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Abstract

Brain-computer interface (BCI) systems use brain signals to create a communication link
between the brain and an external device. Auditory BCIs detect focused attention on
acoustic stimuli based on event-related potentials (ERPs) in signals from
electroencephalography. A recent study by Musso et al. (2022) investigated the use of an
auditory BCI for aphasia rehabilitation in stroke patients. Musso et al. propose a new
BCI-based language training paradigm that reinforces effective language processing
strategies through brain-state-dependent feedback. The paradigm uses a ring of six
loudspeakers for the spatial presentation of stimuli which has been shown to improve
classification accuracy in auditory BCI paradigms. However, this setup is not feasible for
everyday BCI usage. Thus, the present study aims to investigate the possibility of a
simplified audio setup using stereo headphones. The proposed setup will be evaluated by
conducting a behavioral study and assessing the workload and ergonomic ratings. Eight
healthy participants were tested in a within-subject design using four audio conditions: six
loudspeakers, stereo headphones, stereo headphones incorporating pitch and mono
headphones. Results show the two stereo headphone conditions are comparable to the six
loudspeaker condition in terms of counting accuracy, workload ratings and ergonomic
ratings. This indicates that a spatial headphone paradigm might be a promising compromise
between the goal of high classification accuracy and easy applicability for everyday BCI use.

Note: This bachelor’s thesis was part of a group project with the goal of investigating the
feasibility of a simplified audio setup of the BCI-based language training paradigm by Musso
et al. (2022). The group project was divided into three parts: optimizing the stereo audio
transformations (Kortenbach, 2022), EEG analysis of the experimental paradigm
(Milosevska, 2022) and a behavioral study which will be covered in the present study. The
group worked together to design and test the simplified audio setup. Each student wrote an
individual thesis covering their part of the analysis.
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1. Introduction

Brain-computer interface (BCI) systems provide an artificial communication link between an
individual's brain and an external device via the processing and classification of detectable
brain signals. When users perform specific mental tasks, the system identifies the activity
patterns of their brain and this information can be used to control an external application
device without depending on motoric output pathways via the limbs (Allison et al., 2020).
Brain-computer interfaces create new possibilities for individuals suffering from severe
neuromuscular disorders such as amyotrophic lateral sclerosis, brainstem stroke, and spinal
cord damage. These patients, who may be completely paralyzed, can use the basic
communication abilities the BCI system provides to communicate their requests to
caregivers or even operate word processing programs or neuroprostheses (Wolpaw et al.,
2002).

Moreover, BCI systems can also be used for cognitive rehabilitation. Patients with impaired
cognitive functions can use a neurofeedback BCI system to restore cognitive functions.
Neurofeedback therapy measures brain signals to improve neural functions: patients are
shown a suitable graphical representation of their brain activity and are taught to
self-regulate this activity to bring it to a goal state (Carelli et al., 2017). This method has
been used to treat a variety of neurological and psychiatric disorders, including attention
deficit hyperactivity disorder, anxiety, epilepsy, and addictive disorders (Angelakis et al.,
2007). A recent study by Musso et al. (2022) has investigated the use of BCI for aphasia
rehabilitation in stroke patients. Musso and colleagues propose a new language training
approach for the rehabilitation of aphasia patients that uses an auditory BCI paradigm. In
this training approach, patients have to perform an auditory target word detection task whilst
their EEG is recorded. During training, the patient is provided with immediate
brain-state-dependent feedback which reflects how well they perform the task during a
training session. As the BCI system is able to provide feedback time-locked to a brain state,
it can reward effective language processing strategies which increases brain plasticity. The
results are promising: patients substantially improved in functional communication,
expressed by higher self-reported quality and quantity of language production. Moreover,
pre-post fMRI recordings showed significant changes in functional connectivity between
several language domains (Musso et al., 2022).

The BCI language training paradigm by Musso et al. (2022) is intended to be used as
assistive technology in end users' homes or in post-stroke rehabilitation centers. Therefore,
efforts are necessary to transfer the BCI setup from the laboratory to these environments.
The goal of the present study is to investigate whether a simplified audio setup that utilizes
stereo headphones is possible for the BCI-based language training paradigm by Musso et al.
This study will analyze the performance of the simplified audio setup by conducting a
behavioral study. In addition, this study will evaluate the subjective ergonomic experience
and workload of the proposed setup.

First, the core concept of BCI is discussed (1.1). Second, an overview of current research on
stimulus properties in auditory BCI systems is presented (1.2). Third, the use of BCI in
aphasia rehabilitation is introduced (1.3). Lastly, the aims and research questions of this
study are presented (1.4).
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1.1 Brain-Computer Interfaces

BCI systems acquire brain signals, classify them, and translate them into commands that are
transferred to output devices. Researchers have used a variety of different brain signals for
device control including electroencephalographic, intracortical, electrocorticographic, and
even single-neuron-based brain signals (Shih et al. 2012). Most modern BCI systems rely on
an electroencephalogram (EEG) (Allison et al., 2020). An electroencephalogram is a
measure of electrical activity produced by neurons in the cerebral cortex, recorded
non-invasively from the scalp (Kübler et al., 2001). Hence, EEG activity results from the
summation of excitatory and inhibitory postsynaptic potentials from underlying areas of the
cerebral cortex, with some contribution of granular and glial cell activity (Speckmann & Elger,
1993). For BCIs, EEG offers several advantages over other input signals. Because of its
relatively low costs, high temporal resolution, and portability EEG is the preferred choice for
many BCI applications (Käthner et al., 2013).

In an EEG-based BCI system stimulus-dependent brain signals, also known as event-related
potentials (ERPs), are recorded. ERPs are electrical brain responses time-locked to sensory,
cognitive, or motor stimuli and are characterized by their voltage amplitude and their latency
in relation to stimulus onset. ERPs are labeled by their latency and electrical polarity
(positive or negative). For example, a prominent negative peak 200 milliseconds
post-stimulus is referred to as N200; a positive peak 300 milliseconds after stimulus onset is
referred to as P300 (Kübler et al., 2001). An ERP component can also be defined by its
scalp distribution or its relation to experimental variables. The ERP is made up of voltage
deflections that reflect the processing of sensory information as well as higher-level
processing such as selective attention, memory updating, semantic comprehension, and
other kinds of cognitive activity (Duncan et al., 2009). The sequence and latencies of ERP
components capture the time course of processing activity in milliseconds, whilst their
amplitudes show the extent of neural resource allocation to distinct cognitive processes.
ERPs are sensitive to information processing characteristics (e.g., auditory discrimination
accuracy, expectation, semantic processing) and can be used to complement traditional
performance measures, like the accuracy and speed of behavioral responses (Duncan et al.,
2009).

In the case of an attention-based ERP approach, the subject is asked to concentrate on one
target stimulus in a sequence of non-target and target stimuli. During this task, the signal is
processed by extracting relevant features from it. The relevant features are transferred to a
machine learning model, such as a classifier. The classifier then separates ERPs elicited by
target stimuli from ERPs elicited by non-target stimuli. One classification method often used
for this is linear discriminant analysis (LDA). LDA is a classification method based on finding
a decision boundary to separate two classes. In this case the true class labels are known
(target vs non-target), which means this is a supervised classification problem. The
separating hyperplane between the two classes is calculated by minimizing the variance,
while maximizing the means of the classes. LDA assumes that the covariance matrices of
either class are equal, that both classes are normally distributed, and that the classes are
linearly separable. In the case of EEG data we are dealing with high-dimensional data, so
shrinkage regularization needs to be applied to the LDA model in order to increase
classification accuracy (Höhne et al., 2015).
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After classification, a control signal can then be transmitted to the application device based
on the classifier output (Kleih et al., 2015). Thus, for a BCI system to be successful, it needs
to have a high classification accuracy. This study will use an auditory ERP-based BCI
paradigm, the principle of which is described in Section 1.1.3.

1.1.1 P300 ERP component

A paradigm that is often used in ERP-based BCIs is the oddball paradigm. In the oddball
paradigm, a random sequence of stimuli is presented. The stimuli consist of infrequently
occurring target stimuli and frequently occurring non-target stimuli (Sutton et al., 1965,
1967). The task of the participant is to classify these stimuli correctly. The target stimulus
that is repeated infrequently (the “oddball”) will elicit a P300 (Duncan-Johnson & Donchin,
1977). The P300 is a positive deflection in the EEG which typically peaks 300 milliseconds or
more after the onset of a rare, task-relevant stimulus. However, the latency of the P300 ERP
component can vary between 200 to 700 milliseconds after stimulus onset (Furdea et al.,
2009; Käthner et al., 2013). The amplitude of the P300 is related to task-processing demand
(Gopher & Donchin, 1986; Polich, 2007), and its latency is linked to the difficulty in
differentiating target stimuli from non-targets (Duncan et al., 2009).

The P300 wave has a centro-parietal scalp distribution with a maximum amplitude over the
midline scalp sites (Picton & Hillyard, 1974; Ritter et al., 1972; Squires et al., 1975). It has
been hypothesized that the P300 consists of two components (Dien et al., 2004; Polich,
2007; Squires et al., 1975). The first component is the P300a recorded at fronto-central
portions of the scalp, related to attentional processing (Polich, 2007), possibly including
“novelty-P300” (Dien et al., 2004; Polich, 2007; Simons et al., 2001). And the second
component is the parietally recorded P300b which is elicited when target stimuli are
processed (Wascher et al., 2020). It is well established that the P300 amplitude is largest
when evoked by events that the subject considers important (Johnson & Donchin, 1978;
Sellers & Donchin, 2006). Therefore, subjects can produce more distinct P300 signals by
attending to specific target stimuli while ignoring others.

It has been shown that increasing workload and task-processing demand reduces the
amplitude of the P300 (Gopher & Donchin, 1986; Käthner et al., 2013; Kramer et al., 1986;
Wintink et al., 2001). Recent studies have used the NASA-TLX questionnaire (NASA Human
Performance Research Group, 1987) as a measure of subjective workload for BCI
applications (Käthner et al., 2013; Pasqualotto et al., 2011; Riccio et al., 2011, Simon et al.,
2015). The present study will also make use of the NASA-TLX questionnaire to evaluate
subjective workload. For further details see Section 2.3.2.
Furthermore, several studies have found that other factors such as mood and motivation
(Nijboer et al., 2010) influence either P300 amplitude (Baykara et al., 2016; Kleih et al.,
2010) or BCI performance (Kleih et al., 2011). These studies used the Questionnaire for
Current Motivation (QCM) for BCI (Nijboer et al., 2008) which is a slightly altered version of
the original QCM (Rheinberg et al., 2001). The QCM for BCI consists of 18 items divided into
four subscales: incompetence fear, mastery confidence, interest and challenge which have
to be rated on a seven point Likert scale. The present study will not use the QCM for BCI but
rather a simplified questionnaire partially adapted from Höhne et al. (2012) asking for the
subjective ergonomic experience of the participant. For further details see Section 2.3.3.
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1.1.2 N200 ERP component

The N200 is a negative deflection in the EEG which peaks 200 to 350 milliseconds
post-stimulus (Folstein & Van Petten, 2008) and reflects the detection of novelty or mismatch
during auditory stimulation. It can be separated into three components: a subcomponent
following detection of novelty or mismatch over anterior regions, an attention-related
stimulus categorization subcomponent across central areas, and a subcomponent related to
focused attention over contralateral central areas (Luck, 2014). It has been shown that the
N200 amplitude is higher, when the target stimulus is attended (Oknina et al., 2011).
Furthermore, the later subcomponent of the N200 can be used as an indicator of attention
allocation and for estimating the detection duration (Luck, 2014)

1.1.3 Auditory ERP-based BCI paradigms

Oddball paradigms where the participant is instructed to focus on specific audio stimuli are
applied in many auditory ERP-based BCI paradigms (e.g. Höhne et al., 2011; Käthner et al.,
2013; Kleih et al., 2015; Musso et al., 2022). Stimuli can be classified as target or non-target
based on the differences in ERP responses for the attended target stimulus and the
unattended non-target stimulus. The classification result can then be used as a control signal
for an application device. Auditory ERP-based BCI paradigms have distinct advantages over
their visual counterparts, especially for patients with locked-in syndrome or amyotrophic
lateral sclerosis (ALS). While most visual ERP-based BCI paradigms require adequate
control of the user's eye movement or muscle-dependent gaze direction, auditory BCI
paradigms overcome this restriction (Höhne et al., 2011). This is critical in medical
applications, as these movements may be exhausting or impossible to perform for some
patients (Hill et al., 2014). Even patients in late stage ALS are usually able to hear, which
means they can make use of an auditory BCI. Although listening to auditory stimuli is more
demanding than attending visual stimuli (Klobassa et al., 2009), it is still possible to set up an
ERP-based BCI paradigm that exclusively uses auditory stimuli.

1.2 Stimulus properties in auditory BCI paradigms

As stated earlier, the amplitude of the P300 ERP component is linked to task-processing
demand (Gopher & Donchin, 1986; Polich, 2007), and its latency is linked to the difficulty in
differentiating target stimuli from non-targets (Duncan et al., 2009). This implies that different
stimulus properties can affect the amplitude and latency of the P300, and would therefore
also affect classification accuracy. The section below will highlight studies of different
stimulus properties in auditory BCI paradigms.

1.2.1 Spatial stimulus presentation: AMUSE paradigm

Human listeners are able to distinguish sounds in space, according to several behavioral
studies (Brungart et al., 1999; Mondor & Zatorre, 1995; Teder-Sälejärvi & Hillyard, 1998).
Several of these studies also found that when subjects focus their attention on a specific
direction, their attentional resources appear to be distributed in a gradient, with decreased
alertness as they move away from the attended direction (Mondor & Zatorre, 1995;
Teder-Sälejärvi & Hillyard, 1998).
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An offline study by Schreuder et al. (2010) investigated the influence of spatial stimulus
presentation in a BCI paradigm using artificial tone stimuli. In this “Auditory Multi-class
Spatial ERP” paradigm, also referred to as the AMUSE paradigm, a participant is
surrounded by six equally-spaced loudspeakers. These loudspeakers are used to enhance
stimulus discriminability by cueing focused attention towards a certain direction. Schreuder
et al. found that the mean classification accuracy between target and non-target stimuli was
higher with spatial versus non-spatial presentation. All but one subject reached selection
scores higher than 90% in the spatial condition. Subject performance in the non-spatial
control condition was below the 70% threshold for all but one subject, showing that spatial
location adds vital information to the stimulus (Schreuder et al., 2010).

An altered version of the AMUSE paradigm was also used in a master's thesis by Denzer
(2016) on the effect of spatial word presentation in an auditory ERP paradigm for BCIs
(Denzer, 2016). In this study, participants would listen to a cueing sentence, after which a
sequence of target and non-target words was played. Similar to the setup used by Musso et
al. described in Section 1.3.2 participants were instructed to focus attention on the target
word, evoking a P300 response that could then be classified using an LDA model. The study
found that the experimental condition with six equally-spaced loudspeakers resulted in a
higher classification accuracy compared to the mono audio headphone condition and the
one-directional speaker condition (Denzer, 2016).

Another study by Gao et al. (2011) examined the effect of spatial stimulus presentation via
five simulated headphone directions compared to one headphone direction in an auditory
BCI paradigm. The auditory stimulus was a sequence of five spoken digits with the same
duration and intensity. In the spatial paradigm with five headphone directions, each digit was
presented from a fixed direction, and each digit could be a male or female voice. The
participant was instructed to pay attention to the direction of the target digit, while ignoring
digits from the other directions, then discriminate the target voice’s gender. In the non-spatial
paradigm, all stimulus voices were presented from directly ahead of the participant using
only one spatial location. The spatial paradigm significantly outperformed the non-spatial
paradigm with more averaged trials (Gao et al., 2011).

1.2.2 Effect of pitch on stimulus discriminability: PASS2D paradigm

Höhne et al. (2011) proposed a novel approach that uses auditory ERPs to control a BCI
spelling application. This paradigm - called “Predictive Auditory Spatial Speller with
two-dimensional stimuli,” or PASS2D - was investigated in an online study with healthy
participants. To control the auditory ERP speller, BCI users had to focus their attention on
two-dimensional auditory stimuli presented via headphones that varied in both, pitch
(high/medium/low) and direction (left/middle/right). Similarly to the approach of Schreuder et
al. (2010), however, the information transmitted by the two dimensions (pitch and direction)
is independent and not redundant as in Schreuder’s AMUSE paradigm.The resulting 3 × 3
design offers an arrangement of nine stimuli that are easy to discriminate from each other,
see Figure 1. These nine different stimuli can be used as control signals to drive a predictive
text entry system. Which enables the user to spell a letter by a single nine-class decision
plus two additional decisions to confirm a spelled word (Höhne et al., 2011).
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In the PASS2D paradigm, the nine auditory stimuli are not completely independent: for each
target there are four non-targets being equal in one dimension, that is, two stimuli with the
same pitch (same row) and two stimuli with the same direction (same column). Analysis of
the binary classifier outputs and multiclass decisions revealed that the classifier could
resolve the dimension “pitch” better than the dimension “direction” (Höhne et al., 2011).
Effectively showing that altering the pitch of auditory stimuli adds another dimension to the
discriminability of the stimulus which could potentially improve classifier performance.

Schreuder et al., (2010) showed, that both dimensions contain valuable information for a
discrimination task, and that a redundant combination can enhance the discriminability
compared to the single stimulus types. Hence, the choice to use the two stimulus
dimensions independently rather than redundantly encoding the same information
represents a trade-off between large steps in pitch/direction and a relatively high number of
nine classes (Höhne et al., 2011). The PASS2D paradigm was limited to only three
directions. Because of this, the hardware complexity and space requirements for setting up
the system at a patient's house can be lowered, since three-direction audio can be achieved
using basic stereo headphones.

Figure 1: Visualization of the nine auditory stimuli, varying in pitch and direction. The 3 × 3
design (A.) was shown on the screen. (B.) Distribution of the nine stimulus tones to the
stereo channel of the headphone. Adapted from: Höhne, J., Schreuder, M., Blankertz, B.,
Tangermann, M. (2011). A Novel 9-Class Auditory ERP Paradigm Driving a Predictive Text
Entry System. Frontiers in neuroscience. 5. 99. 10.3389/fnins.2011.00099.

1.2.3 Natural stimuli

Both the AMUSE paradigm (Schreuder et al., 2010) and the PASS2D paradigm (Höhne et
al., 2011) use short artificially generated tones to elicit auditory ERP responses. Two
practical limitations were observed that were related to this choice of stimuli. First, these
highly regulated and uniform tone settings were perceived as difficult to use and even
described as unpleasant by some users (Höhne et al., 2011). Indicating a limited overall
acceptance of a final BCI spelling system and possibly even affecting performance, given
that user motivation is correlated with BCI performance (Kleih et al., 2010; Tangermann et
al., 2011). Second, posterior analysis of the spelling performance in both paradigms
indicated a number of systematic multi-class confusions in the classification of target versus
non-target stimuli (Höhne et al., 2012). Schreuder et al. (2010) hypothesized that a BCI with
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spoken word stimuli might be a better alternative to the somewhat unnatural tone stimuli.
Since the increased semantic and acoustic information in natural stimuli may improve
stimulus discrimination, which is critical for classification accuracy. However, it also
introduces problems such as higher latency jitter in the P300 onset, which could make
classification more difficult (Schreuder et al. 2010). Spoken words containing spatial
information may elicit a stronger P300 response since it is easier to focus on the direction of
the stimulus.

A study by Höhne et al. (2012) investigated the effect of using natural stimuli and found a
higher mean classification accuracy using natural stimuli versus artificial stimuli in a spatial
auditory BCI paradigm. In the experiment, artificially generated tones, spoken syllables, and
sung syllables were presented via headphones. The nine artificially generated stimuli
consisted of three tones with different pitch (high/medium/low). Each of the three tones was
presented from three different directions (left/middle/right). Thereby the 3 × 3 design of the
PASS2D paradigm (Höhne et al., 2011) was maintained, see Figure 1. The spoken and sung
syllables were varied in speaker voice (bass/tenor/soprano) and vowels (i/æ/o). Every
speaker voice was presented only from one fixed direction, following the same 3 × 3 design
as the artificially generated tones. Participants were instructed to concentrate on the target
stimulus and to ignore all non-target stimuli. In addition, they were asked to count the target
stimuli and to indicate the number of occurrences at the end of each trial. The study found
that the mean classification accuracy was higher for spoken syllables and sung syllables
compared to artificial tones, showing that natural stimuli improve classification accuracy
(Höhne et al., 2012). Furthermore, the subjective ergonomic ratings showed that it was
easier for the subjects to concentrate on natural stimuli than on artificial stimuli. Participants
also counted the number of targets more accurately for natural stimuli than for artificial
stimuli. Additionally, a positive correlation between subjective ergonomic ratings and
classification accuracies was found (Höhne et al., 2012). These findings suggest that the
higher amount of stimulus information contained in natural stimuli could improve
classification accuracy in auditory BCI paradigms.

1.3 Aphasia

Aphasia is a condition that affects the capacity to comprehend or produce language. It is
caused by damage to specific brain regions in the left hemisphere and is common in stroke
patients (Damasio, 1992). People with aphasia face a variety of challenges, ranging from
occasional difficulty finding words to complete loss of the ability to speak, read, or write.
Based on the location of the brain lesion, different forms of aphasia have been recognized,
each with its unique set of symptoms. One of the most prevalent methods of describing
aphasia is by the fluency of language output. A general distinction can be made between
fluent and non-fluent aphasia. Fluent aphasia, associated with posterior lesions, is
characterized by continuous runs of speech with a variety of syntactic structures, in which
phrase length is normal, but output is often incorrect (Edwards, 2005; Feyereisen et al.,
1991; Goodglass & Kaplan, 1983). In contrast, non-fluent aphasia, which is associated with
anterior lesions, is characterized by increased effort, impaired prosody, articulatory mistakes,
and limited grammaticality (Feyereisen et al., 1991; H. Goodglass & Kaplan, 1983). Fluent
aphasia syndromes include Wernicke’s aphasia, transcortical sensory aphasia, conduction
aphasia, and anomic aphasia, whereas non-fluent aphasias include global aphasia, Broca’s
aphasia, and transcortical motor aphasia (Clough & Gordon, 2020).
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Neuroimaging studies of language disorders, such as aphasia, have refuted Broca and
Wernicke's theory of full functional modularity for the two main language centers (Eling &
Whitaker, 2009). Broca’s area and Wernicke's area are still vital for language functions,
however, recent studies in the field of neurolinguistics investigate areas and connections that
go far beyond these traditional areas (Tremblay & Dick, 2016). Brain lesions in any of the
areas involved in linguistic functioning can result in different forms of aphasia depending on
the lesion site. Because each of these areas contributes to the overall functioning of
language processing and production. Furthermore, it has been shown by neurocognitive
studies (Friederici & Gierhan, 2013; Indefrey & Levelt, 2000) and neuroimaging data (Okada
& Hickok, 2006) that these areas of language processing and production interact with one
another. As a result, language competencies could theoretically be trained as a network, i.e.
training the language processing network could have an impact on the language production
network.

Aside from the effects on language comprehension and production, post-stroke aphasia has
severe consequences for the health-related quality of life of patients. Aphasia is associated
with a reduction of independence, social isolation (Dalemans et al., 2010) and failure in
returning to work (Doucet et al., 2012). In the long term, chronic aphasia may not only cause
psychological distress (Gainotti, 1997), but it may also affect the economic situation of the
patient (Hinckley, 1998), as many professions require elaborate communication.
Aphasia is more common than Parkinson’s disease, nearly 180,000 Americans acquire the
disorder each year (Aphasia.org, 2021). Furthermore, post-stroke aphasia is also associated
with increased risk of mortality (Pedersen et al., 2004).

Even in the most severe cases of aphasia, recovery is still possible. Within six months
following a stroke, spontaneous aphasia recovery is observed, but only minimal
improvements are seen past that point. Intensive therapy is required to aid patients in this
chronic stage. Conventional speech and language therapy (cSLT) is the most common
treatment for aphasia. But there are also other therapy approaches, such as
computer-based language therapy. Computer aided  therapy programs for aphasia patients
are either specific, designed to target a particular deficit area in the brain, or general,
addressing many deficit areas (Archibald et al., 2009). Therapeutic benefits have been
reported for specific programs addressing deficits such as, anomia (Raymer et al., 2006),
sentence comprehension (Crerar et al. 1996), sentence construction (Linebarger et al.
2001), and spelling (Mortley et al. 2001).
While cSLT is still the widely used treatment for aphasia, its effectiveness has not been
decisively proved (Berthier 2005). A meta-analysis by Brady et al. which included 27
randomized studies that compare cSLT versus no therapy in stroke patients showed clear
evidence in favor of cSLT (Brady et al., 2016). Nevertheless, the effects were only
short-term, with moderate effect sizes for functional communication, reading comprehension,
and writing, low effect sizes for expressive abilities, and no effect for naming and auditory
comprehension (Brady et al., 2016).

The combination of low therapy success, substantially reduced quality of life, and a high
incidence rate calls for more effective therapeutic interventions. As a result, efforts have
been made to integrate knowledge from the field of BCI in order to create new therapeutic
approaches.
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1.3.1 Visual BCI in aphasia rehabilitation

In a study by Shih et al. (Shih et al. 2013) the use of a BCI for communication was tested
and proven successful in eight aphasic stroke patients. All stroke patients had Broca’s
aphasia and an NIH stroke scale language subscore of 2 or greater, indicative of severe
aphasia. The task of the patients was to focus attention on a specific character of the word
matrix and silently count the number of times the target character flashed. This was done
using the copy speller mode of the P300 speller: words were presented on the top left of the
monitor, and the target character was listed in parentheses at the end of the letter string as
shown in Figure 2. Patients were able to achieve speller accuracies of between 60% and
65% on this task.

Figure 2: The 6 × 6 matrix used in the study by Shih et al. (2013). A row or column intensifies
for 100 ms every 175 ms. The letter in parentheses at the top of the window is the current
target letter “D.” Adapted from: Krusienski, D. J., Sellers, E. W., McFarland, D. J., Vaughan,
T. M., & Wolpaw, J. R. (2008). Toward enhanced P300 speller performance. Journal of
Neuroscience Methods, 167(1), 15–21. doi:10.1016/j.jneumeth.2007.07.017

Later research by Kleih and colleagues (Kleih et al., 2016) also validated the feasibility of a
visual P300-BCI speller communication system for aphasia patients. The study included five
participants diagnosed with post-stroke aphasia (predominantly motor aphasia) according to
the Bielefelder Aphasie Screening (Richter et al., 2006). In each training session,
participants were instructed to copy-spell three short five-letter words. After copy-spelling,
the participant could use free-spelling mode such that they spelled without the experimenter
knowing the target word. In order for the participants to use the P300 speller successfully,
modifications to the system were necessary. The participants reported major problems in
ignoring non-target stimuli so the researchers supported focusing on the target letter by
covering the word matrix with a piece of cardboard on which a square for the target letter
was cut out. The use of cardboard altered the traditional BCI paradigm, allowing a target
stimulus to be classified against background EEG rather than target vs. non-target stimuli.
Nonetheless, the participant still had to concentrate on the target stimulus, or else a random
letter would be selected. After participants had achieved 100% accuracy using the cardboard
presentation, the cardboard was removed, and the participant could use the standard BCI
presentation. In their last session, all participants were able to use the free-spelling mode
without any extra alterations or assistance.
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According to the researchers, implementing a visual P300 BCI could contribute to aphasia
rehabilitation in two major ways: first, the P300 amplitude is dependent on attention
allocation and therefore provides a measure of task attention (Johnson, 1986; Polich, 2007).
If BCI training can be used as a form of attention training, it should result in an enhanced
P300 amplitude on the psychophysiological level since letters are selected by focusing
attention. Kleih et al. found an increase in P300 amplitude across presentation modes in two
out of five patients. Another study by Baykara et al. (2016), which used healthy participants,
also showed an increased P300 amplitude as a result of training to focus on the target
stimulus in an auditory BCI paradigm. It should be noted, however, that this assumption
cannot be directly applied to people diagnosed with post-stroke aphasia without further
research since their brains might react differently compared to brains unaffected by stroke
(Kleih et al., 2016).
Second, language that is thought by a patient, and therefore exists in the brain, can be
communicated to the environment through the use of a BCI. Although the patient might not
be able to speak, they may be able to communicate by using a BCI system to decode
intended speech, e.g. from electrocorticogram signals (Miller et al., 2020; Panachakel &
Ramakrishnan, 2021). As a result, neuronal networks that produce covert speech might be
supported in cortical plasticity, which facilitates rehabilitation. This could increase neural
plasticity more effectively compared to making the patient write, type, or express themselves
in a different way (Kleih et al., 2016). Unfortunately, the study can not provide conclusive
evidence for this hypothesis since it did not assess changes in patients’ language abilities.

1.3.2 Auditory BCI in aphasia rehabilitation

Musso et al et al. (2022) developed an auditory ERP-based BCI paradigm for the cognitive
rehabilitation of aphasia patients. Ten patients (age 58 ± 11 years, 9 male, 1 female) with
different types of chronic aphasia participated in the study. Patients wearing an EEG cap
were seated in a ring of six speakers (extending the AMUSE paradigm, Schreuder et al.,
2010). During a trial, a cueing sentence was played from one of the loudspeakers. A cueing
sentence is a short sentence of which the last word is missing, e.g. Am Ende der großen
Pause läutet die ... Glocke. After the cueing sentence was presented to the patient, a rapid
stimulus sequence consisting of one target word alongside five non-target words was
played. Patients were instructed to recognize and focus attention to the target word while
ignoring the non-target words, evoking the P300 ERP component. During a trial, the target
word would be played from the same loudspeaker as the cueing sentence and the six words
were tied one-to-one to the loudspeakers. This allowed patients to exploit the spatial
information of the audio stimulus by focussing their attention solely on a single loudspeaker
(Musso et al., 2022). A mono-presentation of stimuli via headphones could also be used
alternatively to the spatial presentation using six loudspeakers.

To classify the target vs. non-target ERP differences and verify focused attention to the
target word, a regularized LDA model was maintained for each patient. The model's capacity
to discriminate between the attended and unattended word, including whether this attended
word was the target, was communicated to the patient through auditory and visual feedback.
The patient could use this feedback as an indicator of their task success throughout training
sessions, even if they are unable to speak. Most importantly, this feedback aids the patient's
improvement which is associated with a functional reorganization of the language-related
brain areas (Lucchese et al., 2017; Musso et al., 1999). The advantage of a BCI approach is
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that it does not require overt language production to provide feedback. It offers direct
feedback based on language-related brain activity. Musso et al. cite other studies (Biasiucci
et al., 2018; Cervera et al., 2018) that successfully apply a similar technique by using
brain-state-dependent feedback for post-stroke motor rehabilitation. Because the BCI
system is able to provide feedback time-locked to a brain state it can reward effective
language processing strategies which might increase brain plasticity (Musso et al., 2022).

Musso et al. reported significant improvements of each Aachen aphasia test (Huber et al.,
1983) subtest in a pre-post comparison. Patients with mild/moderate aphasia showed
improvements in naming, repetition and writing while patients with moderate/severe aphasia
mostly improved in the token test. In addition, patients substantially improved in functional
communication, expressed by higher self-reported quality and quantity of language
production. Lastly, patients also showed increased P300 peak amplitudes in channel Cz,
earlier P300 onsets in channel Cz, and increased target/non-target classification accuracy.

Research has shown that a stroke in the left hemisphere of the brain can cause aphasia by
directly damaging the dual language system (Ueno et al., 2011). However, it can also cause
an imbalance between the default mode network (DMN) and the language network
(Geranmayeh et al., 2016) located in left-dominant fronto-temporo-parietal brain regions
(Catani et al., 2005; Musso et al., 2015; Saur et al., 2008). The DMN is a network of
interacting brain regions that works as a domain-general system for attention and cognitive
control. This imbalance between the DMN and the language network is partially reversed
when speech production improves (Geranmayeh et al., 2016). This can also be observed in
the pre-post fMRI recordings of the study by Musso et al. (2022) which show that their
BCI-based language training rebalanced the language network and DMN. These fMRI
recordings showed a decreased functional connectivity between the DMN and the main hubs
of the language network (Musso et al., 2022).

The researchers attribute these significant results to their design decision to implement an
elementary language task. Rather than providing feedback based on N400 or P600 ERP
components as markers of language comprehension (Hagoort et al., 1996) or syntactic
processing (Patel et al., 1998), respectively. They use a simpler setup that rewards effective
language processing strategies based on the P300 ERP component, which even patients
with severe aphasia can still perform. Using this elementary language task Musso et al. were
able to train up basic language abilities which in turn facilitated higher language skills, such
as language production. Since basic and higher language abilities partially share the same
brain areas which have been proven to interact with each other (Friederici & Gierhan, 2013;
Indefrey & Levelt, 2000; Okada & Hickok, 2006).
The BCI language training setup by Musso et al. is intended to be used as assistive
technology in end users' homes or in post-stroke rehabilitation centers. Hence, efforts are
necessary to transfer the BCI setup from the laboratory to these environments.
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1.4 Aims and hypotheses

This study aims to investigate whether a simplified audio setup is possible for the BCI-based
language training paradigm by Musso et al. (2022) by conducting a behavioral study and
evaluating the subjective ergonomic experience and workload of the proposed setup.

For auditory BCIs, spatial stimulus presentation provides significant advantages (Denzer
2016; Gao et al. 2011; Schreuder et al. 2010). In the original paradigm by Musso et al.
spatial information can only be exploited in the six loudspeaker condition. However, this
complex setup requires a ring of six equally-spaced loudspeakers which is not feasible for
everyday BCI use. Therefore, for the purpose of developing an applicable BCI paradigm for
everyday usage, the question is whether a simplified audio setup using stereo headphones
for the spatial presentation of words can achieve similar results. Hence, the present study
aims to investigate the difference between spatial presentation in real space via speakers
and virtually simulated spatial presentation in an auditory BCI paradigm. Since virtually
presented sounds might be perceived differently than sounds presented in real space via
loudspeakers, and the advantage of virtually simulated spatial presentation might not be as
high as spatial presentation in real space. Furthermore, this study will investigate the effect
of pitch on stimulus discriminability. As it has been shown to improve stimulus discriminability
in an auditory BCI paradigm (Höhne et al., 2011).

This study will introduce two stereo conditions that will be used alongside the six
loudspeaker and mono-presentation conditions described in the paper by Musso et al.
(2022):

1. Stereo AMUSE: stimulus presentation via stereo headphones incorporating spatial
information of six directions.

2. Stereo AMUSE + pitch: stimulus presentation via  stereo headphones incorporating
spatial information while shifting the pitch of the stimulus based on the spatial
direction.

Multiple stereo conditions were tested before deciding on these two stereo conditions. For
further details see Kortenbach (2022).

The remainder of this paper will use abbreviations for the different audio conditions. 6D = six
loudspeaker, ST = stereo AMUSE, SP = stereo AMUSE + pitch, MO = mono headphone.

This study will analyze the performance of the newly introduced stereo conditions compared
to the 6D and MO conditions by conducting a behavioral study. For the behavioral study,
participants will be asked to count the number of target words. After every trial the participant
will be asked to name the target word and the amount of times they counted it.
In addition, this study will evaluate the subjective ergonomic experience and workload for the
four different audio conditions. As stated above, better subjective ergonomic ratings were
related to better classification accuracy (Höhne et al., 2012) and other psychological factors
such as mood and motivation (Nijboer et al., 2010) affect P300 amplitude (Baykara et al.,
2016; Kleih et al, 2010) and BCI performance (Kleih et al., 2011; Tangermann et al., 2011).
Moreover, increasing workload decreases the amplitude of the P300 ERP response (Gopher
& Donchin, 1986; Käthner et al., 2013; Kramer et al., 1986; Wintink et al., 2001). The
question is whether these subjective ratings differ between paradigms using six
loudspeakers versus stereo headphones for the spatial presentation of stimuli.
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The results of the behavioral study, subjective ratings, and workload ratings will be
compared to the peak amplitudes and latencies of the P300. The amplitude and latency of
the P300 ERP components affect classification accuracy. Factors influencing the P300
response like gender, age, and handedness (Polich, 2007), are controlled for via exclusion
criteria and counterbalancing.
Furthermore, this study will investigate if the results of the behavioral study, subjective
ratings, and workload ratings are correlated with the classification accuracy of the system for
each of the four audio conditions.

The following research questions were defined:
- RQ1a) Behavioral Study: Is there a significant difference in counting accuracy when

transitioning from the 6D condition to ST versus SP versus MO?
- RQ1b) Behavioral Study and Component Analysis: Is there a correlation between the

results of the behavioral study and the amplitude and latency of the P300 ERP
component when transitioning from the 6D condition to ST versus SP versus MO?

- RQ1c) Behavioral Study and Classification Accuracy: Is there a correlation between
the results of the behavioral study and the classification accuracy when transitioning
from the 6D condition to ST versus SP versus MO?

- RQ2a) Workload Rating: Is there a significant difference between the workload
ratings when transitioning  from the 6D condition to ST versus SP versus MO?

- RQ2b) Workload Rating and Component Analysis: Is there a correlation between the
workload ratings and the amplitude and latency of the P300 ERP component when
transitioning from the 6D condition to ST versus SP versus MO?

- RQ2c) Workload Rating and Classification Accuracy: Is there a correlation between
the workload ratings and classification accuracy when transitioning  from the 6D
condition to ST versus SP versus MO?

- RQ3a) Subjective Rating: Is there a significant difference between the subjective
ergonomic ratings when transitioning  from the 6D condition to ST versus SP versus
MO?

- RQ3b) Subjective Rating and Component Analysis: Is there a correlation between
the subjective ratings and the amplitude and latency of the P300 ERP component
when transitioning  from the 6D condition to ST versus SP versus MO?

- RQ3c) Subjective Rating and Classification Accuracy: Is there a correlation between
the subjective ratings and classification accuracy when transitioning  from the 6D
condition to ST versus SP versus MO?
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2. Methods

2.1 Design

The influence of stimulus presentation was investigated in a one-way within-subject study,
using an auditory ERP-based BCI paradigm. To account for interpersonal variability of BCI
performance and EEG signals, a within-subject research design was selected (Blankertz et
al., 2010). Dependent variables were the counting results of the behavioral study, offline
classification accuracy, the peak amplitude and peak latency of class discriminative ERP
components, and the workload and subjective ergonomic ratings of the four audio
conditions. The independent variable is represented by the four stimulus presentation
conditions:

1. Six loudspeaker (6D): stimulus presentation via six equally-spaced loudspeakers.
2. Stereo AMUSE (ST): stimulus presentation via stereo headphones incorporating

spatial information of six directions.
3. Stereo AMUSE + pitch (SP): stimulus presentation via  stereo headphones

incorporating spatial information while shifting the pitch of the stimulus based on the
spatial direction.

4. Mono headphones (MO): mono-presentation of stimuli via headphones.

2.2 Participants

Data of 8 healthy participants were analyzed in this study (4 male, 4 female, M = 20.75𝑎𝑔𝑒
years, SD = 0.43, range = 20-21 years). All participants reported being native Dutch
speakers, having been raised monolingual, being right-handed and non-musicians, having
no hearing problems, no traumatic brain injury, and no neurological, psychological or
psychiatric conditions. None of the participants had prior experience with BCI paradigms.
Participants were recruited at Radboud University Nijmegen. Participation was voluntary and
participants did not receive monetary reimbursement. All participants signed informed
consent forms prior to participation in this study (see Appendix: A). Data recordings were
conducted using pseudonyms and the study was approved by the Ethics committee of the
Faculty of Social Science.

2.3 Instruments

2.3.1 EEG

An EEG signal was recorded with the BrainVision Recorder (Brain products) and amplified
by a multichannel EEG amplifier (BrainAmp DC, Brain Products) with 32 passive Ag/AgCl
electrodes (EasyCap), grounded at channel AFz and referenced behind the left ear. Channel
list: ['Fp1', 'Fp2', 'F3', 'F4', 'C3', 'C4', 'P3', 'P4', 'O1', 'O2', 'F7', 'F8', 'T7', 'T8', 'P7', 'P8', 'Fz',
'Cz', 'Pz', 'FC1', 'FC2', 'CP1', 'CP2', 'FC5', 'FC6', 'CP5', 'CP6', 'Oz', 'TP10', 'PO9', 'PO10',
'FCz', 'vEOG']. The sampling rate was 1 kHz with impedances kept below 20 kΩ (ground and
reference electrodes below 5 kΩ). The signal was processed using an analog bandpass filter
between 0.016 and 250 Hz before digitizing and storing it for offline analysis.
Electrooculographic (EOG) artifacts were detected using an additional electrode placed
below the right eye. To avoid artifacts, participants were shown their EEG signal and taught
how to avoid critical movements before starting the experiment .
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2.3.2 Workload Rating

The workload of the four audio conditions was evaluated using the NASA-TLX questionnaire
(NASA Human Performance Research Group, 1987). The NASA-TLX is a well validated
instrument for the evaluation of subjective workload (Hart, 2006) and it has recently been
used as a measure of workload for BCI applications (Käthner et al., 2013; Pasqualotto et al.,
2011; Riccio et al., 2011; Simon et al. 2015). The questionnaire consists of six subscales:
Mental, Physical and Temporal Demands, Performance, Effort and Frustration. Each
subscale has to be rated on a 21 point scale with a score ranging from 0 (low) to 100 (high).
For this study, the weighting procedure of the NASA-TLX was eliminated; the ratings were
averaged to provide an estimate of overall workload. A meta-analysis in which unweighted
NASA-TLX scores were compared to weighted NASA-TLX scores found no significant
differences (Grier, 2015). See Appendix: B for the questionnaire.

2.3.3 Subjective Ergonomic Rating

The subjective ergonomic experience questionnaire partially adapted from Höhne et al.
(2012) comprised five items asking for the subjective ergonomic experience, i.e. motivation,
stimulus discriminability, concentration, confidence, and overall rating, for each of the four
audio conditions of the BCI paradigm. Each item had to be answered on a visual analogue
scale ranging from 0 (low) to 100 (high). Furthermore, the questionnaire contained an
additional question asking the participant to indicate if a specific sound stimulus was too
loud/quiet when using a certain audio condition. See Appendix: B for the questionnaire.

2.4 Stimuli

2.4.1 Auditory

The Dutch sentence and word stimuli were processed and edited with Audacity 3.1.3. (for
further details see De Wit, 2022). Auditory word stimuli were selected according to the
following constraints: Firstly, all word stimuli consisted of bisyllabic nouns with two
consecutive starting consonants. Secondly, the initial consonant and vowel of the first
syllable had to be different. Words stimuli were of neutral valence according to Moors et al.
(2013), depictable, and similar in duration and frequency. Furthermore, word stimuli were not
contained in clinical assessment tests used in the study by Musso et al. (2022), such as the
Aachen Aphasia Test. Six sentence stimuli were formulated in a way that the beginning of
each sentence semantically implied only one of the six word stimuli and the corresponding
word was not present in the cueing sentence. The Dutch sentence stimuli (English
translation in italics) and the corresponding target words (in red) are shown below:

1. Ik zie mijn reflectie in de . . . spiegel
I see my reflection in the . . . mirror

2. Ik mix een milkshake in de . . . blender
I mix a milkshake in the blender

3. We eten aardappelen, vlees en . . . groenten
We’re eating potatoes, meat, and vegetables
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4. Om zijn nek draagt de zakenman een . . . stropdas
The businessman is wearing a tie around his neck

5. Op de kermis win ik een grote . . . knuffel
I win a big stuffed animal at the carnival

6. Het veld wordt omgeploegd met een . . . tractor
The field gets plowed with a tractor

2.4.2 Visual

In the six loudspeaker, stereo AMUSE, and stereo AMUSE + pitch conditions visual stimulus
was displayed during sentence presentation to indicate the target speaker direction. The
visual cue was not displayed during the word sequence presentation. The visual cue
consisted of a circle of six dots on a black background, five white and one red dot, with the
red dot corresponding to the target speaker direction (see Figure 3).

Figure 3: Visual cue to indicate target speaker direction

2.5 Auditory BCI Paradigm

2.5.1 Setup

The experimental paradigm was implemented in MATLAB (version 2020b, The Mathworks,
Inc.) and Python (version 3.8.13). Sound files were transmitted through an external
soundcard (Behringer X Air XR18) to loudspeakers (Audioengine A2+) or headphones Shure
SE112). Due to soundcard characteristics, sound files were presented with a mean delay of
47.8 ms (SD = 1.2 ms). Sound delay was tested by playing a 440 hz sinusoid a 1000 times
with a stimulus onset asynchrony (SOA) of 150 ms. Visual stimuli were displayed using a 24
inch LED flat-screen monitor (BenQ XL2420T).

For the BCI paradigm adapted from Musso et al. (2022), six loudspeakers were arranged in
a ring (diameter 120 cm, angle between speakers 60°, see Figure 4). Participants were sat
in a chair in the center of the ring, such that their eyes were on the diagonal line between left
and right speaker (head-speaker distance 60 cm). In front of the participant was a computer
screen with a fixation cross. For details see Appendix: C.
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Figure 4: Experimental setup of the paradigm for the four conditions. The angle between
speakers is 60° and eyes-monitor-distance is approximately 80 cm. During the experiment,
stimuli were presented either via six loudspeakers, stereo headphones, stereo headphones
incorporating pitch, or mono audio via headphones.

2.5.1.1 Six loudspeaker condition (6D)

In the six loudspeaker condition, stimuli were presented from all six speakers. During a trial,
each of the six words appeared from the same six speaker directions. Likewise, the cueing
sentence and corresponding target word were also presented from the same speaker
direction. For every trial the relation between word stimuli and loudspeaker direction was
pseudorandomized.

Figure 5: Six loudspeaker condition

2.5.1.2 Stereo AMUSE condition (ST)

The stereo AMUSE condition reduces the six loudspeaker setup to stereo headphones.
Stimuli are presented via six virtually simulated loudspeaker directions. These loudspeaker
directions are the same as the ones used in the six loudspeaker condition. This allows the
participant to exploit spatial information with a less complicated setup.
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Figure 6: Stereo AMUSE condition

2.5.1.3 Stereo AMUSE + pitch condition (SP)

The stereo AMUSE + pitch condition uses the same virtually simulated loudspeaker
directions as the aforementioned condition. Additionally, stimuli are varied in pitch to
increase discriminability. Stimuli from certain directions are always presented in the same
pitch. In this condition, stimuli presented via the two frontal speakers have a higher pitch (+1
tone), while stimuli presented via the two speakers in the back have a lower pitch (- 1.5
tone).

Figure 7: Stereo AMUSE + pitch

2.5.1.4 Mono headphone condition (MO)

In the mono headphone condition stimuli were presented via headphones with one
mono-channel. As a consequence, spatial information of the stimulus could not be exploited.
For the first two subjects audio stimuli were presented only in the left ear (see Section 4.5.1
for further details). For the remaining six subjects audio stimuli were presented in both ears
simultaneously.
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Figure 8: Mono headphone condition

2.5.2. Trial Structure

During a trial, one word was the target and the other five words were non-targets. A single
run consisted of six trials. During a run each of the six words was the target exactly once.
The target word was indicated by a cueing sentence. In all four conditions a trial started with
a ‘get ready’ cue (“Herstart”) while a fixation cross was displayed on the screen (see Figure
9). Followed by an indication of the target word via the cueing sentence with the last word
missing, i.e. the target word. The cueing sentence was played from a specific speaker or
virtually simulated direction to indicate the direction of the target word. Between trials of the
same run, the target word changed in pseudorandom order. In the 6D, ST, and SP conditions
target direction also changed in each trial. The minimum distance between target directions
of two successive stimuli was one speaker. Target direction was indicated on the screen
using a visual cue (see Figure 3). After the visual cue, a word sequence was presented
consisting of 15 repetitions of the six words (90 total stimuli, 15 targets, 75 non-targets,
SOA=250 ms, duration: 22s) in pseudorandom order such that between two targets
minimum one and maximum ten non-targets were presented. Because the SOA was set to
250 ms word stimuli slightly overlapped.
Participants were instructed to fully concentrate on the target word and count how many
times it was presented. During familiarization participants were told the target word would be
presented exactly 15 times during each trial. The end of a trial was indicated by another
audio cue (“Ontspan”). Participants were asked to report the target word and their total count
after the ‘end of trial’ cue was played. Trial length was approximately 35 s due to different
sentence lengths.
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Figure 9: Example of one trial including screen display during condition 6D, ST, and SP.

2.6 BCI Session

BCI sessions took place at the Donders Institute in Nijmegen. A single session lasted about
3 hours and included the following phases: (a) preparation of EEG cap, ca. 45 min, (b)
familiarization phase, ca. 15 min, (c) resting state recording, 1 min eyes open, 1 min eyes
closed, (d) two recordings of the standard oddball paradigm, 2 x 5 min, (e) the auditory BCI
paradigm, 1.5 - 2 hours, and (f) the workload and subjective rating questionnaires, ca. 10
min, as listed in Table 1.

2.6.1 Familiarization Phase

Familiarization took place immediately before the BCI paradigm. The familiarization phase is
used to introduce participants to the audio stimuli, to learn the combinations of the target
word and cueing sentences, and to prepare participants for the relatively high SOA.
Familiarization was adjusted based on the performance of the participant. It generally
consisted of seven consecutive steps. In the first step, each of the six words was played
three times from the same speaker direction, after which the participants had to repeat the
word. In step two, each cueing sentence was presented from the same speaker direction
with a short pause before the last word, during which participants had to say the missing
target word. Thirdly, participants completed a practice run of the six loudspeaker condition
with slow SOA and less stimuli (3 targets, SOA = 1 s). Participants were instructed to count
the target words in silence without moving their lips or using their fingers to count.
Participants had to wait until the end of trial cue (“Ontspan”) to repeat the target word and
the total count to not disrupt the EEG recording. When participants felt confident about the
task, they moved on to step four in which they practiced a run of the six loudspeaker
condition with the actual number of target words and SOA used in the experimental
paradigm (15 targets, SOA = 0.25 s). In the last three steps, the participant practiced with
the other three audio conditions (ST, SP, MO) while also using the actual number of target
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words and SOA of the experimental paradigm. After every step, participants were asked if
they wanted to practice more or if they felt confident enough to move on to the next step. No
EEG signal was recorded during familiarization.

Table 1: OB = Oddball, F = Familiarization, 6D: six speakers condition, ST: stereo AMUSE
condition, SP: stereo AMUSE + pitch condition, MO: mono headphone condition. *repeated if
necessary.

2.6.2 Auditory Oddball

After familiarization and two resting state recordings, two runs of the oddball paradigm (OB)
were presented to the participant. The OB consisted of infrequently presented target tones
(high pitch: 1000 Hz) and frequently presented non-target tones (low pitch: 500 Hz). A single
OB run consisted of 50 targets and 250 non-targets presented in a pseudorandom order with
an SOA of 1 s, amounting to 5 min total task duration. Before the OB, participants were
instructed to fully focus on the target tone and ignore the non-target tone. In addition, they
needed to count the total number of target tones. The OB was presented using the six
loudspeaker condition, with the target tone always presented from the same speaker
direction.

2.6.3 BCI Paradigm

The auditory ERP-based BCI paradigm consisted of auditory word sequences presented in
four conditions 6D, ST, SP, and MO. The trials were presented as follows. A single run
consisted of six trials, such that each word was the target exactly once (see Figure 10b). Six
runs were presented in one block, and the paradigm consisted of four blocks coinciding with
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the four audio conditions (see Figure 10a). The order of the runs was pseudorandomized to
prevent succession of auditory conditions with the goal of minimizing learning effects. The
experimental paradigm consisted of 4 blocks × 4 runs × 6 trials × 90 stimuli = 8640 stimuli in
total. One run took approximately 4 min, one block lasted approximately 24 min, and the
complete paradigm had a duration of 96 min excluding breaks. Participants could take longer
breaks between blocks (5-15 min) and short breaks between runs (0-5 min). During the
longer breaks participants were provided food and drinks and they conversed with the
researchers about their opinion of the different audio conditions.

A B

Figure 10: Paradigm procedure. (A) The BCI paradigm consisted of four blocks. For each
audio condition, a single run was presented in pseudorandomized order in one block. A run
consisted of six trials. (B) Example of a single run in the 6D condition. Between trials there is
a break of 3 s.

2.7 Offline Signal Processing

EEG signals were analyzed offline using Python (version 3.8) and the MNE toolbox (version
1.0.3). EEG analysis was part of the bachelor’s thesis by Milosevska (2022), the sections
below provide a summary of the methods used in the analys.

2.7.1 Pre-processing

Sampled EEG data was pre-processed for each participant. The signal was
bandpass-filtered to [0.5, 12] Hz for visualization of the averaged epochs and to [0.5, 8] Hz
for classification after which it was sub-sampled to 100 Hz. The signal was split into epochs
containing data from -260 ms before stimulus onset (0 ms) to +1200 ms after stimulus onset.
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Epochs were rejected based on a maximum amplitude of 200μV for the EEG channels and
300μV for the EOGv, for further details see Milosevska (2022). For the remaining epochs,
data from -260 ms to -10 ms (the length of a single word stimulus) were used for baseline
correction. Then, the ERP signal per participant is obtained by averaging over all target
epochs and all non-targets separately for each electrode.

2.7.2 Feature Extraction

Feature extraction finds a smaller subset of class-discriminative features from the
high-dimensional pre-processed EEG data. For ERP analysis, feature dimensionality can be
reduced by extracting suitable features like the average amplitude in certain time intervals
(Blankertz et al., 2011). Based on the study by Musso et al. (2022), ten time intervals of
interest [80, 150; 151, 210; 211, 280; 271, 350; 351, 440; 450, 560; 561, 700; 701, 850; 851,
1000; 1001, 1200] were selected, leading to 32 channels × 10 time intervals = 320 features.

2.8 Offline Classification

It is important to note that this was an offline study. Unlike the study by Musso et al. (2022),
participants did not receive any feedback about the model's ability to discriminate between
the attended and unattended word. Since the goal of this experiment was not to train the
language abilities of the participants but rather to investigate the viability and user
experience of the simplified audio setup.
For each participant and for each of the four audio conditions of the experimental paradigm a
binary-choice classifier was trained on the pre-processed ERP signals to classify between
target and non-target stimuli. Class sizes were imbalanced: the classifier was trained on
1440 targets and 7200 non-targets per participant. Moreover, to investigate whether certain
word stimuli were perceived as easier or more difficult, additional binary classifiers were
trained on all target and non-target presentations of each of the six word stimuli.

2.8.1 Linear Discriminant Analysis

To classify between the target and non-target responses, a shrinkage-regularized linear
discriminant analysis was used (Blankertz et al., 2011). As stated previously, linear
discriminant analysis (LDA) is a classification method based on finding a decision boundary
to separate two classes. LDA assumes that the covariance matrices of either class are
equal, that both classes are normally distributed, and that the classes are linearly separable .
LDA uses a weight vector and a bias term to project the data to a new space. Within𝑤 𝑏 𝑥
this new space, a separating hyperplane can be calculated which divides the two classes.

This hyperplane is defined by . The output of the classifier ranges between𝑤𝑡𝑥 +  𝑏 =  0
[-1, 1], depending on the input ERPs. With -1 being the target class and 1 being the
non-target class. Weights are calculated to minimize the variance within the projected𝑤
distributions, while maximizing the distance between the estimated means of the two
classes. In the case of EEG data, covariance matrices show high dimensionality and there is
relatively little training data (Blankertz et al., 2011). Because of this, LDA tends to
overestimate large eigenvalues and underestimate small eigenvalues contained in the
original covariance matrix, which in turn leads to a lower classification accuracy (Blankertz et
al., 2010). Therefore, shrinkage regularization needs to be applied to the LDA model in order
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to shrink the extreme eigenvalues towards the average values in the estimated covariance
matrix with the goal of obtaining a lower estimation error (Höhne et al., 2015). For further
details on the EEG analysis pipeline used for this study see Milosevska (2022).

2.8.2 Classification Accuracy

To evaluate classifier output, the classification accuracy was estimated using chronological
5-fold cross-validation. Data were split into five groups keeping their chronological order. The
classifier was trained five times on different combinations of the other four data groups and
the remaining fifth part was used as a holdout set to test classification accuracy. The
accuracy of each individual participant was reported as the mean of the five test accuracies.
Classification accuracy was expressed as the Area under the Receiver Operating
Characteristics (ROC) Curve (AUC). The ROC curve expresses the true positive rate against
the false positive rate taking into account all possible class-separation thresholds. The AUC
is the area under the ROC curve and it describes the degree of separability between two
classes. The AUC is independent of class sizes and robust against different numbers of
epochs (Schreuder, 2014). Classification accuracies were tested for significance above
chance level with permutation testing, see Milosevska (2022).

2.9 ERP Analysis

2.9.1 Grand Average ERP

The grand average ERP response was obtained by applying the signal processing
procedure as described in Section 2.7 to the EEG data of each participant before averaging
over all stimulus locked epochs for targets and non-targets.

2.9.2 ERP Component Analysis

For each participant, the peak amplitude and latency of the P300 ERP component were
analyzed. Peak amplitudes and latencies were determined using bootstrapping in which 80
percent of the data was randomly sampled 10 times before averaging peak readouts. The
peak amplitude was defined as the maximum voltage in a selected time window. The
selected time windows were set to [200-400] for the negativity and [300-700] for the positivity
based on visual inspection of the data. Peak latency was defined as the time between
stimulus onset and maximum/minimum amplitude of the ERP component. Visual inspection
of the data revealed that channels Cz and F3 had the highest target ERP amplitudes for the
P300 and N200 components, respectively (Milosveska, 2022).

2.10 Statistical Analysis

After conducting the Shapiro-Wilk for all dependent variables it was concluded that the data
was not normally distributed due to the small sample size (n=8) of the study. For that reason,
only non-parametric tests were used for statistical analysis.
To test for differences in counting accuracy, workload ratings, and subjective ratings, a
Friedman test with the within-subject factor ‘stimulus presentation’ (6D vs. ST vs. SP vs.
MO) was conducted. As a measure of effect size for the Friedman test, eta squared η² was
used with η² < .06 being a small effect, .06 ≤ η² ≤ .13 being a medium effect, and η² > .13
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being a large effect (Cohen, 1988). The Friedman test is a non-parametric alternative to the
repeated measure one-way ANOVA test for testing whether two or more independent
samples originate from the same distribution (Friedman, 1937). A significant Friedman test
indicates that there is a difference between groups. However, the test does not identify in
which groups this difference occurs. Therefore, to further analyze differences between
conditions, pairwise two-tailed Wilcoxon signed-rank tests were conducted (reported with
Bonferroni-adjusted confidence intervals and p-values for multiple comparisons). The
Wilcoxon signed-rank test is the nonparametric test equivalent to the paired-samples t-test. It
can be used to compare two matched samples to assess whether their population mean
ranks differ (Wilcoxon, 1945). To test if the results of the behavioral study and the
workload/subjective questionnaires are correlated with classification accuracy and the peak
amplitudes and latencies of the P300 ERP component, Kendall's tau-b correlations were
conducted for each condition (reported with Bonferroni-adjusted p-values for multiple
comparisons). Kendall's tau-b is the non-parametric equivalent to the Pearson’s correlation
coefficient. In this study it is used as an alternative to the non-parametric Spearman’s
rank-order correlation coefficient. Since Kendall's tau-b is specifically adapted to handle ties
in the data and will produce a more accurate p-value in the case of a small sample size
(Best & Gipps, 1974; Kendall, 1976). This makes it well suited for this study since the
subjective ratings dataset contains excessive ties.
All statistical analysis was performed with Python (version 3.8) and R (version 4.1.3). The
statistical significance level was set to ⍺ = .05.
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3. Results

3.1 Behavioral Data

3.1.1 Counting Task

Counting task accuracies are reported in percentage terms. Wilcoxon signed-rank test
reported with Bonferroni-adjusted confidence intervals and p-values for multiple

comparisons. In the results section Bonferroni-adjusted p-values will be reported as .𝑝𝑏

Six pairwise comparisons so ⍺ = 0.05/6 = 0.0083. In the 6D condition, subjects reached a
mean counting accuracy of 98.61% (SD = 1.09, range = 96.1-99.7%), in the ST condition a
mean counting accuracy of 96.33% (SD = 2.72, range = 90.0-98.6%), in the SP condition a
mean counting accuracy of 97.53% (SD = 2.38, range = 92.5-99.4%), and in the MO
condition a mean counting accuracy of 89.85% (SD = 6.32, range = 75.8-96.4%), see Figure
11a. It should be noted that subject four is a clear outlier in the data, see Figure 11b. During
the experiment this subject indicated that they felt fatigued and they had difficulty
concentrating. The counting accuracy of subject four was subpar, mainly in the MO
condition, which impacted the mean counting accuracies. Counting accuracy differed
significantly between conditions, as indicated by the Friedman test, χ2 = 22.77, p = <.001, η²

= .706. Accuracies were higher in the SP condition than in the ST condition (Z =  2.66, =𝑝𝑏

.047) and MO condition (Z =  2.66, = .047). Counting accuracy in the ST condition was𝑝𝑏

higher than in the MO condition (Z =  2.66, = .047). No significant difference was found𝑝𝑏

between the 6D condition and the other three audio conditions, see Table 3 for all pairwise
comparisons.

Figure 11: Counting accuracies for the four audio conditions. Bars on the left represent mean
counting accuracy values, red error bars represent standard error of mean (SEM). Bars on
the right depict individual counting accuracies. 6D = six loudspeaker condition, ST = stereo
AMUSE condition, SP = stereo AMUSE + pitch condition, MO = mono headphone condition.
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3.1.2. Correlation between counting accuracy and P300 amplitude and latency

Kendall’s tau-b correlation was Bonferroni adjusted for multiple comparisons. Four
comparisons in total (6D, ST, SP and MO), so  ⍺ = 0.05/4 = 0.0125.
For all four audio conditions, correlation between counting accuracy and P300 amplitude
was not significant (6D: τb =.182, p = .618, ST: τb = .214, p = .548, SP: τb =0, p = 1, MO: τb
= .357, p = .275). Moreover, correlation between counting accuracy and P300 latency was
not significant (6D: τb = -.255, p = .454, ST: τb = .357, p = .275, SP: τb = .222, p = .530, MO:
τb = -.071, p = .905). See Table 2 for the full correlation matrix.

3.1.3. Correlation between counting accuracy and classification accuracy

For all four audio conditions, correlation was not significant after Bonferroni correction (6D:
τb = .618, p = .046, ST: τb = -.071, p = .905, SP: τb = .296, p =.379, MO: τb = .286, p =.399).
Without Bonferroni correction there is a significant positive correlation between counting
accuracy and classification accuracy in 6D (τb = .618, p = .046), such that the higher the
counting accuracy the higher the classification accuracy.
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Table 3: Paired Wilcoxon signed-rank test for differences in counting task accuracy,
subjective ratings, and workload ratings between conditions.

Note: 6D = six loudspeaker condition, ST = stereo AMUSE condition, SP = stereo AMUSE +
pitch condition, MO = mono headphone condition. CI = confidence interval, LL = lower limit,
UL = upper limit. Counting Task accuracies reported in percentage terms, Subjective Rating
and Workload Rating values range from 0 (low) to 100 (high). ᵇValue Bonferroni-adjusted for
multiple comparisons, *p < .05



32

3.2 Workload Data

3.2.1 Workload Rating

The 6D condition had a mean workload of 40.73 (SD = 14.78, range = 18.3-65.0), the ST
condition had a mean workload of 51.88 (SD = 10.69, range = 35.8-67.5), the SP condition
had a mean workload of 46.86 (SD = 14.35, range = 18.3-70.8), and the MO condition had a
mean workload of 66.56 (SD = 11.53, range = 45.8-84.2). Mean workload differed
significantly between conditions, χ2 = 20.54, p = <.001, η² = .627. The workload rating was

lower in the 6D condition than in the ST condition (Z =  2.66, = .047). For both the ST and𝑝𝑏

SP condition the workload rating was lower than for the MO condition (Z =  2.66, = .047𝑝𝑏

for ST-MO and SP-MO). No significant differences were found between the other pairwise
comparisons, see Table 3. These workload ratings show a clear trend: perceived workload
was lower in the spatial presentation conditions 6D, ST, and SP than in the non-spatial
presentation condition MO, see Figure 12. All subjects, except for subject 2, indicated that
the counting task was the most difficult in the MO condition, see Appendix: D/E for counting
scores and conversation notes.

Figure 12:  Boxplot showing the spread of the workload data and the outliers.
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Table 4: Descriptive Values for Workload Data. 6D = six loudspeaker condition, ST = stereo
AMUSE condition, SP = stereo AMUSE + pitch condition, MO = mono headphone condition.
Workload rating values range from 0 (low) to 100 (high).

3.2.2. Correlation between workload rating and P300 amplitude and latency

Kendall’s tau-b correlation was Bonferroni adjusted, the ⍺ value was set to 0.0125. For all
four audio conditions, correlation between workload ratings and P300 amplitude was not
significant (6D: τb = .500, p = .109, ST: τb = -.071, p = .905, SP: τb = .036, p = 1, MO: τb =
-.500 , p = .109). Moreover, correlation between workload ratings and P300 latency was not
significant (6D: τb = 0, p = 1, ST: τb = -.071, p = .905, SP: τb = -.109, p = .803, MO: τb =
-.071, p = .905).

3.2.3. Correlation between workload rating and classification accuracy

For all four audio conditions, correlation was not significant (6D: τb = .143, p = .720, ST: τb =
.214, p = .548, SP: τb = -.036, p = 1, MO: τb = 0, p = 1).

3.3 Subjective Data

3.3.1 Ergonomic Rating

Ergonomic aspects concerning the four audio conditions were rated significantly different for
all items, as indicated by main effects Condition for ‘Motivation’, χ2 = 17.81, p = <.001, η² =
.529; ‘Discriminability’, χ2 = 19.83, p = <.001, η² = .601; ‘Concentration’, χ2 = 12.09 , p =
.007, η² = .325, ‘Confidence’, χ2 = 21.00, p = <.001, η² = .643; ‘Overall Rating’; χ2 = 22.68,
p = <.001, η² = .703. Post-hoc Wilcoxon signed-rank tests did not find any significant
differences between audio conditions, see Table 3. This is due to the small sample size of
the study and excessive ties in the subjective data which reduces the statistical power of the
Wilcoxon signed-rank test (discussed in Section 4.5.7). Descriptively, ergonomic ratings
were higher in the spatial presentation conditions 6D, ST, and SP than in the non-spatial
presentation condition MO, see Table 5. Subject 2 was the only participant to rate the MO
condition higher in ‘Discriminability’ compared to the stereo conditions ST and SP, see
Figure 13.
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Table 5: Descriptive Values for Subjective Data. 6D = six loudspeaker condition, ST = stereo
AMUSE condition, SP = stereo AMUSE + pitch condition, MO = mono headphone condition.
Ergonomic rating values range from 0 (low) to 100 (high).

3.3.2. Correlation between ergonomic rating and P300 amplitude and latency

Kendall’s tau-b correlation was Bonferroni adjusted, the ⍺ value was set to 0.0125.
For ‘Motivation’, correlation with P300 amplitude was not significant after Bonferroni
correction (6D: τb = -.036, p = 1, ST: τb = .741, p = .017, SP: τb = .445, p = .167, MO: τb =
.567, p = .075). Without Bonferroni correction there is a significant positive correlation
between motivation and P300 amplitude in ST (τb = .741, p = .017), such that the higher the
motivation of the subject the higher the P300 amplitude. For ‘Motivation’, correlation with
P300 latency was not significant  (6D: τb = .182, p = .618, ST: τb = -.222, p = .530, SP: τb =
-.148, p = .706, MO: τb = .189, p = .611)
For ‘Discriminability’, ‘Concentration’, ‘Confidence’ and ‘Overall Rating’ correlation with P300
amplitude and latency was not significant, see Table 2.

3.3.3. Correlation between ergonomic rating and classification accuracy

For ‘Motivation’, correlation was not significant after Bonferroni correction (6D: τb = .182, p =
.618, ST: τb = .667, p = .033, SP: τb = .741, p = .017, MO: τb = .038, p = 1). Without
Bonferroni correction there is a significant positive correlation between motivation and
classification accuracy in ST (τb = .667, p = .033) and SP (τb = .741 p = .017), such that the
higher the motivation of the subject the higher the classification accuracy.
For ‘Discriminability’, ‘Concentration’, ‘Confidence’ and ‘Overall Rating’ correlation with
classification accuracy was not significant, see Table 2.
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4. Discussion

The aim of this study was to investigate whether a simplified audio setup is possible for the
BCI-based language training paradigm by Musso et al. (2022). Two new stereo conditions,
stereo AMUSE (ST) and stereo AMUSE + pitch (SP), were tested versus the six loudspeaker
(6D) and mono headphone (MO) conditions of the original paradigm by Musso et al. The
results show that the stereo conditions are comparable to the 6D in terms of counting task
performance, ergonomic ratings and workload. The 6D condition outperforms the other
conditions in all aspects. However, the SP is a close second, slightly outperforming the ST
condition.

4.1 Summary of Results

First, there was a significant difference in counting accuracy between the SP condition and
the ST and MO condition, as well as a significant difference between the ST and MO
condition, showing that the current offline BCI paradigm greatly benefits from spatial
presentation of stimuli. Descriptively, counting accuracy was highest in the 6D condition.
Furthermore, a significant positive correlation between counting accuracy and classification
accuracy was observed in the 6D condition (without Bonferroni correction).
Spatial presentation conditions 6D, ST and SP were also superior in workload data. The 6D
condition was rated significantly lower in workload than the ST condition, and the workload
ratings for both the ST and SP condition were lower than for the MO condition. No significant
correlation was found between workload rating and classification accuracy or the peak
amplitude and latency of the P300. Lastly, ergonomic ratings concerning the four audio
conditions were rated significantly different for all items according to the Friedman test.
However, post-hoc Wilcoxon signed-rank tests did not reveal any significant differences
between audio conditions. Descriptively, ergonomic ratings were highest in the 6D condition,
followed by the SP and ST condition in second and third place respectively. Moreover, a
significant positive correlation was observed between motivation and P300 amplitude in the
ST condition, as well as a positive correlation between motivation and classification accuracy
(both without Bonferroni correction). In the next sections the individual research questions
will be addressed.

4.2 Behavioral Study

4.2.1. RQ1a: Difference in counting accuracy

Counting accuracy differed significantly between conditions, as indicated by the Friedman
test. Descriptively, counting accuracy was higher for the spatial conditions 6D, ST and SP
than for the non-spatial condition MO. This may indicate that, in the current attention task,
with a relatively fast SOA and short stimulus length, spatial presentation helped participants
discriminate the target word by cueing them to focus on a single direction. As a result, it
added additional information to the stimulus information, facilitating the discrimination
between stimuli and the focusing of attention. Without extra spatial information, the high
semantic and phonological information of spoken word stimuli might not have been enough
to identify and discriminate stimuli. Thus, this study was able to replicate the findings by
Schreuder et al. (2010) and Denzer (2016) showing that spatial presentation of words adds
vital information to the stimuli. Regarding research using headphones to virtually simulate
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spatial presentation, the current findings are similar to the study that used spoken digits
(Gao et al., 2011), which found higher classification accuracy with spatial presentation.
However, counting accuracy cannot be compared directly to classification accuracy (Höhne
et al., 2011). A subject can have low counting performance but a high classification accuracy,
the two measurements are not always correlated. Rather, counting accuracy should be used
as an additional measurement to verify target detection, i.e. a low counting accuracy means
a low number of recognized targets.

Pairwise Wilcoxon signed-rank tests found a significant difference in counting accuracy
between the SP condition and the ST and MO condition, as well as a significant difference
between the ST and MO condition. However, the test did not find any significant differences
between the 6D condition and the other three audio conditions. This is because of the way
the Wilcoxon signed-rank test handles ties in the data. There are two types of ties that occur
when using the Wilcoxon signed-rank test: observations in the sample may be exactly equal,
or the difference between two observations may be equal. Due to the nature of the counting
accuracy data set both of these types of ties occur in the pairwise comparisons. The
Wilcoxon signed-rank test assigns ranks to observations based on their absolute values
relative to each other. In the case of equal observations or equal differences, R takes the
average of their ranks which means the Wilcoxon rank sum distribution cannot be used to
calculate exact p-values. Instead, the wilcox.test function returns a normal approximated
p-value along with a warning message that says “cannot compute exact p-value with ties” (R
Core Team, 2016). This decreases the statistical power of the test, meaning the test is more
likely to make a type II error by wrongly failing to reject the null hypothesis. In the present
study the effect of ties is even larger because of the small sample size of the data. Hence,
since the counting accuracy data set for the 6D condition contained too many ties, the
Wilcoxon signed-rank test did not find a significant result when comparing 6D to ST, SP and
MO.

In the present study, it was hypothesized that the advantage of virtually simulated spatial
presentation might not be as high as spatial presentation in real space. But, as it turns out,
the counting accuracy of the two stereo conditions is comparable to the 6D condition.
Descriptively, the 6D condition had the highest counting accuracy (98.61%), however, the ST
(96.33%) and SP (97.53%) conditions are not far behind. The counting accuracies can be
compared to the study by Höhne et al. (2012) which also implemented a counting task to
verify target detection. This study used the same number of target stimuli as the present
study (15 targets), and also used stereo headphones to simulate spatial direction and altered
the pitch of stimuli. The counting accuracy of the present study is comparable to the counting
accuracy for the natural stimuli conditions used in the study by Höhne et al. (~92% for
spoken syllables, and ~94% for sung syllables). The difference in counting accuracy
between these studies could be explained by the difference in audio stimuli. Since spoken
word stimuli contain higher semantic and acoustic information than syllables this may lead to
facilitated stimulus discrimination, which is important for higher counting accuracy.

The present study also found counting accuracy to be higher in SP condition compared to
the ST condition. This is in line with the findings of the PASS2D study by Höhne et al. (2011)
which also used headphones for spatial presentation and altered the pitch of stimuli. This
experimental paradigm, however, used artificial tone stimuli instead of spoken words. By
analyzing classifier output and multiclass decisions Höhne et al. found that the classifier
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could resolve the dimension “pitch” better than the dimension “direction”. Effectively showing
that altering the pitch of auditory stimuli adds another dimension to the discriminability of the
stimulus. Again, counting accuracy cannot be compared directly to classifier performance.
Nonetheless, the use of pitch alterations may lead to improved stimulus discriminability,
which in turn is important for higher counting accuracy and classification accuracy.

In sum, the present study provides evidence that spatial presentation (both virtually
simulated and in real space) facilitates focusing of attention in an auditory BCI paradigm.
Moreover, pitch alterations are used successfully in this paradigm to improve stimulus
discriminability.

4.2.2. RQ1b: Correlation between counting accuracy and P300 amplitude and latency

Based on previous findings that P300 amplitude is linked to task-processing demand
(Gopher & Donchin, 1986; Polich, 2007) and P300 latency is linked to the difficulty in
differentiating target stimuli from non-targets (Duncan et al., 2009), a significant positive
correlation was expected. Since a higher counting accuracy would mean the task is relatively
simple and the target stimuli are easy to distinguish, this should theoretically lead to a higher
P300 amplitude and shorter latency. However, no significant correlation was found between
counting accuracy and P300 amplitude and latency for all four audio conditions. This might
be caused by a higher latency jitter in the P300 onset due to the use of natural stimuli which
contain increased semantic and acoustic information (Schreuder et al., 2010). Latency jitter
is the variability between peak latencies among stimuli as well as among subjects. In
general, this makes peak analysis more difficult. As a result, there may be some inaccuracy
in the latency data, such that greater variability in latencies might have reduced P300
amplitude in the subjects' ERP (Luck, 2014), for further details see Milosevska (2022).
Another factor affecting peak analysis is that word stimuli were presented with a mean
hardware delay of 47.8 ms. This would reduce mean latency for peaks by 47.8 ms.

4.2.3. RQ1c: Correlation between counting accuracy and classification accuracy

The present study found no correlation between counting accuracy and classification
accuracy. As previously stated, counting accuracy cannot be used as a direct predictor for
classification accuracy (Höhne et al., 2011). Rather, it should be used as an additional
measurement to verify target detection.

4.3 Workload Data

4.3.1. RQ2a: Difference in workload ratings

Mean workload differed significantly between conditions, as indicated by the Friedman test.
The mean workload was lower in the 6D condition than in the ST condition. For both the ST
and SP condition the workload rating was lower than for the MO condition. Lower workload
ratings of the two stereo conditions ST and SP indicate that a spatial headphone paradigm
might be a promising compromise between the goal of high classification accuracy and easy
applicability for everyday BCI use. Interestingly enough, the Wilcoxon signed-rank test did
not find a significant difference in mean workload between the 6D and the MO condition.
Despite the absolute difference in mean workload being the largest between these two
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conditions. Again, this might be caused by ties in the data set and the small sample size of
the study. Furthermore, the standard deviation of the different subscale ratings (Mental,
Physical, etc.) is substantial. This is due to the small sample size of the study and varying
opinions across subjects. For example, subjects 1, 4, and 6 often indicated they felt fatigued
and took multiple longer breaks (5-15 min) while the other subjects only required short
breaks (0-5 min) in between blocks. See Appendix: D for breaks and an overview of
comments by participants.

Even though the NASA-TLX has been the most widely used workload measure in recent
years (Grier, 2015), global workload analyses have been limited to comparisons within the
same test. This is due to the lack of published guidelines on the interpretation of NASA-TLX
results (Hart, 2006). Specifically, there is no reference that a researcher could cite to state if
an observed workload score was high or low. Therefore, to indicate if an observed workload
is high or low, a comparison with similar systems or conditions is required.

When comparing the four audio conditions of the experimental paradigm, it is clear that the
spatial presentation conditions 6D, ST, and SP outperform the non-spatial condition MO in
terms of perceived workload. Still, the difference in mean workload between 6D and ST is
significant (6D: 40.73 - ST: 51.88), as indicated by the Wilcoxon signed-rank test. The
difference between 6D and SP, however, is small (6D: 40.73 - SP: 46.86). This is due to
lower ratings on the ‘Mental’, ‘Physical', ‘Effort’, and ‘Frustration’ subscales compared to the
ST condition. Effectively showing that the addition of pitch decreases the difficulty of the
counting task and improves user experience. The MO condition was rated significantly
higher in workload compared to the two stereo conditions. The largest values are observed
in the ‘Mental’ (82.5), ‘Temporal’ (73,75), and ‘Effort’ (75.0) subscales. This indicates that the
fast presentation of short word stimuli is not eligible for non-spatial presentation via
headphones.

Unfortunately, NASA-TLX workload evaluations of auditory BCI paradigms are scarce. This
makes it difficult to compare the workload evaluations of the present study to similar studies.
Käthner et al. (2013) and Simon et al. (2015) both assessed workload ratings for auditory
BCI paradigms. These studies will be used as a reference to compare the workload ratings
of the present study.
Käthner et al. (2013) evaluated the workload of an auditory BCI spelling system which uses
a combination of pitch and directional cues presented via stereo headphones. The audio
stimuli consisted of a modified version of the tones introduced by Schreuder et al. (2010).
Käthner et al. reported a mean workload of 57.15. The two stereo conditions used in the
present study had a lower mean workload (ST: 51.88, SP: 46.86). The difference in workload
can be attributed to the higher task complexity of the auditory speller. Participants had to
consecutively focus on two different tones to select a target letter. This relation of task
difficulty and workload was demonstrated by Käthner et al., the study found a significant
negative correlation between workload and spelling accuracy (Käthner et al., 2013). The
difference in mean workload could also be explained by the different audio stimuli used in
the study. Käthner et al. used artificial tone stimuli while the present study used natural
spoken word stimuli. Natural stimuli have been shown to improve concentration (ergonomic
rating) and counting accuracy in auditory BCI paradigms (Höhne et al., 2012). Moreover, it
has been found that natural stimuli reduce workload and increase BCI performance (Höhne
& Tangermann, 2014; Lopez-Gordo et al., 2012).
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Simon et al. (2015) measured the workload of an auditory BCI speller that uses animal
sounds combined with directional cues to code rows and columns of a letter matrix.
Participants faced  a screen displaying a 5 × 5 letter matrix with the letters A to Y. Since the
study used an auditory BCI paradigm the matrix only served as a static visual aid. Each row
and each column of the matrix was coded by one of five different animal tones. To better
differentiate the animal tones via headphones, each tone was coded by a single direction.
Participants reported a mean workload of 62.24 in the first session and a mean workload of
69.42 in the second session. These ratings are a lot higher than the mean workload ratings
of the stereo conditions used in the present study (ST: 51.88, SP: 46.86). Again, this is likely
due to the higher task complexity of the auditory speller. Even though the study by Simon et
al. used a longer SOA (400 ms) compared to the present study (250 ms), which has been
shown to improve BCI performance (Höhne & Tangermann, 2012), the spelling task is still
much more challenging compared to the simple counting task used in the current study.
Furthermore, in the study by Simon et al. audio stimuli were only presented from the front.
Although this does eliminate potential front-back confusions, it also lowers the interaural time
difference between audio stimuli since the virtual speaker locations have to be placed closer
together. This might have made it harder for participants to discriminate between spatial
directions.

4.3.2. RQ2b: Correlation between workload ratings and P300 amplitude and latency

No significant correlation was found between workload ratings and amplitude for all four
audio conditions. This is in contrast to the findings of other studies which showed that
increasing workload and task-processing demand reduces the amplitude of the P300
(Gopher & Donchin, 1986; Käthner et al., 2013; Kramer et al., 1986; Wintink et al., 2001).
Based on these findings a significant negative correlation between workload rating and
amplitude was expected. Moreover, no significant correlation was found between workload
ratings and latency. Again, this might be caused by a higher latency jitter in the P300 onset
due to the use of natural stimuli (Schreuder et al., 2010).

4.3.3. RQ2c: Correlation between workload ratings and classification accuracy

Based on the findings by Käthner et al. (2013) a significant negative correlation between
workload ratings and classification accuracy was expected for all four audio conditions of the
experimental paradigm. Denzer (2016) also found a negative correlation between the
ergonomic rating ‘Fatigue’, which is related to workload, and classification accuracy.
However, the present study did not find a significant correlation between workload ratings
and classification accuracy.

4.4 Subjective Data

4.4.1 RQ3a: Difference in subjective ergonomic ratings

According to the Friedman test, there is a significant difference in subjective ergonomic
ratings between the four audio conditions. However, post-hoc pairwise Wilcoxon signed-rank
tests found no significant differences between conditions. This is due to the fact that the
ergonomic ratings data contains excessive ties. To illustrate: the data set for the ergonomic
rating ‘Concentration’ contained the value ‘70’ seven times. Seeing as the data set only
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contains 32 values in total, this is a big problem. With such a small sample size and many
ties in the data the statistical power of the Wilcoxon signed-rank test is severely reduced (as
discussed in section 4.5.7). Moreover, the standard deviation of the ergonomic ratings is
substantial. Again, this is a result of varying opinions across subjects and a small sample
size.

The same trend can be seen for all ergonomic ratings as for the counting accuracy and
workload ratings: participants gave better ergonomic and workload ratings and reported the
number of targets more accurately for the spatial audio conditions. Descriptively, the
non-spatial MO condition was the only condition to be evaluated negative on the
ergonomic scale for ‘Motivation’, ‘Discriminability’, ‘Confidence’ and ‘Overall Rating’. Based
on these findings, one might suggest that the non-spatial paradigm can not be
recommended as a BCI-based paradigm for aphasia rehabilitation. However, the MO
condition can still prove useful in this paradigm. By removing spatial presentation as a
helpful cue, the condition can increase training pressure for subjects. This means that the
subject will have to focus solely on the word stimuli since they can no longer rely on spatial
presentation.

Descriptively, ‘Motivation’ is higher for the 6D condition (76.75) than for the stereo conditions
ST (57.25) and SP (63.88). The goal is for the simplified audio setup to be as motivating as
possible. In this regard, there is a distinction to be made between aphasia patients and the
healthy participants used in the present study. Aphasia patients are intrinsically motivated
since they want to improve their language abilities, as opposed to healthy participants who
will not use the setup for rehabilitation purposes.
Furthermore, the present study found an increase in the ergonomic aspect ‘Discriminability’
when comparing the SP (61.88) condition to the ST (50.75) condition. This is in line with the
findings presented by Höhne et al. (2011).
Descriptively, the subjective ratings for ‘Concentration’ differed less between conditions
compared to other ergonomic aspects. The spatial presentation conditions still outperformed
the non-spatial MO condition. The ST (61.0) and SP (63.88) were rated similarly in terms of
concentration.
The ratings for ‘Confidence’ show the same pattern as counting accuracy and workload
ratings. Subjects who achieved high counting accuracies gave low workload ratings and high
confidence ratings.
The ‘Overall Rating’ for the stereo conditions ST (63.0) and SP (70.5) was positive. This is
important for the realization of an online paradigm using the simplified audio setup. Based on
the findings in subjective data, again the stereo audio setup can be recommended as a
simplified setup of the BCI-based language training paradigm by Musso et al. (2022). Both
stereo conditions achieved adequate scores in terms of counting accuracy, workload and
ergonomic ratings, further research into the effect of pitch is required to decide if the SP
condition is appropriate for aphasia rehabilitation.

4.4.2 RQ3b: Correlation between ergonomic ratings and P300 amplitude and latency

Correlation between ‘Motivation’ and P300 amplitude was not significant after Bonferroni
correction. Without Bonferroni correction there is a significant positive correlation between
motivation and P300 amplitude in the ST condition. This result is in line with the finding that
higher motivation increases the P300 amplitude (Baykara et al., 2016; Kleih et al., 2010;
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Nijboer et al., 2010). These studies which investigated the effects of motivation on P300
amplitude (Nijboer et al., 2010; Baykara et al., 2016; Kleih et al., 2010) used the
Questionnaire for Current Motivation (QCM) for BCI (Nijboer et al., 2008) to assess
motivation in subjects. The QCM for BCI consists of 18 items which have to be rated on a
seven point Likert scale. The present study, however, used a simplified questionnaire
partially adapted from Höhne et al. (2012). In this questionnaire the ergonomic aspect
‘Motivation’ is measured by a single question: “How motivating does the 6D/ST/SP/MO
condition appear to you?” In this regard, the present study is similar to Denzer (2016). The
study by Denzer also evaluated ‘Motivation’, ‘Concentration’, and ‘Discriminability’ (although
it was referred to as ‘Pop-Out’). Denzer, however, did not investigate the correlation between
ergonomic ratings and P300 amplitude and latency. Other ergonomic aspects that were
assessed by Denzer, such as ‘Fatigue’, ‘Exhaustion’ and ‘Easiness’, were not included in the
subjective questionnaire of the present study since these aspects were already contained in
the workload questionnaire.
The ergonomic ratings ‘Discriminability’, ‘Concentration’, and ‘Confidence’ were not
correlated with P300 amplitude and latency. This is in contrast to previous findings that the
P300 amplitude is linked to task-processing demand (Gopher & Donchin, 1986; Polich,
2007), and P300 latency is linked to the discriminability of target stimuli (Duncan et al.,
2009). Based on these findings, better discriminability of stimuli and a higher concentration
and confidence level of the subject should have resulted in a higher P300 amplitude and
better latency.

4.4.3 RQ3c: Correlation between ergonomic ratings and classification accuracy

In line with the findings by Kleih et al. (2011) and Tangermann et al. (2011), the present study
found a significant positive correlation (without Bonferroni correction) between the ergonomic
aspect ‘Motivation’ and classification accuracy in the ST condition.
The present study found no significant correlation between the other ergonomic rating items
and classification accuracy. This is in contrast to the findings presented in the study by
Höhne et al. (2012) which showed a positive correlation between subjective ergonomic
ratings and classification accuracies. This suggests that there are notable individual
differences in the participants' ergonomic experiences across conditions, such that some
individuals with higher classification accuracies may have exerted more effort and thus rated
their ergonomic experience worse. These differences could be taken into account in future
studies by modifying stimulus properties and task demand based on individual ratings as
well as BCI performance in a baseline session.

4.5 Limitations and Future Research

4.5.1  Implementation of mono headphone condition

The goal was for the MO condition to be the same as the mono headphone condition used in
the study by Musso et al. (2022). Unfortunately, due to a mistake in the Python code of the
experimental paradigm, audio stimuli in the MO condition were presented only in the left ear
for the first two subjects. After the second subject the mistake was corrected and audio
stimuli were presented in both ears simultaneously for the remaining six subjects. The
counting accuracy data seems to have been impacted by this mistake, subject 1 had an
accuracy of only 86.4% in the MO condition which is relatively low compared to other
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subjects (excluding outlier subject 4). Subject 2 was unaffected in terms of counting
accuracy, but was the only subject to rate the MO condition higher in ‘Discriminability’
compared to the stereo conditions ST and SP.

4.5.2 Stimulus length

The first three subjects listened to a word sequence with a different ‘rhythm’. This was
caused by some audio files being longer in duration than others. The word stimuli were
adjusted in length so that the word sequence had a better rhythm. Furthermore, some of the
word stimuli were changed: the ‘P’ sound in ‘Spiegel’ and the ‘T’ sound in ‘Stropdas’ were
made more noticeable and the word ‘Knuffel’ was slowed down by 15% to make it easier to
distinguish. The adjusted set of word stimuli were used for the five remaining subjects. The
different ‘rhythm’ of word stimuli in combination with left ear mono presentation might have
caused the low counting accuracy of subject 1. Subject 3 was unaffected by the change of
word stimuli in terms of counting accuracy, workload and ergonomic ratings.

4.5.3 SOA

In the BCI-based language training paradigm by Musso et al. (2022), fast feedback is
necessary to close the loop between top-down and bottom-up processing in language
training for aphasia patients. Short word stimuli and fast SOA facilitate fast feedback.
Although a fast SOA allows for a short trial length of around 35 s, it also increases task
complexity. This could pose a problem for aphasia patients who are typically much older
than the healthy participants used in the present study. Previous studies reported that
optimal stimulation speed varied between participants in auditory (Käthner et al., 2013) and
visual (Tangermann et al., 2011) oddball paradigms. Therefore, an individually adjusted SOA
might be a good option for BCI-based aphasia rehabilitation. Höhne and Tangermann (2012)
also suggested adjusting the SOA per subject, as they found a high variability in
classification accuracy depending on the SOA.

4.5.4 Order of conditions and learning effects

In the experimental paradigm of this study, conditions switch every run. Hence, the learning
phase of one condition ends when the participant switches to a new condition. Therefore, the
learning curve might have been affected by the relatively quick switching between the four
audio conditions. A possible fix to the current paradigm's interruption of learning would be to
present at least two consecutive runs of the same audio condition. Another option is to train
the paradigm task in multiple sessions. In an online paradigm, however, participants receive
feedback on their performance after each trial. This feedback has been proven to be
necessary for initial learning of P300 ERP-based BCI abilities (Arvaneh et al., 2015).
Feedback also improves motivation (Shute, 2008), which is correlated with increased P300
amplitude (Baykara et al., 2016; Kleih et al., 2010) and BCI performance (Kleih et al., 2011).
As a result, learning might have been slower in the present offline study with no feedback.
Still, the complete paradigm contained four runs for each audio condition, for a total of 24
trials. This might have been enough repetition to enable learning. Since learning was not
investigated in the present study, further analysis could assess the difference between
classification accuracies over time.
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4.5.5 Counting task

In the present paradigm procedure, participants had to silently count the number of target
words. This was a relatively simple task for the healthy subjects that participated in the
study, as shown by the high counting accuracies (6D: 98.61%, ST: 96.33%, SP: 97.53%,
MO: 89.85%). Therefore, other methods could have provided more informative measures.
Future studies might add other measures, such as the reaction time of the subject, to better
evaluate the difference in target recognition between conditions.

4.5.6 Adverse effects of pitch

While pitch improves stimulus discriminability it might also distract subjects from the true
goal of language training. For example, subjects 3, 6 and 8 reported that they only focused
on the pitch of audio stimuli in the SP condition, instead of the spatial direction or the words.
Moreover, subjects 1 and 3 indicated that they heard the voices of multiple people in the SP
condition, with the high-pitched stimuli being a childish voice and the low-pitched stimuli
being a manly voice. If subjects match the word stimuli to the cueing sentence based solely
on pitch rather than semantic meaning it makes language training less effective. The present
study did not assess changes in subjects’ language abilities since the study used healthy
participants instead of aphasia patients. Hence, further investigation into the effect of altered
pitch stimuli on language training is needed.

4.5.7 Ties in data

As stated previously, the data sets for counting accuracy, workload ratings and ergonomic
ratings all contained ties. In the case of ties, the Wilcoxon rank sum distribution cannot be
used to calculate exact p-values. Instead, the Wilcoxon signed-rank test returns a normal
approximated p-value. This decreases the statistical power of the test, meaning the test is
more likely to make a type II error by wrongly failing to reject the null hypothesis. In the
present study the effect of ties is even larger because of the small sample size of the data.
There are many ways of dealing with ties in the data when using the Wilcoxon signed-rank
test. Wilcoxon (1945) suggested dropping the ties from the data altogether, and performing
the test on the reduced data set but because of the small sample size of the present study
this is not an option. Dropping values from the already small data set would reduce the
statistical power of the test even further. Another method for handling ties involves dropping
the tied ranks and assigning the remaining ranks to the other observations (Pratt, 1959).
However, since the consecutive integers used in the test no longer start at one, this
procedure uses normal approximation to find the critical values. A third method of handling
ties randomly assigns signs to the tied ranks, but this results in a loss of efficiency (Putter,
1955). Unfortunately, the sample size of the present study is not enough to obtain sufficient
statistical power to determine the significance of the results. To solve this issue, further
analysis could use permutation tests using the mean differences as a metric. Permutation
tests solve the issue of a small sample size by randomly permuting the signs of the
observations thousands of times, finding the mean each time, and comparing the observed
mean difference with the simulated permutation distribution of means.
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4.5.8 Processing speed and age

The age of the participants used in this study may have had a big influence on classification
accuracy and ERP components. It has been shown that age has an effect on both amplitude
and latency of the P300 ERP component (Dujardin et al., 1993; Mueller et al., 2008; Tsolaki
et al., 2015). Furthermore, with increasing age, processing speed slows down in terms of
reaction time and ERP components (Pinal et al., 2015) and inhibition of irrelevant information
is impaired (Gazzaley et al., 2005). Therefore, age definitely had an impact on the
processing of stimuli and on ERP responses in this study, which in turn affected classification
accuracy. Thus, further studies should include participants of the same age as the average
aphasia patient to test if the current experimental paradigm is suitable for older users. The
short stimuli and fast SOA used in this study could potentially complicate information
processing for elderly patients. Moreover, the high number of different non-target words
might be a distraction since inhibition of irrelevant stimuli is impaired with increasing age.

4.6 Conclusion

The present study was able to show that the stereo headphone paradigm might be a
promising compromise between the goal of high classification accuracy and easy
applicability for everyday BCI use. Moreover, the study highlights the advantage of spatial
stimulus presentation and pitch in a stereo headphone paradigm while using a relatively high
word sequence speed. The counting accuracy of the two stereo headphone conditions is
comparable to the six loudspeaker setup. Furthermore, the stereo headphone paradigm
received positive workload ratings, which is important for everyday BCI use. Subjective
ergonomic ratings for the stereo conditions were positive. Additionally, a positive correlation
was observed between motivation and P300 amplitude as well as classification accuracy in
the ST condition. Testing young healthy participants, the present results might not be
transferable to older aphasia patients, the potential users of the BCI-based language training
paradigm. Thus, age is a factor to be considered in future studies. Still, the limitations of the
present study provide a basis for future research. Thereby, the results of this study are
valuable for designing a simplified audio setup for a future online BCI paradigm used in
aphasia rehabilitation.
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Appendix A: Consent Form
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Appendix B: Workload and Ergonomic Rating Questionnaires
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How motivating does condition X appear to you?

How easy was it to discriminate the stimuli in condition X?

How do you judge your concentration while attending to stimuli in
condition X?

How confident did you feel in your ability to count the target word in
condition X?

What is your overall impression of condition X?

Is there a sound stimulus that is too loud/quiet in condition X? If so,
please indicate the word for which this is the case.
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Appendix C: BCI Setup
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Appendix D: Conversation Notes and Subject breaks

Subject 1

- The participant says SOA feels faster in mono condition, counting task is the most
difficult in MO condition

- The participant indicates it is hard to discriminate between two words with the same
pitch in the stereo pitch condition.

- According to the participant the audio stimuli in the SP condition feel like different
voices, childish voice for high pitch and manly voice for low pitch

- Breaks: after block 2 (10 min), after block 3 (10 min)

Subject 2

- Participant indicates she cannot hear a difference between headphone conditions ST
and SP.

- Breaks: after block 1 (5 min), after block 2 (5 min)

Subject 3

- Counting task is the most difficult in MO condition
- The participant indicates that they focus more on the pitch than location in the SP

condition.
- According to the participant the audio stimuli in the SP condition feel like different

voices, childish voice for high pitch and manly voice for low pitch
- The word ' Blender’ is easier to distinguish according to the participant. The word

‘Spiegel’ sounds more like ‘Piegel’
- Breaks: after block 2 (5 min)

Subject 4

- The participant could not recognize the word ‘Blender’ during familiarization
- Counting task is the most difficult in MO condition, the participants they confuse the

‘A’ sounds in the words ‘Tractor’ and ‘Stropdas’ in the MO condition
- Participants repeatedly indicates that they are tired, counting performance is far

worse in block 4
- Breaks: after block 2 (20 min), after block 3 (10 min)

Subject 5

- The participant indicates that mono condition SOA feels faster, counting task is more
difficult in MO

- Breaks: after block 3 (3 min)
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Subject 6

- Counting task is more difficult in MO
- The words ‘Stropdas’ and ‘Groente’ are more apparent. ‘Knuffel’ and ‘Spiegel’ sound

similar
- Participant indicates they focus solely on pitch in the SP condition
- Breaks: after block 2 (10 min), after block 3 (5 min)

Subject 7

- Counting task is more difficult in MO
- Breaks: after block 2 (5 min)

Subject 8

- Counting task is more difficult in MO
- The participant indicates SP is just as easy as 6D in terms of counting task.
- Participant mostly focused on pitch in the SP condition rather than spatial location
- Breaks: after block 2 (5 min), after block 3 (3 min)
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Appendix E: Counting Scores per Subject

Note: 1 = 6D, 2 = ST, 3 = SP, 4 = MO, counting accuracies displayed below each cell

Subject 1

Block 1 1.
Tractor 15
Stropdas 15
Blender 14
Groente 15
Spiegel 15
Knuffel 15

0.98888888888

2.
Knuffel 14
Blender 15
Tractor 15
Stropdas 13
Spiegel 15
Groente 15

0.96666666611

3.
Blender 14
Spiegel 15
Tractor 16
Knuffel 16
Groente 15
Stropdas 15

0.9666665

4.
Groente 11
Tractor 15
Knuffel 10
Blender 12
Spiegel 13
Stropdas 9

0.7777778

Block 2 2.
Spiegel 15
Tractor 14
Stropdas 15
Blender 15
Groente 15
Knuffel 15

0.98888888888

3.
Tractor 15
Stropdas 15
Knuffel 15
Spiegel 14
Blender 15
Groente 15

0.98888888888

4.
Knuffel 14
Stropdas 13
Spiegel 14
Blender 14
Tractor 13
Groente 12

0.8888889

1.
Blender 15
Tractor 14
Spiegel 15
Groente 15
Knuffel 15
Stropdas 15

0.9888888888

Block 3 3.
Spiegel 15
Stropdas 15
Tractor 15
Blender 15
Knuffel 15
Groente 14

0.98888888888

1.
Groente 15
Tractor 15
Stropdas 14
Blender 15
Knuffel 15
Spiegel 15

0.98888888888

4.
Stropdas 14
Spiegel 13
Blender 15
Knuffel 15
Groente 11
Tractor 12

0.8888889

2.
Spiegel 15
Blender 15
Knuffel 15
Tractor 13
Groente 15
Stropdas 14

0.9666667

Block 4 4.
Tractor 13
Spiegel 14
Knuffel 14
Blender 15
Stropdas 10
Groente 15

0.9

3.
Stropdas 15
Groente 15
Knuffel 15
Spiegel 15
Blender 15
Tractor 15

1.0

2.
Knuffel 15
Blender 15
Tractor 15
Spiegel 14
Groente 14
Stropdas 14

0.9666667

1.
Knuffel 15
Spiegel 15
Tractor 15
Stropdas 15
Blender 15
Groente 15

1.0
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Subject 2

Block 1 1.
Tractor 15,
Groente 15,
Spiegel 15,
Knuffel 14,
Blender 15,
Stropdas 15

0.988888

2.
Blender 15,
Groente 14,
Tractor 13,
Knuffel 16,
Spiegel 14,
Stropdas 14

0.933333

3.
Groente 15,
Stropdas 14,
Knuffel 14,
Spiegel 14,
Blender 14,
Tractor 15

0.955555

4.
Groente 13,
Stropdas 15,
Blender 15,
Tractor 14,
Spiegel 11
Knuffel 13

0.9

Block 2 2.
Knuffel 10,
Groente 15,
Spiegel 14,
Blender 15,
Stropdas 14,
Tractor 15

0.922222

3.
Groente 14,
Tractor 13,
Blender 14,
Spiegel 15,
Knuffel 14,
Stropdas 15

0.944444

4.
Knuffel 13,
Blender 15,
Tractor 14,
Stropdas 14,
Groente 15,
Spiegel 14

0.94444

1.
Groente 15,
Knuffel 15,
Spiegel 15,
Blender 16,
Stropdas 15,
Tractor 15

0.988888

Block 3 3.
Groente 15
Knuffel 13,
Tractor 13,
Spiegel 14,
Blender 13,
Stropdas 14

0.91111

1.
Blender 15,
Spiegel 14,
Knuffel 15,
Tractor 14,
Stropdas 13,
Groente 15

0.9555555

4.
Groente 14
Blender 16
Stropdas 13
Spiegel 15
Knuffel 13
Tractor 14

0.92222

2.
Tractor 14
Knuffel 15
Blender 14
Stropdas 14
Groente 15
Spiegel 15

0.9666666

Block 4 4.
Blender 15
Groente 13
Stropdas 14
Tractor 15
Knuffel 13
Spiegel 14

0.933333

3.
Spiegel 14
Blender 15
Stropdas 15
Knuffel 15
Tractor 15
Groente 14

0.977777

2.
Knuffel 14
Tractor 14
Groente 14
Spiegel 15
Blender 15
Stropdas 13

0.9444444

1.
Groente 14
Tractor 14
Stropdas 15
Knuffel 15
Blender 15
Spiegel 15

0.97777777
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Subject 3

Block 1 1.
Tractor 15
Knuffel 15
Blender 15
Stropdas 15
Groente 15
Spiegel 15

1.0

2.
Knuffel 15
Blender 15
Spiegel 13
Stropdas 15
Groente 15
Tractor 14

0.96666

3.
Tractor 15
Spiegel 15
Knuffel 15
Groente 15
Stropdas 15
Blender 15

1.0

4.
Spiegel 14
Blender 16
Knuffel 14
Groente 12
Stropdas 10
Tractor 13

0.855555

Block 2 2.
Tractor 15
Spiegel 14
Blender 15
Groente 14
Knuffel 15
Stropdas 13

0.955555

3.
Knuffel 15
Groente 15
Tractor 15
Spiegel 14
Blender 15
Stropdas 15

0.988888

4.
Groente 11
Knuffel 13
Tractor 14
Spiegel 12
Blender 15
Tractor 13

0.866667

1.
Tractor 15
Groente 15
Knuffel 15
Spiegel 15
Blender 15
Stropdas 15

1.0

Block 3 3.
Knuffel 14
Blender 14
Tractor 15
Stropdas 15
Groente 15
Spiegel 15

0.977777

1.
Groente 15
Spiegel 15
Knuffel 15
Stropdas 15
Tractor 15
Blender 15

1.0

4.
Stropdas 12
Blender 15
Tractor 15
Groente 12
Spiegel 9
Knuffel 11

0.8222222

2.
Spiegel 15
Blender 15
Stropdas 15
Knuffel 14
Groente 13
Tractor 15

0.96666

Block 4 4.
Groente 15
Blender 15
Knuffel 14
Stropdas 14
Tractor 15
Spiegel 15

0.977777

3.
Stropdas 15
Knuffel 14
Tractor 15
Spiegel 15
Blender 15
Groente 14

0.977777

2.
Blender 15
Knuffel 15
Groente 14
Spiegel 14
Stropdas 15
Tractor 15

0.97777

1.
Spiegel 15
Knuffel 15
Groente 14
Blender 15
Stropdas 15
Tractor 15

0.98888
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Subject 4

Block 1 1.
Tractor 15,
Stropdas 15,
Knuffel 15,
Groente 15,
Spiegel 15,
Blender 15

1.0

2.
Groente 13,
Stropdas 15,
Tractor 15,
Blender 13,
Knuffel 15,
Spiegel 15

0.95555

3.
Spiegel 13,
Stropdas 15,
Blender 15,
Tractor 15,
Knuffel 15,
Groente 15

0.977777

4.
Knuffel 15,
Blender 14,
Spiegel 15,
Tractor 13,
Stropdas 11,
Groente 11

0.877777

Block 2 2.
Spiegel 15,
Tractor 13,
Knuffel 14,
Stropdas 14,
Blender 14,
Groente 14

0.9333333

3.
Blender 15,
Knuffel 15,
Groente 15,
Tractor 15,
Stropdas 15,
Spiegel 14

0.988888

4.
Knuffel 10,
Tractor 12,
Groente 11,
Blender 12,
Stropdas 9,
Spiegel 11

0.7222222

1.
Tractor 15,
Groente 15,
Knuffel 15,
Stropdas 15,
Blender 14,
Spiegel 15

0.98888

Block 3 3.
Tractor 16
Groente 14
Knuffel 14
Stropdas 12
Spiegel 14
Blender 15

0.922222

1.
Groente 15
Spiegel 15
Stropdas 14
Knuffel 14
Blender 15
Tractor 13

0.95555

4.
Spiegel 12
Blender 13
Groente 11
Stropdas 9
Knuffel 12
Tractor 10

0.74444444

2.
Stropdas 14
Groente 13
Spiegel 13
Blender 13
Knuffel 8
Tractor 14

0.833333

Block 4 4.
Knuffel 12,
Blender 12,
Stropdas 9,
Tractor 9,
Groente 9,
Spiegel 11

0.688888

3.
Tractor 15,
Blender 11,
Spiegel 14,
Knuffel 10,
Stropdas 11,
Groente 12

0.8111111

2.
Stropdas 10,
–
Tractor 12,
Spiegel 15,
Blender 15,
Knuffel 12

0.877777

1.
Knuffel 15,
Groente 13,
Tractor 11,
Stropdas 14,
Blender 13,
Spiegel 15

0.9
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Subject 5

Block 1 1.
Blender 15
Groente 15
Spiegel 15
Knuffel 15
Tractor 15
Stropdas 15

1.0

2.
Blender 15
Spiegel 15
Knuffel 14
Groente 15
Stropdas 15
Tractor 15

0.98888

3.
Stropdas 15
Groente 15
Spiegel 14
Knuffel 14
Blender 15
Tractor 15

0.97777

4.
Tractor 13
Blender 15
Spiegel 15
Knuffel 15
Stropdas 15
Groente 14

0.96666

Block 2 2.
Spiegel 15
Tractor 15
Groente 15
Stropdas 15
Knuffel 13
Blender 16

0.96666

3.
Knuffel 15
Groente 15
Stropdas 15
Spiegel 15
Blender 15
Tractor 15

1.0

4.
Groente 15
Tractor 12
Stropdas 15
Blender 14
Knuffel 14
Spiegel 12

0.911111

1.
Spiegel 15
Blender 15
Tractor 15
Stropdas 15
Groente 14
Knuffel 15

0.98888

Block 3 3.
Knuffel 15
Spiegel 15
Tractor 15
Groente 15
Blender 15
Stropdas 15

1.0

1.
Stropdas 15
Knuffel 15
Tractor 15
Blender 15
Groente 15
Spiegel 15

1.0

4.
Blender 15
Spiegel 15
Tractor 15
Stropdas 14
Knuffel 17
Groente 14

0.95555

2.
Blender 15
Spiegel 14
Stropdas 15
Groente 15
Knuffel 15
Tractor 15

0.98888

Block 4 4.
Knuffel 15
Spiegel 15
Tractor 15
Groente 14
Blender 13
Stropdas 15

0.96666

3.
Spiegel 15
Groente 15
Knuffel 15
Blender 15
Stropdas 15
Tractor 15

1.0

2.
Knuffel 15
Groente 14
Tractor 15
Blender 15
Stropdas 15
Spiegel 14

0.977777

1.
Knuffel 14
Stropdas 15
Tractor 16
Spiegel 15
Groente 15
Blender 14

0.96666
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Subject 6

Block 1 1.

Groente 15
Blender 15
Tractor 14
Knuffel 15
Stropdas 15
Spiegel 14

0.977777

2.

Tractor 14
Blender 15
Knuffel 13
Groente 14
Spiegel 15
Stropdas 14

0.9444444

3.

Knuffel 15
Spiegel 14
Tractor 15
Stropdas 15
Blender 14
Groente 15

0.977777

4.

Stropdas 11
Spiegel 13
Blender 15
Knuffel 13
Groente 12
Tractor 14

0.8666667

Block 2 2.
Groente 13
Tractor 15
Blender 15
Stropdas 15
Spiegel 15
Knuffel 15

0.977777

3.
Tractor 15
Blender 15
Groente 15
Stropdas 15
Knuffel 15
Spiegel 16

0.9888888

4.
Stropdas 15
Groente 11
Knuffel 15
Spiegel 12
Blender 14
Tractor 14

0.9

1.
Groente 15
Tractor 15
Blender 15
Spiegel 15
Knuffel 15
Stropdas 16

0.988888

Block 3 3.
Blender 15
Stropdas 16
Groente 15
Tractor 16
Knuffel 15
Spiegel 16

0.966666

1.
Groente 15
Tractor 15
Blender 16
Knuffel 15
Spiegel 15
Stropdas 15

0.988888

4.
Knuffel 13
Tractor 14
Spiegel 14
Stropdas 14
Groente 9
Blender 15

0.8777778

2.
Tractor 15
Blender 15
Knuffel 15
Spiegel 14
Stropdas 16
Groente 15

0.977777

Block 4 4.
Knuffel 14
Stropdas 16
Tractor 14
Blender 16
Groente 13
Spiegel 15

0.933333

3.
Tractor 15
Spiegel 15
Stropdas 15
Blender 16
Groente 14
Knuffel 15

0.977777

2.
Groente 15
Stropdas 15
Knuffel 15
Tractor 15
Spiegel 15
Blender 15

1.0

1.
Tractor 14
Knuffel 15
Stropdas 15
Spiegel 15
Blender 15
Groente 15

0.98888
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Subject 7

Block 1 1.
Blender 15
Tractor 15
Spiegel 15
Knuffel 15
Stropdas 15
Groente 17

0.97777

2.
Knuffel 15
Spiegel 15
Blender 15
Groente 15
Tractor 15
Stropdas 15

1.0

3.
Tractor 17
Groente 15
Spiegel 15
Blender 15
Stropdas 15
Knuffel 15

0.97777

4.
Spiegel 15
Blender 15
Tractor 16
Groente 13
Stropdas 14
Knuffel 16

0.944444

Block 2 2.
Groente 15
Tractor 16
Spiegel 16
Stropdas 15
Blender 15
Knuffel 13

0.955555

3.
Knuffel 15
Spiegel 15
Stropdas 15
Blender 15
Tractor 15
Groente 15

1.0

4.
Tractor 12
Knuffel 15
Blender 15
Spiegel 15
Groente 14
Stropdas 13

0.93333

1.
Knuffel 15
Blender 15
Tractor 16
Groente 15
Spiegel 15
Stropdas 15

0.988888

Block 3 3.
Tractor 15
Stropdas 15
Blender 15
Groente 15
Spiegel 14
Knuffel 15

0.988888

1.
Tractor 15
Knuffel 15
Groente 15
Blender 15
Stropdas 15
Spiegel 15

1.0

4.
Blender 15
Stropdas 15
Tractor 15
Knuffel 15
Spiegel 15
Groente 16

0.988888

2.
Tractor 15
Stropdas 15
Knuffel 15
Groente 15
Spiegel 15
Blender 15

1.0

Block 4 4.
Groente 17
Knuffel 15
Stropdas 13
Blender 15
Spiegel 14
Tractor 15

0.944444

3.
Blender 15
Knuffel 15
Stropdas 15
Tractor 15
Spiegel 15
Groente 15

1.0

2.
Spiegel 15
Groente 16
Knuffel 14
Tractor 15
Blender 15
Stropdas 15

0.977777

1.
Knuffel 15
Stropdas 15
Groente 15
Tractor 15
Spiegel 15
Blender 15

1.0
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Subject 8

Block 1 1.
Knuffel 15,
Blender 15,
Groente 15,
Stropdas 15,
Spiegel 15,
Tractor 15

1.0

2.
Groente 14,
Spiegel 15,
Stropdas 15,
Tractor 15,
Blender 14,
Knuffel 16

0.966666

3.
Stropdas 15,
Spiegel 15,
Knuffel 15,
Blender 15,
Tractor 15,
Groente 15

1.0

4.
Stropdas 13,
Tractor 14,
Spiegel 15,
Knuffel 14,
Groente 13,
Blender 15

0.933333

Block 2 2.
Spiegel 15,
Groente 15,
Stropdas 15,
Blender 15,
Knuffel 15,
Tractor 15

1.0

3.
Blender 15,
Tractor 14,
Knuffel 15,
Spiegel 15,
Stropdas 15,
Groente 15

0.988888

4.
Blender 15,
Tractor 14,
Stropdas 15,
Groente 15,
Knuffel 13,
Spiegel 15

0.966666

1.
Knuffel 15,
Tractor 15,
Groente 14,
Stropdas 15,
Spiegel 15,
Blender 15

0.9888888

Block 3 3.
Blender 15,
Spiegel 15,
Knuffel 15,
Stropdas 15,
Tractor 14,
Groente 15

0.988888

1.
Tractor 15,
Spiegel 15,
Blender 16,
Groente 15,
Knuffel 15,
Stropdas 15

0.988888

4.
Stropdas 15,
Tractor 15,
Knuffel 15,
Spiegel 15,
Groente 14,
Blender 15

0.988888

2.
Tractor 15,
Stropdas 15,
Knuffel 15,
Blender 14,
Groente 15,
Spiegel 16

0.977777

Block 4 4.
Stropdas 14
Tractor 14
Spiegel 15
Blender 15
Knuffel 14
Groente 15

0.966666

3.
Groente 15
Tractor 15
Spiegel 15
Stropdas 15
Knuffel 15
Blender 15

1.0

2.
Stropdas 15
Knuffel 15
Spiegel 15
Tractor 15
Groente 15
Blender 15

1.0

1.
Stropdas 15
Blender 15
Tractor 15
Spiegel 15
Knuffel 15
Groente 15

1.0


