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7) ABSTRACT

An ear-worn electronic device includes a right ear device
comprising a first processor and a left ear device comprising
a second processor communicatively coupled to the first
processor. A physiologic sensor module comprises one or
more physiologic sensors configured to sense at least one
physiologic parameter from a wearer. A motion sensor
module comprises one or more sensors configured to sense
movement of the wearer. The first and second processors are
coupled to the physiologic and motion sensor modules. The
first and second processors are configured to produce a
three-dimensional virtual sound environment comprising
relaxing sounds, generate verbal instructions within the
three-dimensional virtual sound environment that guide the
wearer through a predetermined mental exercise that pro-
motes wearer relaxation, and generate verbal commentary
that assesses wearer compliance with the predetermined
mental exercise in response to one or both of the sensed
movement and the at least one physiologic parameter.
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Figure |

Producing. by an car-worn electronic device,
a three~dimenstonal virtual sound
environment comprising relaxing sounds

102

Verbally guiding the wearer through a predetermined
mental exercise by the ear-worn electronic device

Monitoring, by the ear-worn electronic device, the mental
state of the wearer during the predetermined mental exercise

106

mental exercise based on the mental state of the wearer

| Providing verbal commentary by the ear-worn electronic device to
the wearer that assesses wearer compliance with the predetermined

108

based on the mental and/or physical state of the wearer

Evaluating the effectiveness of the mental exercise 110
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Figure 2

virtual sound environment comprising relaxing sounds

Generating, by the sar-worn electronic device, verbal nstructions within

predetermined mental exercise that promotes wearer relaxation

Sensing at least one physiclogie parameter from | 206
the wearer by the ear-worn electronic devige

Sensing movement of the wearer by {——208
the ear-woin electronic device

Producing, by an ear-worn electronic device, a three-dimensional | —202

the 3-D virtual sound environment that guide the wearer througha 204

Generating, by the ear-wom clectronic device, verbal commentary that assesses
wearer compliance with the predetermined mental exercise in respouse to one or both
of the at least one physiologic parameter and the sensed movement of the wearer

210

Evaluating the effectiveness of the mental exercise in 212
response to the at least one physiologic parameter
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EAR-WORN ELECTRONIC DEVICE FOR
CONDUCTING AND MONITORING MENTAL
EXERCISES

TECHNICAL FIELD

[0001] This application relates generally to hearing
devices, including ear-worn electronic devices, hearing aids,
personal amplification devices, and other hearables.

BACKGROUND

[0002] Mental exercises, such as meditation, are difficult
to perform by persons given their busy working schedules
and lack of convenient spaces. When performing a mental
exercise in a place not originally designed for that purpose,
there are often plenty of potentially distracting events and
important events that can interfere with the proper execution
of the mental exercise. Generally, a trained instructor is
needed to successfully guide persons through a mental
exercise. Access to such trained instructors involves expense
and inconvenience of having to travel to meet personally
with an instructor. Typically, trained instructors only make
use of external factors (subjective measures) to evaluate a
person’s performance during a session involving mental
exercises over time and provide recommendations without
access to mental and physiological factors (objective mea-
sures). Even when these factors are accessed, such access
requires the use of equipment that is distracting and intrusive
to the mental exercise.

SUMMARY

[0003] Various embodiments are directed to method
implemented by an ear-worn electronic device configured to
be worn by a wearer and comprising a right ear device and
a left ear device. The method comprises producing, by the
ear-worn electronic device, a three-dimensional virtual
sound environment comprising relaxing sounds. The method
comprises generating, by the ear-worn electronic device,
verbal instructions within the three-dimensional virtual
sound environment that guide the wearer through a prede-
termined mental exercise that promotes wearer relaxation.
The method comprises sensing, during the predetermined
mental exercise, at least one physiologic parameter from the
wearer by the ear-worn electronic device. The method also
comprises sensing, during the predetermined mental exer-
cise, movement of the wearer by the ear-worn electronic
device. The method further comprises generating, by the
ear-worn electronic device, verbal commentary that assesses
wearer compliance with the predetermined mental exercise
in response to one or both of the at least one physiologic
parameter and the sensed movement of the wearer.

[0004] According to other embodiments, an ear-worn
electronic device is configured to be worn by a wearer and
comprises a right ear device comprising a first processor and
a left ear device comprising a second processor communi-
catively coupled to the first processor. A physiologic sensor
module comprises one or more physiologic sensors config-
ured to sense at least one physiologic parameter from the
wearer. A motion sensor module comprises one or more
sensors configured to sense movement of the wearer. The
first and second processors are coupled to the physiologic
and motion sensor modules. The first and second processors
are configured to produce a three-dimensional virtual sound
environment comprising relaxing sounds, generate verbal
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instructions within the three-dimensional virtual sound envi-
ronment that guide the wearer through a predetermined
mental exercise that promotes wearer relaxation, and gen-
erate verbal commentary that assesses wearer compliance
with the predetermined mental exercise in response to one or
both of the sensed movement and the at least one physi-
ologic parameter.

[0005] The above summary is not intended to describe
each disclosed embodiment or every implementation of the
present disclosure. The figures and the detailed description
below more particularly exemplify illustrative embodi-
ments.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] Throughout the specification reference is made to
the appended drawings wherein:

[0007] FIG. 1 illustrates various processes of a method
implemented by an ear-worn electronic device in accordance
with various embodiments;

[0008] FIG. 2 illustrates various processes of a method
implemented by an ear-worn electronic device in accordance
with various embodiments;

[0009] FIG. 3 is a block diagram of an ear-worn electronic
device configured to conduct a predetermined mental exer-
cise and to monitor a wearer of the device for compliance
with the mental exercise in accordance with various embodi-
ments;

[0010] FIG. 4 is a functional block diagram of an ear-worn
electronic device in accordance with various embodiments;
[0011] FIG. 5 illustrates a sensor module of an ear-worn
electronic device in accordance with various embodiments;
[0012] FIG. 6 is a functional block diagram showing how
data produced by sensors of an ear-worn electronic device
can be processed to monitor a wearer’s compliance with a
predetermined mental exercise in accordance with various
embodiments;

[0013] FIG. 7 is a functional block diagram of various
customization processes performed by an ear-worn elec-
tronic device alone or in cooperation with a remote server in
accordance with various embodiments;

[0014] FIG. 8 is a functional block diagram involving
processes for classifying sounds of interest by an ear-worn
electronic device in accordance with various embodiments;
and

[0015] FIG. 9 is a block diagram showing various com-
ponents of an ear-worn electronic device that can be con-
figured to conduct and monitor a mental exercise performed
by a wearer of the device in accordance with various
embodiments.

[0016] The figures are not necessarily to scale. Like num-
bers used in the figures refer to like components. However,
it will be understood that the use of a number to refer to a
component in a given figure is not intended to limit the
component in another figure labeled with the same number;

DETAILED DESCRIPTION

[0017] It is understood that the embodiments described
herein may be used with any ear-worn electronic device
without departing from the scope of this disclosure. The
devices depicted in the figures are intended to demonstrate
the subject matter, but not in a limited, exhaustive, or
exclusive sense. Ear-worn electronic devices, such as hear-
ables (e.g., wearable earphones and earbuds), hearing aids,
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and hearing assistance devices, typically include an enclo-
sure, such as a housing or shell, within which internal
components are disposed. Typical components of an ear-
worn electronic device can include a digital signal processor
(DSP), memory, power management circuitry, one or more
communication devices (e.g., a radio, a near-field magnetic
induction (NFMI) device), one or more antennas, one or
more microphones, and a receiver/speaker, for example.
Some ear-worn electronic devices can incorporate a long-
range communication device, such as a Bluetooth® trans-
ceiver or other type of radio frequency (RF) transceiver. A
communication device (e.g., a radio or NFMI device) of an
ear-worn electronic device can be configured to facilitate
communication between a left ear device and a right ear
device of the ear-worn electronic device.

[0018] Ear-worn electronic devices of the present disclo-
sure can incorporate an antenna arrangement coupled to a
high-frequency radio, such as a 2.4 GHz radio. The radio can
conform to an IEEE 802.11 (e.g., WiFi®) or Bluetooth®
(e.g., BLE, Bluetooth® 4. 2 or 5.0) specification, for
example. It is understood that hearing devices of the present
disclosure can employ other radios, such as a 900 MHz
radio. Ear-worn electronic devices of the present disclosure
can be configured to receive streaming audio (e.g., digital
audio data or files) from an electronic or digital source.
Representative electronic/digital sources (e.g., accessory
devices) include an assistive listening system, a TV
streamer, a radio, a smartphone, a laptop, a cell phone/
entertainment device (CPED) or other electronic device that
serves as a source of digital audio data or other types of data
files. Ear-worn electronic devices of the present disclosure
can be configured to effect bi-directional communication
(e.g., wireless communication) of data with an external
source, such as a remote server via the Internet or other
communication infrastructure.

[0019] The term ear-worn electronic device of the present
disclosure refers to a wide variety of ear-level electronic
devices that can aid a person with impaired hearing. The
term ear-worn electronic device also refers to a wide variety
of devices that can produce optimized or processed sound
for persons with normal hearing. Ear-worn electronic
devices of the present disclosure include hearables (e.g.,
wearable earphones, headphones, earbuds, virtual reality
headsets), hearing aids (e.g., hearing instruments), and
cochlear implants, for example. Ear-worn electronic devices
include, but are not limited to, behind-the-ear (BTE), in-the-
ear (ITE), in-the-canal (ITC), invisible-in-canal (IIC),
receiver-in-canal (RIC), receiver-in-the-ear (RITE) or com-
pletely-in-the-canal (CIC) type hearing devices or some
combination of the above. Throughout this disclosure, ref-
erence 1s made to an “ear-worn electronic device,” which is
understood to refer to a system comprising a left ear device
and a right ear device.

[0020] Embodiments of the disclosure are directed to an
ear-worn electronic device configured to conduct and moni-
tor a mental exercise performed by a wearer of the device.
For example, an ear-worm electronic device can be config-
ured to guide a wearer through various exercises that focus
on the human mind, such as meditation, mindfulness, hyp-
nosis, yoga, Qi Gong, and Tai Chi. Embodiments are
directed to an ear-worn electronic device that provides an
immersive and relaxing sound environment for a wearer
while performing a mental exercise. Verbal instructions are
provided by the ear-worn electronic device to guide the
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wearer through the mental exercise, and the mental and/or
physical state of the wearer is evaluated by the ear-worn
electronic device during the exercise. In response to the
mental and/or physical state of the wearer, positive and
corrective verbal feedback is provided by the ear-worn
electronic device to encourage wearer compliance with the
mental exercise. The ear-worn electronic device can also
monitor the sound environment and provide guidance to the
wearer to either ignore or pay attention to external events. A
user profile can be developed over time for the wearer based
on data indicating which soundscapes, exercises, and
instructions help the specific wearer achieve optimal per-
formance.

[0021] FIG. 1 illustrates various processes of a method
implemented by an ear-worn electronic device in accordance
with various embodiments. The method of FIG. 1 involves
producing 102, by an ear-worn electronic device, a three-
dimensional (3-D) virtual sound environment comprising
relaxing sounds. The relaxing sounds may comprise music
(e.g., slow tempo instrumental music), nature sounds (rain,
thunder, running water, ocean sounds, wind, and bird calls),
and/or other sounds that promote relaxation. The method
involves verbally guiding 104 the wearer through a prede-
termined mental exercise by the ear-worn electronic device.
The method also involves monitoring 106, by the ear-worn
electronic device, the mental state of the wearer during the
predetermined mental exercise. The method further involves
providing 108 verbal commentary by the ear-worn elec-
tronic device to the wearer that assesses wearer compliance
with the predetermined mental exercise based on the mental
state of the wearer.

[0022] FIG. 2 illustrates various processes of a method
implemented by an ear-worn electronic device in accordance
with various embodiments. The method of FIG. 2 involves
producing 202, by an ear-worn electronic device, a 3-D
virtual sound environment comprising relaxing sounds. The
method involves generating 204, by the ear-worn electronic
device, verbal instructions within the 3-D sound environ-
ment that guide the wearer through a predetermined mental
exercise that promotes wearer relaxation. The method
involves sensing 206 at least one physiologic parameter
from the wearer by the ear-worn electronic device. The
method also involves sensing 208 movement of the wearer
by the ear-worn electronic device during the mental exer-
cise. The method further involves generating 210, by the
ear-worn electronic device, verbal commentary that assesses
wearer compliance with the predetermined mental exercise
in response to one or both of the at least one physiologic
parameter and the sensed movement of the wearer. In some
embodiments, the verbal commentary that assesses wearer
compliance with the predetermined mental exercise is based
solely on one or more physiologic parameters sensed by the
ear-worn electronic device. In other embodiments, the ver-
bal commentary is based solely on the sensed movement of
the wearer by the year-worn electronic device. In further
embodiments, the verbal commentary is based on both the
sensed movement and one or more physiologic parameters
sensed by the ear-worn electronic device.

[0023] FIG. 3 is a block diagram of an ear-worn electronic
device 300 configured to conduct a predetermined mental
exercise and to monitor a wearer of the device for compli-
ance with the mental exercise in accordance with various
embodiments. For example, the ear-worn electronic device
300 shown in FIG. 3 can be configured to implement the
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methods shown in FIGS. 1 and 2. The ear-worn electronic
device 300 can be configured to determine the effectiveness
of a predetermined mental exercise performed by the wearer.
The ear-worn electronic device 300 includes a left ear device
302 and a right ear device 342. The left ear device 302
includes a first processor 308 coupled to a transceiver 330.
The right ear device 342 includes a second processor 348
coupled to a transceiver 370. The first and second processors
308 and 348 can each be representative of a single processor
or multiple processors. The term processor can encompass a
multi-core processor, a DSP, an audio processor or a com-
bination of these processors. It is understood that the first
and second processors 308 and 348 incorporate or are
otherwise coupled to memory.

[0024] The first and second processors 308 and 348 are
communicatively coupled via transceivers 330 and 370.
Preferably, the transceivers 330 and 370 are wireless trans-
ceivers, such as BLE or WiFi® transceivers or NFMI
devices. In some embodiments, the first and second proces-
sors 308 and 348 can be communicatively coupled via a
wired connection. The first and second processors 308 and
348 operate cooperatively to produce a 3-D rendered acous-
tic space within which relaxing sounds and verbal instruc-
tions are provided for guiding a wearer of the device 300
through a mental exercise within the 3-D rendered acoustic
space.

[0025] The left ear device 302 includes a microphone 304,
which can be a single or multiple microphones (e.g., a
microphone array). The microphone 304 is coupled to a
preamplifier 306, the output of which is coupled to the first
processor 308. An audio output of the first processor 308 is
coupled to an amplifier 310 which is coupled to a left
earphone 312. The right ear device 342 includes a micro-
phone 344, which can be a single or multiple microphones
(e.g., a microphone array). The microphone 344 is coupled
to a preamplifier 346, the output of which is coupled to the
second processor 348. An audio output of the second pro-
cessor 348 is coupled to an amplifier 350 which is coupled
to a right earphone 352.

[0026] The ear-worn electronic device 300 generates vari-
ous sounds within a 3-D rendered acoustic space created for
conducting a mental exercise by a wearer of the device 300.
As shown in FIG. 3, each of the left and right devices 302
and 342 can be configured to generate audio 316 and 356,
which can include a number of different relaxing sounds,
music and guidance speech. The audio 316, 356 can be
stored in a memory of the left and right devices 302, 342. In
some embodiments, audio is stored in only one of the left
and right devices 302, 342 and transmitted to the other of the
left and right devices 302, 342 via the transceivers 330, 370.
In other embodiments, some or all of the audio 316, 356 can
be streamed from an external device to one or both trans-
ceivers 330, 370 of the ear-worn electronic device 300. For
example, some or all of the audio 316, 356 can be received
by one or both transceivers 330, 370 from an assistive
listening system, a TV streamer, a radio, a smartphone, a
laptop, a cell phone/entertainment device or other electronic
device that serves as a source of digital audio data.

[0027] The audio 316, 356 can include one or more
relaxing sounds, such as the sound of rain, wind, ocean
waves, or bird calls. The audio 316, 356 can also include
music or tones, such as slow-tempo acoustic music, ambient
music, world music (e.g., Native American flute), slow-
tempo electronic symphonies, Chakra Chants or other
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chants, and binaural beats (e.g., a 250 Hz tone played in the
right ear and a 260 Hz tone played in the left ear). The audio
316, 356 also includes guidance speech which is typically
synthesized speech, but may also be pre-recorded human
speech.

[0028] The left and right ear devices 302 and 342 include
a physiologic sensor module 320 and 360 coupled to the first
and second processors 308 and 348. In some embodiments,
only one of the left and right ear devices 302, 342 includes
a physiologic sensor module 320 or 360. The physiologic
sensor modules 320, 360 include one or more physiologic
sensors that sense one or more physiologic signals or
conditions of the wearer during a mental exercise directed
by the guidance speech. As previously discussed, one or
more sensors of the physiologic sensor modules 320, 360
can be housed in the left ear device 302, the right ear device
342, or distributed between the left and right ear devices
302, 342 of the ear-worn electronic device 300.

[0029] According to various embodiments, the physi-
ologic sensor modules 320, 360 (or single module 320 or
360) are configured to monitor the mental state of the wearer
during the mental exercise. In other embodiments, the
physiologic sensor modules 320, 360 (or single module 320
or 360) are configured to monitor the physical state of the
wearer during the mental exercise. In further embodiments,
the physiologic sensor modules 320, 360 (or single module
320 or 360) are configured to monitor both the mental state
and the physical state of the wearer during the mental
exercise. A non-exhaustive, representative list of physi-
ologic signals or conditions of the wearer that can be sensed
and monitored by the physiologic sensor modules 320, 360
(or single module 320 or 360) includes brain activity, heart
activity, breathing activity, body temperature, electrodermal
activity, eye movement, and blood pressure. Readings from
the physiologic sensor modules 320, 360 (or single module
320 or 360) can be extracted periodically during the mental
exercises and also at times outside of the exercises.

[0030] The ear-worn electronic device 300 includes
motion sensor modules 322 and 362 coupled to the first and
second processors 308 and 348. In some embodiments, only
one of the left and right ear devices 302, 342 includes a
motion sensor module 322 or 362. The motion sensor
modules 322, 362 include one or more motion sensors that
sense movement of the wearer during a mental exercise
directed by the guidance speech. As discussed above, one or
more sensors of the motion sensor modules 322, 362 can be
housed in the left ear device 302, the right ear device 342,
or distributed between the left and right ear devices 302 and
342 of the ear-worn electronic device 300. The motion
sensor modules 322, 362 (or single module 322 or 362) are
configured to track movement of the wearer for a variety of
purposes. For example, auditory objects of the soundscape
created by the ear-worn electronic device 300 can change in
an interactive and realistic manner based on the wearer’s
movements which are tracked by the motion sensor modules
322, 362 (or single module 322 or 362). For example, the
spatial location of a waterfall within the soundscape remains
static (e.g., in the same place) as the wearer moves his or her
head during the mental exercise. As another example, the
first and second processors 308, 348 (or a single processor
308 or 348) can operate cooperatively with the motion
sensor modules 322, 362 (or single module 322 or 362) to
determine if user movement during the mental exercise is
consistent with verbal instructions provided by the guidance
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speech. Reinforcing or corrective commentary can be pro-
vided depending on whether or not the wearer’s tracked
movement is consistent with verbal instructions provided by
the guidance speech.

[0031] Insome embodiments, each of the left and right ear
devices 302 and 342 can include a noise cancellation module
326 and 366 configured to provide active noise cancellation
to create a quiet 3-D rendered acoustic space. According to
these and other embodiments, each of the left and right ear
devices 302 and 342 can also include a sound classifier
module 324 and 364. In some embodiments, only one of the
left and right ear devices 302, 342 includes a sound classifier
module 324 or 364. The sound classifier modules 324, 364
(or single module 324 or 364) can be configured to provide
environmental awareness of external events that occur in the
acoustic environment surrounding the wearer during perfor-
mance of a mental exercise. As was discussed previously,
there are often plenty of potentially distracting events and
important events that can interfere with the proper execution
of a mental exercise when the location used for performing
the mental exercise is not a place originally designed for that
purpose. The sound classifier modules 324, 364 (or single
module 324 or 364) are configured to classify a sound of
interest received by the ear-worn electronic device 300
during the mental exercise. In response to the sound clas-
sification provided by the sound classifier modules 324, 364
(or single module 324 or 364), the first and second proces-
sors 308, 348 (or single processor 308 or 348) can generate
verbal commentary suggesting that the wearer ignore or
consider the sound of interest. For example, a car horn may
be considered to be a distracting sound, which may cause the
first and second processors 308, 348 (or single processor 308
or 348) to verbally instruct the wearer to ignore the external
sound. A ringing telephone may be considered to be an
important sound, which may cause the first and second
processors 308, 348 (or single processor 308 or 348) to
verbally instruct the wearer to pause the mental exercise and
take notice of the external sound.

[0032] According to some embodiments, the first and
second processors 308, 348 can be configured to implement
noise cancellation based on the classification of an external
sound. For example, the first and second processors 308, 348
can be configured to implement a noise cancellation algo-
rithm to either cancel or pass a sound of interest based on the
classification of the sound of interest. In the case of the car
horn example discussed above, the first and second proces-
sors 308, 348 in cooperation with the noise cancellation
modules 326, 366, can cancel the car horn sound so as not
to distract the wearer during performance of the mental
exercise. In the case of the ringing telephone, the first and
second processors 308, 348 and the noise cancellation
modules 326, 366 can cooperate to pass the sound of the
ringing telephone so as to alert the wearer of an incoming
phone call.

[0033] The ear-worn electronic device 302 includes a user
profile 328 stored in a memory of the device 302. The user
profile 328 can be stored in both of the left and right devices
302, 342 or only one of the devices 302, 342. For simplicity,
the user profile 328 is included in the left ear device 302. The
user profile 328 stores a variety of information relating to the
implementation and execution of the mental exercises,
including the soundscapes, music, exercises, and guidance
speech, and wearer response information such as physi-
ologic response data and preferences. As will be discussed
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below, a wearer’s user profile 328 can be modified over time
to enharnce the wearer’s experience and performance.
[0034] FIG. 4 shows an audio rendering subsystem 401 of
the ear-worn electronic device, such as that shown in FIG.
3, which creates a 3-D rendered acoustic space with music
and other relaxing sounds for conducting a mental exercise
performed by a wearer in accordance with various embodi-
ments. With reference to FIG. 3, the functions performed by
the audio rendering subsystem 401 shown in FIG. 4 are
implemented by the left and right ear devices 302 and 342
(via the communicatively coupled first and second proces-
sors 308 and 348) operating cooperatively. In some embodi-
ments, the components and functionality shown in FIG. 4
are incorporated in each of the left and right ear devices 302
and 342. In other embodiments, selected components and
functionality shown in FIG. 4 can be incorporated in one, but
not both, of the left and rear ear devices 302 and 342.
[0035] As was discussed previously, the ear-worn elec-
tronic device generates a number of different sounds, includ-
ing relaxing sounds, music, and guidance speech. These
sounds are binaurally rendered by the audio rendering
subsystem 401 to create a 3-D sound sensation for the
wearer when played back through left and right earphones
420 and 422 of the ear-worn electronic device. As is shown
in FIG. 4, the audio rendering subsystem 401 can generate
or receive a number (1-n) of different audio sounds 412,
including relaxing sounds, music, and guidance speech.
Each of these audio sounds 412 can be located at a specific
source position 402 within a 3-D rendered acoustic space.
Locating the source position 402 of the various audio sounds
412 can involve defining the loudness of a sound within the
3-D rendered acoustic space. The loudness of a sound can be
adjusted as a function of distance between the source of the
sound and the wearer (e.g., a distant waterfall versus a
nearby chirping bird). The source positions 402 of the audio
sounds 412 are determined by left and right head-related
transfer functions (HRTFs) 404.

[0036] HRTFs characterize how a person’s head, ears, and
torso spectrally shape sound waves received in the person’s
ear. The spectral shaping of the sound waves provides
spatialization cues that enable the hearer to position the
source of the sound. Incorporating spatialization cues based
on the HRTF of the hearer into electronically produced
sounds (audio sounds 412) allows the hearer to identify the
location 402 of the sound source. An HRTF data set is the
aggregation of multiple HRTFs for multiple directions
around the individual’s head that summarizes the location
dependent variation in the pressure waves of the acoustic
signal. For convenience, this disclosure may refer to a data
set of HRTFs simply as an “HRTF” with the understanding
that the term “HRTF” as used herein refers to a data set of
one or more HRTFs corresponding respectively to one or
multiple directions.

[0037] Spatialization cues are highly individualized and
include the coloration of sound, the time difference between
sounds received at the left and right ears, referred to as the
interaural time difference (ITD), and the sound level differ-
ence between the sounds received at the left and right ears,
referred to as the interaural level difference (ILD) between
ears. Sound coloration is largely dependent on the shape of
external portion of the ear and allows for vertical localiza-
tion of a sound source in the vertical plane while the I'TD and
ILD allow for localization of the sound source in the
horizontal plane.
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[0038] Virtual sounds, such as those produced by the
audio rendering subsystem 401, are electronically generated
sounds that are delivered to a wearer’s ear by the left and
right earphones 420 and 422. The virtual sounds are deliv-
ered by a speaker that converts the electronic representation
of the virtual sound into acoustic waves close to the wearer’s
ear drum. As such, the virtual sounds are not modified by the
head and ear morphology of the person wearing the ear-worn
electronic device. However, spatialization cues that mimic
those which would be present in an actual sound that is
modified by the head and ear morphology can be included in
the virtual sound. These spatialization cues enable the
wearer of the ear-worn electronic device to locate the source
of the virtual sound in the 3-D rendered acoustic space.
Spatialization cues can give the user the auditory experience
that the sound source is in front or back, above or below, to
the right or left sides of the wearer of the ear-worn electronic
device.

[0039] A user profile 405 can be stored in a memory of the
ear-worn electronic device. Among other information, the
user profile 405 stores HRTFs 404 (e.g., an HRTF for each
of the left and right earphones 420 and 422) for the wearer
that are used to determine the source position 402 of each
audio sound 412. In some embodiments, the HRTF stored in
the user profile 452 is a non-individualized HRTF (e.g., a
generic or idealized HRTF), which can be satisfactory for
most wearers. In other embodiments, the HRTF stored in the
user profile 452 is an HRTF that has been individualized for
the wearer of the ear-worn electronic device. One technique
for developing an individualized HRTF is disclosed in
commonly owned U.S. patent application Ser. No. 15/331,
230 filed on Oct. 21, 2016, which is incorporated herein by
reference.

[0040] Location processing of the source positions 402
applies the stored HRTFs 404 to the audio sound 412 to
locate each sound within the 3-D rendered acoustic space.
Using data received from the motion sensor module 406, the
location processing tracks movement of the wearer (e.g., the
wearer’s head) and maintains proper positioning of each
sound within the 3-D rendered acoustic space via adjust-
ments to the HRTFs 404. As the wearer’s head moves, for
example, the HRTFs 404 are adjusted so that the source
positions 402 of the various audio sounds 412 within the 3-D
rendered acoustic space are maintained (e.g., a waterfall
location remains static at its intended position while the
wearer moves his or her head).

[0041] The audio rendering subsystem 401 includes an
HRTF post-processor 408 coupled to an output of the
HRTFs 404 and a reverberation generator 410. The HRTF
post-processor 408 can include a rendering filter. Control-
ling reverberation is important to producing an immersive
and realistic 3-D sensation. The reverberation generator 410
provides for adjustment of reverberation to reproduce
desired acoustics of the 3-D rendered acoustic space.

[0042] The audio rendering subsystem 401 is configured
to produce binaurally render teach of the audio sounds 412
by performing a convolution 414 on an audio sound 412 and
the left HRTF and a convolution 416 on the audio sound 412
and the right HRTF. The binarualized audio sound 412 is
communicated to the left and right earphones 420 and 422
of the ear-worn electronic device. This process is performed
for each of the audio sounds 412 to be presented in the 3-D
rendered acoustic space.
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[0043] FIG. 5 illustrates a sensor module of an ear-worn
electronic device in accordance with various embodiments.
According to some embodiments, the sensor module 502 of
the ear-worn electronic device 500 includes one or more
physiologic sensors 504 and one or more motion sensors
506. According to other embodiments, the sensor module
500 can include one or more geo-location sensors 508 in
addition to the physiologic and motion sensors 504 and 506.
The physiologic sensors 504 can include one or more of an
electroencephalograph (EEG) sensor 510, a heartbeat sensor
512 (e.g., pulse oximeter), a breath rate sensor 514, a body
temperature sensor 518, a galvanic skin response sensor 520,
and an eye movement (electrooculogram) sensor 522. In
some embodiments, an external blood pressure sensor 524
can be communicatively linked to the ear-worn electronic
device (e.g., via a BLE link). The eye movement sensor 522
may be, for example, an electrooculographic (EOG) sensor,
such as an EOG sensor disclosed in commonly owned U.S.
Pat. No. 9,167,356, which is incorporated herein by refer-
ence.

[0044] The motion sensors 506 can include one or more of
accelerometers 530, gyros 532, and magnetometers 534. For
example, the motion sensors 506 can be implemented as a
9-axis sensor or an IMUs (inertial measurement unit). A
suitable IMU is disclosed in commonly owned U.S. patent
application Ser. No. 15/331,230, filed Oct. 21, 2016, which
is incorporated herein by reference. As was discussed pre-
viously, a single motion sensor can be housed in one of the
left and right ear devices of the ear-worn electronic device
500. Alternatively, dual motion sensors can be employed,
with one motion sensor housed in each of the left and right
devices of the ear-worn electronic device 500. The geo-
location sensors 508 can include one or both of an onboard
GPS 540 or an external GPS 542 (e.g., a GPS of a smart
phone communicatively linked to the ear-worn electronic
device via a BLE link).

[0045] Data produced by the various sensors 504, 506, 508
of the sensor module 502 is communicated to a data buffer
550. The data stored in the data buffer 550 is provided at an
output 552, which is coupled to downstream components
that provide for real-time processing of the data (e.g., for
sound location processing shown in FIG. 4; mental and/or
physical state assessment in FIG. 3; locating the wearer).
The data stored in the data buffer 550 is also processed to
compute various statistical metrics 554. For example, the
mean, median, standard deviation, minimum, and maximum
represent statistical metrics can be computed for each sensor
of the sensor module 502. These statistical metrics can be
extracted and stored periodically in a user profile 556. A
summary of these statistical metrics 558 can be communi-
cated to a remote server 560 via a transceiver (e.g., BLE
transceiver) of the ear-worn electronic device 500.

[0046] FIG. 6 is a functional block diagram showing how
data produced by sensors of an ear-worn electronic device
can be processed to monitor a wearer’s compliance with a
predetermined mental exercise in accordance with various
embodiments. During a mental exercise, such as a mindful-
ness exercise, speech instructions are rendered by the ear-
worn electronic device to guide the wearer through the
exercise. According to some embodiments, the level of
detail of the speech instructions can be adjusted based on the
wearer’s preference, which is reflective of the wearer’s
expertise with performing the mental exercise. For example,
a detailed level of speech instructions can be provided to a
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wearer having little or no experience with a particular
mental exercise. As the wearer gains experience with the
particular mental exercise, the wearer may wish to reduce
the level of speech instruction detail, which can otherwise be
considered distracting to the more experienced wearer.
[0047] While speech instructions are played back to the
wearer, readings from the various sensors of the ear-worn
electronic device are accessed periodically and, depending
on the mental and/or physical state information that can be
inferred from those readings, the speech instructions can be
adjusted in response to the mental and/or physical state
information. For example, information derived from the
sensors may indicate that the wearer is complying with the
speech instructions for a particular mental exercise, which
can result in playing back reinforcing (e.g., supportive)
speech (e.g., “good job”). In some embodiments, the level of
speech instruction detail can be reduced in response to the
sensors indicating that the wearer is complying with the
speech instructions for the particular mental exercise. If the
information derived from the sensors indicates that the
wearer is not complying with the speech instructions for the
particular mental exercise, corrective (e.g., encouraging)
speech can be played back to help the wearer comply with
the parameters of the particular mental exercise (e.g., “your
breath rate is high—focus on your breathing”). In some
embodiments, the level of speech instruction detail can be
increased in response to the sensors indicated that the wearer
is not complying with the speech instructions for the par-
ticular mental exercise.

[0048] As was discussed previously, data from the various
sensors of the ear-worn electronic device is stored in a data
buffer 602. In the representative example shown in FIG. 6,
the data buffer 602 includes brain response data 604, audio
606 from microphones, and heart monitoring data 608. The
brain response data 604, which can be acquired by an EEG
sensor of the ear-worn electronic device, is filtered 610 so
that alpha waves can be processed and evaluated to deter-
mine whether the wearer’s mental state is focused or wan-
dering. The brain response data 604 typically contains
various information contained within different frequency
bands, such as the delta band (1-4 Hz), theta band (4-8 Hz),
and alpha band (8-12 Hz).

[0049] The alpha band refers to rhythmic oscillatory brain
activity within the frequency range of 8 to 12 Hz. Alpha
waves have several functional correlations to sensory,
motor, and memory functions. The level of alpha band
power corresponds to the degree of mental and physical
relaxation of the wearer of the ear-worn electronic device.
For example, increased levels of alpha band power result
during mental and physical relaxation with eyes closed. In
particular, alpha band power increases during relaxing men-
tal exercises, such as meditation. By contrast, alpha band
power is reduced, or suppressed, during mental or bodily
activity with eyes open. Alpha wave suppression indicates
that the brain is gearing up to receive information from
various senses, coordinating attentional resources, and
focusing on events occurring at a particular moment.
[0050] According to various embodiments, an ear-worn
electronic device uses filtered alpha waves 610 to determine
whether the wearer is focused on the mental exercise or is
experiencing mind wandering during the mental exercise.
For example, the magnitude of the alpha waves can be
periodically measured. Relative changes in alpha wave
magnitude can be computed and compared to a threshold to
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detect 612 whether the wearer is focused or experiencing
mind wandering. The threshold can be an average alpha
wave magnitude computed during the mental exercise or a
previous mental exercise. The alpha wave threshold can be
stored in a user profile 634. In some embodiments, the user
profile 634 stores a high threshold and a low threshold, both
of which can be derived for the particular wearer or from a
population of wearers. Alpha wave magnitudes that are
equal to or higher than the high threshold indicate that the
wearer is focused on the mental exercise. Alpha wave
magnitudes that are equal to or lower than the low threshold
indicate that the wearer’s mindfulness is wandering.
[0051] During the mental exercise, the measured alpha
wave magnitude is compared to the high and low thresholds
to detect 612 wearer focus and wandering. Depending on the
measured alpha wave magnitude, the ear-worn electronic
device provides different types of audio guidance 640 via the
audio rendering subsystem. For example, every time the
high threshold is met or exceeded, positive audio feedback
(e.g., sounds, music, and/or speech) can be provided to the
wearer. Every time the low threshold is met or exceeded,
guidance speech can be provided to encourage the wearer to
be aware of mind wandering. The guidance speech, for
example, can encourage the wearer to focus on the wearer’s
breathing. The positive audio feedback and the guidance
speech can be adjusted based on the preferences and exper-
tise of the wearer.

[0052] According to some embodiments, one or more
microphones of the ear-worn electronic device can be used
to detect the wearer’s breathing. As shown in FIG. 6, audio
606 from microphones (e.g., a microphone array) can be
used to detect breathing of the wearer, which can be tracked
by the ear-worn electronic device. In some embodiments, a
beamforming technique 620 can be used to orient the
microphones toward the wearer’s mouth and nose region.
For example, source separation can be performed to isolate
sounds emanating from the direction of the wearer’s mouth
and nose. High-pass filtering 622 can be used to isolate
respiratory specific sounds. The wearer’s breath rate (e.g.,
breaths per minute) can be estimated 626 based on the
respiratory specific sounds. The wearer’s breath rate can be
compared to a threshold stored in the user profile 634 to
distinguish between a desired and undesired breath rate 628
for the mental exercise, and appropriate guidance speech and
positive audio feedback 640 can be provided to the wearer
based on the comparison.

[0053] In some embodiments, a preset range of relaxed
breath rates can be based on the user profile 634, a popu-
lation profile, or combination of these profiles. The preset
range of relaxed breath rates can be used to trigger guidance
speech and audio feedback in the form of music, sounds,
and/or speech to instruct the user to relax his or her breathing
rate. For example, in response to the breath rate exceeding
the threshold (e.g., high breath rate), guidance speech can be
provided to encourage the wearer to focus on his or her
breathing. In response to the breath rate falling below the
threshold (e.g., an appropriate breath rate), positive audio
feedback can be periodically provided to the wearer.
[0054] According to some embodiments, an association
between the wearer’s brain activity (e.g., EEG signal) and
breathing can be determined by the ear-worn electronic
device. For example, a correlation between the wearer’s
brain activity and breathing can be computed by the ear-
worn electronic device. The computed correlation (or other
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association) can be used to quantify how much the wearer is
actually focusing on his or her breathing. For example, if the
computed correlation falls below a threshold for the wearer
(e.g., stored in the user profile 634), guidance speech can be
provided to help the wearer focus on his or her breathing. If
the computed correlation exceeds the threshold, positive
audio feedback can be periodically provided to the wearer.
[0055] As is further shown in FIG. 6, the data buffer 602
can store heart monitoring information 608 acquired from
the sensor module of the ear-wom electronic device. For
example, the heart monitoring information 608 can be
acquired from a heartbeat or heart rate sensor of the ear-
worn electronic device. Using the heart monitoring infor-
mation 608, the wearer’s heart rate can be estimated 630.
The wearer’s heart rate can be compared against a threshold
stored in the user profile 634 to distinguish 632 between a
desired and an undesired heart rate for the particular mental
exercise. This threshold can be unique to the wearer or
established from population data. In response to the heart
rate exceeding the threshold (e.g., high heart rate), guidance
speech can be provided to encourage the wearer to focus on
his or her breathing. In response to the heart rate falling
below the threshold (e.g., an appropriate heart rate), positive
audio feedback can be periodically provided to the wearer.
[0056] The functionality of the ear-worn electronic device
can be customized over time based on the experience of a
given wearer and/or a population of wearers. Customization
of the ear-worn electronic device over time can be imple-
mented solely by the ear-worn electronic device (in situ) or
in cooperation with a remote server. FIG. 7 is a functional
block diagram of various customization processes per-
formed by an ear-worn electronic device alone or in coop-
eration with a remote server in accordance with various
embodiments. In some embodiments, the customization
processes 702 shown in FIG. 7 are performed by an ear-worn
electronic device without interaction with a remote server. In
other embodiments, the customization processes 720 shown
in FIG. 7 are performed by an ear-worn electronic device in
cooperation with the remote server.

[0057] Conducting and monitoring a mental exercise pet-
formed by a wearer of an ear-worn electronic device
involves selecting music, sound, and/guidance speech for
rendering 704. Selecting audio content 704 for rendering can
be accomplished directly through wearer interaction with an
interface of the ear-worn electronic device (e.g., buttons,
switches) or indirectly through a smartphone or other exter-
nal device communicatively linked to the ear-worn elec-
tronic device. The selected audio content 704 is communi-
cated to the audio rendering subsystem 706 of the ear-worn
electronic device, which binauralizes the audio for presen-
tation to the wearer via left and right earphones 708 and 710.
The sensor module of the ear-worn electronic device
assesses the mental and physical state of the wearer before
712 and after 714 a mental exercise is performed by the
wearer. The audio content 704 selected for rendering, ren-
dering parameters, and before/after mental and physical
state data 712 and 714 can be packaged 716 and stored in a
user profile 732.

[0058] Over time, the user profile 732 will continue to
store data on which soundscapes, mental exercises, and
verbal instructions help the specific wearer achieve optimal
performance. The ear-worn electronic device can also
decrease the amount of audio feedback and verbal guidance
provided to the wearer as the wearer acquires expertise,
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which is quantitatively measured, unless the wearer modifies
this behavior. This data and the user profile 732 can be stored
locally within the ear-worn electronic device. In some
embodiments, this data and the user profile 732 can be
communicated to and stored by a remote server. Each time
the ear-worn electronic device provides music, audio feed-
back, or verbal guidance, wearer reaction to this stimuli is
monitored using sensor readings, and this data is also stored
in the user profile 732. Based on past reactions to music,
audio feedback, and verbal guidance, the ear-worn elec-
tronic device can adjust some or all of this stimuli within the
current mental exercise or future mental exercises. For
example, a level of expertise can be automatically assigned
to the wearer based on sensor readings acquired during a
mindfulness exercise. This level of expertise can be adjusted
manually by the user or automatically by the ear-worn
electronic device in response to sensor readings taken during
the current or future exercises.

[0059] According to some embodiments, the audio content
704 selected for rendering, rendering parameters, and
before/after mental and physical state data 712 and 714 that
is packaged 716 by the ear-worn electronic device can be
communicated to a remote server 722 (e.g., via a BLE or
WiFi link). In various embodiments, a gateway device 718
(e.g., a smartphone, tablet, laptop or PC) serves to commu-
nicatively link the ear-worn electronic device and the remote
server 722. The remote server 722 can store a multiplicity of
user profiles 726. For example, the remote server 722 may
receive packaged data 716 from user A. In response, the
remote server 722 can update 724 the profile of user A. The
remote server 722 may receive packaged data 716 from user
B and, in response, update 724 the profile of user B. The
remote server 722 and/or the ear-worn electronic device can
synchronize 728, 730 an updated user profile 726 at the
remote server 722 with a previously-generated user profile
residing in the ear-worn electronic device. As such, the
remote server 722 can update the user profile 732 (via the
gateway device 718) stored in the ear-worn electronic device
based on the packaged data 716 received by the remote
server 722.

[0060] The remote server 722 can receive packaged data
716 from a multiplicity of ear-worn electronic devices,
which can be stored as anonymous data 740 at the remote
server 722. The anonymous data 740 collected from a
population of ear-worn electronic devices can be used by the
remote server 722 to customize the functionality of indi-
vidual ear-worn electronic devices. The remote server 722
can create and maintain a multiplicity of population profiles
746. Periodically, and based on age, gender, location, expet-
tise, and other demographic factors, common physiologic
statistics, preferences, best-performing settings (e.g., music,
sounds, verbal guidance parameters), and mental exercises
are computed and summarized by the remote server 722 to
form different population profiles 746 (e.g., Population I
profile, Population II, profile, etc.).

[0061] As anonymous data 740 accumulates at the remote
server 722, population profiles 746 can be updated 744 with
newly received packaged data 716. In some cases, the
remote server 722 can re-cluster the populations 742, which
can result in creation of new population profiles 746 or
elimination of antiquated population profiles 746. According
to some embodiments, the remote server 722 can update 748
a particular user’s profile (e.g., user A profile) with popula-
tion information from an appropriate population profile 746
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(e.g., based on age, gender, location, etc.). The population
data stored at the remote server 722 can be accessed by
individual ear-worn electronic devices using Internet con-
nectivity (e.g., via gateway device 718), but can also be
pre-loaded in the ear-worn electronic device and be accessed
locally.

[0062] For example, the remote server 742 can be config-
ured to learn preferences (e.g., mental exercise selection,
music selection, relaxing sound selection, expertise level,
guidance speech preferences, etc.) based on data produced
by numerous ear-worn electronic devices and accumulated
for each of the population profiles 746. These preferences
can be learned by the remote server 722 based on wearer
age, gender, location, etc. for each of the different population
profiles 746 The remote server 742 can be configured to
make recommendations for a particular wearer based on the
preferences learned from the population profiles 746. In
response to acceptance of a recommendation, the wearer’s
user profile 726 can be updated by the remote server 722.
The updated user’s profile can be synchronized 728, 730 so
that the user’s ear-worn electronic device implements the
most current user profile 732. As such, a wearer’s mental
exercise experience can be tailored over time based on
population profile information.

[0063] According to various embodiments, the acoustic
environment surrounding the wearer of an ear-worn elec-
tronic device is monitored to identify events that can be
either potentially distracting or are important requiring
wearer attention. FIG. 8 is a functional block diagram
involving processes for classifying sounds of interest by an
ear-worn electronic device in accordance with various
embodiments. One or more microphones 802 of the ear-
worn electronic device monitor the acoustic environment
surrounding the wearer and provide a real-time audio feed to
a sound classifier module of the ear-worn electronic device
(see, e.g., FIG. 3). The sound classifier module performs
frequency analysis and feature extraction 804 on the real-
time audio feed, which are used by a neural network
classifier to classify 806 sounds of interest. The set of sounds
of interest that can be classified can be closed, but can be
updated and increased in number, along with the neural
network classifier parameters using Internet connectivity to
enable the sound classifier module to identify new sounds.

[0064] In general, the sounds of interest identified by the
sound classifier module can be one of two types: a poten-
tially distracting sound (e.g., a car passing by at the street,
kids playing at a park, etc.) or a sound important to the
wearer (e.g., the wearer’s name being called, a phone
ringing at work, a train arriving at a train station). When the
sound of interest is potentially distracting, guidance 808 in
the form of speech or a masking sound can be provided to
the wearer to help the wearer ignore the sound. When the
sound is important to the wearer, guidance 808 indicating
that such a sound is occurring can be provided to allow the
wearer to decide if he or she wants to interrupt the mental
exercise session. The mental exercise session can be paused
or terminated by wearer actuation of a button or switch of
the ear-worn electronic device. In some embodiments, a
button or icon on a display of an external device (e.g., a
smartphone) communicatively linked to the ear-worn elec-
tronic device can be activated by the wearer. After the
interruption, the mental exercise session can be resumed by
actuation of an appropriate button, switch or icon by the
wearer.
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[0065] According to some embodiments, the ear-worn
electronic device incorporates a geo-location device 820
(e.g., a GPS sensor) or has access to an online location
service 822 via a wireless link and an Internet connection.
Using the geo-location data, the ear-worn electronic device
can perform location classification 824 that identifies the
geo-location of the wearer. The ear-worn electronic device
can store a multiplicity of classification models 830. Each of
the classification models can be specific for a particular
geo-location. Based on the location classification 824, an
appropriate model can be selected 826 for use by the sound
classifier module when classifying a sound of interest §06.
For example, if the geo-location subsystem of the ear-worn
electronic device identifies the current location of the wearer
as outdoor, a sound classification model that only includes
outdoor sounds will be selected 826. If the geo-location
subsystem identifies the current location of the wearer as a
train station or a moving train, then a train specific sound
classification model will be selected 826. Other geo-loca-
tions, such as the wearer’s home or place of work, can be
pre-set by the wearer.

[0066] According to some embodiments, an ear-worn
electronic device can be configured with a wireless trans-
ceiver (e.g., a BLE or WiFi® transceiver) to communicate
with one or more external sensors and/or wearable devices.
Connecting to one or more external sensors and/or wearable
devices can expand the capabilities of the wearer’s ear-worn
electronic device. Examples of such external sensors/wear-
able devices include additional devices incorporating EEG
sensors placed around the head or as a cap or helmet. One
or more temperature sensors can be deployed at different
locations of the body to sense skin temperature. Also, one or
more galvanic skin response sensors can be deployed at
different locations of the body, such as for measuring stress
of the wearer. Various sensors (e.g., those disclosed herein)
can be embedded in objects like clothing or a yoga mat to
provide more accurate measurements of body posture. A
peer network can be established between the ear-worn
electronic device and the external sensors/wearable devices.
In some embodiments, each of a multiplicity of ear-worn
electronic devices can incorporate a wireless transceiver that
can be connected via a peer network. Data produced by
and/or stored in the ear-worn electronic devices can be
shared between wearers and/or an exercise instructor/moni-
tor in a group session environment (e.g. a group meditation
session).

[0067] FIG. 9 is a block diagram showing various com-
ponents of an ear-worn electronic device 902 that can be
configured to conduct and monitor a mental exercise per-
formed by a wearer of the device in accordance with various
embodiments. The block diagram of FIG. 9 represents a
generic ear-worn electronic device for purposes of illustra-
tion. It is understood that an ear-worn electronic device 902
may exclude some of the components shown in FIG. 9
and/or include additional components. It is also understood
that the ear-worn electronic device 902 illustrated in FIG. 9
can be either a right ear-worn device or a left-ear worn
device. The components of the right and left ear-worn
devices can be the same or different. For example, in some
embodiments, only one of the right and left ear-worn devices
includes physiologic sensors (or motion sensors). In other
embodiments, the right and left ear-worn devices can
include one or more physiologic sensors (or motion sen-
SOrs).
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[0068] The ear-worn electronic device 902 shown in FIG.
9 includes several components electrically connected to a
mother flexible circuit 903. A battery 905 is electrically
connected to the mother flexible circuit 903 and provides
power to the various components of the ear-worn electronic
device 902. One or more microphones 906 are electrically
connected to the mother flexible circuit 903, which provides
electrical communication between the microphones 906 and
a DSP 904. Among other components, the DSP 904 incor-
porates or is coupled to audio signal processing circuitry
configured to perform the functions of the audio rendering
subsystem described in the disclosure. One or more user
switches 908 (e.g., on/off, volume, mic directional settings,
mode selection) are electrically coupled to the DSP 904 via
the flexible mother circuit 903.

[0069] An audio output device 910 is electrically con-
nected to the DSP 904 via the flexible mother circuit 903. In
some embodiments, the audio output device 910 comprises
a speaker (coupled to an amplifier). In other embodiments,
the audio output device 910 comprises an amplifier coupled
to an external receiver 912 adapted for positioning within an
ear of a wearer. The ear-worn electronic device 902 may
incorporate a communication device 907 coupled to the
flexible mother circuit 903 and to an antenna 909 directly or
indirectly via the flexible mother circuit 903. The commu-
nication device 907 can be a Bluetooth® transceiver, such as
a BLE (Bluetooth® low energy) transceiver or other trans-
ceiver (e.g., an IEEE 802.11 compliant device). The com-
munication device 907 can be configured to communicate
with an external device, such as a smartphone or laptop, in
accordance with various embodiments.

[0070] This document discloses numerous embodiments,
including but not limited to the following:

Item 1 is a method implemented by an ear-worn electronic
device configured to be worn by a wearer and comprising a
right ear device and a left ear device, the method compris-
ing:

[0071] producing, by the ear-worn electronic device, a
three-dimensional virtual sound environment comprising
relaxing sounds;

[0072] generating, by the ear-worn electronic device, ver-
bal instructions within the three-dimensional virtual sound
environment that guide the wearer through a predetermined
mental exercise that promotes wearer relaxation;

[0073] sensing, during the predetermined mental exercise,
at least one physiologic parameter from the wearer by the
ear-worn electronic device;

[0074] sensing, during the predetermined mental exercise,
movement of the wearer by the ear-worn electronic device;
and

[0075] generating, by the ear-worn electronic device, ver-
bal commentary that assesses wearer compliance with the
predetermined mental exercise in response to one or both of
the at least one physiologic parameter and the sensed
movement of the wearer.

Item 2 is the method of item 1, comprising evaluating an
effectiveness of the mental exercise in response to the at
least one physiologic parameter.

Item 3 is the method of item 1, wherein the at least one
physiologic parameter comprises a parameter indicative of
the wearer’s mental state.

Item 4 is the method of item 1, wherein the at least one
physiologic parameter comprises an electroencephalogram
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(EEG) signal and one or both of a parameter indicative of
heart rate and a parameter indicative of breathing.

Item 5 is the method of item 1, wherein:

[0076] the at least one physiologic parameter comprises an
electroencephalogram (EEG) signal and a parameter indica-
tive of breathing; and

[0077] the method further comprises using an association
between the EEG signal and the breathing parameter to
determine the wearer’s focus on breathing during the mental
exercise.

Item 6 is the method of item 1, further comprising:

[0078] detecting noncompliance with the predetermined
mental exercise by the wearer in response to a deviation in
one or both of the sensed movement of the wearer and the
at least one physiologic parameter;

[0079] wherein generating the verbal commentary com-
prises generating verbal commentary that encourages wearer
compliance with the predetermined mental exercise.

Ttem 7 is the method of item 6, wherein the deviation is
indicative of wearer distraction or an increase in wearer
stress.

Item 8 is the method of item 1, further comprising modifying
the verbal instructions that guide the wearer through the
predetermined mental exercise in response to a level of
wearer expertise in performing the predetermined mental
exercise.

Ttem 9 is the method of item 1, further comprising:

[0080] classifying a sound of interest received by the
ear-worn electronic device during the mental exercise; and
[0081] performing one or both of:

[0082] generating verbal commentary suggesting that
the wearer either ignore or consider the sound of
interest in response to the classification of the sound of
interest; and

[0083] selectively implementing noise cancellation to
either cancel or pass the sound of interest based on the
classification of the sound of interest.

Item 10 is the method of item 1, further comprising main-
taining realism of the three-dimensional virtual sound envi-
ronment in response to sensing movement of the wearer
during performance of the predetermined mental exercise.
Item 11 is the method of item 1, comprising:

[0084] collecting data generated during the predetermined
mental exercise to produce a user profile for the wearer;
[0085] performing the method by a plurality of wearers of
the ear-worn electronic devices;

[0086] collecting data generated by the ear-worn elec-
tronic devices of the plurality of wearers to produce a
population profile; and

[0087] updating the wearer’s user profile using data from
the population profile.

Ttem 12 is an ear-worn electronic device configured to be
worn by a wearer and comprising;

[0088] a right ear device comprising a first processor;
[0089] a left ear device comprising a second processor
communicatively coupled to the first processor;

[0090] a physiologic sensor module comprising one or
more physiologic sensors configured to sense at least one
physiologic parameter from the wearer;

[0091] a motion sensor module comprising one or more
sensors configured to sense movement of the wearer;
[0092] the first and second processors coupled to the
physiologic and motion sensor modules; and
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[0093] the first and second processors configured to pro-
duce a three-dimensional virtual sound environment com-
prising relaxing sounds, generate verbal instructions within
the three-dimensional virtual sound environment that guide
the wearer through a predetermined mental exercise that
promotes wearer relaxation, and generate verbal commen-
tary that assesses wearer compliance with the predetermined
mental exercise in response to one or both of the sensed
movement and the at least one physiologic parameter.
Ttem 13 is the device of item 12, wherein at least one of the
first and second processors is configured to evaluate an
effectiveness of the mental exercise in response to the at
least one physiologic parameter.

Item 14 is the device of item 12, wherein the at least one
physiologic parameter comprises a parameter indicative of
the wearer’s mental state.

Ttem 15 is the device of item 12, wherein the at least one
physiologic parameter comprises an electroencephalogram
(EEG) signal and one or both of a parameter indicative of
heart rate and a parameter indicative of breathing.

Item 16 is the device of item 12, wherein:

[0094] the at least one physiologic parameter comprises an
electroencephalogram (EEG) signal and a parameter indica-
tive of breathing; and

[0095] at least one of the first and second processors is
configured to use an association between the EEG signal and
the breathing parameter to determine the wearer’s focus on
breathing during the mental exercise.

Item 17 is the device of item 12, wherein:

[0096] at least one of the first and second processors is
configured to detect noncompliance with the predetermined
mental exercise by the wearer in response to detecting a
deviation in one or both of the sensed movement of the
wearer and the at least one physiologic parameter; and
[0097] the first and second processors are configured to
generate verbal commentary that encourages wearer com-
pliance with the predetermined mental exercise.

Ttem 18 is the device of item 17, wherein the deviation is
indicative of wearer distraction or an increase in wearer
stress.

Ttem 19 is the device of item 12, wherein the first and second
processors are configured to modify the verbal instructions
that guide the wearer through the predetermined mental
exercise in response to a level of wearer expertise in
performing the predetermined mental exercise.

Ttem 20 is the device of item 12, wherein:

[0098] at least one of the first and second processors is
configured to classify a sound of interest received by the
ear-worn electronic device during the mental exercise; and
[0099] the first and second processors are configured to:
[0100] generate verbal commentary suggesting that the
wearer either ignore or consider the sound of interest in
response to the classification of the sound of interest;
and
[0101] selectively implement noise cancellation to
either cancel or pass the sound of interest based on the
classification of the sound of interest.
Ttem 21 1s the device of item 12, wherein the first and second
processors are configured to maintain realism of the three-
dimensional virtual sound environment in response to sens-
ing movement of the wearer during performance of the
predetermined mental exercise.
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Ttem 22 is the device of item 12, wherein:

[0102] at least one of the first and second processors is
configured to collect data generated during the predeter-
mined mental exercise to produce a user profile for the
wearer and to communicate with a remote server via a
gateway device; and

[0103] the remote server is configured to:

[0104] collect data generated by ear-worn electronic
devices of a plurality of wearers to produce a popula-
tion profile; and

[0105] update the wearer’s user profile using data from
the population profile.

Item 23 1s the device of item 12, comprising a wireless
transceiver configured to wirelessly communicate with one
or more external sensors or wearable devices.

[0106] Although the subject matter has been described in
language specific to structural features and/or methodologi-
cal acts, it is to be understood that the subject matter defined
in the appended claims is not necessarily limited to the
specific features or acts described above. Rather, the specific
features and acts described above are disclosed as represen-
tative forms of implementing the claims.

What is claimed is:

1. A method implemented by an ear-worn electronic
device configured to be worn by a wearer and comprising a
right ear device and a left ear device, the method compris-
ing:

producing, by the ear-worn electronic device, a three-
dimensional virtual sound environment comprising
relaxing sounds;

generating, by the ear-worn electronic device, verbal
instructions within the three-dimensional virtual sound
environment that guide the wearer through a predeter-
mined mental exercise that promotes wearer relaxation;

sensing, during the predetermined mental exercise, at
least one physiologic parameter from the wearer by the
ear-worn electronic device;

sensing, during the predetermined mental exercise, move-
ment of the wearer by the ear-worn electronic device;
and

generating, by the ear-worn electronic device, verbal
commentary that assesses wearer compliance with the
predetermined mental exercise in response to one or
both of the at least one physiologic parameter and the
sensed movement of the wearer.

2. The method of claim 1, comprising evaluating an
effectiveness of the mental exercise in response to the at
least one physiologic parameter.

3. The method of claim 1, wherein the at least one
physiologic parameter comprises a parameter indicative of
the wearer’s mental state.

4. The method of claim 1, wherein the at least one
physiologic parameter comprises an electroencephalogram
(EEG) signal and one or both of a parameter indicative of
heart rate and a parameter indicative of breathing.

5. The method of claim 1, wherein:

the at least one physiologic parameter comprises an
electroencephalogram (EEG) signal and a parameter
indicative of breathing; and

the method further comprises using an association
between the EEG signal and the breathing parameter to
determine the wearer’s focus on breathing during the
mental exercise.
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6. The method of claim 1, further comprising:

detecting noncompliance with the predetermined mental
exercise by the wearer in response to a deviation in one
or both of the sensed movement of the wearer and the
at least one physiologic parameter;

wherein generating the verbal commentary comprises
generating verbal commentary that encourages wearer
compliance with the predetermined mental exercise.

7. The method of claim 6, wherein the deviation is
indicative of wearer distraction or an increase in wearer
stress.

8. The method of claim 1, further comprising modifying
the verbal instructions that guide the wearer through the
predetermined mental exercise in response to a level of
wearer expertise in performing the predetermined mental
exercise.

9. The method of claim 1, further comprising;

classifying a sound of interest received by the ear-worn
electronic device during the mental exercise; and

performing one or both of:

generating verbal commentary suggesting that the
wearer either ignore or consider the sound of interest
in response to the classification of the sound of
interest; and

selectively implementing noise cancellation to either
cancel or pass the sound of interest based on the
classification of the sound of interest.

10. The method of claim 1, further comprising maintain-
ing realism of the three-dimensional virtual sound environ-
ment in response to sensing movement of the wearer during
performance of the predetermined mental exercise.

11. The method of claim 1, comprising:

collecting data generated during the predetermined men-
tal exercise to produce a user profile for the wearer;

performing the method by a plurality of wearers of the
ear-worn electronic devices;

collecting data generated by the ear-worn electronic
devices of the plurality of wearers to produce a popu-
lation profile; and

updating the wearer’s user profile using data from the
population profile.

12. An ear-worn electronic device configured to be worn

by a wearer and comprising:

a right ear device comprising a first processor;

a left ear device comprising a second processor commu-
nicatively coupled to the first processor;

a physiologic sensor module comprising one or more
physiologic sensors configured to sense at least one
physiologic parameter from the wearer;

a motion sensor module comprising one or more sensors
configured to sense movement of the wearer;

the first and second processors coupled to the physiologic
and motion sensor modules; and

the first and second processors configured to produce a
three-dimensional virtual sound environment compris-
ing relaxing sounds, generate verbal instructions within
the three-dimensional virtual sound environment that
guide the wearer through a predetermined mental exer-
cise that promotes wearer relaxation, and generate
verbal commentary that assesses wearer compliance
with the predetermined mental exercise in response to
one or both of the sensed movement and the at least one
physiologic parameter.
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13. The device of claim 12, wherein at least one of the first
and second processors is configured to evaluate an effec-
tiveness of the mental exercise in response to the at least one
physiologic parameter.

14. The device of claim 12, wherein the at least one
physiologic parameter comprises a parameter indicative of
the wearer’s mental state.

15. The device of claim 12, wherein the at least one
physiologic parameter comprises an electroencephalogram
(EEG) signal and one or both of a parameter indicative of
heart rate and a parameter indicative of breathing.

16. The device of claim 12, wherein:

the at least one physiologic parameter comprises an

electroencephalogram (EEG) signal and a parameter
indicative of breathing; and

at least one of the first and second processors is configured

to use an association between the EEG signal and the
breathing parameter to determine the wearer’s focus on
breathing during the mental exercise.
17. The device of claim 12, wherein:
at least one of the first and second processors is configured
to detect noncompliance with the predetermined mental
exercise by the wearer in response to detecting a
deviation in one or both of the sensed movement of the
wearer and the at least one physiologic parameter; and

the first and second processors are configured to generate
verbal commentary that encourages wearer compliance
with the predetermined mental exercise.

18. The device of claim 17, wherein the deviation is
indicative of wearer distraction or an increase in wearer
stress.

19. The device of claim 12, wherein the first and second
processors are configured to modify the verbal instructions
that guide the wearer through the predetermined mental
exercise in response to a level of wearer expertise in
performing the predetermined mental exercise.

20. The device of ¢laim 12, wherein:

at least one of the first and second processors is configured

to classify a sound of interest received by the ear-worn
electronic device during the mental exercise; and

the first and second processors are configured to:

generate verbal commentary suggesting that the wearer
either ignore or consider the sound of interest in
response to the classification of the sound of interest;
and

selectively implement noise cancellation to either can-
cel or pass the sound of interest based on the clas-
sification of the sound of interest.

21. The device of claim 12, wherein the first and second
processors are configured to maintain realism of the three-
dimensional virtual sound environment in response to sens-
ing movement of the wearer during performance of the
predetermined mental exercise.

22. The device of claim 12, wherein:

at least one of the first and second processors is configured

to collect data generated during the predetermined
mental exercise to produce a user profile for the wearer
and to communicate with a remote server via a gateway
device; and

the remote server is configured to:

collect data generated by ear-worn electronic devices of
a plurality of wearers to produce a population profile;
and
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update the wearer’s user profile using data from the
population profile.
23. The device of claim 12, comprising a wireless trans-
ceiver configured to wirelessly communicate with one or
more external sensors or wearable devices.
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