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With smartphone-based mobile electroencephalography (EEG), we can investigate
sound perception beyond the lab. To understand sound perception in the real world,
we need to relate naturally occurring sounds to EEG data. For this, EEG and audio
information need to be synchronized precisely, only then it is possible to capture fast
and transient evoked neural responses and relate them to individual sounds. We have
developed Android applications (AFEx and Record-a) that allow for the concurrent
acquisition of EEG data and audio features, i.e., sound onsets, average signal power
(RMS), and power spectral density (PSD) on smartphone. In this paper, we evaluate
these apps by computing event-related potentials (ERPs) evoked by everyday sounds.
One participant listened to piano notes (played live by a pianist) and to a home-office
soundscape. Timing tests showed a stable lag and a small jitter (<3 ms) indicating a high
temporal precision of the system. We calculated ERPs to sound onsets and observed the
typical P1-N1-P2 complex of auditory processing. Furthermore, we show how to relate
information on loudness (RMS) and spectra (PSD) to brain activity. In future studies, we
can use this system to study sound processing in everyday life.

Keywords: mobile EEG, smartphone-based experimentation, auditory perception, ERP, android applications

1. INTRODUCTION

Mobile electroencephalography (EEG) allows to record brain activity beyond the lab while
participants go about their everyday life (Debener et al., 2012; De Vos et al.,, 2014; Holle et al.,
2021; Wascher et al,, 2021). It thereby provides unique insights into human cognition that cannot
be gained by introspection or by the observation of behavior alone. Importantly, it can help us to
understand the coupling of action and cognition (Gramann et al., 2014; Ladouce et al., 2017; Parada,
2018). In everyday life, action and cognition are tightly coupled—the brain has to continuously
adapt to changing events in the environment and adjust goal-directed behavior accordingly. For
example, we have to react immediately to the honking of a car. By studying the brain in complex
naturalistic environments, we can learn more about the dynamics of brain processes over longer
time periods (Holle et al., 2021) and in response to environmental events that are difficult to recreate
in the laboratory.
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FIGURE 4 | Grand average ERPs per condition. (A) Average ERP to piano oddball, divided into standard (frequent, n = 317 blue) and target (infrequent, n = 78,
orange) tones based on the PSD information. (B) Average ERP in the piano freeplay. RMS information was used to sort audio onsets from lowest to highest RMS. The
ERP is shown in response to the 50 softest (left) and 50 loudest sounds (right). The histogram shows the distribution of the RMS values (n = 201) and the color coding
indicates which value range was used for the plots. (C) Average ERP in response to detected sounds in the home-office soundscape (left: 250 softest sounds; right:
250 loudest sounds). The histogram shows the distribution of the RMS values (n = 1,357) and the color coding indicates which value range was used

(Continued)
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FIGURE 4 | for the plots. Each line represents a channel. The gray shaded arrays correspond to the time windows of the topographies. The dotted black lines
represent the amplitude threshold for a signal deviation that is significantly different from baseline. Data below this threshold was considered as noise. The bold lines
show electrode Cz (Piano, Office) or electrode Pz (Oddball). The corresponding electrodes are also highlighted in the topoplot (larger circle).

condition were lower than in the other conditions, which is
most visible in the grand average of all sound onsets. This
finding can be explained by the higher number of low-RMS
onsets (see histogram) in this recording, resulting in lower
amplitudes overall.

To calculate these ERPs, we relied on sound onsets.
Importantly, there are many different methods of defining sound
onsets (e.g., Thoshkahna and Ramakrishnan, 2008; Bock et al.,
2012); for example, some methods are specifically geared for
detecting onsets in music (Bello et al., 2005; Haumann et al.,
2021). For the online detection of onsets, we optimized the
parameters to detect clear, isolated sound onsets in the presence
of background noise. Consequently, not all onsets that humans
perceive as onsets are picked up by the detector. For example,
in the freeplay condition, 120 notes were missed by the detector.
Thus, the onsets that were detected are a subset of all onsets
a person perceives. Depending on the use case, the parameter
settings can be adapted and optimized to detect fewer or more
sound onsets. It is important to note that missing onsets could
distort the ERP, for instance, when a missed sound overlaps
with a detected sound. Moreover, false alarms could decrease
the average ERP amplitude; however, we observed only one
false alarm.

Obviously, the acoustic features that are provided by AFEx
only provide limited information about the soundscape. The
app does not provide information about many aspects that
are known to be relevant for sound perception; for example,
whether a sound was self-generated or generated by another
sound source (e.g., Sanmiguel et al., 2013), whether the sound
was relevant or irrelevant (e.g., Scheer et al., 2018; Dehais et al,,
2019; Holtze et al, 2021), or expected or unexpected for a
person (e.g., Dalton and Fraenkel, 2012; Koreimann et al., 2014).
How to assess these factors remains a challenge. Some of these
factors could be assessed by asking the person about subjective
experience of the soundscape on a regular basis using momentary
ambulatory assessment (Trull and Ebner-Priemer, 2013), but this
will interrupt the person in their normal activity. An alternative
is to use additional microphones that provide more information
about the origin of a sound, or sensors that provide context
information. However, it is unlikely that we will be able to
capture the full complexity of the participants environment in the
near future.

To sum up, we demonstrated that the presented technical
setup reliably combines EEG and acoustic features and thereby
allows to measure event related potential in response to everyday
sounds. This smartphone-based setup can be used fast and
easily. It allows us to study brain activity everywhere: We could
record EEG next to a construction site, while driving through
the city, or in the classroom. These contexts are already of

interest to researchers (e.g., Ko et al, 2017; Getzmann et al,,
2018; Ke et al., 2021). In these everyday contexts, we can also
investigate individual differences in sound processing: Why do
some individuals notice some sounds that other people miss?
How does their brain response to sounds differ? Which sounds
are distracting or even annoying to an office worker on the neural
level? As evident from these various examples, the AFEx app in
combination with Record-a and a commercial EEG app facilitate
new research of auditory processing in everyday life, which was
henceforth typically only assessed with surveys (e.g., Banbury and
Berry, 2005; Oseland and Hodsman, 2018).
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