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Summary
In a previous study the authors examined intentional switching in auditory selective attention using a dichotic-
listening paradigm. In the present study this paradigm was extended to more natural and realistic environments
by changing it to a binaural-listening paradigm in which human performance with different methods of spatial
reproduction were compared. Four reproduction methods were used: real sources in an anechoic environment, in-
dividual binaural synthesis reproduced with headphones, non-individual binaural synthesis reproduced with head-
phones, and non-individual binaural synthesis reproduced with two loudspeakers and Cross-Talk-Cancellation-
Filters. Speech of two speakers was presented simultaneously to subjects from two out of eight different direc-
tions. Guided by a visual cue, subjects were asked to categorize the target’s speech while ignoring the distractor’s
speech. Results showed greater reaction times and error rates for non-individual repro duction methods. The in-
fluences of the spatial transition of the target-speaker (switch or repetition of speaker’s direction in space) and
of the spatial arrangement of the two speakers were largely identical across reproduction methods, even though
it was generally easier to filter out distractor’s speech when using real sources. The findings suggest that the
reproduction methods can be usefully applied to study auditory attention with only very little loss in accuracy.

PACS no. 43.66.Pn, 43.66.Qp, 43.66.Dc, 43.66.Lj

1. Introduction

Communicative noisy situations such as cocktail-parties
have been in the focus of research since Cherry [1] re-
ported his study using dichotic-listening to investigate au-
ditory attention. In the present investigation “dichotic” is
used as in cognitive sciences referring to two different
stimuli presented separately to the two ears. Subjects were
asked to selectively listen to continuous speech presented
to one ear and repeat the words of this speaker while ig-
noring the speech of a distracting speaker on the other
ear. A strong attentional selection is needed to fulfill the
required task of shadowing (i.e. repeat aloud) the rele-
vant acoustic information [2]. Several questions regard-
ing auditory attention have been asked in the last decades
[3] and there has been a long tradition of using dichotic-
listening paradigms in the study of auditory selective at-
tention [1, 4, 5, 6, 7].
Recently Koch et al. [8] used dichotic listening to ex-

amine intentional attention switching using spoken dig-
its/number words as auditory stimuli. For that investiga-
tion, dichotic listening was combined with the methodol-
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ogy of task cueing. In task cueing, the sequence of tasks
is unpredictable and an instructional cue is needed to indi-
cate the next task. More specifically, Koch and colleagues
used a visual selection cue, preceding the auditory stimuli,
to indicate either the gender of the relevant speaker in the
upcoming trial (i.e. when one stimulus was spoken by a
female speaker and the other stimulus by a male speaker)
[8, 9, 10] or the relevant ear (see Lawo et al. [11] for a di-
rect comparison of gender-based and ear-based selection
criteria). The participants’ task was always to categorize
the relevant digit as smaller or larger than five and press the
corresponding response button. The main finding of these
investigations was that a cued switch of the relevant target
(i.e. the target’s position switched between trials; e.g. in
the preceding trial the target was on the left side and in the
following trial the target was on the right side) resulted in a
worse performance than in cued repetitions of the relevant
target. The corresponding differences in reaction times and
error rates were also called switch costs [12].
In simple experimental setups as presented by Koch et

al. [8] where two sources are presented to the right and
left ear, the dichotic reproduction of stimuli is convenient
[5, 7]. In general, however, dichotic listening is a highly ar-
tificial situation compared to natural listening. A binaural
reproduction of stimuli is more natural and offers several
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advantages. In the present investigation “binaural” does
not only refer to the situation where sound reaches both
ears, but it also includes spatial information.

With a binaural reproduction, there are more degrees of
freedom for the location of sources (in contrast to the lim-
itation to left and right in dichotic listening, in binaural
listening, sources can be positioned at any location on a
sphere around the listener) and therefore the distance be-
tween sources as well as the distance of sources to the lis-
tener are more variable [13, 14, 15, 16, 17]. The greater
range of source positions in a binaural listening scene also
offers more possibilities for the number of maskers. Ques-
tions of whether a spatial separation of target and distrac-
tor improves attention performance [16, 18] or, whether
attention acts like a “spotlight” [19], can only be analyzed
and answered with a binaural experimental setup. For ex-
ample, Bregman [20] and Deutsch [21] reported a bene-
fit of binaural listening emphasizing the ability to switch
voluntarily between multiple channels or streams of infor-
mation. Regarding the environment of target and masking
speakers, binaural technologies also allow the inclusion of
room acoustics such as variable reverberation times [22].

With respect to the listed advantages, the aim of this
investigation was to extend and transform the dichotic-list-
ening paradigm, designed to analyze intentional switching
in auditory selective attention by Koch et al. [8], into a bi-
naural-listening paradigm. With this extension, the authors
took a step towards natural listening in realistic scenes.

A binaural scene can be reproduced by different bin-
aural reproduction methods. For example, the methods
can be based on individual or non-individual head-related
transfer functions (HRTFs). Furthermore, the stimuli can
be presented over headphones or loudspeakers. For the lis-
tener. These binaural reproduction methods can differ in
accuracy of the binaural synthesis.
Evaluations of binaural reproduction methods were usu-

ally performed with localization experiments. Compar-
isons of localization performance between real sources
and individual binaural synthesis presented with head-
phones were analyzed and rated as similar by Bronkhorst
[23]. Wightman and Kistler [24] found similar results, but
they also reported about challenges in elevated positions
for the individual binaural synthesis which became appar-
ent through an increased angle of error. The results of com-
parisons between individual and non-individual binaural
recordings were analyzed by several authors [25, 26, 27,
28]. All of them showed that individual recordings yielded
better results than non-individual recordings for localizing
sources in space. Detailed results also showed that in lo-
calization tasks non-individual binaural stimuli especially
caused difficulties for sources located in the median plane,
on cones of confusion, as well as elevated directions.

In real-life scenes, subjects are usually asked to pro-
cess much more complex information than in simple lo-
calization tasks. Hence, this investigation tried to find a
new measure to define the required accuracy of binau-
ral syntheses in an “everyday-task”, including localization
but, with a main focus on a non-localizing task. There-

fore, the main task was to analyze intentional switching
in auditory selective attention. A listening test with the
binaural-listening paradigm [29] was carried out and com-
pared with different binaural reproduction methods (loud-
speakers in an anechoic environment, binaural synthesis
with individual HRTFs via headphones, binaural synthesis
with non-individual HRTFs via headphones and binaural
synthesis with non-individual HRTFs via two loudspeak-
ers and a Cross-Talk-Cancellation-Filter (CTC)). It seems
reasonable to assume that similar results to those of the
investigations focusing only on localization such as worse
performance with non-individual binaural stimuli will be
observed with the present paradigm. However, it is not
clear whether the task of the present paradigm regarding
auditory selective attention will be as much effected as a
simple localization task by the individuality of the binaural
presentation.

2. Methods

The performance of intentional switching in auditory se-
lective attention was evaluated in four binaural listening
conditions:
- I. Real sources
- II. Individual binaural stimuli via headphones
- III. Non-individual binaural stimuli via headphones
- IV. Non-individual binaural stimuli via CTC.
The experimental procedure (c.f. section 2.5) was the
same for all reproduction methods.

2.1. Subjects

A number of 96 (4 · 24, between-subject-design) paid (8
euros) students aged between 18 and 35 (mean age: 24.5
years) participated in the experiment and were randomly
assigned to the four reproduction methods. Subjects were
equally divided into male and female listeners. Listen-
ers were screened to ensure that they had normal hear-
ing (within 20 dB) for frequencies between 250Hz and
10 kHz. All listeners could be considered as non-expert lis-
teners since they had never participated in a listening test
on auditory selective attention.

2.2. Room setup and source positions

The listening tests and the required measurements took
place in a fully anechoic chamber (l × w × h = 9.2 ×
6.2 × 5.0 m3) with a lower boundary frequency limit of
200Hz. The subjects were asked to sit inside a frame of
eight loudspeakers (cf. Figure 1, 2), which were equally
distributed over azimuth (every 45◦), whereas the distance
between the subject and the loudspeakers was kept con-
stant at 1.8m. The chair was provided with a backrest,
armrests, and an adjustable head rest. An electromagnetic
tracker (Polhemus Patriot) was used during the HRTF
measurements and the listening test to control and super-
vise the movements of the subject’s head. Therefore, data
associated with head movements was eliminated a poste-
riori. Based on a series of pretests, limits for the allowed
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head movements were set to ±1 cm in translation and ±2◦
in rotation. The head tracker was not used to adjust binau-
ral stimuli; the binaural presentation via headphones and
CTC was static. To take the focus from vision to audition,
lights were turned off during the listening test [30, 31].

2.3. Reproduction Methods

2.3.1. Reproduction method I: Real sources

In reproduction method I, the scene of competing speak-
ers was reproduced by loudspeakers placed in the anechoic
chamber (cf. Figure 1, Figure 2). The used loudspeakers
were Genelec two-way active loudspeakers, model 6010A
(frequency range: 73Hz - 21 kHz (-3 dB)) fed by the
sound card, a Hammerfall DSP Multiface by RME.

2.3.2. Reproduction method II: Individual binaural
stimuli via headphones

In reproduction method II, individually generated stim-
uli were presented binaurally via headphones. Therefore,
HRTFs were measured individually.
Measurements ran automatically with the ITA-Toolbox

[32] in Matlab. Interleaved exponential sweeps [33, 34]
(frequency range: 70Hz-20 kHz, bit rate: 24 bit, sampling
rate: 44.1 kHz, total excitation length: 7.5 s, no averag-
ing) were 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 loudspeak-
ers in the anechoic chamber. For recording, microphones
(KE3 by Sennheiser) were placed at the entrance of the
ear canal with an open-dome, a little silicon carrier, so
that the ear canal stayed partly open. The in-ear recorded
signal went through the above-mentioned A/D-converter
and the sound card before being post-processed (including
time windowing).
Open headphones (Sennheiser HD 600) were used for

the binaural reproduction. As shown by Masiero and Fels
[35], headphone equalizations are also necessary when
the headphones are open. A robust headphone equaliza-
tion is especially important when headphones are taken
off or repositioned on the head during the experiment.
Hence, a number of eight headphone-transfer-functions
(HpTFs) were measured with the described hardware, mi-
crophones, and exponential sweeps. After every measure-
ment, the subject was asked to reposition the headphones
in a comfortable position. Measurements were averaged
and a minimum-phase-filter was applied [35].
The convolution of stimuli, HRTF (filter length: 40ms),

and equalization (filter length: 23ms) was done off-line
with Matlab, and each binaural stimulus was stored as a
separate sound file in wave format.
Since only HRTFs from defined directions were mea-

sured, the presentation of the binaural stimuli was static.

2.3.3. Reproduction method III: Non-individual binau-
ral stimuli via headphones

Reproduction method III was a generalization of reproduc-
tion method II. Instead of individually measured HRTFs,

Figure 1. Anechoic room with loudspeaker setup and monitor in
front.

Figure 2. Visual Cue with target cued in the direction front-left.

the HRTFs of an artificial head were used to create binau-
ral stimuli. The dummy head is a mannequin produced at
the Institute of Technical Acoustics, RWTH Aachen Uni-
versity, with a simple torso and a detailed ear geometry
[36, 37].

2.3.4. Reproduction method IV: Non-individual binau-
ral stimuli via CTC

Reproduction method IV was based on the procedure of
Cross-Talk-Cancellation (CTC). First introduced by Atal
and Schröder [38], CTC makes it possible to present bin-
aural stimuli via loudspeakers. Detailed information about
the theory and procedure can be found in Møller [39],
Schmitz [40], and Lentz [41].

In this investigation a third order CTC filter was used
and stimuli were presented with two loudspeakers in the
horizontal plane at ±45◦ (front-left and front-right). Fur-
ther information about the CTC-filter were presented by
Majdak et al. [42]. The used HRTFs were those of the arti-
ficial head described in reproduction method III. Since the
subject’s movements were restricted to ±1 cm in transla-
tion and ±2◦ in rotation, the subject was always within the
sweet spot [41].

2.4. Stimulus material

Speech material was recorded under anechoic conditions
with two male and two female native German speak-
ers. The used hardware, studio microphone TLM170 by
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Neumann and sound card Hammerfall DSP Multiface by
RME, allowed recordings with a frequency range from
70Hz to 20 kHz. The stimuli consisted of single spoken
digits (1-9, excluding 5). With a time stretching algo-
rithm that maintains the original frequencies of the record-
ing [32], stimuli were shortened or extended to 730ms
(max. modification of length: 20%). Therefore, stimuli
started and ended synchronously when presented at the
same time. The loudness of the recorded stimuli was ad-
justed according to DIN 45631 [43].

2.5. Experimental Procedure

The paradigm was firstly introduced by Koch et al. [8]
and developed to analyze the intentional switching in au-
ditory selective attention using dichotic listening. It con-
sists of two simultaneously presented stimuli. These stim-
uli were delivered by two speakers of opposite sex. In the
present binaural-listening paradigm, the speakers were lo-
cated in two different directions (out of eight possible, cf.
Figure 2).
One speaker acted as the target and the other acted as

the distractor. The participant was asked to focus on the
target-speaker and ignore the distracting speaker. To dis-
tinguish between target and distractor, the target-speaker’s
direction was cued in advance. Hence, a visual cue high-
lighting the target’s direction was shown on a monitor
(15 inch screen, 1.8m distance). The visual cue consisted
of a sketch of all directions indicating the target direction
with a filled dot (cf. Figure 2).
The listener’s task was to categorize the target’s speech

into smaller vs. greater than five. The speech material does
not include the digit five. The two stimulus categories
are mapped to two response buttons, held in hands, to be
pressed by the left and right thumb.
Figure 3 shows the procedure of a trial. Each trial started

with a visual cue presented on the monitor in front of the
subject. After a cue-stimulus interval (CSI) of 500ms, the
two acoustic stimuli (target and distractor) were simulta-
neously presented. The visual cue remained on the screen
until the subject responded to the acoustic target. The in-
terval between response and next cue (RCI) was also set
to 500ms. In case of an error, visual feedback (“Fehler!”,
German for “error”) was displayed for 500ms, delaying
the onset of the next cue.
In total 600 trials divided into four blocks of 150 trials

each were separated by short breaks (5 min). The experi-
mental blocks were preceded by one training block of 50
trials. The total duration of the experiment did not exceed
60 min including the audiometry.
In the blocks the location of the speakers was repeated

or changed. Furthermore, trials were counterbalanced over
combinations of digits. The speakers of the digit were as-
signed randomly.

2.6. Experimental Design

The experiment was designed to examine intentional
switching in auditory selective attention and to compare

Figure 3. Procedure of a trial with a visual cue indicating the
target direction, a cue-stimulus-interval (CSI) of 500ms, the syn-
chronous presentation of the stimuli, reaction time between onset
of stimulus and the response of the subject, and the response-cue-
interval (RCI) of 500ms.

the performance across the four used reproduction meth-
ods (between-subject variable). Due to the extension to a
binaural and therefore spatial reproduction, new acousti-
cal aspects were also taken into account (cf. section 2.6.2).
Reaction time (RT) and error rate were the dependent vari-
ables.

2.6.1. Analysis A: Transition and Congruency

The two independent variables were transition of target
(repetition vs. switch) and congruency of stimuli (congru-
ent vs. incongruent).

Transition referred to the target’s spatial position in two
consecutive trials. The target’s spatial position could either
be repeated from one trial to another (e.g. front - front) or
switched between trials (e.g. left - back). It should be men-
tioned that the distractors position was not relevant and
therefore, not included in the transition analysis.

Congruency referred to the stimuli of target and distrac-
tor within one trial. The variable had two different lev-
els (congruent vs. incongruent). The two stimuli could
be congruent, which was the case when both digits were
smaller than 5 or both greater than 5 (e.g. 2 and 4, 6 and
9), or they could be incongruent, which was the case when
one digit was smaller and one greater than 5 (e.g. 1 and 7,
8 and 3).

2.6.2. Analysis B: Spatial combination of target and
distractor

In a second analysis, the effect of different combinations of
target’s and distractor’s location was studied. With eight
different directions for target and distractor 56 different
combinations were possible (target and distractor were
never located in the same spot). For a manageable anal-
ysis, the combinations of target’s direction and distractor’s
direction were categorized into five different classes (c.f.
Figure 4). Classes were designed with respect to psycho-
acoustical and binaural criteria (ITD, ILD, Cones of Con-
fusion, etc.). The first class included combinations where
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the distractor was positioned as a mirror-image of the tar-
get relative to the median plane and was therefore called
“Left–Right” (later also referred to as “L-R”). For the sec-
ond class, the mirror was placed on the inter-aural axis.
Target and distractor of this class were always on the same
“Cone of Confusion”, which gave the class its name (for
abbreviated terms later also ref erred to as “Cone”). If tar-
get and distractor were “Next Neighbors”, they belonged
to the third class (short “Next”). All other combinations
(with no specific binaural criterion) were divided into class
four and five. The fourth class covered twelve combina-
tions with angles of 90◦ or 180◦ between target and dis-
tractor that were not included in the first two classes. This
class was therefore referred to as “90/180”. All combina-
tions with an angle difference of 135◦ were gathered in the
fifth class (referred to as “135”).
All trials were balanced over these five classes and com-

binations within one class were random.

3. Results

For the analysis of reaction times and error rates, the train-
ing sequence was removed from the data. The first trial in
every block, trials where head movements were detected
by the tracker as well as every trial with a reaction time
exceeding ±3 standard deviations from the individual’s
mean reaction time were also excluded from the analysis.
Additionally for the analysis of reaction times, every trial
with an error and the following trial were eliminated, since
these trials could not validly be defined as switch or repeat
trials.
The figures presenting results (reaction times or error

rates) show the mean and the standard error across partic-
ipants.

3.1. Analysis A: Transition and Congruency

The reaction time and the error rates were submitted to two
separate 3-way mixed analysis of variances (ANOVAs)
with the variables of reproduction method (R, between
subjects), transition (T), and congruency (C).

3.1.1. Reaction time
For reaction times, the ANOVA yielded a significant
main effect of reproduction method [R: F (3, 92) = 6.42,
MSE = 2298, 506, p < 0.05, η2p = 0.173]. A post-
hoc t-test (LSD) was performed (cf. Figure 5). Reproduc-
tion method I with real sources was significantly differ-
ent from the reproduction methods III and IV indicating a
higher reaction time for the methods with non-individual
HRTFs (III and IV) which did not significantly differ from
each other. The individual binaural reproduction method
II was significantly different from reproduction method
IV. Furthermore, the results obtained with method II un-
folded only a marginally significant difference from those
of method III [p = 0.061]. However, method II did not
lead to results significantly different from those obtained
with the reproduction method I. Overall, reaction times de-
creased with the individuality of the reproduction method.

Figure 4. Groups of target and distractor combinations: “L-R”,
“Cone”, “Next”, “90/180” and “135”
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Figure 5. Reaction time (in ms) as a function of reproduction
method. Error bars indicate standard errors. Marginal signifi-
cance: (*) = p = 0.061. ANOVA: n.s. = p > 0.05, * = p < 0.05,
** = p < 0.001. I. = Real Sources, II. = Ind. stimuli via head-
phones, III. = Non-ind. stimuli via headphones, IV. = Non-ind.
stimuli via CTC
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Figure 6. Reaction time (in ms) as a function of reproduction
method, transition and congruency (R×T×C). Error bars indicate
standard errors. I. = Real Sources, II. = Ind. stimuli via head-
phones, III. = Non-ind. stimuli via headphones, IV. = Non-ind.
stimuli via CTC

The main effect of transition (T) on reaction time
was significant and indicated a higher reaction time for
switches than for repetitions (c.f. Figure 6) [T: F (1, 92) =
96.94, MSE = 39, 401, p < 0.001, η2p = 0.513]. The
switch costs (difference between reaction times of switch
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trials and those of repetition trials) amounted on average
to 55 ± 10ms.

The ANOVA also yielded a significant main effect
of congruency (C), indicating higher reaction times
for incongruent stimuli than for congruent stimuli [C:
F (1, 92) = 39.35, MSE = 91, 129, p < 0.001, η2p =
0.300].
The ANOVA yielded no significant interaction of repro-

duction method and transition [R×T: F < 1] (c.f. Fig-
ure 6). However, the ANOVA yielded a significant inter-
action of reproduction method and congruency (R×C), in-
dicating a difference between reproduction method I with
real sources and all other reproduction methods [R×C:
F (3, 92) = 3.68, MSE = 91, 129, p < 0.05, η2p =
0.107]. The congruency effect was not significant with real
sources (I: 17ms) in contrast to the other three reproduc-
tion methods (II: 36ms, III: 73ms, IV: 88ms). The inter-
action of transition and congruency (T×C) was not sig-
nificant [T×C: F < 1]. Finally, the ANOVA yielded no
significant interaction of reproduction method, transition,
and congruency [R×T×C: F < 1].

3.1.2. Error rate
Error rates increased from reproduction method I to IV.
The ANOVA yielded a significant main effect of the re-
production method (R) for error rates, indicating lower
error rates for reproduction method I than for all repro-
duction methods with binaural synthesis, confirmed by a
post-hoc t-test (LSD) (cf. Figure 7) [R: F (1, 92) = 4.41,
MSE = 0.000, p < 0.05, η2p = 0.046]. Differences be-
tween reproduction method II, III, and IV were not signif-
icant, except for the difference between individual binau-
ral stimuli presented via headphones (method III) and the
reproduction of non-individual binaural stimuli with CTC
(method IV).
The main effect of transition (T) was not significant

(c.f. Figure 8), but the ANOVA yielded a significant main
effect of congruency (C), indicating higher error rates
for incongruent stimuli than for congruent stimuli [T:
F (1, 92) = 1.60, MSE = 0.000, p > 0.05, η2p = 0.017],
[C: F (1, 92) = 438.13, MSE = 0.000, p < 0.001,
η2p = 0.826].
The ANOVA yielded no significant interaction of re-

production method and transition (R×T) for error rates
F < 1 (c.f. Figure 8), but a significant interaction repro-
duction method and congruency (R×C) could be observed,
indicating a smaller effect of congruency for reproduction
method I with real sources than for all other reproduc-
tion methods [R×T: F < 1], [R×C: F (3, 92) = 16.87,
MSE = 0.000, p < 0.001, η2p = 0.355]. The congruency
effect was significantly smaller with real sources (I: 4%)
relative to the other three reproduction methods (II: 10%,
III: 12%, IV: 13%). The interaction of transition and con-
gruency (T×C) was significant, indicating generally larger
switch costs on incongruent trials, but this effect did not
differ significantly as a function of reproduction method
(R×T×C); [T×C: F (3, 92) = 16.87, MSE = 0.000,
p < 0.001, η2p = 0.355], [R×T×C: F (3, 92) = 1.64,
p > 0.05, η2p = 0.051].
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Figure 7. Error rate (in %) as a function of reproduction method.
Error bars indicate standard errors. ANOVA: n.s. = p > 0.05, *
= p < 0.05, ** = p < 0.001. I. = Real Sources, II. = Ind. stimuli
via headphones, III. = Non-ind. stimuli via headphones, IV. =
Non-ind. stimuli via CTC
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Figure 8. Error rate (in %) as a function of reproduction method,
transition and congruency. Error bars indicate standard errors. I.
=Real Sources, II.= Ind. stimuli via headphones, III.=Non-ind.
stimuli via headphones, IV. = Non-ind. stimuli via CTC

3.2. Analysis B: Spatial combination of target and
distractor

As shown in section 3.1, absolute reaction times and er-
ror rates obtained with the four reproduction methods dif-
fered in some cases. In this part of the analysis, the differ-
ences between categorized classes within one reproduc-
tion method were of interest. For a better comparison of
the relative effects between reproduction methods, how-
ever, reaction times and error rates were referred to those
of the class “Left–Right” (c.f. Figure 4). Figures 9 and 10
display the differences between a class and the values of
the corresponding “Left–Right” class in percent.

For all reproduction methods, “Left–Right”-
combinations show the smallest reaction times and
error rates since all deviant reaction times and error rates
were positive (c.f. Figure 9 and Figure 10).

3.2.1. Reaction time

The ANOVA yielded no significant interaction between
the effects of reproduction method and spatial combina-
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Figure 9. Deviant reaction time (in %) as a function of repro-
duction method and grouped combinations referenced to reaction
times of class ’Left–Right’. I. = Real Sources, II. = Ind. stimuli
via headphones, III. = Non-ind. stimuli via headphones, IV. =
Non-ind. stimuli via CTC.
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Figure 10. Deviant error rate (in %) as a function of reproduc-
tion method and grouped direction referenced to error rate of
class ’Left–Right’. I. = Real Sources, II. = Ind. stimuli via head-
phones, III. = Non-ind. stimuli via headphones, IV. = Non-ind.
stimuli via CTC

tions for reaction times (c.f. Figure 9) [F < 1]. Con-
form with binaural and psycho-acoustical criteria, highest
reaction times could be observed for trials where target
and distractor were located on the same cone of confu-
sion. Post-hoc tests showed that the reaction times differed
significantly from those of all other classes. Besides the
combinations within a cone of confusion, trials with ad-
jacent sources showed significantly higher reaction times
than those of classes “Left–Right”, “90/180”, and “135”.
Apart from the reproduction method of individual bin-
aural presentation via headphones (reproduction method
II), classes “Left–Right” and “90/180” did not differ sig-
nificantly in reaction times. Combinations close to front-
back combinations (combinations in class “135” could
be split in four combinations comparable to left-right-
combinations (e.g. 90◦ and −135◦) and four combinations
comparable to front-back combinations (e.g. 0◦ and 135◦))
increased the reaction times in class “135” compared to
those of classes “Left–Right” and “90/180”.

3.2.2. Error rate
The distribution of error rates was comparable to those of
the reaction times. The greatest error rates could be found
in trials belonging to the class “Cone” and the smallest

error rates for the class “Left–Right”. Unlike the ratio be-
tween reaction times, which were in a range of 0 − 23%,
error rates varied to larger scales (0 − 550%). Due to dif-
ferences in error rates of the class “Cone” between re-
production methods, the ANOVA yielded a significant in-
teraction of reproduction method and grouped combina-
tions for error rates (c.f. Figure 10) [F (4, 89) = 11.90,
MSE = 000, p < 0.001, η2p = 0.280]. Separate ANOVAs
for every reproduction method showed significant differ-
ences between the class “Cone” and all other classes as
well as between the class “Next” and all other classes.

4. Discussion

The main aim of this investigation was to compare differ-
ent binaural reproduction methods by means of listening
tests with a paradigm focusing on intentional switching
in auditory selective attention. There was statistical evi-
dence that absolute values of reaction times and error rates
differed between reproduction methods (c.f. Section 3.1)
in this investigation. By contrast with other investigations
that compared reproduction methods in localization exper-
iments, similarities and differences could be found.

As expected, reaction times for reproduction method I
did not differ significantly from reaction times for repro-
duction method II, since the HRTFs were individual. How-
ever, a significant difference could be found in error rates.
The difference between reproduction method I and II was
the static presentation of the binaural synthesis in repro-
duction method II. In both reproduction methods subjects
were able to perform small head movements (sounding)
within the permitted area defined by the tracker. While
subjects listening to real sources got a feedback in terms of
changes in interaural level difference (ILD) and interaural
time difference (ITD) from the movements of sounding,
subjects listening to the binaural synthesis missed this ad-
ditional localization information. The static presentation
of individual binaural stimuli did not offer the additional
localization information of head movements and therefore,
it could be assumed that error rates were increased at least
partly due to the lack of this advantage.
As shown in several investigations [25, 26, 28], local-

ization suffers from non-individual binaural stimuli com-
pared to stimulus material based on individual HRTFs. In
this investigation, a marginally significant difference be-
tween reproduction method II and III could be found in
reaction times and no significant difference in error rates.
However, a tendency of worse results for non-individual
reproduction could be observed.
Reproduction method IV achieved the results with high-

est reaction times and error rates. It seems reasonable that
reaction times and error rates were comparable to or worse
than results for reproduction method III because the ap-
plied HRTFs were identical across all subjects in these re-
production methods. In CTC evaluations [44, 45, 46, 47]
concerning localization, limited sweet spots raised a chal-
lenge and affected performance. Since headmovements
were supervised limitation due to the sweet spot did not
severely affect the results of this reproduction method in
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the present study. Expectations were met with highest re-
action times and error rates in reproduction method IV.

It can be summarized that absolute values of reaction
times and error rates increase, partly significantly, with
the individuality of the reproduction method. However, in
most psychological studies the absolute values are not of
major importance, but subsequently discussed effects and
interactions of variables are relevant.
Another important aim of the present investigation was

to extend the dichotic-listening paradigm [8] to a more re-
alistic binaural-listening paradigm. Results of the present
investigation were therefore compared with results col-
lected with the dichotic-listening paradigm by Koch et al.
[8, 9, 10, 11].
The significant effect of transition, indicating that sub-

jects responded more slowly when the target’s direction
was switched, could be observed with all reproduction
methods as well as in the investigations of Lawo et al.
[11] using dichotic listening. The switch cost provided an
explicit measure of how well instructions to switch atten-
tion could be followed. In general, larger switch costs were
found in dichotic-listening-experiments compared to the
present investigation (∼100ms vs. 55ms). A switch be-
tween only two possible directions (i.e. dichotic listening)
was expected to be easier to detect than a switch to one
of eight possible directions equally distributed on the hori-
zontal plane. The angular distance between the target’s po-
sitions could have been a reason for different complexity
of switches. Besides the angular distance of target’s posi-
tions, the visual cue (in ear-based dichotic experiments the
visual cue was a letter (L/R) and therefore differed from
the cue design of this investigation) as well as the repro-
duction method (binaural vs. dichotic) might have had an
effect on the switch costs.
While the significant effect of congruency was less ap-

parent for reaction times, the difference between congru-
ent and incongruent trials was more pronounced for error
rates. These findings were also confirmed by the previous
dichotic investigations [8, 9, 10, 11]. The congruence ef-
fect could be taken as an implicit performance measure
of attending to task-irrelevant information and filtering
out the irrelevant information [8]. Results of the 3-way-
ANOVA showed significant differences in the congruence
between the reproduction method of real sources and the
other tested methods. Thus, the distractor’s information
was less effectively ignored when the reproduction method
was based on binaural synthesis relative to real sources.
The loss of additional information in localization of small
head movements due to a static reproduction could have
been a reason for this effect.
In summary, the effects of transition of the speaker’s

location and the congruency of the stimuli showed the
same patterns for binaural- and dichotic-listening. How-
ever, they were differently pronounced due to a more
complex arrangement of possible speaker’s positions in
the binaural-listening paradigm. With the more complex
binaural-listening paradigm further effects such as the spa-
tial combination of target and distractor’s location as pre-

sented in section 3.2 could be analyzed. Differences be-
tween the grouped combinations could be found showing
greater reaction times and error rates for combinations of
the classes “Cone of Confusion” and “Next Neighbors”
compared to the other three classes.

In localization experiments with real sources, individ-
ual and non-individual reproduction via headphones by
Møller et al. [28], errors accumulated in “Within Cone”
and “Median Plane” conditions. Furthermore, it was ob-
served that especially in the non-individual reproduction
the percentage of errors in “Median Plane” conditions in-
creased. In this investigation, highest error rates and high-
est reaction times also occurred in trials with target and
distractor located on a Cone of Confusion, but there was
no increased error for non-individual reproduction meth-
ods in this category. Overall, there was a higher rate of er-
rors for reproduction methods based on binaural synthesis,
but errors were equally spread over all categorized combi-
nations.

The effect of spatial separation of sources in experi-
ments focusing on selective attention was studied by Best
et al. [19]. It was shown that auditory selective attention
was exposed to a greater challenge when sources were not
or only little spatially separated. These results were only
based on error rates since Best at al.’s paradigm did not
allow the measurement of reaction times. In the present
study, comparatively large error rates and reaction times
could be found in the combination class of “Next Neigh-
bors”. These findings confirmed Best at al.’s findings.

5. Conclusions

This investigation showed that the extension from a di-
chotic-listening paradigm to a binaural-listening paradigm
was successful and offers more possibilities to analyze
intentional switching in auditory attention. The compari-
son of reproduction methods showed that differences be-
tween absolute values of reaction time and error rates
should not be neglected, but, in experiments where effects
and interactions of different variables were to be com-
pared, all reproduction methods yielded nearly the same
results. Results of this study prove that findings with the
used paradigm are comparable for all four reproduction
methods, but similar results can be expected for other
paradigms also focusing on auditory selective attention.
In terms of applicability, the binaural synthesis based on

non-individual HRTFs reproduced via headphones (III) is
the most convenient reproduction method, which is espe-
cially true for the use in non-acoustically equipped psy-
chological facilities since no anechoic chamber is needed
during the experiment. However, a loss of reality due to
non-individual binaural stimuli must be accepted.
From a technical, acoustical point of view, the assump-

tion that head movements could be the reason for the de-
crease in performance regarding error rates in binaural
synthesis as well as the significant differences in the effect
of congruency needs to be analyzed. Therefore, a dynamic
binaural reproduction is needed. With a successful integra-
tion of head-movements in the experiment, reproduction
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methods I and II should not lead to differences in the ef-
fect of congruency nor in the absolute reaction times and
error rates. Under this assumption, an individual binaural
reproduction of stimuli is advisable for future investiga-
tions for investigators who have the possibility to measure
individual HRTFs in an anechoic chamber.

Since the general aim of this investigation was to ana-
lyze intentional switching in auditory selective attention in
more realistic environments, further steps could be an ex-
tension of the binaural-listening paradigm towards room
acoustics and multiple distracting sources.
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