant environments in
the subsequent chapter.
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4.8. Age-related Effects under Reverberation – Experiment VIII

Parts of this study are presented at the national conference on acoustics DAGA
in 2019 [137]. Experimental data can be downloaded from the technical report
[124].

Experiment V (compare chapter 4.5) compares different reverberation levels
within the paradigm of intentional switching of auditory selective attention em-
ploying young participants. To analyze a possible age-related effect in correlation
with reverberation time, elderly participants (61-75 years) are tested and com-
pared to the data of Experiment V in the present chapter.
Experiment V is related to the study by Ruggles and Shinn-Cunningham [152]
(compare also chapter 4.3). Ruggles and Shinn-Cunningham tested young partici-
pants (18-35 years) and middle-agers (36-55 years) in three different reverberation
settings. They do not find any age-related effect regarding reverberation time.
Marrone and colleagues [101] employed participants within the same age-range
(60-80 years) as in the present study. They analyze the interaction between
hearing loss, reverberation, and age in a binaural set of multiple talkers. It is
reported how correlations between spatial release and age are weak and per-
formance differences can not be unambiguously attributed to the participant’s
age independent of hearing status. These findings are also consistent with the
findings of Li and colleagues [93].
Significant age-related effects concerning reverberation could also not be found
by Helfer and Wilber as well as Helfer and colleagues [58, 56]. They examined
the accuracy of consonant identification in monaural and binaural presentation
in noisy and reverberating listening conditions testing younger normal-hearing
adults and older adults with little hearing loss. Most interesting finding is a
negative correlation of age and performance in the reverberating noise condition.
Based on the previous findings, it is assumed that no age-related effect regarding
reverberation will be found.

4.8.1. Methods

A number 22 paid senior citizen participants aged between 61 and 75 (mean
age: 66.8 ± 4.8 years) take part in the experiment. Data of 24 paid, student
participants aged between 20 and 34 years (mean age: 23.9 ± 3.4 years) is taken
from Experiment V to compare age groups. They are equally divided in female
and male participants. All listeners can be considered as non-expert listeners since
they have never participated in a listening test on auditory selective attention.
All listeners are screened by an ascending-pure-tone-audiometry procedure for
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frequencies between 125 Hz and 8 kHz. All younger participants have normal
hearing (within 25 dBHL defined as no impairment by the WHO [138], no greater
between-ear-difference than 10 dB in all tested frequencies). Older participants
suffered from a slight hearing loss in higher frequencies, but none of them was
provided with any hearing aid. Composite audiograms for both participant
groups are shown in Figure 4.18.

(a) Young participants. (b) Old participants.

Figure 4.18.: Audiogram of young participants (a) and older participants (b).
The thick solid line indicates mean values with standard errors
per measured frequency. Upper and lower solid lines represent
maximum and minimum values of all participants. Categorization
of hearing impairment by the WHO is represented by dotted lines.

The extended binaural-listening paradigm as described in chapter 3.1.3 is used
for this experiment, as an extension of Experiment V. The long and polysyllabic
stimuli are compounded of a digit and a direction word (3.4.2). Headphones as
described in chapter 3.7.3 are used for all participants. Binaural synthesis is based
on HRTFs of the dummy head, but headphones are equalized by individually
measured HpTFs (compare chapter 3.6.3). The experiment takes place in the
darkened hearing booth (compare chapter 3.5.2). Using RAVEN stimuli are
adjusted to three different reverberation levels (compare chapter 3.8).

There are five independent variables in the present experiment (compare table
4.8). The between-subject variable of age has two levels (young vs. old). The
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variable of reverberation has three levels (anechoic vs. low reverberation vs.
high reverberation) (also compare experiment V, chapter 4.5). Target’s position
(median vs. diagonal vs. frontal plane) is described in chapter 3.2.3.
There is not enough data collected to analyze all five variables at the same time.
(For reaction times error trials and subsequent trials are deleted, mean error
rates of 20 %, result in a rejection of up to half of all collected data.) There-
fore, attention switch (repetition vs. switch) is only included in the analysis
of reaction times and congruency (congruent vs. incongruent) in the analysis
of error rates, respectively. Dependent variables are reaction times and error rates.

In total, 720 trials divided into six blocks of 120 trials each are separated by
short breaks (2 min and 5 min between the third and fourth block, respectively).
“The experimental blocks [...] [are] preceded by two training blocks. The first
training block (10 trials) [...] [presents] the target’s speech only to give the [...]
[participant] the opportunity to get familiar with the input device. Another 40
trials [...] [are] presented in the second anechoic training’s block, also including
the distractor’s speech as in the experimental blocks. The total duration of the
experiment [...] [does] not exceed 70 min including an audiometry.
The three different reverberation conditions [...] [are] changed block-wise. Condi-
tions [...] [are] assigned to block numbers according to a Latin Square Design.
Within a block the location of the target speaker [...] [is] repeated or changed by
the same chance. The location of the distracting speaker [...] [is] changed in every
trial. Changes of speakers positions [...] [are] assigned randomly. Furthermore,
trials [...] [are] counterbalanced over combinations of digits. The speakers of the
stimuli [...] [are] assigned randomly”[136].

4.8.2. Results

Reaction Times

The repeated measures ANOVA yields a significant main effect of the between-
subject variable age [A: 𝐹 (1, 44) = 14.83, 𝑝 < .001, 𝜂2

𝑝 = .25], indicating longer
reaction times (2255 ms) for old participants compared to young participants
(1836 ms) (compare table A.22, figure 4.19 and table A.24).
The main effect of reverberation is not significant [R: 𝐹 < 1, 𝜂2

𝑝 = .01].
The Huynh-Feldt corrected ANOVA reveals a significant main effect of target’s
position [TPOS : 𝐹 (1.35, 59.22) = 21.30, 𝑝 < .001, 𝜂2

𝑝 = .33]. A significant post-
hoc analysis determines significant differences (𝑝 < .01) in performance between
all planes, indicating longest reaction times for trials with target positioned on
median plane (2132 ms) and lowest for those on frontal plane (1947 ms) (compare
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Table 4.8.: Experiment VIII: Independent variables and their levels.

Independent Variables

Age [A] (between-subject) Young
Old

Reverberation [R] Anechoic
Low Reverberation
High Reverberation

Position of Target [TPOS] Median
Diagonal
Frontal

Attention Switch [AS] Repetition
Switch

Congruency [C] Congruent
Incongruent

table A.24).
The main effect of attention switch on reaction time is significant [AS : 𝐹 (1, 44) =
23.54, 𝑝 < .001, 𝜂2

𝑝 = .35] and indicates longer reaction times for switches than
for repetitions. The switch costs amount on average to 77 ms.

The target’s position interacts with the attention switch [TPOS×AS : 𝐹 (2, 88) =
3.25, 𝑝 = .04, 𝜂2

𝑝 = .07]. Switch costs are only significantly different on median
plane (96 ms) and diagonal plane (97 ms). On frontal plane switch costs only
amount to 36 ms.
The three-way interaction with age turns out to be also significant [TPOS×AS×A:
𝐹 (2, 88) = 3.86, 𝑝 = .03, 𝜂2

𝑝 = .08], showing how the significant attention switch
effect is true for all planes for young participants and only true on diagonal plane
for older participants.

Error Rates

For error rates, all main effects turn out to be significant (compare table A.23).
The repeated measures ANOVA yields a significant main effect of the between-
subject variable age [A: 𝐹 (1, 44) = 7.31, 𝑝 = .01, 𝜂2

𝑝 = .14], indicating larger
error rates (20.9 %) for old participants compared to young participants (15.0 %)
(compare figure 4.20 and table A.24).
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Figure 4.19.: Reaction times (in ms) as a function of age, reverberation, target’s
position and attention switch (A × R × TPOS × AS). Error bars
indicate standard errors.

The main effect of reverberation is significant [R: 𝐹 (2, 88) = 6.57, 𝑝 = .002,
𝜂2

𝑝 = .13]. Post-hoc tests reveal a significant difference in error rates between the
high reverberation and the other two reverberation conditions.
The ANOVA reveals a significant main effect of target’s position [TPOS :
𝐹 (1.51, 66.59) = 52.77, 𝑝 < .001, 𝜂2

𝑝 = .55]. A significant post-hoc analysis
determines significant differences in performance between all planes, indicating
highest error rates for trials with target positioned on median plane (21.6 %) and
lowest for those on frontal plane (13.4 %) (compare table A.24).
The ANOVA also yields a significant main effect of congruency [C : 𝐹 (1, 44) =
368.37, 𝑝 < .001 𝜂2

𝑝 = .89], indicating higher error rates for incongruent stimuli
(31.0 %) than for congruent stimuli (4.9 %).

The target’s position interacts with the variable age [TPOS×A: 𝐹 (1.51, 66.59) =
6.36, 𝑝 = .006, 𝜂2

𝑝 = .13]. The age-related effect is only true on median plane and
not significant for the other two planes.
The congruency interacts with the between-subject variable age [C×A: 𝐹 (1, 44) =
25.58, 𝑝 < .001, 𝜂2

𝑝 = .37]. In congruent trials, error rates of older and younger
participants do not significantly differ and vary only about 1 %. In contrast to
that, results of older and younger participants differ significantly, resulting in a
difference of 12.8 % (compare figure 4.20).
The target’s position interacts with the variable congruency [TPOS×C :
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𝐹 (1.70, 74.81) = 58.63, 𝑝 < .001, 𝜂2
𝑝 = .57], indicating the greatest congru-

ency effect on median plane (Congruency effect: median 34.9 %, diagonal 25.8 %,
frontal 17.8 %.
The three-way interaction with age turns out to be also significant [TPOS×C×A:
𝐹 (1.70, 74.81) = 6.08, 𝑝 = .006, 𝜂2

𝑝 = .12], showing how the congruency effect
increases with the complexity of planes (frontal, diagonal, median) for young
and old participants. However, this increase of the congruency effect is more
pronounced for older participants (compare figure 4.20).

Figure 4.20.: Error rates (in %) as a function of age, reverberation, target’s
position and congruency (A × R × TPOS × C). Error bars
indicate standard errors.

4.8.3. Discussion

Results of the present study are in compliance with those of experiment VII.
There is a general age-related effect present in reaction times and error rates.
The interaction of age with the target’s position and the interaction of age and
congruency appear to be significant in both experiments (Experiment VII and
VIII). Different than in Experiment VII, a three-way interaction of age, target’s
position and congruency in error rates is given, indicating that the congruency
effect is more pronounced for old participants for “spatially more complex” posi-
tions of the target.
In agreement with the results of Experiment V there is a significant difference
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in reverberation levels in error rates, indicating higher error rates for longer
reverberation times. However, no interaction of reverberation with age or any
other variable can be found.
This is in line with the cited studies employing middle-age to elderly participants
in shadowing tasks measuring performance in terms of accuracy [152, 101, 58, 56].
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5
Conclusion

This chapter summarizes the findings of the eight conducted experiments and
gives an outlook on how the examination on the intentional switching of auditory
selective attention can be continued.

5.1. General Discussion and Summary

The aim of the present thesis is to examine the cognitive control mechanisms
underlying auditory selective attention by considering the influence of variables
that increase the complexity of an auditory scene with respect to technical aspects
such as dynamic binaural hearing, room acoustics and head movements as well as
those that influence the efficiency of cognitive processing. Furthermore, technical
methods and tools to realize the complex auditory scenarios are evaluated with
respect to the empirical findings on auditory selective attention. Step-wise the
well-established dichotic-listening paradigm is extended into a “realistic” spatial
listening paradigm.

In preliminary studies using the dichotic-listening paradigm, it is observed that
participants can easily follow the instruction to switch auditory attention to a
new auditory target. These attention switches entail switch costs in performance
(longer reaction times and higher error rates). Furthermore, it is found that
participants cope with the challenge of listening selectively to the relevant speaker,
however, they cannot avoid processing the irrelevant information up to the level
where the participant’s response is influenced [45, 74].
These effects are also found when using a binaural reproduction (real sources and
binaural synthesis via headphones). In a direct comparison (compare Experiment
I, chapter 4.1) effects are also equally distinct. These results justify that the
dichotic reproduction is successful in representing very simple spatial listening
setups (source positions to the left and the right) when analyzing intentional
switching of auditory selective attention.
As in dichotic results, the binaural findings clearly reveal that irrelevant informa-
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tion is not necessarily unattended. When listening to a binaural reproduction of
two simultaneously presented stimuli, each stimulus reaches both ears (cross-talk).
The assumptions by Broadbent [20] on the filter theory, indicating an ear-based
selection mechanism at a very low level of processing, are very contradictory to
the findings using the binaural-listening paradigm. The late selection theory by
Deutsch and Deutsch [32] is also based on an ear-wise processing, but predicts a
selection taking place subsequently to perceptual processing. The present findings
also disagree with this theory, since it is not conferrable to and not reasonable in
real complex auditory environments. The attenuation theory which predicts a
damping of processing the to be unattended information is compliant with the
binaural reproduction of stimuli and is also in line with the present findings on
processing the irrelevant information as far as affecting the response selection.
Comparing these three theories on auditory selective attention, the attenuation
theory is clearly most concordant with the present empirical findings.

On the one hand the paradigm on intentional switching of auditory selective
attention is used to verify the results collected with the dichotic-listening version
with these of the binaural-listening version which is closer to realistic listening.
On the other hand the paradigm is also used as a measure of how plausible
and authentic the binaural-reproduction techniques and adjustments regarding
reverberation times are.
The extension into a binaural-listening paradigm is assessed to be successful
(compare Experiment II, chapter 4.2). Auditory attention switching and the
inhibition of irrelevant information in dichtoic-listening and binaural-listening
lead to comparable outcomes in the performance measures of reaction time and
accuracy.
The extension of the dichotic-listening paradigm offers great potential for the
analysis of intentional switching of auditory attention by enabling more possibili-
ties for spatial sources. Correlated with the degree of difficulty in localization
[116, 180] performance measures vary depending on the position of target and
distracting source. For a positioning on median plane participant’s reaction times
and accuracy drop significantly compared to other spatial positions. The arrange-
ment of target and distractor have a great impact on the cognitive processing,
especially in inhibiting the distracting sources.

Four different reproduction methods are compared using the experimental
paradigm (compare Experiment II, chapter 4.2). It is common to apply lo-
calization experiments [160, 25, 180, 116, 21, 181] or direct comparisons of stimuli
to evaluate the plausibility and authenticity [38, 39, 41, 42, 126, 131, 186, 119, 82,
156, 94, 19] of binaural reproduction methods. Localization and the sensitivity
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to notice differences in coloration is only part of the complex functionality of
our hearing system when orienting and coping in real environments. Binaural
reproduction methods should be plausible in realistic environmental scenarios,
as for example a “cocktail-party”. Using the paradigm to intentionally switch
auditory selective attention the comparison of reproduction methods is conducted
in a scene of multiple talkers where the focus of attention needs to be shifted and
the ability to inhibit the irrelevant information is necessary in order to fulfill the
designated task.
The loss of individual information, no perfect channel separation (CTC) and
possibly also the circumstances of wearing headphones diminish the ability of
ignoring a distracting speaker in a spatial setup and therefore intensifies the
observed effect of congruency. The performance of attention switching, however,
is negligibly affected by the reproduction methods.
When using real sources performance measures are lowest level and observed
effects show the closest matching to dichotic reproduction. It is assumed that the
observed (partly significant) difference between the reproduction of real sources
and the individual binaural reproduction results origin from the restriction of
head movements for the binaural synthesis. A subsequent experiment (compare
Experiment VI, chapter 4.6) gives evidence on the fact that head movements
are generally very small (< 1 ∘) and that head movements cannot be the basis
of the problematic disparity. Since the inhibitory deficit for binaural syntheses
of all tested kinds is especially true for sources positioned on median plane,
inaccuracy of measurements, processing or reproduction, which can never totally
be eradicated, are possible reasons. On median plane, minuscule deviations
in coloration can cause enormous localization errors. To assess this possibility
measuring system and post processing [148], as well as latency concerns and
imprecision of reproduction [65, 179] need to be evaluated. Other considerations
regarding the disagreement of performance for real sources and the individual
binaural synthesis are the simple fact that headphones have to be worn for the
synthesis and influence the participants in some psychological way. This may be
because most naive listeners are not used to listen to spatial scenes via headphones.

An anechoic reproduction fails to represent realistic listening experiences. Taking
steps towards realistic environments the impact of reverberation on the intentional
switching of auditory selective attention is analyzed. To be able to integrate
reverberation expediently into the paradigm, the binaural-listening paradigm is
extended anew, by means of longer, polysyllabic stimuli. The extension is rated
favorably, however, the consequences of longer reaction times and a penalty in
effect size need to be taken into account (compare chapter 4.4).
The extended binaural-listening paradigm is tested in simulated rooms with dif-
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ferent reverberation times (compare chapter 4.5), showing how “reverberation has
a detrimental effect on reaction times when maintaining attention to one source
at a constant spatial location. However, intentionally switching the attention to
a sound source at a different spatial location requires per se more attention and
is more difficult that additional reverberant energy does not have any impact.
Furthermore, the human ability to ignore or rather not to process the content of
a distracting source is significantly influenced by reverberation”[136].

Taking into account that there is a trend towards an aging society, age-related
effects should not be neglected. The hypothesis that older adults suffer from
inhibitory deficits is corroborated by the studies across age groups (compare
chapter 4.7 and 4.8). Furthermore, the idea of “general slowing” is confirmed
in accordance with earlier findings applying the dichotic-listening paradigm [86].
Indeed, elderly listeners do not suffer losses in switching attention or inhibiting
irrelevant information compared to young listeners when an additional obstruc-
tion of long reverberation time is applied. The question as to whether there is an
age-related decline also with regard to auditory attention in complex environ-
ments deserves closer inspection.

5.2. Future Directions

As the title of the present thesis suggests, there is a long way from dichotic
listening to listening in realistic complex environments. Considerable progress
has been made in this thesis and essential insights have been gained, but there
are important steps to be made to achieve the aim of the examination of the
intentional switching of auditory selective attention in realistic complex environ-
ments.
Establishing a binaural-listening paradigm based on the already well-proven
dichotic-listening paradigm, allowed us to examine important aspects of auditory
attention in selective listening in spatial environments in the presence of multiple
speakers and reverberation, while at the same time affording close experimental
control. There may be other variables, such as not negligible head and body
movements as well as additional distracting noise sources positioned all around
the listener, that contribute to the complexity of an auditory scene, influencing
the efficiency of cognitive processing. The constraint of focusing the visual cue
on the monitor of the experimental setup resulted in limited headmovements.
To circumvent that there is the necessity of a more liberated presentation form
of the visual cue. Furthermore, the impact of visual impressions should not
be underestimated, implying a multisensory paradigm. Further extensions of
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the binaural-listening paradigm may therefore be necessary to examine auditory
selective attention in realistic complex environments. Finally, society is diverse
which is why the group of participants should be widened by involving for example
children and hearing-impaired listeners.
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A.1. Experiment I

Table A.1.: Experiment I: Results of repeated measures ANOVA (if needed
Huynh-Feldt corrections). Main effects and Interactions in reaction
times. For variable explanation, see table 4.1 and for post-hoc tests,
see table A.3.

Experiment I - Reaction Times

Main effects

Repro. Meth. F(2,58)=1.42 p=.25 𝜂2
𝑝=.05

Attent. Sw. * F(1,29)=43.64 p<.001 𝜂2
𝑝=.60

Cong. * F(1,29)=6.96 p=.01 𝜂2
𝑝=.19

Interactions

Repro. Meth.*Attent. Sw. F(2,58)=1.41 p=.25 𝜂2
𝑝=.05

Repro. Meth.*Cong. F<1 𝜂2
𝑝=.03

Attent. Sw.*Cong. F<1 𝜂2
𝑝<.001

Repro. Meth.*Attent. Sw.*Cong. F(2,58)=1.41 p=.25 𝜂2
𝑝=.05

Table A.2.: Experiment I: Results of repeated measures ANOVA (if needed
Huynh-Feldt corrections) Main effects and Interactions in error
rates. For variable explanation, see table 4.1 and for post-hoc tests,
see table A.3.

Experiment I - Error Rates

Main effects

Repro. Meth. F(1.16,33.69)=1.44 p=.25 𝜂2
𝑝=.05

Attent. Sw. * F(1,29)=30.99 p<.001 𝜂2
𝑝=.52

Cong. * F(1,29)=6.26 p=.02 𝜂2
𝑝=.18

Interactions

Repro. Meth.*Attent. Sw. F(2,58)=1.36 p=.27 𝜂2
𝑝=.05

Repro. Meth.*Cong. F(1.11,32.17)=1.38 p=.26 𝜂2
𝑝=.05

Attent. Sw.*Cong. F<1 𝜂2
𝑝=.02

Repro. Meth.*Attent. Sw.*Cong. F<1 𝜂2
𝑝=.03
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Table A.3.: Experiment I: Post-hoc tests on main effects in reaction times and
error rates. Asterisk without any number (*) indicates significant
difference between all levels, asterisk and numbers in brackets (e.g.
*(1)) indicate significant difference between present level and the
level with the correspondent number. For variable explanation, see
table 4.1 and for main effects and interactions see tables A.1 and
A.2.

Reproduction Method
Dichotic Binaural Real Source

Reaction Time 1015 ms 1052 ms 968 ms

Error Rates 4.0 % 4.0 % 2.8 %

Attention Switch
Repetition Switch Switch Costs

Reaction Time * 960 ms * 1064 ms 104 ms

Error Rates * 2.7 % * 4.5 % 1.8 %

Congruency
Congruent Incongruent Congruency Effect

Reaction Time * 997 ms * 1027 ms 30 ms

Error Rates * 1.9 % * 5.3 % 3.4 %
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A.2. Experiment II

Table A.4.: Experiment II: Results of repeated measures ANOVA (if needed
Huynh-Feldt corrections) Main effects and Interactions in reaction
times. For variable explanation, see table 4.2 and for post-hoc tests,
see table A.6.

Experiment II - Reaction Times

Main effects

Repro. Meth. * F(3,92)=6.67 p<.001 𝜂2
𝑝=.18

Pos. * F(1.66,152.29)=49.69 p<.001 𝜂2
𝑝=.35

Ang. * F(2.89,265.92)=61.69 p<.001 𝜂2
𝑝=.40

Attent. Sw. * F(1,92)=65.18 p<.001 𝜂2
𝑝=.42

Cong. * F(1,92)=34.43 p<.001 𝜂2
𝑝=.27

Interactions

Pos.*Repro. Meth. * F(4.97,152.29)=4.01 p=.002 𝜂2
𝑝=.12

Ang.*Repro. Meth. F(8.67,265.92)=1.32 p=.23 𝜂2
𝑝=.04

Attent. Sw.*Repro. Meth. F(3,92)=1.18 p=.32 𝜂2
𝑝=.04

Cong.*Repro. Meth. * F(3,92)=2.96 p=.04 𝜂2
𝑝=.09

Pos.*Ang. * F(3.89,357.86)=54.93 p<.001 𝜂2
𝑝=.37

Pos.*Ang.*Repro. Meth. * F(11.67,357.86)=2.03 p=.02 𝜂2
𝑝=.06

Pos.*Attent. Sw. F<1 𝜂2
𝑝=.01

Pos.*Attent. Sw.*Repro. Meth. * F(5.86,179.69)=3.50 p=.003 𝜂2
𝑝=.10

Ang.*Attent. Sw. * F(2.87,263.86)=5.21 p=.002 𝜂2
𝑝=.05

Ang.*Attent. Sw.*Repro. Meth. * F(8.60,263.86)=2.24 p=.02 𝜂2
𝑝=.07

Pos.*Ang.*Attent. Sw. F(4.83,444.53)=1.50 p=.19 𝜂2
𝑝=.02

Pos.*Ang.*Attent. Sw.*Repro. Meth. F(14.50,444.53)=1.72 p=.05 𝜂2
𝑝=.05

Pos.*Cong. * F(1.88,172.67)=11.01 p<.001 𝜂2
𝑝=.11

Pos.*Cong.*Repro. Meth. * F(5.63,172.67)=2.64 p=.02 𝜂2
𝑝=.08

Ang.*Cong. * F(2.85,262.07)=5.63 p=.001 𝜂2
𝑝=.06

Ang.*Cong.*Repro. Meth. F<1 𝜂2
𝑝=.02

Pos.*Ang.*Cong. * F(5.18,476.12)=9.12 p<.001 𝜂2
𝑝=.09

Pos.*Ang.*Cong.*Repro. Meth. * F(15.53,476.12)=2.04 p=.01 𝜂2
𝑝=.06

Attent. Sw.*Cong. F(1,92)=1.02 p=.32 𝜂2
𝑝=.01

Attent. Sw.*Cong.*Repro. Meth. F<1 𝜂2
𝑝=.02

Pos.*Attent. Sw.*Cong. F<1 𝜂2
𝑝=.01

Pos.*Attent. Sw.*Cong.*Repro. Meth. F(5.97,182.93)=1.66 p=.13 𝜂2
𝑝=.05

Ang.*Attent. Sw.*Cong. * F(2.80,257.63)=8.63 p<.001 𝜂2
𝑝=.09

Ang.*Attent. Sw.*Cong.*Repro. Meth. F(8.40,257.63)=1.28 p=.25 𝜂2
𝑝=.04

Pos.*Ang.*Attent. Sw.*Cong. F(4.99,458.79)=2.29 p=.05 𝜂2
𝑝=.02

Pos.*Ang.*Attent. Sw.*Cong.*Repro. Meth. F(14.96,458.79)=1.13 p=.33 𝜂2
𝑝=.04
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Table A.5.: Experiment II: Results of repeated measures ANOVA (if needed
Huynh-Feldt corrections) Main effects and Interactions in error
rates. For variable explanation, see table 4.2 and for post-hoc tests,
see table A.6.

Experiment II - Error Rates

Main effects

Repro. Meth. * F(3,92)=17.93 p<.001 𝜂2
𝑝=.37

Pos. * F(1.82,167.07)=39.42 p<.001 𝜂2
𝑝=.30

Ang. * F(2.84,261.01)=81.69 p<.001 𝜂2
𝑝=.47

Attent. Sw. F(1,92)=2.38 p=.13 𝜂2
𝑝=.03

Cong. * F(1,92)=430.21 p<.001 𝜂2
𝑝=.82

Interactions

Pos.*Repro. Meth. * F(5.45,167.07)=4.31 p=.001 𝜂2
𝑝=.12

Ang.*Repro. Meth. * F(8.51,261.01)=3.21 p=.001 𝜂2
𝑝=.10

Attent. Sw.*Repro. Meth. F<1 𝜂2
𝑝=.02

Cong.*Repro. Meth. * F(3,92)=19.37 p<.001 𝜂2
𝑝=.39

Pos.*Ang. * F(4.42,406.49)=134.90 p<.001 𝜂2
𝑝=.60

Pos.*Ang.*Repro. Meth. * F(13.26,406.49)=4.40 p<.001 𝜂2
𝑝=.13

Pos.*Attent. Sw. * F(1.72,158.34)=6.83 p=.002 𝜂2
𝑝=.07

Pos.*Attent. Sw.*Repro. Meth. F(5.16,158.34)=2.02 p=.08 𝜂2
𝑝=.06

Ang.*Attent. Sw. * F(2.58,237.20)=3.99 p=.01 𝜂2
𝑝=.04

Ang.*Attent. Sw.*Repro. Meth. F(7.74,237.20)=1.73 p=.10 𝜂2
𝑝=.05

Pos.*Ang.*Attent. Sw. F(4.76,438.06)=2.24 p=.053 𝜂2
𝑝=.02

Pos.*Ang.*Attent. Sw.*Repro. Meth. F(14.29,438.06)=1.55 p=.09 𝜂2
𝑝=.05

Pos.*Cong. * F(1.68,154.67)=36.66 p<.001 𝜂2
𝑝=.29

Pos.*Cong.*Repro. Meth. * F(5.04,154.67)=3.89 p=.002 𝜂2
𝑝=.11

Ang.*Cong. * F(2.77,254.53)=66.25 p<.001 𝜂2
𝑝=.42

Ang.*Cong.*Repro. Meth. * F(8.30,254.53)=2.95 p=.003 𝜂2
𝑝=.09

Pos.*Ang.*Cong. * F(4.75,437.02)=142.81 p<.001 𝜂2
𝑝=.61

Pos.*Ang.*Cong.*Repro. Meth. * F(14.25,437.02)=6.18 p<.001 𝜂2
𝑝=.17

Attent. Sw.*Cong. * F(1,92)=7.87 p=.006 𝜂2
𝑝=.08

Attent. Sw.*Cong.*Repro. Meth. F<1 𝜂2
𝑝<.02

Pos.*Attent. Sw.*Cong. F(1.95,179.73)=1.76 p=.18 𝜂2
𝑝=.02

Pos.*Attent. Sw.*Cong.*Repro. Meth. * F(5.86,179.73)=3.52 p=.003 𝜂2
𝑝=.10

Ang.*Attent. Sw.*Cong. F(2.74,252.14)=2.03 p=.12 𝜂2
𝑝=.02

Ang.*Attent. Sw.*Cong.*Repro. Meth. * F(8.22,252.14)=2.12 p=.03 𝜂2
𝑝=.07

Pos.*Ang.*Attent. Sw.*Cong. F(4.64,426.58)=2.33 p=.05 𝜂2
𝑝=.03

Pos.*Ang.*Attent. Sw.*Cong.*Repro. Meth. F(13.91,426.58)=1.63 p=.07 𝜂2
𝑝=.05
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Table A.6.: Experiment II: Post-hoc tests on main effects in reaction times and
error rates. Asterisk without any number (*) indicates significant
difference between all levels, asterisk and numbers in brackets (e.g.
*(1)) indicate significant difference between present level and the
level with the correspondent number. For variable explanation, see
table 4.2 and for main effects and interactions see tables A.4 and
A.5.

Reproduction Method
Real Source Ind. HRTF Non-ind. HRTF Non-ind. CTC

Reaction Time *(4) 1000 ms *(4) 1027 ms 1136 ms *(1,2) 1236 ms

Error Rates * 3.3 % *(1) 7.5 % *(1) 8.3 % *(1) 9.0 %

Target’s Position
Median Diagonal Frontal

Reaction Time * 1152 ms * 1098 ms * 1051 ms

Error Rates * 9.0 % * 6.6 % * 5.6 %

Angle between target and distractor
45 ∘ 90 ∘ 135 ∘ 180 ∘

Reaction Time * 1156 ms *(1,4) 1075 ms *(1) 1080 ms *(1,2) 1091 ms

Error Rates *(2,3) 9.3 % * 5.6 % * 4.5 % *(2,3) 8.8 %

Attention Switch
Repetition Switch Switch Costs

Reaction Time * 1074 ms * 1127 ms 53 ms

Error Rates 6.8 % 7.3 % 0.5 %

Congruency
Congruent Incongruent Congruency Effect

Reaction Time * 1076 ms * 1125 ms 49 ms

Error Rates * 2.3 % * 11.8 % 9.5 %
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A.3. Experiment III

Table A.7.: Experiment III: Results of repeated measures ANOVA (if needed
Huynh-Feldt corrections) Main effects and Interactions in reaction
times. For variable explanation, see table 4.3 and for post-hoc tests,
see table A.9.

Experiment III - Reaction Times

Main effects

Reverb. F<1 𝜂2
𝑝=.01

Pos. * F(1.58,70.95)=54.46 p<.001 𝜂2
𝑝=.55

Attent. Sw. * F(1,45)=40.28 p<.001 𝜂2
𝑝=.47

Cong. * F(1,45)=13.21 p=.001 𝜂2
𝑝=.23

Interactions

Pos.*Reverb. F<1 𝜂2
𝑝=.02

Attent. Sw.*Reverb. F<1 𝜂2
𝑝=.01

Cong.*Reverb. F(2,45)=1.83 p=.17 𝜂2
𝑝=.08

Pos.*Attent. Sw. * F(1.79,80.52)=4.65 p=.02 𝜂2
𝑝=.09

Pos.*Attent. Sw.*Reverb. F<1 𝜂2
𝑝=.02

Pos.*Cong. * F(2,90)=8.28 p<.001 𝜂2
𝑝=.16

Pos.*Cong.*Reverb. F(4,90)=1.33 p=.26 𝜂2
𝑝=.06

Attent. Sw.*Cong. F<1 𝜂2
𝑝=.001

Attent. Sw.*Cong.*Reverb. F(2,45)=1.12 p=.34 𝜂2
𝑝=.05

Pos.*Attent. Sw.*Cong. * F(2,90)=6.56 p=.002 𝜂2
𝑝=.13

Pos.*Attent. Sw.*Cong.*Reverb. * F(4,90)=2.51 p=.047 𝜂2
𝑝=.10
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Table A.8.: Experiment III: Results of repeated measures ANOVA (if needed
Huynh-Feldt corrections) Main effects and Interactions in error
rates. For variable explanation, see table 4.3 and for post-hoc tests,
see table A.9.

Experiment III - Error Rates

Main effects

Reverb. F(2,45)=2.68 p=.08 𝜂2
𝑝=.11

Pos. * F(2,90)=42.14 p<.001 𝜂2
𝑝=.48

Attent. Sw. F(1,45)=2.27 p=.14 𝜂2
𝑝=.05

Cong. * F(1,45)=271.39 p<.001 𝜂2
𝑝=.86

Interactions

Pos.*Reverb. F<1 𝜂2
𝑝=.01

Attent. Sw.*Reverb. F<1 𝜂2
𝑝=.001

Cong.*Reverb. F(2,45)=2.46 p=.10 𝜂2
𝑝=.10

Pos.*Attent. Sw. F<1 𝜂2
𝑝=.02

Pos.*Attent. Sw.*Reverb. F<1 𝜂2
𝑝=.03

Pos.*Cong. * F(2,90)=37.41 p<.001 𝜂2
𝑝=.45

Pos.*Cong.*Reverb. F<1 𝜂2
𝑝=.02

Attent. Sw.*Cong. * F(1,45)=6.47 p=.02 𝜂2
𝑝=.13

Attent. Sw.*Cong.*Reverb. F(2,45)=1.33 p=.28 𝜂2
𝑝=.06

Pos.*Attent. Sw.*Cong. F<1 𝜂2
𝑝=.01

Pos.*Attent. Sw.*Cong.*Reverb. F(4,90)=2.04 p=.10 𝜂2
𝑝=.08
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Table A.9.: Experiment III: Post-hoc tests on main effects in reaction times and
error rates. Asterisk without any number (*) indicates significant
difference between all levels, asterisk and numbers in brackets (e.g.
*(1)) indicate significant difference between present level and the
level with the correspondent number. For variable explanation, see
table 4.3 and for main effects and interactions see tables A.7 and
A.8.

Reverberation
Anechoic Low Reverberation High Reverberation

Reaction Time 1181 ms 1141 ms 1125 ms

Error Rates 8.3 % 11.7 % 9.3 %

Target’s Position
Median Diagonal Frontal

Reaction Time * 1204 ms * 1165 ms * 1079 ms

Error Rates *(3) 11.8 % *(3) 10.7 % * 6.9 %

Attention Switch
Repetition Switch Switch Costs

Reaction Time * 1123 ms * 1176 ms 54 ms

Error Rates 9.5 % 10.1 % 0.6 %

Congruency
Congruent Incongruent Congruency Effect

Reaction Time * 1128 ms * 1170 ms 42 ms

Error Rates * 3.6 % * 16.0 % 12.4 %
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Figure A.7.: Experiment III: Reaction times (in ms) as a function of reverber-
ation, target’s position, attention switch and congruency (R ×
TPOS × AS × C). Error bars indicate standard errors.

Figure A.8.: Experiment III: Error rates (in %) as a function of reverberation,
target’s position, attention switch and congruency (R × TPOS ×
AS × C). Error bars indicate standard errors.
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A.4. Experiment IV

Table A.10.: Experiment IV: Results of repeated measures ANOVA (if needed
Huynh-Feldt corrections) Main effects and Interactions in reaction
times. For variable explanation, see table 4.4 and for post-hoc
tests, see table A.12.

Experiment IV - Reaction Times

Main effects

Parad. F(1,46)=1.04 p=.31 𝜂2
𝑝=.02

Pos. * F(1.40,64.36)=58.95 p<.001 𝜂2
𝑝=.56

Attent. Sw. * F(1,46)=41.14 p<.001 𝜂2
𝑝=.47

Cong. * F(1,46)=7.31 p=.01 𝜂2
𝑝=.14

Interactions

Pos.*Parad. F(1.40,64.36)=1.37 p=.26 𝜂2
𝑝=.03

Attent. Sw.*Parad. F(1,46)=1.48 p=.23 𝜂2
𝑝=.03

Cong.*Parad. F(1,46)=2.01 p=.16 𝜂2
𝑝=.04

Pos.*Attent. Sw. * F(1.78,81.77)=3.88 p=.03 𝜂2
𝑝=.08

Pos.*Attent. Sw.*Parad. F(1.78,81.77)=1.46 p=.24 𝜂2
𝑝=.03

Pos.*Cong. F<1 𝜂2
𝑝=.02

Pos.*Cong.*Parad. * F(1.84,84.43)=4.80 p=.01 𝜂2
𝑝=.10

Attent. Sw.*Cong. F<1 𝜂2
𝑝<.01

Attent. Sw.*Cong.*Parad. F(1,46)=2.42 p=.13 𝜂2
𝑝=.05

Pos.*Attent. Sw.*Cong. F<1 𝜂2
𝑝=.01

Pos.*Attent. Sw.*Cong.*Parad. F(1.56,71.81)=2.02 p=.15 𝜂2
𝑝=.04
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Table A.11.: Experiment IV: Results of repeated measures ANOVA (if needed
Huynh-Feldt corrections) Main effects and Interactions in error
rates. For variable explanation, see table 4.4 and for post-hoc
tests, see table A.12.

Experiment IV - Error Rates

Main effects

Parad. * F(1,46)=36.24 p<.001 𝜂2
𝑝=.44

Pos. * F(2,92)=49.55 p<.001 𝜂2
𝑝=.52

Attent. Sw. * F(1,46)=11.57 p=.001 𝜂2
𝑝=.20

Cong. * F(1,46)=234.84 p<.001 𝜂2
𝑝=.84

Interactions

Pos.*Parad. * F(2,92)=4.61 p=.01 𝜂2
𝑝=.09

Attent. Sw.*Parad. F(1,46)=1.19 p=.28 𝜂2
𝑝=.03

Cong.*Parad. F<1 𝜂2
𝑝=.01

Pos.*Attent. Sw. F<1 𝜂2
𝑝<.001

Pos.*Attent. Sw.*Parad. F<1 𝜂2
𝑝=.01

Pos.*Cong. * F(2,92)=26.37 p<.001 𝜂2
𝑝=.36

Pos.*Cong.*Parad. F(2,92)=1.05 p=.36 𝜂2
𝑝=.02

Attent. Sw.*Cong. F(1,46)=3.76 p=.06 𝜂2
𝑝=.08

Attent. Sw.*Cong.*Parad. F<1 𝜂2
𝑝=.01

Pos.*Attent. Sw.*Cong. F<1 𝜂2
𝑝=.01

Pos.*Attent. Sw.*Cong.*Parad. F(2,92)=2.03 p=.14 𝜂2
𝑝=.04
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Table A.12.: Experiment IV: Post-hoc tests on main effects in reaction times and
error rates. Asterisk without any number (*) indicates significant
difference between all levels, asterisk and numbers in brackets (e.g.
*(1)) indicate significant difference between present level and the
level with the correspondent number. For variable explanation,
see table 4.4 and for main effects and interactions see tables A.10
and A.11.

Paradigm
New Former Difference

Reaction Time 1241 ms 1131 ms 110 ms

Error Rates * 14 % * 8 % 6 %

Target’s Position
Median Diagonal Frontal

Reaction Time * 1251 ms * 1204 ms * 1104 ms

Error Rates *(3) 13.3 % *(3) 13.0 % * 6.8 %

Attention Switch
Repetition Switch Switch Costs

Reaction Time * 1147 ms * 1225 ms 78 ms

Error Rates * 10.2 % * 11.8 % 1.6 %

Congruency
Congruent Incongruent Congruency Effect

Reaction Time * 1169 ms * 1203 ms 34 ms

Error Rates * 5.3 % * 16.7 % 11.4 %
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A.5. Experiment V

Table A.13.: Experiment V: Results of repeated measures ANOVA (if needed
Huynh-Feldt corrections). Main effects and Interactions in reaction
times. For variable explanation, see table 4.5 and for post-hoc
tests, see table A.15.

Experiment V - Reaction Times

Main effects

Reverb. F<1 𝜂2
𝑝=.02

Pos. * F(1.51,33.13)=32.96 p<.001 𝜂2
𝑝=.60

Attent. Sw. * F(1,22)=17.11 p<.001 𝜂2
𝑝=.44

Cong. F(1,22)=1.90 p=.18 𝜂2
𝑝=.08

Interactions

Reverb.*Pos. F(3.42,75.28)=1.38 p=.25 𝜂2
𝑝=.06

Reverb.*Attent. Sw. * F(2,44)=3.45 p=.04 𝜂2
𝑝=.14

Pos.*Attent. Sw. F(2,44)=2.96 p=.06 𝜂2
𝑝=.12

Reverb.*Pos.*Attent. Sw. F<1 𝜂2
𝑝=.01

Reverb.*Cong. F<1 𝜂2
𝑝=.02

Pos.*Cong. F(2,44)=1.00 p=.38 𝜂2
𝑝=.04

Reverb.*Pos.*Cong. F(4,88)=1.20 p=.32 𝜂2
𝑝=.05

Attent. Sw.*Cong. F<1 𝜂2
𝑝=.09

Reverb.*Attent. Sw.*Cong. F<1 𝜂2
𝑝=.09

Pos.*Attent. Sw.*Cong. F<1 𝜂2
𝑝=.02

Reverb.*Pos.*Attent. Sw.*Cong. F<1 𝜂2
𝑝=.02
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Table A.14.: Experiment V: Results of repeated measures ANOVA (if needed
Huynh-Feldt corrections). Main effects and Interactions in error
rates. For variable explanation, see table 4.5 and for post-hoc
tests, see table A.15.

Experiment V - Error Rates

Main effects

Reverb. * F(2,44)=3.94 p=.03 𝜂2
𝑝=.15

Pos. * F(2,44)=23.87 p<.001 𝜂2
𝑝=.52

Attent. Sw. F<1 𝜂2
𝑝=.001

Cong. * F(1,22)=231.76 p<.001 𝜂2
𝑝=.91

Interactions

Reverb.*Pos. F<1 𝜂2
𝑝=.01

Reverb.*Attent. Sw. F<1 𝜂2
𝑝=.01

Pos.*Attent. Sw. F(2,44)=2.38 p=.11 𝜂2
𝑝=.10

Reverb.*Pos.*Attent. Sw. F(4,88)=2.32 p=.06 𝜂2
𝑝=.10

Reverb.*Cong. * F(2,44)=5.38 p=.01 𝜂2
𝑝=.20

Pos.*Cong. * F(2,44)=27.74 p<.001 𝜂2
𝑝=.56

Reverb.*Pos.*Cong. F<1 𝜂2
𝑝=.02

Attent. Sw.*Cong. F<1 𝜂2
𝑝<.01

Reverb.*Attent. Sw.*Cong. F<1 𝜂2
𝑝<.01

Pos.*Attent. Sw.*Cong. F<1 𝜂2
𝑝=.04

Reverb.*Pos.*Attent. Sw.*Cong. F(4,88)=1.58 p=.19 𝜂2
𝑝=.07
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Table A.15.: Experiment V: Post-hoc tests on main effects in reaction times and
error rates. Asterisk without any number (*) indicates significant
difference between all levels, asterisk and numbers in brackets (e.g.
*(1)) indicate significant difference between present level and the
level with the correspondent number. For variable explanation,
see table 4.5 and for main effects and interactions see tables A.13
and A.14.

Reverberation
Anechoic Low Reverberation High Reverberation

Reaction Time 1812 ms 1871 ms 1866 ms

Error Rates *(3) 12.4 % 13.4 % *(1) 14.8 %

Target’s Position
Median Diagonal Frontal

Reaction Time * 1964 ms * 1865 ms * 1719 ms

Error Rates *(3) 15.9 % *(3) 14.9 % * 9.8 %

Attention Switch
Repetition Switch Switch Costs

Reaction Time * 1799 ms * 1900 ms 101 ms

Error Rates 13.6 % 13.5 % -0.1 %

Congruency
Congruent Incongruent Congruency Effect

Reaction Time 1814 ms 1885 ms 71 ms

Error Rates * 3.7 % * 23.4 % 19.7 %
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A.5. Experiment V

Figure A.9.: Experiment V: Reaction times (in ms) as a function of reverber-
ation, target’s position, attention switch and congruency (R ×
TPOS × AS × C). Error bars indicate standard errors.

Figure A.10.: Experiment V: Error rates (in %) as a function of reverberation,
target’s position, attention switch and congruency (R × TPOS
× AS × C). Error bars indicate standard errors.
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A.6. Experiment VI

Table A.16.: Experiment VI: Results of repeated measures ANOVA (if needed
Huynh-Feldt corrections). Main effects and Interactions in reaction
times. For variable explanation, see table 4.6 and for post-hoc
tests, see table A.18.

Experiment VI - Reaction Times

Main effects

Rep.Meth. F(2,44)=1.06 p=.36 𝜂2
𝑝=.05

Pos. * F(2,44)=17.41 p<.001 𝜂2
𝑝=.44

Attent. Sw. * F(1,22)=10.86 p=.003 𝜂2
𝑝=.33

Cong. F<1 𝜂2
𝑝<.001

Interactions

Rep.Meth.*Pos. * F(3.29,72.43)=3.63 p=.001 𝜂2
𝑝=.14

Rep.Meth.*Attent. Sw. F<1 𝜂2
𝑝=.003

Pos.*Attent. Sw. F(2,44)=2.82 p=.07 𝜂2
𝑝=.11

Rep.Meth.*Pos.*Attent. Sw. F(2.94,64.73)=1.31 p=.28 𝜂2
𝑝=.06

Rep.Meth.*Cong. F(1.61, 35.33)=3.64 p=.05 𝜂2
𝑝=.14

Pos.*Cong. F<1 𝜂2
𝑝=.01

Rep.Meth.*Pos.*Cong. F<1 𝜂2
𝑝=.04

Attent. Sw.*Cong. F<1 𝜂2
𝑝=.02

Rep.Meth.*Attent. Sw.*Cong. F<1 𝜂2
𝑝=.02

Pos.*Attent. Sw.*Cong. F<1 𝜂2
𝑝=.01

Rep.Meth.*Pos.*Attent. Sw.*Cong. F<1 𝜂2
𝑝=.03
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Table A.17.: Experiment VI: Results of repeated measures ANOVA (if needed
Huynh-Feldt corrections). Main effects and Interactions in error
rates. For variable explanation, see table 4.6 and for post-hoc
tests, see table A.18.

Experiment VI - Error Rates

Main effects

Rep.Meth. F(2,44)=2.60 p=.09 𝜂2
𝑝=.11

Pos. * F(2,44)=17.14 p<.001 𝜂2
𝑝=.44

Attent. Sw. F<1 𝜂2
𝑝=.04

Cong. * F(1,22)=86.42 p<.001 𝜂2
𝑝=.80

Interactions

Rep.Meth.*Pos. F(3.23,71.07)=1.19 p=.32 𝜂2
𝑝=.05

Rep.Meth.*Attent. Sw. F(2,44)=2.85 p=.07 𝜂2
𝑝=.12

Pos.*Attent. Sw. F<1 𝜂2
𝑝=.001

Rep.Meth.*Pos.*Attent. Sw. F(2.86,62.99)=1.25 p=.30 𝜂2
𝑝=.05

Rep.Meth.*Cong. F(1.67, 36.72)=2.99 p=.07 𝜂2
𝑝=.12

Pos.*Cong. * F(2,44)=5.25 p=.009 𝜂2
𝑝=.19

Rep.Meth.*Pos.*Cong. F<1 𝜂2
𝑝=.01

Attent. Sw.*Cong. F<1 𝜂2
𝑝=.04

Rep.Meth.*Attent. Sw.*Cong. F<1 𝜂2
𝑝=.01

Pos.*Attent. Sw.*Cong. F<1 𝜂2
𝑝=.04

Rep.Meth.*Pos.*Attent. Sw.*Cong. F<1 𝜂2
𝑝=.04
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Table A.18.: Experiment VI: Post-hoc tests on main effects in reaction times and
error rates. Asterisk without any number (*) indicates significant
difference between all levels, asterisk and numbers in brackets (e.g.
*(1)) indicate significant difference between present level and the
level with the correspondent number. For variable explanation,
see table 4.6 and for main effects and interactions see tables A.16
and A.17.

Reproduction Method
Static Quasi Static Dynamic

Reaction Time 1912 ms 1861 ms 1892 ms

Error Rates 14.9 % 18.0 % 16.6 %

Target’s Position
Median Diagonal Frontal

Reaction Time *(3) 1956 ms *(3) 1911 ms * 1798 ms

Error Rates *(3) 20.4 % *(3) 17.0 % * 12.2 %

Attention Switch
Repetition Switch Switch Costs

Reaction Time * 1851 ms * 1926 ms 75 ms

Error Rates 16.0 % 17.0 % 1.0 %

Congruency
Congruent Incongruent Congruency Effect

Reaction Time 1888 ms 1889 ms 1 ms

Error Rates * 9.5 % * 23.5 % 14.0 %
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A.6. Experiment VI

Figure A.11.: Experiment VI: Reaction times (in ms) as a function of reproduc-
tion method, target’s position, attention switch and congruency
(RepMeth × TPOS × AS × C). Error bars indicate standard
errors.

Figure A.12.: Experiment VI: Error rates (in %) as a function of reverberation,
target’s position, attention switch and congruency (R × TPOS
× AS × C). Error bars indicate standard errors.
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A.7. Experiment VII

Table A.19.: Experiment VII: Results of repeated measures ANOVA (if needed
Huynh-Feldt corrections) Main effects and Interactions in reaction
times. For variable explanation, see table 4.7 and for post-hoc
tests, see table A.21.

Experiment VII - Reaction Times

Main effects

Age * F(1,38)=23.52 p<.001 𝜂2
𝑝=.38

Pos. * F(1.34,51.07)=30.93 p<.001 𝜂2
𝑝=.45

Attent. Sw. * F(1,38)=21.43 p<.001 𝜂2
𝑝=.36

Cong. * F(1,38)=32.44 p<.001 𝜂2
𝑝=.46

Interactions

Pos.*Age * F(1.34,51.07)=5.83 p=.01 𝜂2
𝑝=.13

Attent. Sw.*Age F(1,38)=2.05 p=.16 𝜂2
𝑝=.05

Cong.*Age * F(1,38)=12.86 p=.001 𝜂2
𝑝=.25

Pos.*Attent. Sw. * F(1.66,62.99)=4.41 p=.02 𝜂2
𝑝=.10

Pos.*Attent. Sw.*Age F(1.66,62.99)=1.23 p=.30 𝜂2
𝑝=.03

Pos.*Cong. * F(2,76)=24.22 p<.001 𝜂2
𝑝=.39

Pos.*Cong.*Age * F(2,76)=11.60 p<.001 𝜂2
𝑝=.23

Attent. Sw.*Cong. F<1 𝜂2
𝑝=.003

Attent. Sw.*Cong.*Age F(1,38)=1.38 p=.25 𝜂2
𝑝=.04

Pos.*Attent. Sw.*Cong. F<1 𝜂2
𝑝=.004

Pos.*Attent. Sw.*Cong.*Age * F(2,76)=4.11 p=.02 𝜂2
𝑝=.10
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Table A.20.: Experiment VII: Results of repeated measures ANOVA (if needed
Huynh-Feldt corrections) Main effects and Interactions in error
rates. For variable explanation, see table 4.7 and for post-hoc
tests, see table A.21.

Experiment VII - Error Rates

Main effects

Age * F(1,38)=21.19 p<.001 𝜂2
𝑝=.36

Pos. * F(1.76,66.87)=55.42 p<.001 𝜂2
𝑝=.59

Attent. Sw. * F(1,38)=4.86 p=.03 𝜂2
𝑝=.11

Cong. * F(1,38)=116.40 p<.001 𝜂2
𝑝=.75

Interactions

Pos.*Age * F(1.76,66.87)=7.38 p=.002 𝜂2
𝑝=.16

Attent. Sw.*Age F<1 𝜂2
𝑝=.001

Cong.*Age * F(1,38)=7.34 p=.01 𝜂2
𝑝=.16

Pos.*Attent. Sw. F<1 𝜂2
𝑝=.001

Pos.*Attent. Sw.*Age F<1 𝜂2
𝑝=.001

Pos.*Cong. * F(2,76)=27.19 p<.001 𝜂2
𝑝=.42

Pos.*Cong.*Age F(2,76)=2.48 p=.09 𝜂2
𝑝=.06

Attent. Sw.*Cong. F<1 𝜂2
𝑝=.001

Attent. Sw.*Cong.*Age F<1 𝜂2
𝑝=.01

Pos.*Attent. Sw.*Cong. F<1 𝜂2
𝑝=.02

Pos.*Attent. Sw.*Cong.*Age F<1 𝜂2
𝑝=.002
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Table A.21.: Experiment VII: Post-hoc tests on main effects in reaction times
and error rates. Asterisk without any number (*) indicates signifi-
cant difference between all levels, asterisk and numbers in brackets
(e.g. *(1)) indicate significant difference between present level and
the level with the correspondent number. For variable explanation,
see table 4.7 and for main effects and interactions see tables A.19
and A.20.

Age
Young Old Difference

Reaction Time * 1152 ms * 1731 ms 579 ms

Error Rates * 8.2 % * 16.1 % 7.9 %

Target’s Position
Median Diagonal Frontal

Reaction Time * 1540 ms * 1466 ms * 1317 ms

Error Rates * 15.8 % * 12.8 % * 7.9 %

Attention Switch
Repetition Switch Switch Costs

Reaction Time * 1396 ms * 1486 ms 90 ms

Error Rates * 11.7 % * 12.6 % 0.9 %

Congruency
Congruent Incongruent Congruency Effect

Reaction Time * 1369 ms * 1513 ms 144 ms

Error Rates * 4.1 % * 20.2 % 16.1 %
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A.8. Experiment VIII

Table A.22.: Experiment VIII: Results of repeated measures ANOVA (if needed
Huynh-Feldt corrections) Main effects and Interactions in reaction
times. For variable explanation, see table 4.8 and for post-hoc
tests, see table A.24.

Experiment VIII - Reaction Times

Main effects

Age * F(1,44)=14.83 p<.001 𝜂2
𝑝=.25

Reverb. F<1 𝜂2
𝑝=.01

Pos. * F(1.35,59.22)=21.30 p<.001 𝜂2
𝑝=.33

Attent. Sw. * F(1,44)=23.54 p<.001 𝜂2
𝑝=.35

Interactions

Reverb.*Age F(2,88)=1.42 p=.25 𝜂2
𝑝=.03

Pos.*Age F<1 𝜂2
𝑝=.01

Attent. Sw.*Age F<1 𝜂2
𝑝=.02

Reverb.*Pos. F<1 𝜂2
𝑝=.01

Reverb.*Pos.*Age F(3.56,156.47)=2.13 p=.09 𝜂2
𝑝=.05

Reverb.*Attent. Sw. F<1 𝜂2
𝑝=.01

Reverb.*Attent. Sw.*Age F<1 𝜂2
𝑝=.02

Pos.*Attent. Sw. * F(2,88)=3.25 p=.04 𝜂2
𝑝=.07

Pos.*Attent. Sw.*Age * F(2,88)=3.86 p=.03 𝜂2
𝑝=.08

Reverb.*Pos.*Attent. Sw. F<1 𝜂2
𝑝=.02

Reverb.*Pos.*Attent. Sw.*Age F<1 𝜂2
𝑝=.02
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Table A.23.: Experiment VIII: Results of repeated measures ANOVA (if needed
Huynh-Feldt corrections) Main effects and Interactions in error
rates. For variable explanation, see table 4.8 and for post-hoc
tests, see table A.24.

Experiment VIII - Error Rates

Main effects

Age * F(1,44)=7.31 p=.01 𝜂2
𝑝=.14

Reverb. * F(2,88)=6.57 p=.002 𝜂2
𝑝=.13

Pos. * F(1.51,66.59)=52.77 p<.001 𝜂2
𝑝=.55

Cong. * F(1,44)=368.37 p<.001 𝜂2
𝑝=.89

Interactions

Reverb.*Age F<1 𝜂2
𝑝=.01

Pos.*Age * F(1.51,66.59)=6.36 p=.006 𝜂2
𝑝=.13

Cong.*Age * F(1,44)=25.58 p<.001 𝜂2
𝑝=.37

Reverb.*Pos. F<1 𝜂2
𝑝=.01

Reverb.*Pos.*Age F<1 𝜂2
𝑝=.01

Reverb.*Cong. F(2,88)=2.17 p=.12 𝜂2
𝑝=.05

Reverb.*Cong.*Age F<1 𝜂2
𝑝=.01

Pos.*Cong. * F(1.70,74.81)=58.63 p<.001 𝜂2
𝑝=.57

Pos.*Cong.*Age * F(1.70,74.81)=6.08 p=.006 𝜂2
𝑝=.12

Reverb.*Pos.*Cong. F<1 𝜂2
𝑝=.003

Reverb.*Pos.*Cong.*Age F<1 𝜂2
𝑝=.004

134



A.8. Experiment VIII

Table A.24.: Experiment VIII: Post-hoc tests on main effects in reaction times
and error rates. Asterisk without any number (*) indicates signifi-
cant difference between all levels, asterisk and numbers in brackets
(e.g. *(1)) indicate significant difference between present level and
the level with the correspondent number. For variable explanation,
see table 4.8 and for main effects and interactions see tables A.22
and A.23.

Age
Young Old Difference

Reaction Time * 1836 ms * 2255 ms 419 ms

Error Rates * 15.0 % * 20.9 % 5.9 %

Reverberation
Anechoic Low High

Reaction Time 2022 ms 2041 ms 2074 ms

Error Rates *(3) 16.9 % *(3) 17.3 % * 19.7 %

Target’s Position
Median Diagonal Frontal

Reaction Time * 2132 ms * 2057 ms * 1947 ms

Error Rates * 21.6 % * 18.9 % * 13.4 %

Attention Switch
Repetition Switch Switch Costs

Reaction Time * 2007 ms * 2084 ms 77 ms

Congruency
Congruent Incongruent Congruency Effect

Error Rates * 4.9 % * 31.0 % 26.1 %
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CSI Cue-Stimulus-Interval
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λογος
Logos Verlag BerlinISBN 978-3-8325-5101-8

ISSN 2512-6008

The aim of the present thesis is to examine the cognitive control mecha-

nisms underlying auditory selective attention by considering the influence of

variables that increase the complexity of an auditory scene. Therefore, tech-

nical aspects such as dynamic binaural hearing, room acoustics and head

movements as well as those that influence the efficiency of cognitive pro-

cessing are taken into account. Step-by-step the well-established dichotic-

listening paradigm is extended into a realistic spatial listening paradigm.

Conducted empirical surveys are based on a paradigm examining the inten-

tional switching of auditory selective attention. Performance measure differ-

ences between the repetition of the target’s spatial position and the related

switch describe the loss of efficiency associated with redirecting attention

from one target’s location to another. To examine whether the irrelevant au-

ditory information is decoded, interference in the processing of task-relevant

and task-irrelevant information is created in the paradigm.

Using the binaural-listening paradigm, the ability to intentionally switch au-

ditory selective attention is tested when applying different methods of spa-

tial reproduction. Essential differences between real sources, an individual

and a non-individual binaural synthesis are found. As a step towards multi-

talker scenarios in realistic environments participants are tested in differently

reverberating environments, resulting in highly affected switch costs. Age-

related effects are found when applying the binaural-listening paradigm, indi-

cating difficulties for elderly to suppress processing the distractor’s speech.


	1 Introduction
	2 Fundamentals
	2.1 Definition of Auditory Reproduction
	2.2 Fundamentals of Spatial Hearing
	2.2.1 Head-Related Coordinate System
	2.2.2 Binaural Hearing
	2.2.3 Binaural Synthesis

	2.3 Psychological Background
	2.3.1 Historical Beginning of Studying Auditory Selective Attention
	2.3.2 Control of Processing Irrelevant Information
	2.3.3 Maintaining and Switching Attention
	2.3.4 Age-related Effects in Auditory Attention Switching


	3 Experimental Setups
	3.1 Paradigm
	3.1.1 Dichotic-Listening Paradigm
	3.1.2 Binaural-Listening Paradigm
	3.1.3 Extended Binaural-Listening Paradigm

	3.2 Independent Variables
	3.2.1 Auditory Attention Switch
	3.2.2 Congruency
	3.2.3 Spatial Position of Target
	3.2.4 Spatial Angle between Target and Distractor

	3.3 Data selection and statistics
	3.4 Stimulus Material
	3.4.1 Binaural-Listening Paradigm
	3.4.2 Extended Binaural-Listening Paradigm

	3.5 Laboratory
	3.5.1 Fully Anechoic Chamber
	3.5.2 Hearing Booth

	3.6 Measurements
	3.6.1 Positioning of Microphones
	3.6.2 HRTF Measurements
	3.6.3 Individual Headphone Equalization

	3.7 Reproduction Method
	3.7.1 Dichotic
	3.7.2 Real sources
	3.7.3 Binaural - Static
	3.7.4 Binaural - Dynamic

	3.8 Roomacoustics

	4 Experiments on auditory selective attention
	4.1 From Dichotic To Binaural – Experiment I
	4.1.1 Methods
	4.1.2 Results
	4.1.3 Discussion

	4.2 Comparing Binaural Reproduction Methods – Experiment II
	4.2.1 Methods
	4.2.2 Results
	4.2.3 Discussion

	4.3 Reverberation – Constraints of the Binaural-Listening Paradigm – Experiment III
	4.3.1 Methods
	4.3.2 Results
	4.3.3 Discussion

	4.4 Extension to New Binaural-Listening Paradigm – Experiment IV
	4.4.1 Methods
	4.4.2 Results
	4.4.3 Discussion

	4.5 Steps towards Realistic Environments – Reverberation – Experiment V
	4.5.1 Methods
	4.5.2 Results
	4.5.3 Discussion

	4.6 From Static to Dynamic – Experiment VI
	4.6.1 Methods
	4.6.2 Results
	4.6.3 Discussion

	4.7 Age-related Effects – Experiment VII
	4.7.1 Methods
	4.7.2 Results
	4.7.3 Discussion

	4.8 Age-related Effects under Reverberation – Experiment VIII
	4.8.1 Methods
	4.8.2 Results
	4.8.3 Discussion


	5 Conclusion
	5.1 General Discussion and Summary
	5.2 Future Directions

	A Appendix
	A.1 Experiment I
	A.2 Experiment II
	A.3 Experiment III
	A.4 Experiment IV
	A.5 Experiment V
	A.6 Experiment VI
	A.7 Experiment VII
	A.8 Experiment VIII

	List of Figures
	List of Tables
	Glossary
	Acronyms

	Bibliography
	Danksagungen
	Curriculum Vitae

