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PORTABLE SYSTEM FOR GATHERING AND
PROCESSING DATA FROM EEG, EOG,
AND/OR IMAGING SENSORS

SUMMARY

[0001] The present application relates to various aspects of
the capture of electrooculography (EOG), in particular in
connection with portable electronic devices (wearables, e.g.
ear buds), e.g. hearing devices (hearables, e.g. hearing aids
or headsets).

[0002] A Method:

[0003] Inan aspect of the present application, a method for
picking up body signals from the head of a user is provide.
The method comprises placing first and second electrodes on
first and second different positions at a first side of the user’s
head in direct or capacitive contact with the user’s head, said
first side comprising a first eye of the user, the first and
second electrodes being configured to pick up first and
second electric potentials, respectively, from the user’s
body. The method may further comprise, providing an
Electrooculography signal representative of a corneo-retinal
potential difference of said first eye of the user in depen-
dence of said at first and second electric potentials.

[0004] Thereby a simplified estimate of an eye gaze of the
user may be provided.

[0005] The first and second electrodes are unilaterally
located. An electric dipole is created from the cornea (front
part of the eye comprising the pupil, iris and eye liquid,
being the positive pole) to the retina (rear part of the eye
comprising the eye nerve, being the negative pole). The term
‘corneo-retinal potential difference’ is taken to be the dif-
ference between the electric potentials of the positive pole
(of cornea) and the negative pole (of retina), respectively.
[0006] The first and second electrodes may be placed in a
direction (e.g. a plane) of eye movements of interest to be
monitored. The first and second electrodes may e.g. be
located in a plane of horizontal eye movements (left-right)
(when the user is in an upright position) to thereby be suited
for acquiring EOG signals (representing horizontal eye
gaze), and correspondingly in a vertical plane for monitoring
vertical eye gaze. The first and second positions may be
(substantially) located in a plane including the first eye of the
user. The user’s head may be divided in a first side and a
second side, e.g. separated by a symmetry plane through the
nose. So that a first side e.g. comprises a first (e.g. left) eye
and ear and a second side comprises a second (e.g. right) eye
and ear of the user. The first and second positions may be
located (substantially) in a plane through the first and second
eyes of the user.

[0007] The first position may be closer to the first eye than
the second position. The first and second positions may be
on each side of the ear. The first position may be on the front
side of the ear (pinna) and the second position may be on the
rear side of the ear (pinna), see e.g. FIG. 5 (right). A
horizontal plane may e.g. be defined by a plane including the
user’s eyes, horizontal being defined by being perpendicular
to the force of gravity. The horizontal plane may e.g. be
defined by a plane through the user’s eyes and ears of the
user.

[0008] The first and second electrodes may be capacitively
coupled electrodes. The capacitively coupled electrodes are
coupled to the head of the user via a dielectric material in
contact with the user’s head (e.g. skin). A capacitively
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coupled electrode may e.g. form part of an electric potential
sensor (EPS), see e.g. FIG. 1 in [3].

[0009] The first and second electrodes are direct contact
electrodes. The direct contact electrodes are in direct contact
with the head (e.g. skin) of the user. A direct contact
electrode may e.g. be an AgCl electrode. The first and
second electrodes may e.g. comprise different kinds of
electrodes, e.g. at least two of a capacitively coupled elec-
trode, a direct coupled electrode and an inductively coupled
electrode.

[0010] The first and/or second electrodes may be
implanted in the head of the user, e.g. between skin and
tissue, or between tissue and skull of the user.

[0011] The first and second positions are located a mini-
mum distance L, ,,,, from each other. For a given position
of the first electrode (e.g. located closer to the first eye than
the second electrode), the difference in electric potential
between the first and second electrodes decreases with
increasing distance L, between the first and second elec-
trodes. The electrodes may preferably be calibrated to deter-
mine the sensitivity of the electric potential picked up by the
second electrode to its distance from the first electrode, see
e.g. FIG. 6, 7. Preferably, the minimum distance between the
first and second electrodes when located on the user’s head
is in the range between 3 cm and 5 cm, e.g. 4 cm. The
distance between the first and second electrodes may e.g. be
measured along the surface (skin) of the (first side of the)
head of the user.

[0012] A Portable Electronic Device:

[0013] In an aspect, a portable electronic device is pro-
vided. The portable electronic device comprises first and
second electrodes configured to be located on first and
second different positions at a first side of the user’s head in
direct or capacitive contact with the user’s head. The first
side may comprise a first eye of the user. The first and
second electrodes may be configured to pick up first and
second electric potentials, respectively, from the user’s
body. The portable electronic device may further comprise a
processor electrically connected to said first and second
electrodes and configured to provide an Electrooculography
signal representative of a corneo-retinal potential difference
of said first eye of the user in dependence of the first and
second electric potentials.

[0014] It is intended that some or all of the processing
features of the method described above, in the ‘detailed
description of embodiments’ or in the claims can be com-
bined with embodiments of the device, when appropriately
substituted by a corresponding structural features and vice
versa. Embodiments of the device have the same advantages
as the corresponding method.

[0015] The processor may be directly (e.g. galvanically)
electrically connected to said first and second electrodes.
This has the advantage that the transmission of the indi-
vidual potentials from one ear to the other can be dispensed
with. The processor may comprise an AD-converter, or an
AD-converter may be located between the electrodes and the
processor.

[0016] The first and second positions may be (substan-
tially) located in a plane including the first eye of the user.
The first and second positions may be located (substantially)
in a plane through the first and second eyes of the user.
[0017] The portable electronic device may be configured
to use the Electrooculography signal to monitor eye move-
ments of the user.
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[0018] The portable electronic device may be configured
to monitor one or more of a user’s
[0019] Vigilance,
[0020] Balance disorder, and
[0021] Sleep.
[0022] The portable electronic device may comprise
antenna and transceiver circuitry configured to transmit said
Electrooculography signal or a signal derived therefrom to
another device or system. The portable electronic device
may thus facilitate the control of another device by the eye
gaze of the user wearing the portable electronic device. The
‘another device’ may be configured to further process (e.g.
improve the quality or confidence of) the Electrooculogra-
phy signal delivered by the portable electronic device.
[0023] The portable device may comprise a head-worn
frame, e.g. for supporting glasses, and/or one or more
sensors, e.g. an acoustic or light-based image sensor, e.g. a
camera.
[0024] A Hearing Device:
[0025] In an aspect, a hearing device comprising or form-
ing part of a portable electronic device as described above,
in the ‘detailed description of embodiments’ or in the claims
is furthermore provided. The hearing device, e.g. a hearing
aid, may be configured to be located in or at an ear of a user
or to be partially or fully implanted in the head of the user.
The hearing device may comprise
[0026] an input unit comprising an input transducer
configured to pick up sound from the environment of
the user and to provide an electric input signal repre-
sentative of said sound; and
[0027] an output unit configured to present stimuli
perceivable to the user as representing said sound or a
processed version thereof.
[0028] Functionality of the hearing device may be par-
tially or fully controlled by the Electrooculography signal.
[0029] The hearing device may comprise the processor of
the portable electronic device.
[0030] The input unit may comprise at least two input
transducers configured to pick up sound from the environ-
ment of the user and to provide respective at least two
electric input signals. The hearing device may further com-
prise a processor for processing the at least two electric input
signals. The processor may comprise a beamformer for
providing a beamformed signal based on the at least two
electric input signals. The processor may be configured to
partially or fully control the beamformed signal in depen-
dence of the Electrooculography signal. Thereby direction-
ality of the hearing device can be steered by the unilaterally
located electrodes based on the user’s eye gaze. The pro-
cessor of the hearing device may form part of or comprise
the processor (or the portable electronic device) for deter-
mining the Electrooculography signal.
[0031] The processor of the hearing device may be sepa-
rate from the processor for determining the Electrooculog-
raphy signal.
[0032] The hearing device may comprise a further elec-
trode located in or on a housing of the hearing device. The
hearing device may comprise an ITE-part adapted for being
located at or in an ear canal of the user. The ITE-part may
comprise a separate housing. The further electrode may be
located in or on the housing of the ITE-part. The hearing
device may additionally or alternatively comprise a BTE-
part adapted for being located at or behind an ear (pinna) of
the user. The BTE-part may comprise a separate housing.
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The further electrode may be located in or on the housing of
the BTE-part. The ITE-part and the BTE-part may be
connected, e.g. acoustically or electrically connected.

[0033] The hearing device may be constituted by or com-
prise a hearing aid, a headset, an earphone, an ear protection
device or a combination thereof.

[0034] The hearing device may be constituted by or com-
prise an air-conduction type hearing aid, a bone-conduction
type hearing aid, a cochlear implant type hearing aid, or a
combination thereof.

[0035] The hearing device may be adapted to provide a
frequency dependent gain and/or a level dependent com-
pression and/or a transposition (with or without frequency
compression) of one or more frequency ranges to one or
more other frequency ranges, e.g. to compensate for a
hearing impairment of a user. The hearing device may
comprise a signal processor for enhancing the input signals
and providing a processed output signal.

[0036] The hearing device comprises an output unit for
providing a stimulus perceived by the user as an acoustic
signal based on a processed electric signal. The output unit
may comprise a number of electrodes of a cochlear implant
(for a CI type hearing device) or a vibrator of a bone
conducting hearing device. The output unit may comprise an
output transducer. The output transducer may comprise a
receiver (loudspeaker) for providing the stimulus as an
acoustic signal to the user (e.g. in an acoustic (air conduction
based) hearing device). The output transducer may comprise
a vibrator for providing the stimulus as mechanical vibration
of a skull bone to the user (e.g. in a bone-attached or
bone-anchored hearing device).

[0037] The hearing device comprises an input unit for
providing an electric input signal representing sound. The
input unit may comprise an input transducer, e.g. a micro-
phone, for converting an input sound to an electric input
signal. The input unit may comprise a wireless receiver for
receiving a wireless signal comprising or representing sound
and for providing an electric input signal representing said
sound. The wireless receiver may e.g. be configured to
receive an electromagnetic signal in the radio frequency
range (3 kHz to 300 GHz). The wireless receiver may e.g. be
configured to receive an electromagnetic signal in a fre-
quency range of light (e.g. infrared light 300 GHz to 430
THz, or visible light, e.g. 430 THz to 770 THz).

[0038] The hearing device may comprise a directional
microphone system adapted to spatially filter sounds from
the environment, and thereby enhance a target acoustic
source among a multitude of acoustic sources in the local
environment of the user wearing the hearing device. The
directional system is adapted to detect (such as adaptively
detect) from which direction a particular part of the micro-
phone signal originates. This can be achieved in various
different ways as e.g. described in the prior art. In hearing
devices, a microphone array beamformer is often used for
spatially attenuating background noise sources. Many beam-
former variants can be found in literature. The minimum
variance distortionless response (MVDR) beamformer is
widely used in microphone array signal processing. Ideally
the MVDR beamformer keeps the signals from the target
direction (also referred to as the look direction) unchanged,
while attenuating sound signals from other directions maxi-
mally The generalized sidelobe canceller (GSC) structure is
an equivalent representation of the MVDR beamformer
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offering computational and numerical advantages over a
direct implementation in its original form.

[0039] The hearing device may comprise antenna and
transceiver circuitry (e.g. a wireless receiver) for wirelessly
receiving a direct electric input signal from another device,
e.g. from an entertainment device (e.g. a TV-set), a com-
munication device, a wireless microphone, or another hear-
ing device. The direct electric input signal may represent or
comprise an audio signal and/or a control signal and/or an
information signal The hearing device may comprise
demodulation circuitry for demodulating the received direct
electric input to provide the direct electric input signal
representing an audio signal and/or a control signal e.g. for
setting an operational parameter (e.g. volume) and/or a
processing parameter of the hearing device. In general, a
wireless link established by antenna and transceiver circuitry
of the hearing device can be of any type. The communication
between the hearing device and the other device may be in
the base band (audio frequency range, e.g. between 0 and 20
kHz). Preferably, communication between the hearing
device and the other device is based on some sort of
modulation at frequencies above 100 kHz. Preferably, fre-
quencies used to establish a communication link between the
hearing device and the other device is below 70 GHz, e.g.
located in a range from 50 MHz to 70 GHz, e.g. above 300
MHz, e.g. in an ISM range above 300 MHz, e.g. in the 900
MHz range or in the 2.4 GHz range or in the 5.8 GHz range
or in the 60 GHz range (ISM=Industrial, Scientific and
Medical, such standardized ranges being e.g. defined by the
International Telecommunication Union, ITU). The wireless
link may be based on a standardized or proprietary technol-
ogy. The wireless link may be based on Bluetooth technol-
ogy (e.g. Bluetooth Low-Energy technology).

[0040] The hearing device may have a maximum outer
dimension of the order of 0.15 m (e.g. a handheld mobile
telephone). The hearing device may have a maximum outer
dimension of the order of 0.08 m (e.g. a headset). The
hearing device may have a maximum outer dimension of the
order of 0.04 m (e.g. a hearing instrument).

[0041] The hearing device may be or form part of a
portable (i.e. configured to be wearable) device, e.g. a device
comprising a local energy source, e.g. a battery, e.g. a
rechargeable battery. The hearing device may e.g. be a low
weight, easily wearable, device, e.g. having a total weight
less than 100 g, e.g. less than 20 g.

[0042] The hearing device may comprise a forward or
signal path between an input unit (e.g. an input transducer,
such as a microphone or a microphone system and/or direct
electric input (e.g. a wireless receiver)) and an output unit,
e.g. an output transducer. The signal processor may be
located in the forward path. The signal processor may be
adapted to provide a frequency dependent gain according to
a user’s particular needs. The hearing device may comprise
an analysis path comprising functional components for
analyzing the input signal (e.g. determining a level, a
modulation, a type of signal, an acoustic feedback estimate,
etc.). Some or all signal processing of the analysis path
and/or the signal path may be conducted in the frequency
domain. Some or all signal processing of the analysis path
and/or the signal path may be conducted in the time domain.
[0043] An analogue electric signal representing an acous-
tic signal may be converted to a digital audio signal in an
analogue-to-digital (AD) conversion process, where the
analogue signal is sampled with a predefined sampling
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frequency or rate f, f, being e.g. in the range from 8 kHz to
48 kHz (adapted to the particular needs of the application)
to provide digital samples x,, (or x[n]) at discrete points in
time t,, (or n), each audio sample representing the value of
the acoustic signal at t, by a predefined number N, of bits,
N, being e.g. in the range from 1 to 48 bits, e.g. 24 bits. Each
audio sample is hence quantized using N, bits (resulting in
2™ different possible values of the audio sample). A digital
sample x has a length in time of 1/f, e.g. 50 ps, for £=20
kHz. A number of audio samples may be arranged in a time
frame. A time frame may comprise 64 or 128 audio data
samples. Other frame lengths may be used depending on the
practical application.

[0044] The hearing device may comprise an analogue-to-
digital (AD) converter to digitize an analogue input (e.g.
from an input transducer, such as a microphone) with a
predefined sampling rate, e.g. 20 kHz. The hearing devices
may comprise a digital-to-analogue (DA) converter to con-
vert a digital signal to an analogue output signal, e.g. for
being presented to a user via an output transducer.

[0045] The hearing device, e.g. the input unit, and or the
antenna and transceiver circuitry comprise(s) a TF-conver-
sion unit for providing a time-frequency representation of an
input signal. The time-frequency representation may com-
prise an array or map of corresponding complex or real
values of the signal in question in a particular time and
frequency range. The TF conversion unit may comprise a
filter bank for filtering a (time varying) input signal and
providing a number of (time varying) output signals each
comprising a distinct frequency range of the input signal.
The TF conversion unit may comprise a Fourier transfor-
mation unit for converting a time variant input signal to a
(time variant) signal in the (time-)frequency domain. The
frequency range considered by the hearing device from a
minimum frequency {,,;, to a maximum frequency f,, . may
comprise a part of the typical human audible frequency
range from 20 Hz to 20 kHz, e.g. a part of the range from
20 Hz to 12 kHz. Typically, a sample rate f| is larger than or
equal to twice the maximum frequency f,,,., f=2f, .. A
signal of the forward and/or analysis path of the hearing
device may be split into a number NI of frequency bands
(e.g. of uniform width), where NI is e.g. larger than 5, such
as larger than 10, such as larger than 50, such as larger than
100, such as larger than 500, at least some of which are
processed individually. The hearing device may be adapted
to process a signal of the forward and/or analysis path in a
number NP of different frequency channels (NP <NI). The
frequency channels may be uniform or non-uniform in width
(e.g. increasing in width with frequency), overlapping or
non-overlapping.

[0046] The hearing device may be configured to operate in
different modes, e.g. a normal mode and one or more
specific modes, e.g. selectable by a user, or automatically
selectable. A mode of operation may be optimized to a
specific acoustic situation or environment. A mode of opera-
tion may include a low-power mode, where functionality of
the hearing device is reduced (e.g. to save power), e.g. to
disable wireless communication, and/or to disable specific
features of the hearing device.

[0047] The hearing device may comprise a number of
detectors configured to provide status signals relating to a
current physical environment of the hearing device (e.g. the
current acoustic environment), and/or to a current state of
the user wearing the hearing device, and/or to a current state
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or mode of operation of the hearing device. Alternatively, or
additionally, one or more detectors may form part of an
external device in communication (e.g. wirelessly) with the
hearing device. An external device may e.g. comprise
another hearing device, a remote control, and audio delivery
device, a telephone (e.g. a smartphone), an external sensor,
etc.

[0048] One or more of the number of detectors may
operate on the full band signal (time domain) One or more
of the number of detectors may operate on band split signals
((time-) frequency domain), e.g. in a limited number of
frequency bands.

[0049] The number of detectors may comprise a level
detector for estimating a current level of a signal of the
forward path. The detector may be configured to decide
whether the current level of a signal of the forward path is
above or below a given (L-)threshold value. The level
detector operates on the full band signal (time domain). The
level detector operates on band split signals ((time-) fre-
quency domain)

[0050] The hearing device may comprise a voice activity
detector (VAD) for estimating whether or not (or with what
probability) an input signal comprises a voice signal (at a
given point in time). A voice signal is in the present context
taken to include a speech signal from a human being. It may
also include other forms of utterances generated by the
human speech system (e.g. singing). The voice activity
detector unit is adapted to classify a current acoustic envi-
ronment of the user as a VOICE or NO-VOICE environ-
ment. This has the advantage that time segments of the
electric microphone signal comprising human utterances
(e.g. speech) in the user’s environment can be identified, and
thus separated from time segments only (or mainly) com-
prising other sound sources (e.g. artificially generated
noise). The voice activity detector may be adapted to detect
as a VOICE also the user’s own voice. Alternatively, the
voice activity detector may be adapted to exclude a user’s
own voice from the detection of a VOICE.

[0051] The hearing device may comprise an own voice
detector for estimating whether or not (or with what prob-
ability) a given input sound (e.g. a voice, e.g. speech)
originates from the voice of the user of the system. A
microphone system of the hearing device may be adapted to
be able to differentiate between a user’s own voice and
another person’s voice and possibly from NON-voice
sounds.

[0052] The number of detectors may comprise a move-
ment detector, e.g. an acceleration sensor. The movement
detector is configured to detect movement of the user’s
facial muscles and/or bones, e.g. due to speech or chewing
(e.g. jaw movement) and to provide a detector signal indica-
tive thereof.

[0053] The hearing device may comprise a classification
unit configured to classify the current situation based on
input signals from (at least some of) the detectors, and
possibly other inputs as well. In the present context ‘a
current situation’ is taken to be defined by one or more of

[0054] a) the physical environment (e.g. including the
current electromagnetic environment, e.g. the occurrence of
electromagnetic signals (e.g. comprising audio and/or con-
trol signals) intended or not intended for reception by the
hearing device, or other properties of the current environ-
ment than acoustic);
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[0055] b) the current acoustic situation (input level, feed-
back, etc.), and

[0056] c) the current mode or state of the user (movement,
temperature, cognitive load, etc.);

[0057] d) the current mode or state of the hearing device
(program selected, time elapsed since last user interaction,
etc.) and/or of another device in communication with the
hearing device.

[0058] The classification unit may be based on or com-
prise a neural network, e.g. a rained neural network.
[0059] The hearing device may further comprise other
relevant functionality for the application in question, e.g.
compression, noise reduction, feedback control, etc.
[0060] The hearing device may comprise a listening
device, e.g. a hearing aid, e.g. a hearing instrument, e.g. a
hearing instrument adapted for being located at the ear or
fully or partially in the ear canal of a user, e.g. a headset, an
earphone, an ear protection device or a combination thereof.
The hearing assistance system may comprise a speaker-
phone (comprising a number of input transducers and a
number of output transducers, e.g. for use in an audio
conference situation), e.g. comprising a beamformer filter-
ing unit, e.g. providing multiple beamforming capabilities.
[0061] Use:

[0062] In an aspect, use of a hearing device as described
above, in the ‘detailed description of embodiments’ and in
the claims, is moreover provided. Use may be provided in a
system comprising audio distribution. Use may be provided
in a system comprising one or more hearing aids (e.g.
hearing instruments), headsets, ear phones, active ear pro-
tection systems, etc., e.g. in handsfree telephone systems,
teleconferencing systems (e.g. including a speakerphone),
public address systems, karaoke systems, classroom ampli-
fication systems, etc. Use of a hearing device for controlling
functionality of the hearing device or another device or
system by means of eye gaze of the user wearing the hearing
device.

[0063] A Hearing System:

[0064] In a further aspect, a hearing system comprising a
hearing device as described above, in the ‘detailed descrip-
tion of embodiments’, and in the claims, AND an auxiliary
device is moreover provided.

[0065] The hearing system may be adapted to establish a
communication link between the hearing device and the
auxiliary device to provide that information (e.g. control and
status signals, possibly audio signals) can be exchanged or
forwarded from one to the other.

[0066] The auxiliary device may comprise a remote con-
trol, a smartphone, or other portable or wearable electronic
device, such as a smartwatch or the like.

[0067] The auxiliary device may be constituted by or
comprise a remote control for controlling functionality and
operation of the hearing device(s). The function of a remote
control is implemented in a smartphone, the smartphone
possibly running an APP allowing to control the function-
ality of the audio processing device via the smartphone (the
hearing device(s) comprising an appropriate wireless inter-
face to the smartphone, e.g. based on Bluetooth or some
other standardized or proprietary scheme).

[0068] The auxiliary device may be constituted by or
comprise an audio gateway device adapted for receiving a
multitude of audio signals (e.g. from an entertainment
device, e.g. a TV or a music player, a telephone apparatus,
e.g. a mobile telephone or a computer, e.g. a PC) and
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adapted for selecting and/or combining an appropriate one
of the received audio signals (or combination of signals) for
transmission to the hearing device.

[0069] The auxiliary device may be constituted by or
comprise another hearing device. The hearing system may
comprise two hearing devices adapted to implement a bin-
aural hearing system, e.g. a binaural hearing aid system.
[0070] The binaural hearing system may comprise first
and second hearing devices as claimed as described above,
in the ‘detailed description of embodiments’ and in the
claims, wherein the first and second hearing devices are
configured to be able to exchange data between each other.
Thereby a binaural hearing aid system based on sound
signals and/or EOG signals from both sides of the user’s
head can be provided.

[0071] An APP:

[0072] In a further aspect, a non-transitory application,
termed an APP, is furthermore provided by the present
disclosure. The APP comprises executable instructions con-
figured to be executed on an auxiliary device to implement
a user interface for a hearing device or a hearing system
described above in the ‘detailed description of embodi-
ments’, and in the claims. The APP is configured to run on
cellular phone, e.g. a smartphone, or on another portable
device allowing communication with said hearing device or
said hearing system.

[0073] Definitions:

[0074] In the present context, a ‘hearing device’ refers to
a device, such as a hearing aid, e.g. a hearing instrument, or
an active ear-protection device, or other audio processing
device, which is adapted to improve, augment and/or protect
the hearing capability of a user by receiving acoustic signals
from the user’s surroundings, generating corresponding
audio signals, possibly modifying the audio signals and
providing the possibly modified audio signals as audible
signals to at least one of the user’s ears. A ‘hearing device’
further refers to a device such as an earphone or a headset
adapted to receive audio signals electronically, possibly
modifying the audio signals and providing the possibly
modified audio signals as audible signals to at least one of
the user’s ears. Such audible signals may e.g. be provided in
the form of acoustic signals radiated into the user’s outer
ears, acoustic signals transferred as mechanical vibrations to
the user’s inner ears through the bone structure of the user’s
head and/or through parts of the middle ear as well as
electric signals transferred directly or indirectly to the
cochlear nerve of the user.

[0075] The hearing device may be configured to be worn
in any known way, e.g. as a unit arranged behind the ear with
a tube leading radiated acoustic signals into the ear canal or
with an output transducer, e.g. a loudspeaker, arranged close
to or in the ear canal, as a unit entirely or partly arranged in
the pinna and/or in the ear canal, as a unit, e.g. a vibrator,
attached to a fixture implanted into the skull bone, as an
attachable, or entirely or partly implanted, unit, etc. The
hearing device may comprise a single unit or several units
communicating (e.g. acoustically, electrically or optically)
with each other. The loudspeaker may be arranged in a
housing together with other components of the hearing
device, or may be an external unit in itself (possibly in
combination with a flexible guiding element, e.g. a dome-
like element).

[0076] More generally, a hearing device comprises an
input transducer for receiving an acoustic signal from a
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user’s surroundings and providing a corresponding input
audio signal and/or a receiver for electronically (i.e. wired or
wirelessly) receiving an input audio signal, a (typically
configurable) signal processing circuit (e.g. a signal proces-
sor, e.g. comprising a configurable (programmable) proces-
sor, e.g. a digital signal processor) for processing the input
audio signal and an output unit for providing an audible
signal to the user in dependence on the processed audio
signal. The signal processor may be adapted to process the
input signal in the time domain or in a number of frequency
bands. In some hearing devices, an amplifier and/or com-
pressor may constitute the signal processing circuit. The
signal processing circuit typically comprises one or more
(integrated or separate) memory elements for executing
programs and/or for storing parameters used (or potentially
used) in the processing and/or for storing information rel-
evant for the function of the hearing device and/or for
storing information (e.g. processed information, e.g. pro-
vided by the signal processing circuit), e.g. for use in
connection with an interface to a user and/or an interface to
a programming device. In some hearing devices, the output
unit may comprise an output transducer, such as e.g. a
loudspeaker for providing an air-borne acoustic signal or a
vibrator for providing a structure-borne or liquid-borne
acoustic signal. In some hearing devices, the output unit may
comprise one or more output electrodes for providing elec-
tric signals (e.g. to a multi-electrode array) for electrically
stimulating the cochlear nerve (cochlear implant type hear-
ing aid). The hearing device may comprise a speakerphone
(comprising a number of input transducers and a number of
output transducers), e.g. for use in an audio conference
situation.

[0077] In some hearing devices, the vibrator may be
adapted to provide a structure-borne acoustic signal trans-
cutaneously or percutaneously to the skull bone. In some
hearing devices, the vibrator may be implanted in the middle
ear and/or in the inner ear. In some hearing devices, the
vibrator may be adapted to provide a structure-borne acous-
tic signal to a middle-ear bone and/or to the cochlea. In some
hearing devices, the vibrator may be adapted to provide a
liquid-borne acoustic signal to the cochlear liquid, e.g.
through the oval window. In some hearing devices, the
output electrodes may be implanted in the cochlea or on the
inside of the skull bone and may be adapted to provide the
electric signals to the hair cells of the cochlea, to one or more
hearing nerves, to the auditory brainstem, to the auditory
midbrain, to the auditory cortex and/or to other parts of the
cerebral cortex.

[0078] A hearing device, e.g. a hearing aid, may be
adapted to a particular user’s needs, e.g. a hearing impair-
ment. A configurable signal processing circuit of the hearing
device may be adapted to apply a frequency and level
dependent compressive amplification of an input signal. A
customized frequency and level dependent gain (amplifica-
tion or compression) may be determined in a fitting process
by a fitting system based on a user’s hearing data, e.g. an
audiogram, using a fitting rationale (e.g. adapted to speech).
The frequency and level dependent gain may e.g. be embod-
ied in processing parameters, e.g. uploaded to the hearing
device via an interface to a programming device (fitting
system), and used by a processing algorithm executed by the
configurable signal processing circuit of the hearing device.

[0079] A ‘hearing system’ refers to a system comprising
one or two hearing devices, and a ‘binaural hearing system’
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refers to a system comprising two hearing devices and being
adapted to cooperatively provide audible signals to both of
the user’s ears. Hearing systems or binaural hearing systems
may further comprise one or more ‘auxiliary devices’, which
communicate with the hearing device(s) and affect and/or
benefit from the function of the hearing device(s). Such
auxiliary devices may include at least one of a remote
control, a remote microphone, an audio gateway device, an
entertainment device, e.g. a music player, a wireless com-
munication device, e.g. a mobile phone (such as a smart-
phone) or a tablet or another device, e.g. comprising a
graphical interface. Hearing devices, hearing systems or
binaural hearing systems may e.g. be used for compensating
for a hearing-impaired person’s loss of hearing capability,
augmenting or protecting a normal-hearing person’s hearing
capability and/or conveying electronic audio signals to a
person. Hearing devices or hearing systems may e.g. form
part of or interact with public-address systems, active ear
protection systems, handsfree telephone systems, car audio
systems, entertainment (e.g. TV, music playing or karaoke)
systems, teleconferencing systems, classroom amplification
systems, etc.

[0080] Embodiments of the disclosure may e.g. be useful
in applications such as applications.

BRIEF DESCRIPTION OF DRAWINGS

[0081] The aspects of the disclosure may be best under-
stood from the following detailed description taken in con-
junction with the accompanying figures. The figures are
schematic and simplified for clarity, and they just show
details to improve the understanding of the claims, while
other details are left out. Throughout, the same reference
numerals are used for identical or corresponding parts. The
individual features of each aspect may each be combined
with any or all features of the other aspects. These and other
aspects, features and/or technical effect will be apparent
from and elucidated with reference to the illustrations
described hereinafter in which:

[0082] FIG. 1 schematically shows a natural eye dipole,

[0083] FIG. 2 schematically shows a setup for measure-
ment of voltage deflections with horizontal eye movement
using electrodes across the temples,

[0084] FIG. 3 shows LEFT: A traditional positioning of
electrodes to measure horizontal and vertical EOG. RIGHT:
Alternative forehead electrode positioning of electrodes to
measure horizontal and vertical EOG,

[0085] FIG. 4 schematically shows a measurement setup
for measuring EOG using in-ear electrodes,

[0086] FIG. 5 illustrates two different unilateral electrode
positions for measuring EOG, the LEFT part illustrating the
electrodes placed on a line perpendicular to the plane of
horizontal eye movement (top LEFT) and resulting in no
EOG-signal being recorded (bottom LEFT),

[0087] the RIGHT part illustrating the electrodes placed
on a line in the plane of horizontal eye movement, resulting
in a clear EOG-signal being recorded,

[0088] FIG. 6 shows a characterization of unilaterally
positioned capacitive electrodes, the graph illustrating mea-
sured EOG (peak-to-peak) voltage [mV] versus distance
[ecm] between electrodes,

[0089] FIG. 7 shows a characterization of unilaterally
positioned contact AgCl electrodes, the graph illustrating
measured EOG (peak-to-peak) voltage [V] versus distance
[ecm] between electrodes,
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[0090] FIG. 8A schematically shows measurement of
EOG signals using electrodes on left and right sides of the
user’s head, and

[0091] FIG. 8B shows a graph of measured amplitude of
EOG signals (from EarEOG electrodes and facial EOG
electrodes) versus time for different eye gaze angles.
[0092] FIG. 9A schematically illustrates an overview of a
static calibration method of a hearing device providing an
EOG-signal according to the present disclosure, and
[0093] FIG. 9B shows an example of calibration sequence,
[0094] FIG. 10 schematically illustrates a dynamic cali-
bration process, which can be used in an acoustic scenario
where at least one sound source is present and where it is
assumed that the user looks at that sound source at a specific
point in time,

[0095] FIG. 11 illustrates the scheme of simultaneous
localization and mapping (SLAM),

[0096] FIG. 12 shows the different steps mentioned above
as reflected in recorded data of a user,

[0097] FIG. 13 schematically illustrates a middle-ear
reflex activated by vocalization,

[0098] FIG. 14 shows an overview of an electrophysi-
ological time-stamping system for EEG signals, and
[0099] FIG. 15 shows basic steps of an eye blink detector.
[0100] The figures are schematic and simplified for clarity,
and they just show details which are essential to the under-
standing of the disclosure, while other details are left out.
Throughout, the same reference signs are used for identical
or corresponding parts.

[0101] Further scope of applicability of the present dis-
closure will become apparent from the detailed description
given hereinafter. However, it should be understood that the
detailed description and specific examples, while indicating
preferred embodiments of the disclosure, are given by way
of illustration only. Other embodiments may become appar-
ent to those skilled in the art from the following detailed
description.

DETAILED DESCRIPTION OF EMBODIMENTS

[0102] The detailed description set forth below in connec-
tion with the appended drawings is intended as a description
of various configurations. The detailed description includes
specific details for the purpose of providing a thorough
understanding of various concepts. However, it will be
apparent to those skilled in the art that these concepts may
be practiced without these specific details. Several aspects of
the apparatus and methods are described by various blocks,
functional units, modules, components, circuits, steps, pro-
cesses, algorithms, etc. (collectively referred to as “ele-
ments”). Depending upon particular application, design con-
straints or other reasons, these elements may be
implemented using electronic hardware, computer program,
or any combination thereof.

[0103] The electronic hardware may include micro-elec-
tronic-mechanical systems (MEMS), integrated circuits (e.g.
application specific), microprocessors, microcontrollers,
digital signal processors (DSPs), field programmable gate
arrays (FPGAs), programmable logic devices (PLDs), gated
logic, discrete hardware circuits, printed circuit boards
(PCB) (e.g. flexible PCBs), and other suitable hardware
configured to perform the various functionality described
throughout this disclosure, e.g. sensors, e.g. for sensing
and/or registering physical properties of the environment,
the device, the user, etc. Computer program shall be con-
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strued broadly to mean instructions, instruction sets, code,
code segments, program code, programs, subprograms, soft-
ware modules, applications, software applications, software
packages, routines, subroutines, objects, executables,
threads of execution, procedures, functions, etc., whether
referred to as software, firmware, middleware, microcode,
hardware description language, or otherwise.

[0104] The present application relates to the field of hear-
ing devices, e.g. hearing aids. The present application spe-
cifically relates to various aspects of capture of bio-signals
from a persons’ body, e.g. EEG signals or EOG signals.
[0105] Capture of EOG Signals:

[0106] Due to the natural metabolism processes that hap-
pen in the eye, there is a small dipole created from the cornea
(including the front part of the eye comprising the pupil, iris
and eye liquid, being the positive pole) to Bruch’s mem-
brane between the retina and the sclera of the eye (rear part
of'the eye comprising the eye nerve, being the negative pole)
as depicted in FIG. 1. FIG. 1 schematically illustrates
electric properties of the eye as a natural eye dipole.
[0107] If a pair of electrodes (Electrode-1, Electrode-2)
are placed across the temples of the head of a person, a
voltage (AV=P2-P1) can be measured, which fluctuates
proportionally to the movement of the person’s eye balls in
the horizontal plane (see FIG. 2). FIG. 2 schematically
shows a setup for measurement of voltage deflections with
horizontal eye movement using electrodes across the
temples.

[0108] Measurements could also be performed in the
vertical plane if we place the electrodes above and below the
eyes see FIG. 3 left. This is what we call an EOG signal. Not
only are we able to capture the EOG signal from electrodes
across the temples of the head. It has been shown that these
potentials can also be captured by placing electrodes on the
forehead (see e.g. FIG. 3 right), however covering both sides
of the head (i.e. bilaterally) [1]. FIG. 3 shows LEFT: A
traditional positioning of electrodes to measure horizontal
and vertical EOG. RIGHT: Alternative forehead electrode
positioning of electrodes to measure horizontal and vertical
EOG.

[0109] In a further configuration, electrodes are placed in
the ear cavities [2] (see e.g. FIG. 4). FIG. 4 shows a
measurement setup for measuring EOG using in-ear elec-
trodes. FIG. 4 shows a configuration of an eye gaze estima-
tion system worn by a user (U). The system comprises left
and right sensor parts (SEN,;, SEN, ., ) adapted for being
located at or in left and right ears (Ear) and/or for fully or
partially being implanted in the head at left and right ears of
a user. The left and right sensor parts comprise a left and a
right electrical potential sensor (EPS, ;, EPS,. ,), respec-
tively, for sensing respective electrical potentials (P,
P,.%,) from the user’s head. The eye gaze estimation system
further comprises electronic circuitry (COMPU) electrically
coupled to the respective left and right electrical potential
sensor parts (SEN,,, SEN,,_;,) and configured to determine
a single channel amplified output (AP) representative of a
difference between the left and right electrical potentials.
The single channel amplified output (AP) represents—at
least in a specific electro-oculography (EOG) mode of
operation—an EOG signal (AP;,s). In the embodiment of
FIG. 4, the electric circuitry comprises an analogue to digital
converter A/D for providing an amplified, digitized version
of' the difference between the right and left electric potentials
(Prsi> Prign,) provided by the respective left and right elec-
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trical potential sensors (EPS,,;, EPS,,,,). The electronic
circuitry (COMPU) further comprises a signal processor
(PRO) configured to estimate an eye gaze angle (AO) based
on the (possibly further processed, e.g. filtered) EOG signal
(APE00).

[0110] Monitoring eye movements is of interest for a
variety of fields, some of which include:

[0111] Vigilance monitoring

[0112] Balance disorder diagnosis and management
[0113] Steering directionality of hearing devices
[0114] Sleep assessment.

[0115] However, the limitation of a bilateral placement of

sensors on the head limits its practicality in portable, covert
or discrete solutions, and prohibits its integration in ordinary
hearing devices.

[0116] According to an aspect of the present disclosure,
the electrodes are placed unilaterally on the head to capture
EOG signals at different signal levels with different elec-
trode variants such as Capacitive Electrodes or Contact
electrodes.

[0117] The electrodes are oriented towards the plane of the
horizontal eye movements (left-right) to acquire the EOG
signals. FIG. 5 shows two different unilateral electrode
placements for measuring EOG (top) and corresponding
EOG-signal [Volt] (scale between —-0.01 V and +0.01 V)
over samples of data acquired [time] (bottom graphs, scale
between 0 and 10000; each sample is (1/f;[Hz]) s, e.g. 1 ms,
for £=1 kHz.). On the top left, the (two) electrodes are
placed on the user’s head (at an ear, one above, one below
pinna) perpendicular to the plane of the eye movements
(indicated by vertical double arrow) and as a result no
horizontal EOG signal is recorded (cf. bottom left graph,
comprising no clear structure). On the top right, the (two)
electrodes are placed in the plane of the eye movements
(indicated by horizontal double arrow, one on each side of
pinna), and a clear EOG signal is recorded (cf. bottom right
graph; exhibiting a clear pulse-like structure with a peak-
to-peak voltage of 11 mV). Therefore, the placement of the
electrodes should be in line with the eye movement of
interest.

[0118] Not only the orientation of the electrodes plays a
role in a successful measurement of unilateral EOG signals.
The signal level is further dependent on the distance
between the electrodes. The shorter the distance the smaller
the signal level. The characterization of such distance scal-
ing is an important design parameter for ear level devices
where electrodes are intended to be in or around the ear and
whose intended application is the acquisition EOG.

[0119] These effects are independent of the kind of elec-
trodes used. In the present work, we have characterised
unilateral electrode position configurations and distance
scaling for capacitive and contact AgCl electrodes. The
characterization consists on a sequential measurement of
EOG potentials at different distances between a reference
and a sensing electrode. The position of the reference
electrode is selected based on the desired final location of the
measuring system (e.g. behind the ear) while the initial
position of the sensing electrode should be closest to the side
of the eyeball. Several measurements can be obtained by
shifting the position of the sensing electrode closer to the
reference electrode within the plane of the desired eye
movement to be captured. The measured potential can be
subject to a linear regression to estimate a critical distance
for recording EOG. FIG. 6 shows a characterization of
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unilaterally positioned capacitive electrodes, the graph illus-
trating measured EOG (peak-to-peak) voltage [mV] versus
distance [cm] between electrodes. FIG. 7 shows a charac-
terization of unilaterally positioned contact AgCl electrodes,
the graph illustrating measured EOG (peak-to-peak) voltage
[1V] versus distance [cm] between electrodes. In both cases,
the measured data points have been subject to a linear
regression analysis and approximated by a straight line. As
appears from the graphs, a critical minimum distance
between the electrodes can be defined as the extrapolation of
the straight line to its crossing with the distance axis. Below
the critical distance, no or very small voltage differences
(EOG-signals) are expected. For the capacitive electrodes, a
critical distance of approximately 4 cm is implied. For the
contact AgCl electrodes, a critical distance of approximately
4 cm is implied. The distance sensitivity (AV/Ax) of the
EOG signal (where x represents electrode distance) is,
however, much larger for the contact capacitive electrodes
(~4.3 mV/cm) than for the AgCl electrodes (~51 pV/em).
[0120] The findings of the present disclosure is not limited
to any specific type of electrode. It is the assumption that any
electrode type can be characterized in this way to obtain a
critical distance value for unilateral placement for ear level
EOG acquisition.
[0121] System and Methods for Calibration of EarBEOG
Eye-Steering Hearing Device:
[0122] People with hearing impairment especially struggle
in situations where several (competing) speakers are present
(and possibly in the presence of noise from further sound
sources). Under such acoustically challenging situations,
people with hearing impairment lack a solution to support
them to steer/switch their attention. It is possible to use eye
gaze to steer an attention beam of a microphone system or
to select sound from (e.g. FM or Bluetooth based) wireless
microphones. Eye gaze can be picked up by means of
electrodes in the ear canal (EarEOG) or elsewhere on the
face of a user (see e.g. FIG. 5). The present disclosure
proposes a calibration process to transform electrical signals
picked up by electrodes attached to the user’s head (e.g. at
or in the ears or a user) and optional inertial (movement)
sensors to relative or absolute eye gaze positions.
[0123] By placing electrodes in the ear-canal we can pick
up EOG signals, which provides us with information on
where the end-user is looking at (see FIG. 8A, 8B). In order
to know where the end-user is looking at, we need to
transform the measured values form this in-ear electrodes
(V) to an angle (rad or degrees). This present disclosure
proposes two methods to calibrate a hearing device com-
prising EarEOG based control.
[0124] FIG. 8A shows measurement of EOG signals using
electrodes on left and right sides of the user’s head, and
[0125] FIG. 8B shows a graph of measured amplitude of
EOG signals (from EarEOG electrodes and facial EOG
electrodes) versus time for different eye gaze angles. FIG.
8A illustrates the electric dipole nature of the human eyes.
By placing electrodes on each side of the eyes (e.g. at or in
the ears), it is possible to pick up a signal that provide us
with information on where the user is looking (e.g. an eye
gaze angle).
[0126] The EarEOG eye-steering hearing device may con-
sist of the following sensors that are used to calibrate the
system:

[0127] EarEOG electrodes: These sensors are used to

pick up the electric signals indicating where the eyes
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looking (e.g. gaze angle) at a given point in time. By
using information of these sensors alone, it is possible
to estimate a relative eye gaze (i.e., angle w.r.t. the head
orientation).

[0128] Inertial sensors (accelerometer, gyroscope and
magnetometer): These sensors may e.g. provide infor-
mation on a present orientation of the user’s head (e.g.,
rotation of the head, yaw angle). By using information
from inertial sensors as well as from the EarEOG
electrodes, it is possible to estimate an absolute eye
gaze.

[0129] Microphones: These sensors collect information
on the sound environment. More interestingly, by using
several microphones, we can calculate direction of
arrival of sound sources. The direction of arrival of
sound sources can be used in an on-the-fly calibration/
recalibration process, with the assumption that the user
eventually looks at the sound source.

[0130] In the present disclosure, two methods for calibrat-
ing such system are proposed: 1) Static calibration: This
method takes advantage of using an external device to
calibrate the system. Such calibration procedure may be
performed in a controlled acoustic environment, e.g. in an
audiology clinic, or at home.

[0131] 2) Dynamic calibration: This method may be used
to calibrate/re-calibrate the system while being in dynamic
situations during use of the hearing device (e.g., while the
user is moving in a multi-talker environment).

[0132] Static Calibration:

[0133] An overview of the system required for this static/
controlled calibration method is shown in FIG. 9A. The
system is composed by the following elements:

[0134] 1) The EarEEG hearing device is worn by the
user/person with hearing impairment and measures the
EarEOG signals of the wearer of the system as well as the
head orientation through inertial sensors (yaw angle).
[0135] 2) An external screen is used to present/display a
calibration sequence that the user is supposed to follow with
the eye gaze.

[0136] 3) Calibration processors is responsible of collect-
ing EarEOG data from the EarEOG hearing device, motion
sensor data from the hearing device, as well as sending
predefined stimuli calibration sequences to the Screen, gen-
erating a calibration data set by doing analysis on both types
of data (EarEOG+Inertial Sensor & stimuli position) and
sending this calibration results to the EarEOG hearing
device.

[0137] This system could potentially be embedded in a
smartphone APP but it could also form part of a fixed set-up
in an audiology clinic.

[0138] The steps needed to calibrate the EarEOG hearing
device are the following:

[0139] 1) The user is wearing an EarEOG hearing device
[0140] 2) The user is positioned in a specific location in
front of a screen at a certain distance from his eyes. In case
of'using a smartphone, this distance could be estimated from
the frontal camera of the device.

[0141] 3) The user is instructed to follow with the eyes a
signal on the screen (e.g., red dot) while keeping the head
still or while moving the head naturally. In the head natural
condition, the head the orientation is tracked by the inertial
sensors of the device or if using a smartphone, from the
frontal camera of the smartphone.
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[0142] 4) A calibration sequence starts, where a dot starts
moving in the screen. The sequence is a combination of fast
transitions between locations (in eye literature this is known
as saccades) and staying still in certain locations (in eye
literature this is known as fixation).

[0143] 5) While the sequence takes place, the EarBEOG
device collects data from electrodes together with the loca-
tion of the dot (x,y)

[0144] 6) At the end of this sequence, the synchronized
EarEOG+Inertial Sensors data and DotLocation are used in
a calibration process to be able to estimate the eye gaze, e.g.
eye gaze angle.

[0145] 7) The results of the calibration process are then
uploaded to the EarEOG hearing device.

[0146] FIG. 9B shows an example of a calibration
sequence, in particular an example of the positions a cali-
bration sequence may cover. Note that the dot location varies
both on horizontal axis but also on the vertical axis.
[0147] Dynamic Calibration

[0148] FIG. 10 schematically illustrates a dynamic cali-
bration process, which can be used in an acoustic scenario
where at least one sound source is present and where it is
assumed that the user looks at that sound source at a specific
point in time.

[0149] 15

[0150] While the above introduced (static) method
requires external devices and a more complex set-up, the
dynamic calibration uses assumptions to simplify the pro-
cess. Current hearing aids use their microphone and algo-
rithms to detect the direction of arrival (DoA) of a sound
source. As the position of microphones/hearing aids is fixed
on the head, DoA algorithms can provide an estimate of the
angle where the sound is coming from. If we then assume
that at certain moments the end-user looks at those sound
sources, we have a calibration point by comparing the DoA
angle provided by the microphone data with the EarBEOG
data.

[0151] Simultaneous Localization and Mapping (SLAM)
[0152] SLAM relates to a computational problem typi-
cally used in self-driving cars, where a map of relevant
landmarks is constructed/updated while at the same time
keeping track of the location of the agent (e.g., car) within
that map. This scenario is illustrated in FIG. 11.

[0153] Ifthe SLAM problem is translated into the acoustic
domain, the user would be navigating in a map of sound
sources. The SLAM algorithm would then try to construct/
update a map of sound sources and ubicate the end-user in
that map. In order to solve this problem, data from the
hearing device microphones, EarEOG and IMUs, are
needed.

[0154] The proposed dynamic calibration process would
make use of this sound source map and the user location in
this map to calibrate/re-calibrate the EarEOG device. This
would be done by assuming that in certain moments, the user
is looking at the sound sources. For each time we make this
assumption, we then have a calibration point.

[0155] The success of this dynamic calibration process
relies on whether the assumption on the user looking at a
sound source at a given point in time holds. When the user
switch attention to a new sound source located in the right,
he/she does the following steps:

[0156] 1) Fast saccade from the original target to the new
target: eyes going right. This usually takes around 150 ms.
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[0157] 2) Once the eyes are almost on the target, then the
head starts rotating towards the target, hence the head starts
rotating right.

[0158] 3) While the head is rotating, the eye are fixating
into the target but since the head is rotating, the eyes then
compensate for the head rotation and move left. This simul-
taneous head/eye movement is quite particular because

[0159] a. Both eye/head go at the same speed (to
counteract each other)

[0160] b. Both signals have opposite direction (eyes
compensate head movement) 4) Once the head reach its
‘final destination’, both eye and head remain fixed for
a period of time.

[0161] If a the recorded EOG signal reflect the above
process, the assumption that the user is looking at a new
sound source can be trusted (high confidence). If not, the
assumption cannot be trusted (low confidence).

[0162] FIG. 12 shows the different steps mentioned above
as reflected in recorded data of a user. Steps required to
detect when the end-user is switching attention to a new
target. The Y-axis shows the eye gaze angle in degrees [°]
and the X-axis shows time [s]. The piecewise linear graph
(starting bottom left) illustrates Eye Gaze angle versus time
(recorded using an eye-tracker) and the smooth graph start-
ing top left illustrates head rotation angle versus time
(recorded using inertial sensors). The different steps, 1)-4),
of the above-mentioned ‘attention-shifting procedure’ are
indicated in FIG. 12. Note that the slopes of the two graphs
(between 59 and 59.5 s) in step 3) are almost equal and of
opposite sign (as indicated by the two solid arrows in FIG.
12).

[0163] When the signals from the inertial and EarBEOG
sensors indicate that there is such pattern we can assume that
the end-user is looking at a new object. If at the same time
a sound source emits sound, a direction of arrival (DOA)
may be estimated from sound signals received by micro-
phones (e.g. of the hearing device), and a new calibration
point can be added by correlating EarEOG data, Inertial
sensor data and DoA data.

[0164] The below pseudo code summarizes the steps of
the above described procedure.

while DynamicCalibration.running( )
% Run SLAM
[new__map, new__location] = SLAM( )
% Assumption met? Eye&head direction, same speed
%opposite direction + fixation + active sound source
if assumption.happens( )
DynamicCalibration.addPoint( )
end
if DynamicCalibration.enoughPoints( )
DynamicCalibration.calibrate( )
end
end

[0165] Mathematical Formulation:

[0166] The equations below show the calculations to run
when doing the online calibrations process. If we get a set
of (n) DoA measurements corresponding to a smaller num-
ber of directions (m) then we can put all these in a matrix Y
(mxn). If we also have measured (n) fixations from EOG
with corresponding (m) directions, we collect this in another
matrix A (mxn). It is then assumed that the each DOA is
paired with the corresponding fixation from EOG, we then
have that
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Y=0A

a=yH4*4y!

where ais the sought scale and a is the least squares
estimate. For the equation above to hold, both DoA and EOG
measurments should be in the same global coordinate frame-
work (or at least a known one so that we can then apply
corresponding rotation).

[0167] EEG and EOG:

[0168] EOG signals may typically be captured by elec-
trodes/sensors adapted to pick up brain wave signals (Elec-
troencephalography (EEG)). The EOG signals can be seen
as artefacts in the (typically weaker) EEG-signals. The
capture of EEG signals and EOG signals can thus be
provided by the same electrodes/sensors. The two kinds of
signals can be separated in subsequent signal processing
steps.

[0169] In the following a number of features relating to
EEG-electrodes and EEG signals are disclosed. The EEG-
features can be exploited alone or in combination with
EOG-features.

[0170] Detection of Middle-Ear Reflex with EEG:

[0171] The middle-ear reflex is activated either by loud
sounds or by vocalization. It activates the stapedial muscle
and tensor tympany causing less sound to be transmitted to
the inner ear.

[0172] Such muscle activity can be detected by EEG and
used in the hearing aid to apply signal processing specifi-
cally designed for use when the middle-ear reflex is active.
FIG. 13 schematically illustrates the middle-ear reflex acti-
vated by vocalization.

[0173] Users of hearing aids often complain that own
voice perception (OVP) is different when wearing hearing
aids. In addition, users are sensitive to so-called occlusion
(loudness increase of low frequency sounds). Considerable
efforts have gone into improving OVP and reducing occlu-
sion. So far, success has been limited. This may be because
own voice detectors have been based on microphones only
(acoustic detection) and therefore inherently lagging. Given
that immediately before vocalization, the middle ear reflex
is activated in humans [5] detecting activation of the middle
ear reflex with EEG would provide much earlier own voice
detection. Potentially such detection can facilitate signal
processing which would improve OVP. Such detection
mechanism might also be applied for mechanisms aimed at
reducing occlusion (e.g. a mechanically adjustable vent
which may be controlled by the hearing aid processor).
[0174] In addition, detecting middle-ear reflex activation
by sound stimulation may have additional applications. This
includes the possibility of early own voice detection as a
means to improve the processing with respect to signal to
noise estimates and directional processing of incoming
sound. Directional processing is intended to enhance exter-
nal sounds and this is negatively influenced by own voice
signals.

[0175] Inan aspect of the present disclosure, a hearing aid
comprising in-ear electrodes configured to pick up body
signals is configured to detect the middle ear reflex. The
hearing aid may comprise a processor configured to modify
its frequency response according to user preference based on
said detection of the middle ear reflex. The processor may be
configured to detect an onset of a user’s own voice based on
said detection of the middle ear reflex. The processor may be
configured to control a controllable vent in dependence of

Jul. 29, 2021

said onset of a user’s own voice. Such modification could be
based on the suggestion in [5] whereby gain is reduced to
about half compared to the gain applied in the absence of
own vocalization.

[0176] Electrophysiological Time-Stamping for Natural-
istic Portable EarEEG Systems

[0177] Several electrophysiological signals have been
established as indicators of cognitive processes happening as
a result of defined and controlled experimental stimulation.
The P300, N400, and the mismatch negativity (MMN)
among others, for example, reflect cognitive processing of
unexpected events or rule violations. Brain wave analysis,
particularly alpha wave oscillations, has also been estab-
lished as indicator of cognitive load, meaning how much
work the brain is exerting on a given task.

[0178] These signals can be evaluated with electroen-
cephalography (EEG) recorded either from the scalp or from
within the ear with earEEG electrodes. However, as part of
the signal processing required to obtain the responses, a
time-stamp coupled to each stimulus presentation need to be
available. This controlled stimulus presentation would not
be available in an uncontrolled naturalistic environment.
[0179] A portable EEG system aiming for the evaluation
of cognitive processed under naturalistic environments
either with scalp EEG or earEEG will require a time-stamp
signal to process.

[0180] It has been shown in research that when the EEG
is averaged time-locked to blinks, and the part of the
potential that is proportional to the electrooculogram (EOG)
is subtracted, a signal (the ‘residuum’) remains which
resembles an event-related potential (ERP). While some
information in this ERP is related to the visual perception of
light, it has also been shown that information contained
between eyeblinks can reflect cognitive task relevant cog-
nitive processes.

[0181] In an aspect of the present disclosure, there is
provided a portable EEG system, either coupled with a
hearing instrument or in a stand-alone configuration, that
provides information on the real-life cognitive processes by
using eyeblinks as a time-stamping signal to process elec-
trophysiological data.

[0182] The system is comprised of (see FIG. 1):

[0183] 1. EEG sensors either placed on the scalp or in and
around the ear cavity.

[0184] 2. An EEG amplifier that records the differential
input form from the sensors.

[0185] 3. An eyeblink detector that detects when an eye-
blink event has occurred.

[0186] FIG. 14 shows an overview of an electrophysi-
ological time-stamping system for EEG signals. The output
of the system is the raw EEG recorded signal time-stamped
at the points where the eye-blinks were detected cf. right-
most box denoted ‘System Output Signal’ in FIG. 14. The
four peaks in the top graph indicate the timing of eye blinks
These points in time are indicted in the lower EEG-channel
signals by vertical lines. This signal can be used for post-
processing depending on the application desired which
could be but is not limited to:

[0187] Mental Load
[0188] Fatigue
[0189] Auditory evoked potentials
[0190] Visual evoked potentials
[0191] The recorded scalp or in-ear EEG locked to the

eyeblinks can then be averaged synchronized with respect to
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the eyeblinks to derive Event Related Responses (ERPs) that
may reflect information about cognitive process taking place
[6].

[0192] Eye Blinks as an Indicator of Fatigue and Mental
Load in Real-Life Environment Using a Portable Eye-Blink
Detector.

[0193] The detection of the loss of alertness can be impor-
tant in everyday life (e.g. when driving a car or when being
at work). Eye blinking is a psychophysiological measure
which has been demonstrated to be connected to cognition
and mental fatigue. The use of Electroencephalographic
Activity (EEG), Electrooculographic (EOG) techniques, eye
activity measures using eye-tracking cameras have been
proposed as methods for objective alertness and fatigue
monitoring. It has been used in various different contexts
aiming at monitoring the participants’ performance and
fatigue level and for detecting a loss in alertness. Further-
more, literature indicate that the use of eye blink measure-
ment in “noisy” complex environments can be used as both
a feasible and valuable assessment technique of work load
[7]. It appears to be an inverse relation between difficulty of
task and eye blinking frequency [6], whereas the eye-blink
frequency increase with time on task and mental fatigue.

[0194] The following (portable) devices can be used for
the eye-blink frequency:

[0195] EarEEG

[0196] EOG

[0197] EEG

[0198] Infrared eye-tracking camera

[0199] Video camera
[0200] In an aspect of the present disclosure a portable

system that can detect eye-blinks (EOG, EEG, eye-tracking
camera, video camera) and which can be coupled with a
hearing device is provided. The idea is to measure the eye
blink frequency individually during every day live (e.g.
when working at the monitor, being at work or when driving
a car). Since each person has an individual eye blinking
frequency with individual variability of varying degree, the
baseline blink frequency needs to be established individually
first. Second, an eye-blink detector, which uses the raw data
form the portable device (either earEEG, scalp EEG, or an
eye-tracker), is then detecting changes in the blink fre-
quency. As soon as the frequency changes and reach a
critical threshold, this shall be monitored with the detector.
Significant changes in the blink rate can then be used as an
indicator of either change of:

[0201] Mental Load
[0202] Fatigue/loss of alertness
[0203] A feedback is then sent to the user, which can be of

different kinds. It can be either a direct information to the
user (at the end of a day) about the fatigue level. Another
way would be to give feedback to the hearing device when
the blink rate hits a certain threshold. As a consequence
thereof, the device may adapt and change its processing
(such as the noise reduction (NR) scheme) in order to adapt
to the fatigue level/mental load of the user (see e.g. [8]).
[0204] FIG. 15 illustrates the basic steps of an eye blink
detector or corresponding components of a blink detector
system. The system comprises:

[0205] 1. 1 box from the left: A sensor from which
eye-blinks are detectable: This sensor can be placed in or
around the ear such as earEEG electrodes or EOG elec-
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trodes; The sensor can also be worn around or above the eyes
such as an infrared camera, or video camera mounted in
eye-frames.

[0206] 2.9 box from the left: An eyeblink detection mod-
ule for postprocessing of the sensor signal and whose output
is the eye-blink rate (i.e. number of blinks in a window of
time) 3. 3’ box from the left: An eyeblink profile module
that will assess the individual eye-blink baseline at idle
times and evaluate the current eye-blink rate against the
stablished rules for categorization of mental load or fatigue
[0207] 4.4” box from the left: A coupling link to a hearing
instrument to provide feedback on the final state decision to
the user and/or the hearing device to change its processing.
[0208] Unsupervised EEG/Audio Translation:

[0209] In a further aspect, a scheme for high-accuracy and
fast classification of attended source, given audio and EEG
(electroencephalography) input is provided by the present
disclosure. A number of studies in the auditory literature
have attempted to provide a highly performing, speech
tracking computational algorithm, framed at deciphering
auditory attention, i.e. identifying the sound source of the
listener’s interest in a mixture of competing sources.
[0210] Common to most of these computational algo-
rithms is that they rely on regression framework, and in
particular linear regression (LR) solved using least squares
(LS), benefitting from linear relations between EEG and
audio data. Depending on a mapping direction, forward
(audio—EEG) or inverse (EEG—audio), we distinguish two
paradigms—encoding and decoding—supervised cases of
forward and inverse mappings, respectively, with the decod-
ing algorithms receiving the greatest attention in the litera-
ture. Especially prominent decoding algorithm is stimulus
reconstruction (SR), where the sound stimuli are estimated/
reconstructed from the measured neural responses. In addi-
tion, few studies considered the forward mappings and
encoding algorithms. More recently, a combination of
encoding and decoding was proposed, and canonical corre-
lation analysis (CCA) was used in parameter optimization.
[0211] In general, the approaches found in the current
literature rely solely on the supervised learning and hand-
engineered, class-specific feature extraction from labelled
data, and require human ingenuity and prior knowledge to
discover good features/representations.

[0212] The main shortcomings of these studies are low
performances, in terms of classification accuracy rates, and
long time needed to make a decision on the attended sound
source. We do not have ~100% classification accuracy rates
yet. The additional problem is that classification is not
instantaneous, i.e., long time is needed to make a decision on
attended sound source, where we still need tens of seconds
to have satisfactorily high classification rates (>80%), which
is not desired for real-time systems. One explanation for
these low performances is that we do not yet have the
representation (features), which can describe EEG-audio
relations sufficiently well. For these reasons, there is a need
for a different view at EEG-audio data and thus, a different
approach to solving this problem.

[0213] Unsupervised learning build a high-level represen-
tation from un-labelled data. Recently, deep learning
reached impressive performances from breakthrough in
unsupervised learning in neural machine translation and
speech recognition. In unsupervised learning in neural
machine translation, two training strategies have been used,
namely back translation and denoising. In back translation,
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the sentence/speech segment is translated from one language
(L1) to another (L.2), e.g. French—English, and then the
translated sentence is translated back to L1. If the original
and back-translated sentences are not identical, the neural
network (NN) is adjusted so that when translating the same
sentence from L1 to L2 next time, the two become closer.
Denoising is similar to back translation, but do not translate
from L1 to L2, and instead noise is added by removing/
rearing the order of the words to a sentence in one language
and an attempt to translate such sentence to the original
language is made. Such learning can be generalized to new
languages, such as EEG-audio languages, by utilizing com-
munalities in different languages.

[0214] In this aspect, the main idea is that our signals
(Audio and EEG) shall be interpreted as different “lan-
guages” that must include communalities since there are
correlations between the signals. The task for the system is
to, by unsupervised learning, uncover these communalities.
[0215] Unsupervised learning can capture relevant infor-
mation about EEG/audio ‘language’ pairs, so as to extract
good features explaining how audio is correlated with EEG,
or more precisely, explaining how neural processes govern
selective attention, from the available data without human
assistance, i.e. without labelling the data. Here we aim to use
deep unsupervised learning to build an encoder-decoder
model of the EEG/audio data (2 different ‘languages’) to
identify the common good latent structure-features. By
learning to reconstruct both EEG and audio data from the
common feature space, we suppose that our model will use
the knowledge it has already acquired to interpret the new
incoming EEG/audio, identify good features and classify the
speech stream from the attended talker without using any
labelled data.

[0216] Deep Learning: We propose few different systems
for audio/EEG translation. The first system we propose
follows an encoder-decoder architecture with an attention
mechanism (addressing the limitations of encoder-decoder
architecture on longer data sequences); similar to what is
typically used in NMT (neural machine translation) systems.
The core of our EEG/audio translation system involves
training a large deep neural network (DNN) with some
variant of feedforward (acyclic) NN (FNN) and recurrent
(cyclic) NN (RNN). Some of the FNN variants we will use
are convolutional NN (CNN) and improved CNNs (e.g.
GPUCNN (Graphics Processing Unit CNN), MP (Max-
Pooling) CNN, GPU-MPCNN, etc.). Some of the RNN
variants we will use in encoders and decoders are LSTM
(long short-term memory) and (deep) bidirectional RNN and
LSTM, etc., on data pairs.

[0217] The second system we propose is based on deep
canonical correlation analysis (DCCA), a DNN extension of
CCA. Contrary to the first system, where the training criteria
is to learn a representation that best ‘reconstructs’ the
audio/EEG inputs, DCCA tries to learn the representations/
features in both ‘languages’ that are maximally correlated.
[0218] We also combine DCCA with auto/shared encoder-
decoder architecture in our third system, so as to overcome
the drawbacks of the first two system (if any) and to obtain
the best results on audio/EEG language translation and
deciphering the auditory attention.

[0219] Overview of our suggested method: We consider a
dataset of audio segments, denoted by D, and another
dataset of EEG segments, denoted by Dyzs. Datasets D,
and Dyz; do not necessarily need to correspond to each

Jul. 29, 2021

other. We propose two different approaches to EEG/audio
attention translation system, with the difference having
either (1) autoencoders—one encoder for D, and one
encoder for D, ., or (2) having one and only one shared
encoder—the same encoder is used for both directions—
EEG—saudio and audio—EEG. After the model start in a
naive manner (segment-by segment translation of EEG/
audio), at each next iteration, these auto/shared encoders and
decoders are trained to minimize an objective function,
measuring their capacity to reconstruct and/or to learn
representation in two languages that are maximally corre-
lated and to translate from the incoming ‘noisy’ form of
EEG/audio data segments. To be able to do this training in
a completely unsupervised manner, we use two strategies,
namely denoising and back translation (see below). These
two techniques combined together can teach us more a
deeper structure of t EEG/audio data and provides us with
good features that can be used later used in attention
classification task.

[0220] Denoising: If we do not impose any constraint, the
auto/shared encoder will promptly learn to just copy each
incoming segment one by one, without learning any useful
structure and finding good features in the data. To prevent
this, we add noise to the incoming data. The idea is to
randomize EEG and/or audio sub-segments, and let the
system reconstruct the incoming EEG or audio segment.
With this approach, the system will learn more about the
internal structure of audio and EEG languages.

[0221] Back translation is similar to denoising, except that
here, we translate segment in one language to another, and
then translate the translated version back to original lan-
guage. If the original and back-translated segments are not
identical, the NN are adjusted so that we get closer trans-
lation in next iteration. Throughout the training, we alternate
between these techniques and strategies from segment to
segment. During each iteration, we would perform denoising
for EEG and audio segments and two back-translations (one
from EEG to audio and one from audio to EEG). The newly
learnt auto/shared encoder(s) and decoders would then be
used at next to produce new translations between EEG and
audio segments, until convergence.

[0222] After training and learning the relevant features
and translating from EEG to audio data and vice versa), we
will also decipher auditory attention, i.e. we will classify the
attended sound source. To do this, we propose several simple
classifiers that will act as our learned features to classify
auditory attention: (1) conventional non-linear machine
learning methods such as kernel machines, (2) linear meth-
ods such as linear discriminant analysis (LDA), or forward/
backward modelling and CCA, or (3) deep neural networks.
[0223] It is intended that the structural features of the
devices described above, either in the detailed description
and/or in the claims, may be combined with steps of the
method, when appropriately substituted by a corresponding
process.

[0224] As used, the singular forms “a,” “an,” and “the” are
intended to include the plural forms as well (i.e. to have the
meaning “at least one”), unless expressly stated otherwise. It
will be further understood that the terms “includes,” “com-
prises,” “including,” and/or “comprising,” when used in this
specification, specify the presence of stated features, inte-
gers, steps, operations, elements, and/or components, but do
not preclude the presence or addition of one or more other
features, integers, steps, operations, elements, components,
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and/or groups thereof. It will also be understood that when
an element is referred to as being “connected” or “coupled”
to another element, it can be directly connected or coupled
to the other element but an intervening element may also be
present, unless expressly stated otherwise. Furthermore,
“connected” or “coupled” as used herein may include wire-
lessly connected or coupled. As used herein, the term
“and/or” includes any and all combinations of one or more
of the associated listed items. The steps of any disclosed
method are not limited to the exact order stated herein,
unless expressly stated otherwise.

[0225] It should be appreciated that reference throughout
this specification to “one embodiment™ or “an embodiment™
or “an aspect” or features included as “may” means that a
particular feature, structure or characteristic described in
connection with the embodiment is included in at least one
embodiment of the disclosure. Furthermore, the particular
features, structures or characteristics may be combined as
suitable in one or more embodiments of the disclosure. The
previous description is provided to enable any person skilled
in the art to practice the various aspects described herein.
Various modifications to these aspects will be readily appar-
ent to those skilled in the art, and the generic principles
defined herein may be applied to other aspects.

[0226] The claims are not intended to be limited to the
aspects shown herein but are to be accorded the full scope
consistent with the language of the claims, wherein refer-
ence to an element in the singular is not intended to mean
“one and only one” unless specifically so stated, but rather
“one or more.” Unless specifically stated otherwise, the term
“some” refers to one or more.

[0227] Accordingly, the scope should be judged in terms
of the claims that follow.
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1. A method for picking up body signals from the head of
a user, the method comprising

placing first and second electrodes on first and second
different positions at a first side of the user’s head in
direct or capacitive contact with the user’s head, said
first side comprising a first eye of the user, the first and
second electrodes being configured to pick up first and
second electric potentials, respectively, from the user’s
body; and

providing an Electrooculography signal representative of
a corneo-retinal potential difference of said first eye of
the user in dependence of said at first and second
electric potentials.

2. A method according to claim 1 wherein the first

position is closer to the first eye than the second position.

3. A method according to claim 1 wherein the first and
second positions are on each side of the ear.

4. A method according to claim 1 wherein the first and
second electrodes are capacitively coupled electrodes.

5. A method according to claim 1 wherein the first and
second electrodes are direct contact electrodes.

6. A method according to claim 1 wherein the first and/or
second electrodes are implanted in the head of the user, e.g.
between skin and tissue, or between tissue and skull of the
user.

7. A method according to claim 1 wherein the first and
second positions are located a minimum distance L
from each other.

8. A portable electronic device comprising

first and second electrodes configured to be located on
first and second different positions at a first side of the
user’s head in direct or capacitive contact with the
user’s head, said first side comprising a first eye of the
user, the first and second electrodes being configured to
pick up first and second electric potentials, respectively,
from the user’s body, and,

a processor electrically connected to said first and second
electrodes and configured to provide an Electrooculog-
raphy signal representative of a corneo-retinal potential
difference of said first eye of the user in dependence of
said at first and second electric potentials.

9. A portable electronic device according to claim 8
configured to use said Electrooculography signal to monitor
eye movements of the user.

10. A portable electronic device according to claim 8
configured to monitor one or more of a user’s

Vigilance,

Balance disorder, and

Sleep.

11. A portable electronic device according to claim 8
comprising antenna and transceiver circuitry configured to
transmit said Electrooculography signal or a signal derived
therefrom to another device or system.

12. The portable device may comprise a head-worn frame,
e.g. for supporting glasses, and/or one or more sensors, e.g.
an acoustic or light-based image sensor, e.g. a camera.

13. A hearing device comprising or forming part of a
portable electronic device according to claim 8, the hearing
device, e.g. a hearing aid, being configured to be located in

12,min
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or at an ear of a user or to be partially or fully implanted in
the head of the user, the hearing device comprising
An input unit comprising an input transducer configured
to pick up sound from the environment of the user and
to provide an electric input signal representative of said
sound;
an output unit configured to present stimuli perceivable to
the user as representing said sound or a processed
version thereof,
wherein functionality of said hearing device is partially or
fully controlled by said Electrooculography signal.
14. A hearing device according to claim 13 wherein said
input unit comprises at least two input transducers config-
ured to pick up sound from the environment of the user and
to provide respective at least two electric input signals; and
wherein said hearing device further comprises a processor
for processing said at least two electric input signals; and
wherein said processor comprises a beamformer for provid-
ing a beamformed signal based on said at least two electric
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input signals, and wherein said processor is configured to
partially or fully control said beamformed signal in depen-
dence of said Flectrooculography signal.

15. A hearing device according to claim 13 comprising a
further electrode located in or on a housing of the hearing
device.

16. A hearing device according to claim 13 being consti-
tuted by or comprising a hearing aid, a headset, an earphone,
an ear protection device or a combination thereof.

17. A hearing device according to claim 13 being consti-
tuted by or comprising an air-conduction type hearing aid, a
bone-conduction type hearing aid, a cochlear implant type
hearing aid, or a combination thereof. 15

18. A binaural hearing system comprising first and second
hearing devices as claimed in claim 13, wherein the first and
second hearing devices are configured to be able to
exchange data between each other.
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