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A method of capturing an electrooculography signal
from a user, the method comprising

Sta’ Providing a number Ns of electrical potentials from respective electric
potential sensors located on or in one side of the user’s head, where Ns is
larger than or equal to two

\ 4

Providing at least two different beamformed signals (Sgri, Sera), €ach
being representative of a weighted combination of said electric potentials,
~J o of signals derived therefrom, and wherein a difterence between said at
S2 least two different beamformed signals (APgg = Sge; - Spro) — at least in a
specific electrooculography mode of operation — represents an
electrooculography signal (APgoq) from one or both eyes of said user
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SYSTEM FOR CAPTURING
ELECTROOCULOGRAPHY SIGNALS

SUMMARY

[0001] The present application deals with a system for
capturing electrooculography signals, e.g. in a hearing
device, such as a hearing aid. In an embodiment, an esti-
mation of eye-gaze angle (e.g. horizontal eye-gaze angle) of
a user is provided based on the electrooculography signals.
Functions of an electronic device, e.g. processing of a
hearing aid, can e.g. be controlled fully or partially using
electrooculography signals, e.g. an estimated eye gaze angle.

[0002] A Portable System for Capturing Electrooculogra-
phy Signals:
[0003] In an aspect of the present application, a portable

electrooculography (EOG) signal capture and/or eye gaze
estimation system adapted for being worn by a user and
using two or more electric potential sensors, e.g. comprising
electrodes, to form a “beamformer” that ‘looks’ in the
direction of an eye or both eyes of a user is provided.
Potentially, an FOG (e.g. an earEOG) signal from one
device only can thereby be provided. This has the advantage
that EOG-potentials originating from the eye balls of the
user can be processed in the device where they are captured
(without having to be transferred to another device). Data
from an eye gaze estimation system comprising sensors
located at left and right ears of the user may be combined to
provide a better estimate of an eye gaze angle of the user.
Further, eye gaze information may be combined with other
information, e.g. from one or more sensors, e.g. head
orientation information (e.g. captured by acceleration and/or
orientation sensors, e.g. embodied in a head tracker) to
control functions of an electronic device, e.g. a hearing aid.
[0004] A portable electrooculography signal capture sys-
tem (e.g. for eye gaze estimation) according to the present
disclosure comprises

[0005] asensor array adapted for being located at one of
a left or right ear of a user and/or for fully or partially
being implanted in the head at a left or a right ear of a
user, the sensor array comprising a number Ns of
electric potential sensors, respectively, for sensing
respective electric potentials from the user’s head,
where Ns is larger than or equal to two; and

[0006] electronic circuitry coupled to the sensor array
and configured to provide at least two different beam-
formed signals (SBF1, SBF2), each being representa-
tive of a weighted combination of said electric poten-
tials, or of signals derived therefrom, and wherein a
difference between said at least two different beam-
formed signals (APBF=SBF1-SBF2)

[0007] at least in a specific electrooculography (EOG)
mode of operation—represents an electrooculography
signal (AP,,.;) from one or both eyes of said user.

[0008] Thereby an improved system for facilitating eye
gaze estimation may be provided. In an embodiment, a
measure of eye gaze from a sensor part located at a single
one of a users” ears is configured to provide an estimate of
a current eye gaze angle. This has the advantage of avoiding
transmission of potentials from one ear to the other (or from
both ears to an auxiliary device).

[0009] The term ‘beamformed signal’ is in the present
context taken to mean, a signal that is a combination of a
multitude of (input) signals, e.g. a weighted combination.
The ‘beamformed signal’ Y may e.g. be implemented as a

Dec. 27,2018

linear combination of a multitude of input signals x,, i=1, .
..y M where M is the number of input signals (e.g. here
electric potentials provided by electrodes or electric poten-
tal sensors): Y=2,_ Mwx,, and where w, i=1, ..., M are
generally complex weights. Other combinations may be
used, cf. e.g. [Van Veen & Buckley; 1988] quoted below.
The ‘beamformed signal” may alternatively be termed the

‘combined signal’.

[0010] In an embodiment, an electric potential sensor
(EPS) comprises a sensing electrode configured to be
coupled to the surface of the user’s head (e.g. at or around
an ear or in an ear canal), when the system (e.g. embodied
in a hearing device) is operatively mounted on the user. In
an embodiment, the sensing electrode is configured to be
mounted in good electric contact with skin of the user. In an
embodiment, the electric potential sensor (e.g. in the form of
an EPIC) is configured to sense the electric field variations
rather than sensing (small) electrical currents.

[0011] This requires only one active electrode to create a
readable voltage. Furthermore, direct skin contact is not
necessary to sense the electric field. Different kinds of
electric potential sensors are described in our co-pending
European patent application 16205776.4 (published as
EP3185590A1).

[0012] In an embodiment, the sensor array is configured to
sense bioelectric signals due to eye movements, e.g. mus-
cular contraction or changes of the electric eye-field poten-
tials due to eye-bulb rotations, or eye gaze.

[0013] In general, the sensor array may comprise any
number Ns of electric potential sensors, practically appli-
cable in a given solution. The larger the number of sensors,
the more specific the beamforming can be provided.

[0014] In an embodiment, the sensor part is configured to
provide that the at least two electrical potential sensors are
spatially spaced apart when the sensor part is operationally
mounted at or in an ear (or in the head) of the user.

[0015] The electric circuitry may comprise at least two
beamformers. In general, the at least two electric potential
beamformers may have any convenient structure in the art,
e.g. a generalized sidelobe canceller (GSC) structure. In an
embodiment, the electric potential beamformers may com-
prise a minimum variance distortionless response (MVDR)
beamformer, which (ideally) keeps the signals from a target
direction (also referred to as a look direction) unchanged,
while attenuating signals from (some) other directions maxi-
mally Beamformers for electric potential sensors (e.g. com-
prising individual electrodes) may be designed as is done in
antenna array circuits (assuming the electrodes are the
antenna elements).

[0016] Inan embodiment, the portable electrooculography
signal capture system comprises a reference potential for
allowing said electric potentials to be referred to the same
potential. In an embodiment, the eye gaze estimation system
comprises a sensor, e.g. an electrode, for providing a refer-
ence potential, P, . from the vser’s body, e.g. the head.

[0017] Inanembodiment, the portable electrooculography
signal capture system comprises respective differential buf-
fers to provide respective voltage difference signals from
said electric potentials and said reference potential. In an
embodiment, the eye gaze estimation system comprises a
differential buffer for each electric potential P, providing an
electric voltage difference signal AP=P,P, . In an embodi-
ment, the electric potentials P, i=1, . . ., Ns, are all referred
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to said reference potential V, , thereby providing voltage
difference signal AP=P,-P, , 1=1, ..., Ns.

[0018] In an embodiment, the electronic circuitry is
coupled to the sensor array via the differential buffers to
thereby provide that the at least two different beamformed
signals (Sgry, Szrs) are formed as a weighted combination
of the voltage difference signals AP,, i=1, . . ., Ns. In an
embodiment, the beamformed signals S;; are linear com-
binations of the voltage difference signals AP, e.g.
Spr W *AP, + .. +w 5 *AP,, where the weights w; are
generally complex, frequency dependent values (e.g. fixed
values for a fixed beamformer and time dependent values for
an adaptive beamformer). In an embodiment, where Ns=2,
Spr =W, *AP +w . *AP,, and Sy .=w,, *AP +w,,*AP,.
[0019] In an embodiment, the beamformed signals (SBH,
SBF2) are formed by respective fixed beamformers. In an
embodiment, the fixed beamformers are configured to have
different target directions in the sense that they have maxi-
mum gain (or minimum attenuation) of signals from said
target directions. In an embodiment, each fixed beamformer
is configured to have minimum gain (or maximum attenu-
ation) of signals from at least one of said target directions of
the other fixed beamformers. In an embodiment, the eye
gaze estimation system, e.g. the electric circuitry, comprises
two fixed (1 and 2"%) beamformers having target directions
towards front and rear parts of an eye of the user (front and
rear being e.g. defined relative to a user’s nose (defining a
front direction)). In an embodiment, the electric circuitry is
configured to provide that the two fixed (1 and 2”) beam-
formers have target directions towards a left side of a left eye
of the user and towards a right side of a right eye of the user,
respectively, to thereby maximize the potential difference
between the measured potentials of the eye liquid. In an
embodiment, the electric circuitry is configured to provide
that each of the two fixed (1°* and 2"%) beamformers have
minimum gain (or maximum attenuation) of signals from the
target direction of the other fixed beamformer.

[0020] In an embodiment, the portable electrooculography
signal capture system comprises a processor for executing
an algorithm, or accessing stored data, providing corre-
sponding values of eye gaze angle A8 and said electroocu-
lography signal (APz,s). In an embodiment, the eye gaze
estimation system comprises a processor for providing an
estimate of eye gaze angle based on said electrooculography
signal. In an embodiment, the algorithm or stored data is/are
dependent on the implemented beamformers, e.g. different
for beamformers directed to one eye and beamformers
directed at left and right eyes. In an embodiment, the
beamformers and/or the data providing AO(AP.,;) are
adapted to a particular user, e.g. a user’s facial physiognomy.
[0021] In an embodiment, the electric circuitry is config-
ured to provide that the two or more beamformers are
adaptive and configured to maximize a difference between
the beamformed signals.

[0022] In an embodiment, the electronic circuitry com-
prises a high pass filter for filtering said electrooculography
signal and providing a high-pass filtered EOG signal, and a
processor configured to estimate an eye gaze angle based on
said high-pass filtered EOG signal. In an embodiment, the
cut-off frequency for the high pass filter is below 100 Hz,
e.g. below 20 Hz, such as below 10 Hz, or below 5 Hz.
[0023] In an embodiment, the captured electrooculogra-
phy signals are used locally in a device, e.g. a hearing
device, which comprise or is directly connected to the
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electrooculography signal capture system. In an embodi-
ment, the captured electrooculography signals are transmit-
ted to another device (e.g. a remote control device, a
smartphone or similar communication device) for further
processing, display, and/or use there. In an embodiment, the
captured electrooculography signals are used for controlling
functions of an electronic device, e.g. processing of a
hearing aid. In an embodiment, a function of an electronic
device is controlled fully or partially using an estimated eye
gaze angle based on the captured electrooculography signals
(or processed signals based thereon, e.g. an eye gaze angle).
[0024] In an aspect of the present application, a portable
electrooculography (EOG) signal capture and/or eye gaze
estimation system adapted for being worn by a user and
using single electric potential sensor is provided by the
present disclosure. The (single) electric potential sensor may
be located in or at an ear of the user.

[0025] A portable electrooculography signal capture sys-
tem (e.g. for eye gaze estimation) according to the present
disclosure comprises a electric potential sensor adapted for
being located at one of a left or right ear of a user and/or for
fully or partially being implanted in the head at a left or a
right ear of a user, the electric potential sensor being
configured to sense electric potentials from the user’s head
and—at least in a specific electrooculography (EOG) mode
of operation—to provide a voltage difference representing
an electrooculography signal (AP,) from one or both eyes
of said user.

[0026] Thereby an improved system for facilitating eye
gaze estimation may be provided. In an embodiment, a
measure of eye gaze from a sensor part located at a single
one of a users’ ears is configured to provide an estimate of
a current eye gaze angle. This has the advantage of avoiding
transmission of potentials from one ear to the other (or from
both ears to an auxiliary device).

[0027] A Hearing Device:

[0028] Inan aspect, the present disclosure further provides
a hearing device e.g. a hearing aid, adapted for being located
at or in an ear of a user and/or for being fully or partially
implanted into the head of the user, and comprising a
portable electrooculography signal capture system as
described above, in the detailed description and in the
claims.

[0029] In an embodiment, the hearing device comprises a
forward audio signal path comprising an input unit for
providing an electric input signal representative of sound, a
configurable signal processor for executing a number of
processing algorithms to provide a processed electric signal
based on said electric input signal, and an output unit for
providing stimuli perceivable as sound based on said pro-
cessed signal, wherein said configurable signal processor is
adapted to control one or more of said processing algorithms
in dependence of the electrooculography signal, e.g. of an
eye gaze angle estimated based on the captured electroocu-
lography signals.

[0030] Inanembodiment, the hearing device comprises an
ITE part adapted for being located at or in an ear canal of the
user wherein said ITE part comprises at least a part of said
portable electrooculography signal capture system. In an
embodiment, the hearing device comprises a BTE part
adapted for being located at or behind an ear of the user
wherein said BTE part comprises at least a part of said
electrooculography signal capture system. In an embodi-
ment, the hearing device comprises an implanted part
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adapted for being fully or partially implanted into the head
of the user wherein said implanted part comprises at least a
part of said electrooculography signal capture system.
[0031] In an embodiment, the hearing device additionally
comprises one or more sensors for picking up potentials
from the brain of the user, e.g. EEG potentials.

[0032] In an embodiment, the hearing device comprises a
reference potential, e.g. a virtual ground, for use as reference
for the electric (EOQG) potentials and/or the potentials from
the brain to provide electrooculography signals and/or brain
wave or EEG signals. In an embodiment, different reference
potentials are used for the EOG signals and the EEG signals.
[0033] In an embodiment, the configurable signal proces-
sor is adapted to control one or more of the processing
algorithms in dependence of the electrooculography signal
as well as the brain wave or EEG signals.

[0034] In an embodiment, the hearing device comprises a
hearing aid, a headset, an earphone, an ear protection device
or a combination thereof.

[0035] Inan embodiment, the hearing device is adapted to
provide a frequency dependent gain and/or a level dependent
compression and/or a transposition (with or without fre-
quency 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.

[0036] In an embodiment, the output unit comprises a
number of electrodes of a cochlear implant or a vibrator of
a bone conducting hearing device. In an embodiment, the
output unit comprises an output transducer. In an embodi-
ment, the output transducer comprises a receiver (loud-
speaker) for providing the stimulus as an acoustic signal to
the user. In an embodiment, the output transducer comprises
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. In an
embodiment, the input unit comprises an input transducer,
e.g. a microphone, for converting an input sound to an
electric input signal. In an embodiment, the input umt
comprises a wireless receiver for receiving a wireless signal
comprising sound and for providing an electric input signal
representing said sound.

[0038] In an embodiment, the hearing device comprises 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. In
an embodiment, the directional system is adapted to detect
(such as adaptively detect) from which direction a particular
part of the microphone signal originates. This can be
achieved in various different ways as e.g. described in the
prior art. In hearing devices, a microphone array beam-
former is often used for spatially attenuating background
noise sources. Many beamformer variants can be found in
literature, see, e.g., [Brandstein & Ward; 2001] and the
references therein. The minimum variance distortionless
response (MVDR) beamformer is widely used in micro-
phone array signal processing. Ideally the MVDR beam-
former keeps the signals from the target direction (also
referred to as the look direction) unchanged, while attenu-
ating sound signals from other directions maximally The
generalized sidelobe canceller (GSC) structure is an equiva-
lent representation of the MVDR beamformer offering com-
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putational and numerical advantages over a direct imple-
mentation in its original form.

[0039] Inanembodiment, the hearing device comprises an
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 communication device, a wireless microphone, or
another hearing device. In an embodiment, the direct electric
input signal represents or comprises an audio signal and/or
a control signal and/or an information signal. In an embodi-
ment, the hearing device comprises 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 param-
eter (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. In an embodiment, the wireless link is
established between two devices, e.g. between an entertain-
ment device (e.g. a TV) and the hearing device, or between
two hearing devices, e.g. via a third, intermediate device
(e.g. a processing device, such as a remote control device, a
smartphone, etc.). In an embodiment, the wireless link is
used under power constraints, e.g. in that the hearing device
is or comprises a portable (typically battery driven) device.
In an embodiment, the wireless link is a link based on
near-field communication, e.g. an inductive link based on an
inductive coupling between antenna coils of transmitter and
receiver parts. In another embodiment, the wireless link is
based on far-field, electromagnetic radiation. Preferably,
communication between the hearing device and the other
device is based on some sort of modulation at frequencies
above 100 kHz. Preferably, frequencies 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 stan-
dardized ranges being e.g. defined by the International
Telecommunication Union, ITU). In an embodiment, the
wireless link is based on a standardized or proprietary
technology. In an embodiment, the wireless link is based on
Bluetooth technology (e.g. Bluetooth Low-Energy technol-
ogy). In an embodiment, the communication via the wireless
link is arranged according to a specific modulation scheme,
e.g. an analogue modulation scheme, such as FM (frequency
modulation) or AM (amplitude modulation) or PM (phase
modulation), or a digital modulation scheme, such as ASK
(amplitude shift keying), e.g. On-Off keying, FSK (fre-
quency shift keying), PSK (phase shift keying), e.g. MSK
(minimum shift keying), or QAM (quadrature amplitude
modulation), etc.

[0040] In an embodiment, the hearing device is a portable
device, e.g. a device comprising a local energy source, e.g.
a battery, e.g. a rechargeable battery.

[0041] The hearing device comprises 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 is located in the
forward path. In an embodiment, the signal processor is
adapted to provide a frequency dependent gain according to
a user’s particular needs. In an embodiment, the hearing
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device comprises 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.). In an embodiment, some or all signal pro-
cessing of the analysis path and/or the signal path is con-
ducted in the frequency domain. In an embodiment, some or
all signal processing of the analysis path and/or the signal
path is conducted in the time domain.

[0042] Inanembodiment, the hearing devices comprise an
analogue-to-digital (AD) converter to digitize an analogue
input (e.g. from an input transducer, such as a microphone,
or from a sensor, e.g. an electric potential sensor) with a
predefined sampling rate adapted to the expected time-
variation of the signal in question to be sampled, e.g. 20 kHz
for an audio signal or 1 kHz for an EOG signal. In an
embodiment, the hearing devices comprise a digital-to-
analogue (DA) converter to convert a digital signal to an
analogue output signal, e.g. for presenting an electric signal
representing audio to a user via an output transducer.
[0043] In an embodiment, the hearing device, e.g. the
microphone unit, and or the transceiver unit comprise(s) a
TF-conversion unit for providing a time-frequency repre-
sentation of an input signal In an embodiment, the time-
frequency representation comprises an array or map of
corresponding complex or real values of the signal in
question in a particular time and frequency range. In an
embodiment, the TF conversion unit comprises 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. In an embodi-
ment, the TF conversion unit comprises a Fourier transfor-
mation unit for converting a time variant input signal to a
(time variant) signal in the (time-)frequency domain.
[0044] In an embodiment, the hearing device comprises 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 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.

[0045] In an embodiment, one or more of the number of
detectors operate(s) on the full band signal (time domain). In
an embodiment, one or more of the number of detectors
operate(s) on band split signals ((time-) frequency domain),
e.g. in a limited number of frequency bands.

[0046] In an embodiment, the number of detectors com-
prises a level detector for estimating a current level of a
signal of the forward path. In an embodiment, the predefined
criterion comprises whether the current level of a signal of
the forward path is above or below a given (L-)threshold
value. In an embodiment, the level detector operates on the
full band signal (time domain) In an embodiment, the level
detector operates on band split signals ((time-) frequency
domain).

[0047] In a particular embodiment, the hearing device
comprises a voice detector (VD) 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
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human being. It may also include other forms of utterances
generated by the human speech system (e.g. singing). In an
embodiment, the voice detector unit is adapted to classify a
current acoustic environment of the user as a VOICE or
NO-VOICE environment. 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) comprising other sound sources (e.g. arti-
ficially generated noise). In an embodiment, the voice detec-
tor is adapted to detect as a VOICE also the user’s own
voice. Alternatively, the voice detector is adapted to exclude
a user’s own voice from the detection of a VOICE.

[0048] In an embodiment, the number of detectors com-
prises a movement detector, e.g. an acceleration sensor. In an
embodiment, 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 indicative thereof.

[0049] In an embodiment, the hearing device comprises 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
[0050] 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);

[0051] b) the current acoustic situation (input level, feed-
back, etc.), and

[0052] c) the current mode or state of the user (movement,
temperature, cognitive load, etc.);

[0053] 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.

[0054] In an embodiment, the configurable signal proces-
sor is adapted to control one or more of the processing
algorithms in dependence of the electrooculography signal
as well as the status signals from one or more of the
detectors.

[0055] Inanembodiment, the hearing device comprises an
acoustic (and/or mechanical) feedback suppression system.
In an embodiment, the hearing device further comprises
other relevant functionality for the application in question,
e.g. compression, noise reduction, etc.

[0056] Use:

[0057] In an aspect, use of a portable electrooculography
signal capture system as described above, in the ‘detailed
description of embodiments” and in the claims, is moreover
provided. In an embodiment, use is provided in a system
comprising audio distribution. In an embodiment, use is
provided in a system comprising one or more hearing aids
(e.g. hearing instruments), headsets, ear phones, active ear
protection systems, etc., e.g. in handsfree telephone systems,
teleconferencing systems, public address systems, karaoke
systems, classroom amplification systems, etc.

[0058] A Method:

[0059] In an aspect, a method of capturing an electroocu-
lography signal from a user is furthermore provided by the
present application. The method comprises a) providing a
number Ns of electrical potentials from respective electric
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potential sensors located on or in one side of the user’s head,
where Ns is larger than or equal to two. The method further
comprises b) providing at least two different beamformed
signals (SBF1, SBF2), each being representative of a
weighted combination of said electric potentials, or of
signals derived therefrom, and wherein a difference between
said at least two different beamformed signals (APBF=S,., -
Sge)—at least in a specific electrooculography mode of
operation—represents an  electrooculography  signal
(APx) from one or both eyes of said user.

[0060] In an embodiment, the method comprises a prior
calibration step for calibrating an estimation of eye gaze
angle from said difference between said at least two different
beamformed signals.

[0061] In an embodiment, the method comprises estimat-
ing an eye gaze angle from the captured electrooculography
signals.

[0062] In an embodiment, the method comprises control-
ling a function of an electronic device, e.g. a hearing aid,
based on the captured electrooculography signals.

[0063] It is intended that some or all of the structural
features of the portable electrooculography signal capture
system described above, in the ‘detailed description of
embodiments” or in the claims can be combined with
embodiments of the method, when appropriately substituted
by a corresponding process and vice versa. Embodiments of
the method have the same advantages as the corresponding
systems.

[0064] A Computer Readable Medium:

[0065] In an aspect, a tangible computer-readable medium
storing a computer program comprising program code
means for causing a data processing system to perform at
least some (such as a majority or all) of the steps of the
method described above, in the ‘detailed description of
embodiments” and in the claims, when said computer pro-
gram is executed on the data processing system is further-
more provided by the present application.

[0066] By way of example, and not limitation, such com-
puter-readable media can comprise RAM, ROM, EEPROM,
CD-ROM or other optical disk storage, magnetic disk stor-
age or other magnetic storage devices, or any other medium
that can be used to carry or store desired program code in the
form of instructions or data structures and that can be
accessed by a computer. Disk and disc, as used herein,
includes compact disc (CD), laser disc, optical disc, digital
versatile disc (DVD), floppy disk and Blu-ray disc where
disks usually reproduce data magnetically, while discs
reproduce data optically with lasers. Combinations of the
above should also be included within the scope of computer-
readable media. In addition to being stored on a tangible
medium, the computer program can also be transmitted via
a transmission medium such as a wired or wireless link or a
network, e.g. the Internet, and loaded into a data processing
system for being executed at a location different from that of
the tangible medium.

[0067]

[0068] A computer program (product) comprising instruc-
tions which, when the program is executed by a computer,
cause the computer to carry out (steps of) the method
described above, in the ‘detailed description of embodi-
ments’ and in the claims is furthermore provided by the
present application.

A Computer Program:
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[0069] A Data Processing System:

[0070] In an aspect, a data processing system comprising
a processor and program code means for causing the pro-
cessor to perform at least some (such as a majority or all) of
the steps of the method described above, in the ‘detailed
description of embodiments’ and in the claims is further-
more provided by the present application.

[0071] A Hearing System:

[0072] 1In a further aspect, a hearing system comprising
left and right hearing devices, e.g. left and right hearing aids,
adapted for being located at or in left and right ears of a user,
and comprising an electrooculography signal capture system
as described above, in the ‘detailed description of embodi-
ments’, and in the claims is furthermore provided.

[0073] In a further aspect, a hearing system comprising
left and right hearing devices, e.g. left and right hearing aids
as described above, in the ‘detailed description of embodi-
ments’, and in the claims is furthermore provided.

[0074] In an embodiment, the hearing system comprises
an auxiliary device, e.g. a remote control, a smartphone, or
other portable or wearable electronic device, such as a
smartwatch or the like.

[0075] In an embodiment, the hearing system is adapted to
establish a communication link between the left and right
hearing devices and/or an auxiliary device to provide that
information (e.g.

[0076] control and status signals, signals related to electric
potentials from the body of the user, e.g. EEG and/or EOG
signals, and possibly audio signals) can be exchanged or
forwarded from one to the other.

[0077] In an embodiment, the auxiliary device is or com-
prises a remote control for controlling functionality and
operation of the hearing device(s). In an embodiment, the
function of a remote control is implemented in a Smart-
Phone, the SmartPhone possibly running an APP allowing to
control the functionality of the audio processing device via
the SmartPhone (the hearing device(s) comprising an appro-
priate wireless interface to the SmartPhone, e.g. based on
Bluetooth or some other standardized or proprietary

scheme).
[0078] An APP:
[0079] 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 portable electrooculography signal
capture system, a hearing device or a hearing system
described above in the ‘detailed description of embodi-
ments’, and in the claims. In an embodiment, 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.

[0080] Definitions:

[0081] 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
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modified audio signals as audible signals to at least one of
the uset’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.

[0082] 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 electronically with each other. The loud-
speaker 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).

[0083] More generally, a hearing device comprises an
input transducer for receiving an acoustic signal from a
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. a multi-electrode array for electrically
stimulating the cochlear nerve).

[0084] 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
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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. 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.

[0085] A ‘hearing system’ refers to a system comprising
one or two hearing devices, and a ‘binaural hearing system’
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).

[0086] Auxiliary devices may be e.g. remote controls,
audio gateway devices, mobile phones (e.g. SmartPhones),
or music players. 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. karaoke) systems, teleconfer-
encing systems, classroom amplification systems, etc.

[0087] Embodiments of the disclosure may e.g. be useful
in applications such as hearing aids or other electronic
wearables.

BRIEF DESCRIPTION OF DRAWINGS

[0088] 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:

[0089] FIG. 1A schematically shows a configuration of an
eye gaze estimation system according to the prior art;

[0090] FIG. 1B shows a definition of eye gaze angle
relative to a look direction of a user in the scenario of FIG.
1A,

[0091] FIG. 2A schematically shows a configuration of an
eye gaze estimation system according to a first embodiment
of the present disclosure;
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[0092] FIG. 2B shows a definition of eye gaze angle
relative to a look direction of a user in the scenario of FIG.
24,

[0093] FIG. 3 shows a binaural hearing system comprising
left and right hearing devices adapted for exchanging data
between them via a wireless link and an eye gaze angle
detection system according to an embodiment of the present
disclosure,

[0094] FIG. 4 schematically illustrates the capture of elec-
trooculography signals from a user’s eye using beamforming
according to the present disclosure,

[0095] FIG. 5 shows an exemplary dependence of gaze
angle [°] on EOG voltage [mV],

[0096] FIG. 6 shows an embodiment of a hearing system
comprising a hearing device and an auxiliary device in
communication with each other according to the present
disclosure,

[0097] FIG. 7 shows an embodiment of a hearing device
according to the present disclosure,

[0098] FIG. 8 shows a flow diagram for a method of
estimating an eye gaze angle based on capture of electroocu-
lography signals according to an embodiment of the present
disclosure,

[0099] FIG. 9A schematically shows a configuration of an
eye gaze estimation system according to the present disclo-
sure, and

[0100] FIG. 9B shows a schematic diagram of an exem-
plary electric potential sensor (EPS) with associated elec-
tronic circuitry, wherein an internal current is generated and
modulated by the electrical field sensed by the electrode, the
EPS sensor forming part of the eye gaze estimation system
of FIG. 9A, and

[0101] FIG: 10 schematically illustrates a scenario where
a portable electrooculography (EOG) signal capture system
comprising a sensor array comprising three sensors (e.g.
electric potential sensors) is located at an ear of a user.
[0102] 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.

[0103] 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.

[0104] 15

DETAILED DESCRIPTION OF EMBODIMENTS

[0105] 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 practised 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-
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straints or other reasons, these elements may be
implemented using electronic hardware, computer program,
or any combination thereof.

[0106] The electronic hardware may include microproces-
sors, microcontrollers, digital signal processors (DSPs), field
programmable gate arrays (FPGAs), programmable logic
devices (PLDs), gated logic, discrete hardware circuits, and
other suitable hardware configured to perform the various
functionality described throughout this disclosure. Com-
puter program shall be construed broadly to mean instruc-
tions, instruction sets, code, code segments, program code,
programs, subprograms, software modules, applications,
software applications, software packages, routines, subrou-
tines, objects, executables, threads of execution, procedures,
functions, etc., whether referred to as software, firmware,
middleware, microcode, hardware description language, or
otherwise.

[0107] In an aspect of the present application, a elec-
trooculography signal capturing system, e.g. an eye gaze
estimation system, is provided. The system comprises a
sensor part adapted for being located at or in a left or a right
ear and/or for fully or partially being implanted in the head
at a left or a right ear of a user. The sensor part comprises
at least two electrical potential sensors for sensing respective
electrical potentials (P, P,) from the user’s head. The e
system further comprises electronic circuitry coupled to the
sensor array and configured to provide at least two different
beamformed signals (S;-,, S;»), €ach being representative
of a weighted combination of said electric potentials, or of
signals derived therefrom, and wherein a difference between
said at least two different beamformed signals
(APBF=S4,,=Szz —at least in a specific electrooculogra-
phy mode of operation—represents an electrooculography
signal (APz,;) from one or both eyes of said user. The
electronic circuitry may further comprise a processor for
providing an estimate of a current eye gaze angle in depen-
dence of said EOG signal (AP.,;) or a processed version
thereof.

[0108] An aspect of the present application also relates to
the field of hearing devices, e.g. hearing aids.

[0109] In the following, some signal names may alternat-
ingly comprise subscripts X, or be written in normal form
(Xy, without subscripts) without any intended difference in
meaning, e.g. an electrooculography signal may intermit-
tently be denoted AP, or APEOG, etc.

[0110] FIG. 1A shows a configuration of an eye gaze
estimation system according to the prior art, cf. e.g. our
co-pending Furopean patent application 16205776.4 (pub-
lished as EP3185590A1). The eye gaze estimation system of
FIG. 1A is worn by a user U, and 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 comprises a left and a right
electrical potential sensor (EPS,,, EPS, ), respectively,
for sensing respective electrical potentials (P, P,,.4,) 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 said left and right electrical potentials.
The single channel amplified output (AP) represents—at
least in a specific electro-oculography (EOG) mode of
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operation—an BOG signal (AP,). In the embodiment of
FIG. 1A, 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 (P, P,..,,) provided by the respective left and
right electrical potential sensors (EPS,,, EPS, ). The
electronic circuitry (COMPU) further comprises a signal
processor (PRO) configured to estimate an eye gaze angle
(AB) based on the (possibly further processed, e.g. filtered)
EOG signal (APxpq)-

[0111] FIG. 1B illustrates a definition of a (horizontal) eye
gaze angle A9 relative to a look direction (LOOK) of a user
(U) in the setup of FIG. 1A. The user wears an electroocu-
lography signal capturing system, e.g. eye gaze estimation
system, according to the present disclosure (illustrated by
left and right electrical potential sensor parts (SEN,,;, SEN-
rigns) 10cated at the ears of the user (U), e.g. embodied in left
and right hearing devices, e.g. hearing aids. The look direc-
tion (LOOK) is e.g. defined by the nose of the user (and/or
the microphone axes of the hearing devices when mounted
at the ears of the user), and the eye gaze angle A8 is simply
an angle in a horizontal plane defining a current gaze
direction of the eyes of the user relative to the look direction,
e.g. as defined by the location of the pupils in the eye balls
of the user (i.e. if the user ‘looks’ in the look direction, the
eye gaze angle is 0°). Two (e.g. acoustic) Sources of interest
S1, S2 are illustrated, and in the illustrated scenario, the eye
gaze of the user can be assumed to be limited to the locations
of those two sources of interest.

[0112] FIG. 2A shows a configuration of an eye gaze
estimation system according to a first embodiment of the
present disclosure. The system is similar to the system of
FIG. 1A but differs in that a monaural estimation of eye gaze
angle is provided (only one location of the sensor array is
necessary, here at the right ear (Ear) of the user (U)). A user
(U) wears an ear piece comprising first and second electric
potential sensors (EPS1, EPS2), e.g. electrodes, for ping up
first and second electric potentials from the user’s head, and
areference sensor (EPSref), e.g. an electrode, for picking up
areference potential from the user’s body. The ear piece may
form part of a hearing device, or be a mere carrier of an eye
gaze estimation system according to the present disclosure.
The ear piece is located in an ear canal of the user, to ensure
a proper contact between the electrodes and the skin/tissue
of the ear canal. The eye gaze estimation system further
comprises electronic circuitry (COMPU) coupled to the
sensor array (EPS1, EPS2, EPSref) and configured to pro-
vide an estimate of a current eye gaze angle AD of the user.

[0113] The electronic circuitry (COMPU) comprises
respective differential buffers (here analogue to digital con-
verters, A/D) to provide respective voltage difference signals
(AP1, AP2) from the electric potentials (P1, P2) and the
reference potential Pref. The electronic circuitry (COMPU)
further comprises an electric potential beamformer (BF)
providing two different beamformed signals (SBF1, SBF2),
each being formed as a weighted combination of the electric
potentials (P1, P2), or of signals derived therefrom (e.g.
voltage difference signals (AP1, AP2)). The beamformed
signals are e.g. formed by respective fixed beamformers
(e.g. as illustrated in FIG. 4). The electronic circuitry
(COMPU) further comprises a processor for executing an
algorithm, or accessing stored data, providing corresponding
values of eye gaze angle A0 and electrooculography signal
(APzog), cf. eg. FIG. 5, where the electrooculography
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signal (APx,) is provided as a combination of the beam-
formed signals (SBF1, SBF2), e.g. as a difference between
the beamformed signals (APEOG=SBF1-SBF2).

[0114] The electronic circuitry (COMPU) or parts thereof
(e.g. the beamformer (BF) and/or the processor (PR)) may
be located in the ear piece, or be located in another device,
e.g. form part of a hearing device (e.g. located behind an ear
of the user) or another electronic device adapted for pro-
cessing the electrooculography signals. Preferably, at least
the differential buffers (A/D) are located in the ear piece.
Thereby the electric connections to the sensor array (e.g. the
electrodes) can be wired. The voltage difference signals
(AP1, AP2) may e.g. be wirelessly transmitted to another
device, e.g. another part (e.g. a behind the ear (BTE) part)
of a hearing device, and further processed there.

[0115] Functionality (e.g. beamforming of a microphone
system) of an electronic device, e.g. a hearing device,
comprising the earpiece or in communication with the ear
piece, may be controlled via an estimate of a current eye
gaze.

[0116] FIG. 2B shows a definition of eye gaze angle A
relative to a look direction (LOOK) of a user (U) in the
scenario of FIG. 2A (only the ear piece/sensor array SEN is
located at the right ear in FIG. 2A and in the left ear in FIG.
2B; ideally, FIG. 2A and FIG. 2B should correspond). FIG.
2B is similar to FIG. 1B, apart from the fact that only one
sensor array (SEN) is present in the scenario of FIG. 2B.
[0117] FIG. 3 shows a binaural hearing system comprising
left and right hearing devices adapted for exchanging data
between them via a wireless link and an eye gaze angle
detection system according to an embodiment of the present
disclosure.

[0118] FIG. 3 shows an embodiment of a hearing system
(HS) comprising left and right hearing devices (HD,4,
HD,.;,) adapted for being mounted at or in an ear of a user.
The hearing system comprises an eye gaze estimation sys-
tem according to the present disclosure. The left and right
hearing devices each comprises a number of electric poten-
tial sensor (EPS,,;, EPS ;) (one is shown but it might be
two or more as illustrated in FIG. 2A) located at or acces-
sible from a surface of a housing of the hearing devices to
allow electrodes of the respective electric potential sensors
to contact the skin (SKIN) of the user when the hearing
devices are operationally mounted at the respective ears of
the user. The electric potential sensors (EPS,,;, EPS,, ;) are
adapted to pick up a low-voltage electric potential from the
user’s body (P, P,.g,). The potential P, picked up at the
right ear is transferred to the left ear, e.g. via a wired
connection (cf. e.g. FIG. 1A) or as shown in FIG. 3 via a
wireless link. The determination of voltage difference sig-
nals AP, is performed in an amplifier and processing unit
(COMPU), here shown to be located in the left hearing
device (HD,,,).

[0119] Each of the left and right hearing devices (HD,,,
HD,,,,) comprises a forward path for propagating a signal
representing sound from an input unit (IU) to an output unit
(OU). The hearing devices each comprises an input unit (IU)
for providing an electric input signal (IN,, 4, IN,,..;,,) based on
an input sound signal. The input unit (IU) may comprise an
input transducer, e.g. a microphone or an accelerometer or
other vibration sensor. The hearing device (e.g. the forward
path) comprises a signal processor (SPU), e.g. adapted to
provide a frequency dependent gain to compensate for a
hearing loss of a user, and/or to otherwise enhance the
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electric input signal (IN,,, IN,, ;) and to provide a pro-
cessed electric signal (OUT,, OUT,,,,). The hearing
devices further comprise an output unit (OU) for providing
a stimulus (OUS,,, OUS ) perceived by the user as an
acoustic signal based on the processed electric signal. In an
embodiment, an output unit comprises a number of elec-
trodes of a cochlear implant or a vibrator of a bone con-
ducting hearing device. In an embodiment, an output unit
comprises a receiver (speaker) for providing the stimulus as
an acoustic signal to the user.

[0120] The (configurable) signal processor (SPU) is con-
figured to process the electric input signal (IN,;, IN,, ;)
depending on a number of processing algorithms and to
provide a resulting processed signal (OUT,;, OUT,,).
One or more of the signal processing algorithms are param-
eterized and parameters controllable in dependence on
detectors or analysis of properties of the present environ-
ment of the user and/or of the present condition of the user.
For example, the processing performed by the signal pro-
cessor (SPU) may be influenced by the resulting EOG,
and/or EEG measurements (e.g. based on voltage difference
signal AV g or AV or data derived therefrom, possibly
combined with other parameters). This is illustrated in FIG.
3 by control signal A6 from the amplifier and processing unit
(COMPU) to the signal processor (SPU).

[0121] The hearing system (HS) is configured to establish
a wireless link between the left and right hearing devices (at
least for the transfer of potential(s) picked up by the electric
potential sensor(s) EPS,, , of the right hearing device (HD, -
) 1o the left hearing device (HD,,;) and for transferring a
resulting estimate of eye gaze angle A6 from the amplifier
and processing unit (COMPU) of the left hearing device
(HD,4) to the right hearing device (HD, ;). The wireless
link comprises antenna and transceiver circuitry in the left
and right hearing devices (HD,, HD,,,;,) allowing the
transmission of a signal representing a voltage difference
between the hearing devices. To that end, each of the left and
right hearing devices (HD,_,, HD,,,) are configured to
provide respective ground potentials P(HD;ghp), and
P(HD, ;rp), which are used as reference for voltages P, ;,
P, provided by electric potential sensors to allow trans-
mission to other devices.

[0122] In the right hearing device, the right sensor poten-
tial P, and right ground potential HD,,,, is fed to
wireless transmitter unit Tx, e.g. comprising an analogue to
digital (AD) converter providing sensor signal AV, rep-
resentative of the right sensor potential P, and/or appro-
priate modulation/coding circuitry. In an embodiment, the
antenna and transceiver circuitry is adapted to establish a
digital link, e.g. according to Bluetooth (e.g. Bluetooth Low
Energy) or other low power wireless transmission technol-
ogy (e.g. ZigBee). In an embodiment, the wireless link is
based on near-field communication, e.g. based on capacitive
or inductive coupling between corresponding antenna ele-
ments in the first and second parts of the hearing assistance
system. The left hearing device (HD,, ) comprises antenna
and transceiver circuitry allowing the reception of the volt-
age difference AV, ,, from the right hearing device. The
transceiver of the left hearing device comprises wireless
receiver Rx, e.g. comprising a low-noise amplifier and/or
demodulation/decoding circuitry to extract right reference
potential P .. by addition of left hearing device ground
P(HD, yp)- In the embodiment of FIG. 3, the EOG-signal
voltage difference AP, is generated by an amplifier of the
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amplifier and processing unit (COMPU) as described in
connection with FIG. 1A and/or 2A. The resulting estimate
of gaze angle A is forwarded to the signal processors (SPU)
of the respective left and right hearing devices for further
processing and/or as inputs to the control of a processing
algorithm (e.g. in a beamformer filtering unit, cf. WGTU in
FIG. 7). The estimate of gaze angle A6 is forwarded directly
to the signal processor of the left hearing device and via the
wireless link WL (signal AV) to the signal processor of the
right hearing device.

[0123] Preferably, the left and right hearing device ground
potentials P(HD, ;a;5) and P(HD, ;) are essentially equal.
In an embodiment, the left and right hearing devices are
configured to provide that the left and right hearing device
ground potentials P(HD, ;) and P(HD,,) are virtual
ground potentials defined by the body of the user via
capacitive coupling to the ground potential of the earth, as
e.g. used in communication via body networks, cf. e.g.
EP2997893A1.

[0124] FIG. 4 schematically illustrates the capture of elec-
trooculography signals from a user’s eye using beamforming
according to the present disclosure. FIG. 4 shows an eye
(Eye) comprising a pupil (Pupil) and eye liquid enclosed in
the eye ball. In the example of FIG. 4, the pupil is located
in a left side of the eye ball reflecting a particular eye gaze
angle A0 (cf. e.g. FIG. 2B). The particular eye gaze angle is
characterized in a particular distribution of charge in the eye
liquid as symbolically indicated by “+” and ‘-’ in the left and
right sides, respectively, of the eye ball. The resulting
potentials (or scaled values thereof) are sensed by electric
potential sensors (EPS1, EPS2) of the electrooculography
signal capture system. The electric potential sensors (EPS1,
EPS2) sense potentials P1 and P2, respectively. The sensed
potentials are referred to a reference potential Pref picked up
by electric potential sensor EPSref (comprising a reference
electrode, possibly located spatially dislocated from the
‘measurement’ electrodes (EPS1, EPS2)). In the embodi-
ment of FIG. 4, the electric potential sensors (EPS1, EPS2,
EPSref) are e.g. located on a housing of an ITE part (e.g. of
a hearing aid) located in an ear canal (Ear canal) of the user
in contact with the inner wall of the ear canal. The sensed (or
measured) potentials are fed to differential buffers (DBUF,
e.g. implemented as respective AD-converters, cf. e.g. com-
ponents A/D in FIG. 2A). The differential buffers (DBUF)
provide respective voltage difference signals (AP1 and AP2)
as (possibly scaled (e.g. amplified)) differences between the
respective electric potentials and the reference potential
(AP1=(P1-Pref)*A and AP2=(P2-Pref)*A, where A is a
scaling factor, e.g. Az1, e.g. A=10).

[0125] The voltage difference signals (AP1 and AP2) are
fed to electric potential beamformer (BF) which provides
two different beamformed signals (Sgry, Sgps), which are
formed as a weighted combination of the voltage difference
signals AP,, i=1, 2. In an embodiment, the beamformed
signals S, are linear combinations of the voltage difference
signals AP, ie.  Spp=w, *AP +w,*AP,,  and
Spm=W, AP, +w,,*AP,, where the beamformer weights
w; are generally complex, frequency dependent values (e.g.
fixed values for a fixed beamformer and time dependent
values for an adaptive beamformer).

[0126] The beamformer filtering coeflicients w;; may e.g.
be determined as is customary in the field of antenna array
circuits, cf. e.g. Wikipedia entries on ‘Antenna arrays’
(https://en.wikipedia.org/wiki/Antenna_array) or ‘Dipole
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antenna’ (https://en.wikipedia.org/wiki/Dipole_antenna), or
a standard textbook on antenna arrays (e.g. ‘ Antenna Arrays:
A Computational Approach’ by Randy L. Haupt, Wiley-
IEEE Press, May 2010). The electric potential beamformers
may e.g. have an equivalent structure to a generalized
sidelobe canceller (GSC). In an embodiment, the electric
potential beamformers may comprise a minimum variance
distortionless response (MVDR) beamformer, which (ide-
ally) keeps signals from a target direction unchanged, while
attenuating signals from other directions maximally Refer-
ence is further made to [Van Veen & Buckley; 1988]
providing an overview of antenna array beamforming, in
particular to FIGS. 2.1(a) and (b), where the basic termi-
nology and concepts are defined and to equations (2.1), (2.2)
and (2.3) as the general beamforming algorithm. The same
beamforming methods can be used regardless of the ‘con-
tents’ or meaning of the data (be they electromagnetic fields,
acoustic vibrations or electric potentials) picked by a con-
figuration (e.g. an array) of ‘sensors’ (be they antennas or
microphones or electric potential sensors). Beamformer
weights are designed in the same way that FIR-filter weights
are determined, i.e. by defining an ideal spatial filter (in
contrast to magnitude response in FIR-filters) and approxi-
mate with a FIR optimization algorithm, e.g. the Remez
algorithm or any of the suggestions of [Elliott; 1987], cf.
chapter 2. Examples from [Van Veen & Buckley; 1988] of
different beamforming techniques that may be used in the
present context:

[0127] TII. DATA INDEPENDENT BEAMFORMING
(page 11 ff):

[0128] A. Classical Beamforming, cf. page 11-12 and
the example in FIG. 3.1 with 16x16 array of sensors.

[0129] B. General Data Independent response design,
cf. page 12-13. May be used in connection with a
scenario as illustrated in FIG. 4 where we want to cover
an area around the eyes and at the same time suppress
signals from another direction, like a combination of
bandpass and bandstop filters.

[0130] IV. STATISTICALLY OPTIMUM BEAMFORM-
ING (page 13 ff.). Weights chosen based on the statistics
of the data received from the array.

[0131] A. Multiple sidelobe canceller, cf. page 13-14.

[0132] D. Linearly Constrained Minimum Variance
Beamforming (LMCV), cf. page 14-17. The response
of the beamformer is constrained, so signals from the
direction of interest are passed with specified gain and
phase. The weights are chosen to minimize output
variance or power subject to the response constraint.
E.g. according to equations (4.2) and (4.3). See
example in FIG. 4.2 (page 16).

[0133] V. ADAPTIVE ALGORITHMS FOR BEAM-
FORMING (page 17 ff.). RLS or LMS algorithms.

[0134] In an embodiment, the beamforming technology is

based on phased arrays, and is used to scan a certain part of

the skull (e.g. one eye at the time) by appropriately adjusting
delays and weights (as e.g. described in sections I1I, IV and

V of [Van Veen & Buckley; 1988]).

[0135] The beamformer weights (w,, w,,) and (W, W,,)

may e.g. be representative of first and second beam patterns

BP1 and BP2, respectively, as schematically illustrated in

FIG. 4, intended to illustrate beam patterns that do not

attenuate signals from the respective target directions (i.e.

towards the maximum (‘+* (BP1)) and minimum (‘- (BP2))

electric potential, respectively. e.g. towards each ‘end’ of the
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eye ball). The first and second beam patterns BP1 and BP2
are further adapted to attenuate electric potentials from the
respective other target direction (BP1 attenuates signals
from the right end of the eye ball (‘-") and BP2 attenuates
signals from the left end of the eye ball (‘+°). The beam-
formed signals (Szz, Sgzz,) are fed to processor (PRO)
providing electrooculography signal (AP,,;) from one eye
of the user (APro=Szr1—Sgrn). The functionality of the
components of the system for capturing electrooculography
signals illustrated in FIG. 4 is equivalent to the one shown
in FIG. 2A, apart from the further processed output estimate
a current eye gaze angle, A6, in FIG. 2A.

[0136] The electrooculography signal (AP.,) provided
in FIG. 4 is representative of a current eye gaze, and may be
used to estimate a current eye gaze angle A0, e.g. using a
stored algorithm or table of corresponding values of APy,
and A (e.g. measured or estimated), cf. schematic depen-
dencies illustrated in FIG. 5. Such further processing may
also form part of the processor (PRO), thereby providing an
output equivalent to the embodiment of FIG. 2A.

[0137] The estimation of eye gaze angle may be activated
(e.g. automatically, by the user) in a hearing device in a
specific electrooculography mode of operation, e.g. from a
remote control, such as a smartphone, see e.g. FIG. 6.
[0138] In the exemplary system of FIG. 4, two electric
potential sensors (e.g. electrodes) are used. In a more general
system, three or more, e.g. 4 or 6 sensors may be used. In
general, the number of sensors Ns should be adapted to the
specific application.

[0139] In an embodiment, the electric circuitry is config-
ured to provide that the two or more beamformers are
adaptive and configured to maximize a difference between
the beamformed signals.

[0140] In practice, measurement artifacts, such as drift
over time of the EOG signal and/or muscular activity may be
significant. In that case, measures to compensate for that
may preferably be taken, e.g. using Kalman filtering, cf. e.g.
[Manabe & Fukamoto; 2010].

[0141] FIG. 5 shows an exemplary dependence of gaze
angle [°] on EOG voltage [mV]. Three different exemplary
courses of AB(APEOG) are shown, a linear (solid line) and
two curved (dotted and dashed, respectively) graphs. Pref-
erably, such data are available for a given user, e.g. provided
in a prior calibration session, or estimated based on empiri-
cal data, possibly in dependence on a user’s facial charac-
teristics.

[0142] FIG. 6 shows an embodiment of a hearing system
comprising a hearing device and an auxiliary device in
communication with each other according to the present
disclosure. FIG. 6 illustrates an exemplary hearing aid (HD)
comprising a BTE-part (BTE) adapted for being located
behind pinna and a part (ITE) comprising a housing accom-
modating one or more electric potential sensors (EPSI,
EPS2, EPSref) for capturing electric potentials (P1, P2, Pref
respectively) of the body (e.g. comprising sensing elec-
trodes, and possibly associated electric circuitry for gener-
ating a corresponding sensing voltage). The ITE-part may,
as shown in FIG. 6, further comprise an output transducer
(e.g. a loudspeaker/receiver, SPK) adapted for being located
in an ear canal (Ear canal) of the user and to provide an
acoustic signal (providing, or contributing to, acoustic signal
SED at the ear drum (Ear drum)). In the latter case, a
so-called receiver-in-the-ear (RITE) type hearing aid is
provided. The BTE-part (BTE) and the ITE-part (ITE) are
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connected (e.g. electrically connected) by a connecting
element (IC), e.g. comprising a number of electric conduc-
tors. Electric conductors of the connecting element (IC) may
e.g. have the purpose of transferring electrical signals from
the BTE-part to the ITE-part, e.g. comprising audio signals
to the output transducer, or for transferring potentials or
voltage differences from the electric potential sensors on the
ITE part to a processor (cf. e.g. SPU in FIG. 6) in the
BTE-part. The BTE part may also or alternatively comprise
one or more electric potential sensors (EPS), and optionally
a refererce potential electrode. In the embodiment shown in
FIG. 6, the ITE-part comprises two electric potential sensors
(EPS1, EPS2) and a reference sensor (EPSref). The ITE part
further comprises a processor (PR) for distributing and
optionally processing signals of the ITE-part (e.g. signal
from the input transducer (IT3), from the electric potential
sensors (EPS1, EPS2, EPSref), to the loudspeaker (SPK)
and to/from the connecting element (IC)). In an embodi-
ment, the processor (PR) of the ITE part is configured to
provide the EOG signals as amplified (possibly digitized)
voltage differences (AP1, AP2) between the two potentials
(P1, P2) and the reference potential (Pref). The resulting
EOG-signals may e.g. be transmitted (transferred) to the
BTE-part and used there via a conductor of the connecting
element (IC), or further processed (e.g. beamformed) in
processor (PR) depending on the practical partition of the
system. The BTE part (BTE) comprises an input unit (IU in
FIG. 3) comprising two input transducers (e.g. microphones)
(IT,, IT,) each for providing an electric input audio signal
representative of an input sound signal (Sz.z) from the
environment. In the scenario of FIG. 6, the input sound
signal Sy, includes a contribution from sound source S
(and possibly additive noise from the environment). The
hearing aid (HD) of FIG. 6, e.g. an input unit (IU in FIG. 2),
further comprises two wireless transceivers (WLR,, WLR,)
for transmitting and/or receiving respective audio and/or
information signals and/or control signals (including poten-
tials or voltages provided by the electric potential sensors
(EPS)). The hearing aid (HD) further comprises a substrate
(SUB) whereon a number of electronic components are
mounted, functionally partitioned according to the applica-
tion in question (analogue, digital, passive components,
etc.), but including a configurable signal processor (SPU),
e.g. comprising a processor for executing a number of
processing algorithms, e.g. to compensate for a hearing loss
of a wearer of the hearing device), a front end IC (FE) for
interfacing to the input and output transducers, etc. and a
memory unit (MEM) coupled to each other and to input and
output transducers and wireless transceivers via electrical
conductors Wx. The mentioned functional units (as well as
other components) may be partitioned in circuits and com-
ponents according to the application in question (e.g. with a
view to size, power consumption, analogue vs. digital pro-
cessing, etc.), e.g. integrated in one or more integrated
circuits, or as a combination of one or more integrated
circuits and one or more separate electronic components
(e.g. inductor, capacitor, etc.). The configurable signal pro-
cessor (SPU) provides a processed audio signal, which is
intended to be presented to a user. In the embodiment of a
hearing device in FIG. 6, the ITE part (ITE) comprises an
input transducer (e.g. a microphone) (IT5) for providing an
electric input audio signal representative of an input sound
signal S;; from the environment (including from sound
source S) at or in the ear canal. In another embodiment, the
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hearing aid may comprise only the BTE-microphones (IT,,
IT,). In another embodiment, the hearing aid may comprise
only the ITE-microphone (IT,). In yet another embodiment,
the hearing aid may comprise an input unit (IT,) located
elsewhere than at the ear canal in combination with one or
more input units located in the BTE-part and/or the ITE-part.
The ITE-part may further comprise a guiding element, e.g.
a dome or equivalent, for guiding and positioning the
ITE-part in the ear canal of the user.

[0143] The hearing aid (HD) exemplified in FIG. 6 is a
portable device and further comprises a battery, e.g. a
rechargeable battery, (BAT) for energizing electronic com-
ponents of the BTE- and possibly of the ITE-parts.

[0144] Inan embodiment, the hearing device (HD) of FIG.
6 comprises a system for capturing electrooculography
signals, e.g. an eye gaze estimation system, according to the
present disclosure.

[0145] The hearing aid (HD) may e.g. comprise a direc-
tional microphone system (including a beamformer filtering
unit) adapted to spatially filter out a target acoustic source
among a multitude of acoustic sources in the local environ-
ment of the user wearing the hearing aid, and to suppress
‘noise’ from other sources in the environment. The beam-
former filtering unit may receive as inputs the respective
electric signals from input transducers IT, IT,, IT; (and
possibly IT,) (or any combination thereof) and generate a
beamformed signal based thereon. In an embodiment, the
directional system is adapted to detect (such as adaptively
detect) from which direction a particular part of the micro-
phone signal (e.g. a target part and/or a noise part) origi-
nates. In an embodiment, the beam former filtering unit is
adapted to receive inputs from a user interface (e.g. a remote
control or a smartphone) regarding the present target direc-
tion. In an embodiment, the beamformer filtering unit is
controlled or influenced by signals from the sensing elec-
trodes (or processed versions thereof, e.g. EOG-signals
representative of eye gaze of the user). In an embodiment,
the direction of a beam (or a ‘zero point) of the beamformer
filtering unit is thereby controlled or influenced. In another
embodiment, the input from one of the wireless receivers is
selected based on signals from the sensing electrodes (or
processed versions thereof, e.g. EOG-signals representative
of eye gaze of the user). The memory unit (MEM) may e.g.
comprise predefined (or adaptively determined) complex,
frequency dependent constants (W) defining predefined (or
adaptively determined) or ‘fixed’ beam patterns (e.g. omni-
directional, target cancelling, pointing in a number of spe-
cific directions relative to the user), together defining the
beamformed signal Y ;..

[0146] The hearing aid of FIG. 6 may constitute or form
part of a hearing aid and/or a binaural hearing aid system
according to the present disclosure. The processing of an
audio signal in a forward path of the hearing aid (the forward
path including the input transducer(s), the signal processor,
and the output transducer) may e.g. be performed fully or
partially in the time-frequency domain. Likewise, the pro-
cessing of signals in an analysis or control path of the
hearing aid may be fully or partially performed in the
time-frequency domain.

[0147] The hearing aid (HD) according to the present
disclosure may comprise a user interface Ul, e.g. as shown
in FIG. 6 implemented in an auxiliary device (AD), e.g. a
remote control, e.g.
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[0148] implemented as an APP in a smartphone or other
portable (or stationary) electronic device. In the embodiment
of FIG. 6, the screen of the user interface (UT) illustrates an
EarEOG APP, with the subtitle ‘Select eye gaze control in
hearing aid’ (upper part of the screen). Possible functions
that can be selected by the user—via the APP—for control
via eye gaze are exemplified in the middle part of the screen.
The options are ‘Beamforming’, ‘Volume’ and *Active wire-
less receiver’. In the screen shown in FIG. 6, the option
‘Beamforming’ has been selected (as indicated by solid
symbols M, and illustrated by the graphical symbol beneath
the options). The arrows at the bottom of the screen allow
changes to a preceding or a proceeding screen of the APP,
and a tab on the circular dot between the two arrows brings
up a menu that allows the selection of other APPs or features
of the device. In an embodiment, the APP is configured to
provide an (possibly graphic) illustration of the currently
selected or activated beamformer, or volume setting, or
wireless connections. The ‘Beamforming’ and  Active wire-
less receiver’ may e.g. be controlled by horizontal eye gaze.
“Volume’ may e.g. be controlled via vertical eye gaze.
[0149] The auxiliary device (AD) and the hearing aid
(HD) are adapted to allow communication of data, including
data representative of the currently selected function to be
controlled via eye gaze to the hearing aid via a, e.g. wireless,
communication link (cf. dashed arrow WL2 in FIG. 6). The
communication link WL2 may e.g. be based on far field
communication, e.g. Bluetooth or Bluetooth Low Energy (or
similar technology), implemented by appropriate antenna
and transceiver circuitry in the hearing aid (HD) and the
auxiliary device (AD), indicated by transceiver unit WLR2
in the hearing aid.

[0150] The hearing aid may comprise a number of wire-
less receivers (e.g. symbolized by WLR, in FIG. 6), or may
be arranged to receive signals on configurable channels, for
receiving different audio signals and/or other signals from a
number of transmitters, e.g. from a number of wireless
microphones. In an embodiment, reception of signals from
a given transmitter may be controlled by the user via eye
gaze (here derived from EarEOG-signals), cf. mode ‘active
wireless receiver’ of the EarEOG APP.

[0151] The aspects of eye gaze control described in con-
nection with FIG. 6 are intended to exemplify the use of an
eye gaze estimation system according to the present disclo-
sure. The aspects are discussed in further detail in our
co-pending European patent application 16205776.4, pub-
lished as EP3185590A1.

[0152] FIG. 7 shows an embodiment of a hearing device
according to the present disclosure. The hearing device, e.g.
a hearing aid, (HD) comprises a forward path from a number
M of input units (IU, . . ., IUM) for picking up sound or
receiving electric signals representing sound (Sound-in’) to
an output unit (OU) for providing stimuli (Sound stimuli-
out’) representing said sound and perceivable as sound by a
user wearing the hearing device. The forward path further
comprises a number M of analogue to digital converters
(AD) and analysis filter banks (FBA) operationally coupled
to each their input unit IU,, . . ., IU,,) and providing
respective digitized electric input signals IN,, . .., IN,,in
a time-frequency representation, each comprising a number
K of frequency sub-band signals IN, (k,m), . . . , IN, (k,m),
k and m being frequency and time indices, respectively, k=1,
..., K. The forward path further comprises a weighting unit
(WGTU) (or beamformer filtering unit BFU) receiving the
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electric input signals as inputs and providing a resulting
signal RES as a weighted combination of the M electric
input signals. In other words, RES=IN, (k,m)*w, (k,m), . . .
, IN, (km)*w, (km), where w,, i=1, . . . , M, are real or
complex (in general, time and frequency dependent)
weights. The forward path further comprises a signal pro-
cessor (SPU) for further processing the resulting signal RES
and providing a processed signal OUT. The signal processor
(SPU) is e.g. configured to apply a level and/or frequency
dependent gain or attenuation according to a user’s needs
(e.g. hearing impairment). The forward path further com-
prises a synthesis filter bank (FBS) for converting frequency
sub-band signals OUT to a single time-domain signal, and
optionally a digital to analogue conversion unit (DA) to
convert the digital processed time-domain signal to an
analogue electric output signal to the output unit (OU).

[0153] The hearing device (HD) comprises a system for
capturing electrooculography signals, e.g. an eye gaze esti-
mation system, according to the present disclosure, for
picking up bio signals from the user’s body. The system
comprises an electric potential sensor part adapted for being
located at or in an ear and/or for fully or partially for being
implanted in the head of a user. The sensor part comprises
a number of electrical potential sensors (EPSi) for sensing
an electrical potential (Pi) from the body of the user (here
i=1, 2), in particular from the head, e.g. due to brain activity
or eye movement. The sensor part may further comprise a
reference sensor electrode (EPSref) for providing a refer-
ence voltage (Pref). The electrical potential sensor (EPSx)
may e.g. comprise an electrode configured to contact skin or
tissue of the user’s head, when the electric potential sensor
part (e.g. the hearing device) is operationally mounted on the
user (e.g. in an ear canal) or implanted in the head of the
user. The eye gaze estimation system further comprises an
amplifier and processing unit (COMPU), in the form of
electronic circuitry coupled to the electrical potential sensor
part to provide an amplified EOG signal in the form of an
estimated eye gaze angle A8 (see e.g. FIG. 1B). The ampli-
fier, e.g. comprising a differential buffer, e.g. a differential
amplifier and/or an analogue to digital converter, receives
potentials P1, P2, P, from electric potential sensors of the
hearing device (EPS1, EPS2, EPSref) as well as voltage
differences relative to a reference potential (APix. i=1, 2)
from a corresponding contralateral hearing device either via
wireless link X-WL or wired connection X-W. The amplifier
further receives a reference potential P, from reference
electrode (EPSref), either located in the hearing device or
elsewhere on or in the head of the user. Potential differences
(APi, i=1, 2) representing locally captured potentials relative
to the reference potential P,, -are transmitted to the contral-
ateral hearing device.

[0154] Thehearing device comprises at least two electrical
potential sensor (EPS) (EPS1, EPS2), each providing a
potential (P1, P2) representing an electro-oculography
potential. The two potentials are used as inputs to an electric
potential beamformer as discussed in connection with FIG.
4. In an embodiment, an EOG signal representative of a
current eye gaze angle of the user is estimated from a
difference between the two beamformed potentials (SBF1,
SBF2) (originating from sensors located in the ‘local’ hear-
ing device) provided by the electric potential beamformer as
discussed in connection with FIG. 4. In an embodiment, a
current eye gaze angle is estimated based on monaural data
(from the at least two sensors in the same hearing device) in
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each of a left and a right hearing device. This may have the
advantage of avoiding the transfer of potentials from one
hearing device to the other (i.e. to avoid a direct electrical
cable or a wireless link between the left and right ears). In
an embodiment, the results of the two monaurally deter-
mined estimates may then be exchanged between the hear-
ing devices, and an average or other combination of the two
estimates may be determined and used for control of pro-
cessing algorithms in each of the hearing devices.

[0155] In an embodiment, at least one (such as all) of the
input units comprises an input transducer, e.g. a microphone.
In an embodiment, at least one (such as all) of the input units
comprises a wireless transceiver, e.g. a wireless receiver, e.g.
configured to receive a signal representative of sound picked
up by a remote (wireless) microphone.

[0156] The hearing device may further comprise or be
coupled to a location sensor unit (LOCD) providing location
data (LC) representative of a current location of the user, e.g.
representative of the user’s head, e.g. in a fixed coordinate
system (e.g. relative to a specific location, e.g. a room). In
an embodiment, the location sensor comprises a head
tracker. In an embodiment, the location sensor comprises an
accelerometer and a gyroscope. In an embodiment, the
location sensor comprises a 9 degree of freedom sensor,
comprising a 3D accelerometer, a 3D gyroscope, and a 3D
magnetometer.

[0157] In an embodiment, the hearing device further com-
prises a wireless transceiver and appropriate antenna cit-
cuitry (ANT, Rx/Tx) allowing the mentioned reception of
electric potentials (Pix) (or voltage differences (APix) refer-
ring the potentials to a reference) from and transmission of
such signals (Pi, APi) to a contra-lateral hearing device, e.g.
representative of eye movement, via a wireless link (X-WL)
or wired connection (X-W), cf. waved and dotted straight,
arrowed lines denoted ‘To/From other HD’ in FIG. 7. The
electric potential differences (APix) from the contra-lateral
hearing device are fed to the amplifier and processing unit
(COMPU) and compared to the corresponding locally gen-
erated potentials (P1, P2).

[0158] The hearing device further comprises a control unit
(CONT) for providing a control signal for controlling a
function of the hearing device based on the EarEOG signal
(s), e.g. selecting wireless reception from a particular per-
son, or as exemplified in FIG. 7, controlling the beamformer
unit (WGTU), e.g. selecting one of a number of predefined
beamformers in dependence of an eye gaze control signal
EOGCtr. The predefined beamformers may e.g. be stored in
a memory of the hearing device, e.g. as sets of beamformer
filtering coeflicients, each corresponding to a given one of a
number of predefined locations of a sound source of interest
(relative to the user). The control unit (CONT) and/or the
amplifier and processing unit (COMPU, cf. dashed line input
of LOC) is configured to combine possible location data
LOC (e.g. head location data) with the estimated gaze angle
A0. The control unit (CONT) may comprise a Kalman filter
for filtering location data and/or estimated eye gaze angles
to minimize the effect of drift. The hearing device further
comprises a user interface (U, and control signal UC) for
controlling the use of eye gaze to control various functional
parts of the hearing device (and possibly displaying data
relevant for eye gaze control, cf. e.g. FIG. 6). Based on
inputs UC, LOC and estimated eye gaze angle A6, control
unit (CONT) provides control signal EOGCtr to the beam-
former unit (WGTU).
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[0159] 1Inaspecific mode of operation (a ‘learning mode”),
the calculation unit may be configured to determine loca-
tions representing preferred eye gaze directions of the user.
The locations (e.g. represented in a fixed coordinate system)
may be stored in a memory of the hearing device (or in an
auxiliary device, e.g. a smartphone or the like). The loca-
tions may e.g. be displayed via a user interface (e.g. via an
app of a smartphone).

[0160] FIG. 8 shows a flow diagram for a method of
estimating an eye gaze angle based on capture of electroocu-
lography signals according to an embodiment of the present
disclosure. The method comprises a) providing a number Ns
of electrical potentials from respective electric potential
sensors located on or in one side of the user’s head, where
Ns is larger than or equal to two. The method further
comprises b) providing at least two different beamformed
signals (SBF1, SBF2), each being representative of a
weighted combination of said electric potentials, or of
signals derived therefrom, and wherein a difference between
said at least two different beamformed signals (AP =S5z, -
Sgr)—at least in a specific electrooculography mode of
operation—represents an  electrooculography  signal
(APzu) from one or both eyes of said user. In an embodi-
ment, the method comprises a prior calibration step for
calibrating an estimation of eye gaze angle from said dif-
ference between said at least two different beamformed
signals. In an embodiment, the method comprises estimating
an eye gaze angle from the captured electrooculography
signals. In an embodiment, the method comprises control-
ling a function of an electronic device, e.g. a hearing aid,
based on the captured electrooculography signals.

[0161] Monaural, Single Electrode EOG:

[0162] Up till now, it has been assumed that the measure-
ment of Electroocculography (EOG) signals signals (e.g. to
monitor eye gaze of a user) requires a differential measure-
ment, e.g. from two independent electrodes located at left
and right eyes of a user (or in left and right ears of a user,
cf. e.g. EP3185590A1) or a directional system utilizing at
least two electrodes located at the same eye or ear of a user
(as proposed in the present application).

[0163] The present inventor has uncovered that it is pos-
sible to capture an EOG signal (e.g. representative of eye
gaze) from a single monitoring electrode e.g. located at one
of the eyes (or ears) of the user. In particular, capacitive
sensors (so-called ‘electric potential sensors’, EPS) lend
themselves to such application, e.g. sensors produced by
Plessey Semiconductors (cf. e.g. http://www.plesseysemi-
conductors.cony/).

[0164] Measurement at one location is advantageous, in
particular in wearable devices, such as ear plugs or hearing
aids, because it removes the need to transmit measurements
from the pick-up locations (e.g. left right eyes or ears) to
other devices for determining a resulting EOG-value.
[0165] FIG. 9A schematically shows a configuration of an
eye gaze estimation system according to the present disclo-
sure. The user (U) wears a portable electrooculography
(EOQG) signal capture system comprising, e.g. an ear piece
(EarP), comprising a single electric potential sensor (EPS)
configured to be in contact with the users skin, e.g. as
illustrated in FIG. 9A, located in an ear canal at an (here the
right) ear of the user. The eye gaze estimation system further
comprises electronic circuitry (COMPU), as illustrated in
FIG. 9B, electrically coupled to the electrical potential
sensor (EPS) and configured to determine a single channel



US 2018/0368722 Al

amplified output (AP) representative of a difference between
said 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 (APz,5). In the embodiment of FIG. 9B, the electric
circuitry comprises an analogue to digital converter (A/D)
for providing an amplified, digitized version of the signal
provided by the (single) electrical potential sensor (EPS).
The electronic circuitry (COMPU) further comprises a sig-
nal processor (PRO) configured to estimate an eye gaze
angle (AB) based on the (possibly further processed, e.g.
filtered) EOG signal (APz,), as e.g. discussed in connec-
tion with FIG. 5.

[0166] In the electrical potential sensor (EPS) of FIG. 9B,
an internal current (cf. Bias current path) is generated and
modulated by the electrical field sensed by the electrode.
The EPS sensor is e.g. discussed in EP3185590A1. The
reference potential Pref may e.g. be a potential relative to a
battery voltage. The single electrode solution may e.g.
alternatively work using a virtual ground from the user’s
body (or from the earth or other stable potential surrounding
the user).

[0167] Body networks using virtual ground is e.g. dis-
cussed in EP2997893A1.

[0168] In ahearing device, a capacitive electrode may be
formed by coating techniques, e.g. on a generic housing, or
on a dome or instant fit device (or on a customized housing).
[0169] Beamforming. Inverse Model.

[0170] FIG. 10 schematically illustrates a scenario where
a portable electrooculography (EOG) signal capture system
comprising a sensor array comprising three sensors (e.g.
electric potential sensors) is located at an ear of a user.
[0171] Given a number of sensors (e.g. electric potential
sensors) spatially distributed in an array and a number of
sources contributing to the signal received in all sensors, the
contribution of each source to the captured signal can be
reconstructed via calculating an Inverse Model (i.e. from
observed data to source location). Three signal sources
(denoted Source 1, 2, 3 in FIG. 10) are indicated as sources
of electric potentials to be picked up by the three sensors
(denoted Sensor 1, 2, 3 in FIG. 10). The number of signal
sources may be smaller or larger than three. Likewise, the
number of sensors may be smaller or larger than three.
Exemplary signals from each of the sources (Source 1, 2, 3)
are indicated to the right of the respective sources (denoted
‘From source 1°, ‘From source 2°, and ‘From source 3’,
respectively in FIG. 10). Signals ‘From source 1’ and ‘From
source 2’ are indicated as relatively fast varying low ampli-
tude signals with occasional short segments with larger
amplitude, e.g. typical EEG signals (with occasional arti-
facts, e.g. from eye blinks or the like). Signal ‘From source
3’ is indicated as a relatively stable multistep signal, e.g.
typical of an EOG signal In an embodiment, the beamformer
is intended to ‘focus’ on source 3 (EOG).

[0172] The observed data at the sensors (here e.g. electric
potentials, or electric potential differences) can be consid-
ered as

X=s*h

[0173] Where X is the data matrix of all sensors across
time, s is a single source in question (e.g. one of Source 1,
2, 3) and h is the transformation model vector of the source
at each sensor. The beamformer procedure aims to create a
number of spatial filters w such that

wiy=8§
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[0174] Where 8 is the estimate of the source. The formula
can be rewritten as

wlsh*s=§
[0175] Given the constraints of unity gain to the desired
source while attenuating all interfering sources,

wTh=1 while w"*

[0176] The beamformer algorithm seeks to minimise the
variance of the filter output in the form of

0

non desired source

wi=[H*Cov (X #n) T Cov (D)

[0177] 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.

[0178] 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,
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 elements 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 is not limited to the exact order stated herein, unless
expressly stated otherwise.

[0179] 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.

[0180] The claims are not intended to be limited to the
aspects shown herein, but is 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.

[0181] Accordingly, the scope should be judged in terms
of the claims that follow.
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1. A portable electrooculography (EOG) signal capture
system comprising

A sensor array adapted for being located at one of a left

or right ears of a user and/or for fully or partially being
implanted in the head at left or right ears of a user, the
sensor array comprising a number Ns of electric poten-
tial sensors, respectively, for sensing respective electric
potentials from the user’s head, where N is larger than
or equal to two, and

electronic circuitry coupled to the sensor array and con-

figured to provide at least two different beamformed
signals (SBF1, SBF2), each being representative of a
weighted combination of said electric potentials, or of
signals derived therefrom, and wherein a difference
between said at least two different beamformed signals
(APBF=S;,-S;,)—at least in a specific electroocu-
lography mode of operation—represents an electroocu-
lography signal (AP,) from one or both eyes of said
user.

2. A portable electrooculography signal capture system
according to claim 1 comprising a reference potential for
allowing said electric potentials to be referred to the same
potential.

3. A portable electrooculography signal capture system
according to claim 2 comprising respective differential buf-
fers to provide respective voltage difference signals from
said electric potentials and said reference potential.

4. A portable electrooculography signal capture system
according to claim 3 wherein said electronic circuitry is
coupled to the sensor array via said differential buffers to
thereby provide that said at least two different beamformed
signals (Szz, Szr,) are formed as a weighted combination
of said voltage difference signals AP,, i=1, . . ., Ns.

5. A portable electrooculography signal capture system
according to claim 1 wherein said beamformed signals
(SBF1, SBF2) are formed by respective fixed beamformers.

6. A portable electrooculography signal capture system
according to claim 1 comprising a processor for executing
an algorithm, or accessing stored data, providing corre-
sponding values of eye gaze angle and said electrooculog-
raphy signal (AP.,¢).

7. A portable electrooculography signal capture system
according to claim 1 wherein the electric circuitry is con-
figured to provide that the two or more beamformers are
adaptive and configured to maximize a difference between
the beamformed signals.
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8. A portable electrooculography signal capture system
according to claim 1 wherein the electric circuitry is con-
figured to scan a certain part of the skull (e.g. one eye at the
time) by appropriately adjusting delays and weights used to
provide the beamformed signals.

9. A portable electrooculography signal capture system
comprising a single electric potential sensor adapted for
being located at one of a left or right ear of a user and/or for
fully or partially being implanted in the head at a left or a
right ear of a user, the electric potential sensor being
configured to sense electric potentials from the user’s head
and—at least in a specific electrooculography (EOG) mode
of operation—to provide a voltage difference representing
an electrooculography signal (AP,,) from one or both eyes
of said user.

10. A hearing device e.g. a hearing aid, adapted for being
located at or in an ear of a user and/or for being fully or
partially implanted into the head of the user, and comprising
a portable electrooculography signal capture system accord-
ing to claim 1.

11. A hearing device according to claim 10 comprising a
forward audio signal path comprising an input unit for
providing an electric input signal representative of sound, a
configurable signal processor for executing a number of
processing algorithms to provide a processed electric signal
based on said electric input signal, and an output unit for
providing stimuli perceivable as sound based on said pro-
cessed signal, wherein said configurable signal processor is
adapted to control one or more of said processing algorithms
in dependence of said electrooculography signal.

12. A hearing device according to claim 10 comprising

an ITE part adapted for being located at or in an ear canal
of the user wherein said ITE part comprises at least a
part of said portable electrooculography signal capture
system, and/or.

a BTE part adapted for being located at or behind an ear
of the user wherein said BTE part comprises at least a
part of said electrooculography signal capture system,
and/or

an implanted part adapted for being fully or partially
implanted into the head of the user wherein said
implanted part comprises at least a part of said elec-
trooculography signal capture system.

13. A hearing device according to claim 10 additionally
comprising one or more sensors for picking up potentials
from the brain of the user, e.g. EEG potentials.

14. A hearing device according to claim 11 wherein said
configurable signal processor is adapted to control one or
more of said processing algorithms in dependence of said
electrooculography signal as well as said brain wave or EEG
signals.

15. A hearing device according to claim 14 comprising 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 or mode of operation of the hearing device,
and wherein said configurable signal processor is adapted to
control one or more of said processing algorithms in depen-
dence of said electrooculography signal as well as said status
signals.

16. A hearing device according to claim 10 comprising a
hearing aid, a headset, an earphone, an ear protection device
or a combination thereof.
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17. A hearing system comprising left and right hearing
devices, e.g. left and right hearing aids, according to claim
10.

18. A non-transitory application, termed an APP, com-
prising executable instructions configured to be executed on
an auxiliary device to implement a user interface for a
hearing device according to claim 10 and wherein the user
interface is configured to allow a user to select functions of
the hearing device for eye gaze control.

19. A non-transitory application according to claim 18
wherein said functions include one or more of selecting a
‘Beamforming’ mode of operation, controlling “Volume’ and
selecting an ‘Active wireless receiver’.

20. A non-transitory application according to claim 19
configured to provide that ‘Beamforming’ is controlled by
horizontal eye gaze, and “Volume’ is controlled by vertical
eye gaze.
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