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(57) ABSTRACT

Approaches to determining a sleep fitness score for a user
are provided, such as may be based upon monitored breath-
ing disturbances of a user. The system receives user state
data generated over a time period by a combination of
sensors provided via a wearable tracker associated with the
user. A system can use this information to calculate a sleep
fitness score, breathing disturbance score, or other such

Aug. 16, 2018. . . oo .
g1 value. The system can classify every minute within the time
(60) Provisional application No. 62/547,710, filed on Aug. period as either normal or atypical, for example, and may
18, 2017. provide such information for presentation to the user.
Vesrable Device 740
020
- 1
Processor Memory
R
e Cliers: Davica
Y I
. Wreless
Uger Intarface Fransceiots
AT
- Sarver
150
Eriranmental R L4
Serris Sensors
JeNENE




US 2019/0282159 A1

Sep. 19,2019 Sheet 1 of 9

Patent Application Publication

VI D4

RIS

Y eed

BONG0 BRI

IRl

CORPDII] G50

{5 08uos {=hosuag
08/ BSOS
17
IPAROSURI |
BSONAA
ops
y Acisiy HOSS800UY
IV B

54"

JOF B0IRB(] BRISaN

o84




US 2019/0282159 A1

Sep. 19,2019 Sheet 2 of 9

Patent Application Publication

d1i "DIid

{SMsues B0
ERL

| osuwsoddul —— T L I
LS > /:.m.,%\
oL
. ICSUBE Odd D3Y 105580014 ] LY .
LGE ~ESL
HOSUBS Sidd sy VRN sBLusELiepy
GG T4
¢
1
. alousoiAe) JRRIIOIE00Y
/ CFE .
. 77




US 2019/0282159 A1

Sep. 19,2019 Sheet 3 of 9

Patent Application Publication

D1 DI

.................:i........-......!..;
: 0pwnEg eianeng
¥ i
i i
EunLap i1 uonoeips ﬂEEu b HEAS] P
Rimioy H Hee, i P LDTA
L3 SSSSS
\mwm.x\\\\ o PRNSSPONOSNISStN .N.sm.\\\w e e e
7 o0 50 0
: JORWLST Biloedy
i I
3 f
G LEOH -] OIS AL | moncec T i PUBIS Bdd
WO} BAOBLG-HN i PN ; A0
g i
- " T Ao o e o e o e e e P2 ~
$6/ £EY 767



US 2019/0282159 A1

Sep. 19,2019 Sheet 4 of 9

Patent Application Publication

¢ 'OId

1950 Of

grennes) Aoy

ANEBABS BOUBINIIG
DuRgeeId AYRSED

suiABp

Pa/aIARL

JOTIRM LO
SEIMEs;
1R

euBis uopairisay

Bidd Bloagussi
IBIOUICBIBIY

Sy,
o



US 2019/0282159 A1

Sep. 19,2019 Sheet 5 of 9

Patent Application Publication

¢ DI

) . . (eI ORI SR
UOIRRS Bulssanoxiad ‘ N
: Sl S VR Elelt )
SRS puldg K
UnNoRiss Buessoniod .
e N $B)SUIRISIEODY
2NTEaY puig

Buisasoncieud
’ R e R

. Es
.//r./ ........................................
Rpenas [BULIOL 6Bl
AT QUBLLIGION O] ] BB UDOCH OB BGET
Builsss0nil180 FRSSED LONOE I
I
158N 104 W Bussaomuded | S
UORRTHENSH, eufig —eat
UORIRIME Bupssonoisid S UIHI0
SIrEa s =
Jv./
27



US 2019/0282159 A1

Sep. 19,2019 Sheet 6 of 9

Patent Application Publication

PO

e

e T

o adana aan

2 00 5 S S 0 s i ‘

L]
o

¢
<

@
o

Feils)
A

<

AAH

e

-
4y



Patent Application Publication  Sep. 19,2019 Sheet 7 of 9 US 2019/0282159 A1

Pz
§ #
¥ -
Hecehng zenstr data generaled during a deep pardod
1
:iassﬁfi}'ng .
period as § bre h«u-‘bed D* '}i nwnui bus: o on
t* saney dats
i
} SO0 I
! 30
. . o e
Ouitputting the b




Patent Application Publication  Sep. 19,2019 Sheet 8 of 9 US 2019/0282159 A1

P TN U

Receiing green PPG dula, red PPO dita. infsrod PG |88

m "*1“ ac e,i“{ e er .a ai&en 527

singte ¢ ~f d _',,_.5- A8
PG

Classiiving each minite 13k e
fresihing disturoad mssi:sazrad e’:snh,‘ssf« 1
rad FRQ dala, andd infrared PG dala

vadthing dig!
¢ o the *Eas

620

Sy

e u' re B30 ndmg i 8 time owviod oulside the &

Hendering the biealhing distrbanes seore en g tisplay | 40
SorRen *fom wdlh a benchmark i)@’i‘”!hg dlsiuroancs

sotvg comespondiing fu th

&

ey
¥,




Patent Application Publication  Sep. 19,2019 Sheet 9 of 9 US 2019/0282159 A1

% 700

Receiving, from a tracker device, user state data including PPG data, |,— 702
heart rate data, and motion data

L

Determining, based at least in part upon the motion data, a period of |,— 704
sleep of the user

L

Analyzing, for the period of sleep, the user state data to generate |, — 706
sleep fitness data

L

Comparing the generated sleep fitness data against historical fitness |,— 708
data for the user

I}

Generating, based on the sleep fitness data relative to the historical },— 710
fitness data, a sleep fitness score for the user

i}

Providing, for presentation, at least the sleep fitness score forthe  |,— 712
user
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AUTOMATED DETECTION OF BREATHING
DISTURBANCES

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation of U.S. applica-
tion Ser. No. 15/998,491, filed Aug. 18, 2018, and entitled
“Automatic Detection of Breathing Disturbances,” which
claims priority to U.S. Provisional Patent Application Ser.
No. 62/547,710, filed Aug. 18, 2017, entitled “Automatic
Detection of Breathing Disturbances,” which are hereby
incorporated herein by reference in its entirety for all pur-
poses.

TECHNICAL FIELD

[0002] This disclosure relates to the field of wearable
devices, and particularly to techniques for detecting breath-
ing-related issues using one or more sensors of such devices.

BACKGROUND OF THE DISCLOSURE

[0003] Wearable electronic devices have gained popular-
ity among consumers. A wearable electronic device may
track a user’s activities using a variety of sensors. Data
captured from these sensors can be analyzed in order to
provide a user with information that can help the user to
maintain a healthy life style. In order to determine informa-
tion about a user’s activities, a conventional wearable elec-
tronic device collects activity data and runs computations on
that data. Difficulty is encountered in obtaining accurate
determinations of a user’s activities, however, as these
wearable electronic devices, being made to be worn by a
user, are typically packaged in a compact casing with limited
internal space. This limited space results in the devices
containing less powerful components, such as processors,
than would be possible in larger electronic devices. This
limits the ability of these devices to run complex computa-
tions or perform complex operations. Further, conventional
wearable electronic devices are subject to considerable
incidental movements and noise, which can impact the
inclusion or use of various components in these devices.
[0004] Wearable electronic devices can track metrics
related to particular activities, such as a step count metric for
running and walking activities. Other metrics that may be
tracked by a wearable electronic device include metrics
related to sleep. Typically, to initiate tracking of sleep
metrics, a wearable electronic device provides an interface
enabling the user to provide a manual indication that the user
plans to go to sleep. For example, the wearable electronic
device may include a physical or digital button that the user
can push or tap to indicate that he or she is about to go to
sleep. The timing of this action may be significantly different
than when the user actually sleeps, and does not account for
periods when the user is awake unless the user manually
indicates that the user is now awake.

BRIEF SUMMARY OF THE DISCLOSURE

[0005] Approaches in accordance with various embodi-
ments provide for the monitoring of breathing data for a
user. Such information may be obtained by a monitoring
system or device, and can be used to determine various
patterns, trends, or aspects of the user’s breathing, which can
be indicative of breathing disturbances or other irregularities
of a user, such as during a period of sleep.
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[0006] Such a system may include a wearable activity
tracker, or other wearable electronic device, configured to be
worn on a wrist or other part of a user’s body. The device can
be in communication with a separate computing device,
such as a smart phone or other mobile computing device,
configured to execute a mobile application to process or
collect at least a portion of the user data. The computing
device and/or tracker can also be in communication with at
least one server or remote computing system in various
embodiments, such as to offload at least some of the pro-
cessing or persistently store the user or result data.

[0007] A wearable activity tracker in at least one embodi-
ment may include: at least one green photoplethysmographic
(PPG) sensor configured to generate first PPG data; at least
one red PPG sensor configured to generate second PPG data;
at least one infrared PPG sensor configured to generate third
PPG data; at least one accelerometer configured to generate
acceleration data useful for determining motion; and at least
one processor configured to generate a set of features based
on the first PPG data, the second PPG data, the third PPG
data, and the accelerometer data. The mobile application,
when executed by the mobile device, may configure the
mobile device to receive the set of features from the wear-
able activity tracker and wirelessly transmit the set of
features to a server. The server may be in communication
with the mobile device and further configured to: receive the
set of features from the mobile device; determine, based on
a first subset of the set of features relating to the acceler-
ometer data, a sleep period during which the user of the
wearable activity tracker was asleep; for each respective
minute of a plurality of minutes within the sleep period,
classify the respective minute as one of (i) a normal minute
or (ii) a breathing disturbed minute, based on a second
subset of the set of features corresponding to the first,
second, and third PPG data generated during the respective
minute and data corresponding to a time period outside the
sleep period; generate a breathing disturbance score (or
other breathing-related score such as a sleep fitness score)
for the sleep period based on the classification of the
plurality of minutes within the sleep period; and update a
benchmark breathing disturbance score associated with a
user category corresponding to the user based on the gen-
erated breathing disturbance score. The mobile application
may further configure the mobile device to receive the
determined score(s) from the server and cause the score(s) to
be displayed on a display screen of the mobile device, or
otherwise made available to a respective user, along with the
updated benchmark breathing, sleep fitness, or other such
score associated with the user category.

[0008] Such a system can have any sub-combination of the
above-mentioned and other device sensors. In some embodi-
ments, at least a subset of the green, red, and/or infrared PPG
sensors, as well as the accelerometer(s), are located on the
same side of the user’s wrist when the wearable activity
tracker is worn on the wrist of the user. The system can
include a sensor, such as a bed sensor, that is configured to
generate respiration data indicative of the user’s respiration
rate (additionally or alternatively, heart rate and heart beat-
to-beat interval), wherein the server can further be config-
ured to classify each respective minute based on the respi-
ration data. The server can be configured to maintain past
breathing disturbance scores for a plurality of users each
associated with respective wearable activity trackers, which
can be used for comparison purposes in at least some
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embodiments and where such usage of the data is permitted.
At least one processor of the wearable activity tracker can
also be configured to determine when the accelerometer data
indicates at least a threshold level of movement for a
threshold amount of time, and to deactivate at least some of
the at least one green PPG sensor, the at least one red PPG
sensor, the at least one infrared PPG sensor.

[0009] Approaches in accordance with various embodi-
ments can facilitate monitoring of breathing disturbances of
a user of a wearable device. One example approach can
include receiving sensor data generated by one or more
sensors of the wearable device worn by the user, the one or
more sensors comprising at least one accelerometer, the
sensor data comprising accelerometer data indicative of
movement of the user. Based at least in part on the accel-
erometer data, a sleep period can be determined that corre-
sponds to a portion of the accelerometer data indicative of
movement that is consistent with the user sleeping. For each
respective temporal window of a plurality of temporal
windows within the sleep period, the respective temporal
window can be classified, such as for one of (i) breathing
disturbed or (ii) breathing not disturbed (or regular), based
on the sensor data generated during the respective temporal
window and data corresponding to a time period outside the
sleep period. A breathing disturbance score, sleep fitness
score, or other such value can be determined based on the
classification of the plurality of temporal windows, with the
score(s) being output for presentation to the user.

[0010] Approaches in accordance with various embodi-
ments can have any sub-combination of the following fea-
tures: where the method further includes causing the breath-
ing disturbance score of the user to be rendered on a display
screen of a mobile device wirelessly paired with the wear-
able device along with a benchmark disturbance score
corresponding to the user; where the method further includes
determining a percentage of temporal windows classified as
breathing disturbed out of the plurality of temporal win-
dows, and selecting the breathing disturbance score from a
plurality of breathing disturbance scores based on the per-
centage; where the method further includes receiving addi-
tional sensor data generated by at least one of the one or
more sensors of the wearable device, wherein the additional
sensor data is generated during a second period outside the
sleep period, determining a baseline physiological metric
associated with the user based on the additional sensor data,
and classifying said each respective temporal window fur-
ther based on the baseline physiological metric associated
with the user; where the method further includes determin-
ing, based on the sensor data, that the sleep period is
associated with movement less than a threshold level and
that a second period outside the sleep period is associated
with movement greater than the threshold level, and classi-
fying one or more temporal windows within the sleep
without classifying any temporal window within the second
period outside the sleep period; where the method further
includes causing an indication of how each temporal win-
dow within the sleep period is classified to be displayed in
a user interface such that the user interface does not include
an indication of how one or more temporal windows within
the second period are classified; where the method further
includes outputting the breathing disturbance score based on
a determination that the sleep period is longer than a
threshold amount of time; where the method further includes
determining respiration rate data for the sleep period based
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on the sensor data, and classifying a first temporal window
of the plurality of temporal windows as breathing disturbed
based on a determination that a portion of the respiration rate
data corresponding to the first temporal window includes a
pattern of low values followed by a spike in value; where the
sensor data includes first sensor data generated by at least
one red PPG sensor and second sensor data generated by at
least one green PPG sensor, the method further including
increasing a first weight assigned to the first sensor data
based on a determination that the second sensor data has not
changed more than a threshold amount for a threshold
amount of time; where the sensor data includes first sensor
data generated by one or more PPG sensors and second
sensor data generated by one or more motion sensors, the
method further including classifying said each respective
temporal window based on both of the first sensor data and
the second sensor data; and where the sensor data includes
first sensor data generated by a red PPG sensor and second
sensor data generated by an infrared PPG sensor, the method
further including extracting a low-frequency component of
the first sensor data and a low-frequency component of the
second sensor data, determining processed sensor data based
on dividing the low-frequency component of the first sensor
data by the low-frequency component of the second sensor
data, and classifying at least one of the plurality of temporal
windows based on the processed sensor data.

[0011] One aspect of the disclosure provides non-transi-
tory physical computer storage storing instructions. The
instructions may, when executed by one or more processors,
configure the one or more processors to: receive sensor data
generated by one or more sensors of a wearable device worn
by a user, the one or more sensors comprising at least one
accelerometer, the sensor data comprising accelerometer
data indicative of movement of the user; determine, based on
the accelerometer data, a sleep period corresponding to a
portion of the accelerometer data indicative of movement
that is consistent with the user sleeping; for each respective
temporal window of a plurality of temporal windows within
the sleep period, classify the respective temporal window as
one of (i) breathing disturbed or (ii) not breathing disturbed,
based on the sensor data generated during the respective
temporal window and data corresponding to a time period
outside the sleep period; determine a breathing disturbance
score based on the classification of the plurality of temporal
windows; and output the breathing disturbance score for
presentation to the user.

[0012] Such a non-transitory physical computer storage in
accordance with various embodiments can have any sub-
combination of the following features: where the instruc-
tions, when executed by the at least one processor, further
configure the at least one processor to classify said each
respective temporal window further based on a determina-
tion that a portion of the accelerometer data corresponding
to the respective temporal window is indicative of move-
ment less than a threshold level, where the instructions,
when executed by the at least one processor, further con-
figure the at least one processor to wirelessly transmit the
breathing disturbance score to a cloud service for storage in
association with the user; and where the instructions, when
executed by the at least one processor, further configure the
at least one processor to receive a plurality of past breathing
disturbance scores associated with the user from the cloud
service, and to render a history of breathing disturbance
scores on a display screen of a mobile device wirelessly
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paired with the wearable device based on the plurality of
past breathing disturbance scores received from the cloud
service.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] The embodiments described herein are illustrated
by way of example, and not by way of limitation, in the
figures of the accompanying drawings in which like refer-
ences indicate similar elements.

[0014] FIG. 1A is a block diagram illustrating certain
components of an example wearable device in accordance
with aspects of this disclosure.

[0015] FIG. 1B is a block diagram illustrating example
sensors which may be in communication with a processor of
a wearable device in accordance with aspects of this disclo-
sure.

[0016] FIG. 1C is an example block diagram of a system
used for determining a heart rate in accordance with aspects
of this disclosure.

[0017] FIG. 2 illustrates an overview of a system for
monitoring breathing disturbances in accordance with
aspects of this disclosure.

[0018] FIG. 3 illustrates an overview of the signal pro-
cessing performed by the system of FIG. 2 in accordance
with aspects of this disclosure.

[0019] FIG. 4 illustrates a receiver operating characteristic
(ROC) curve of a system in accordance with aspects of this
disclosure.

[0020] FIG. 5illustrates an example method of monitoring
breathing disturbances in accordance with aspects of this
disclosure.

[0021] FIG. 6illustrates another example method of moni-
toring breathing disturbances in accordance with aspects of
this disclosure.

[0022] FIG. 7 illustrates an example method of determin-
ing a fitness score in accordance with aspects of this dis-
closure.

DETAILED DESCRIPTION

[0023] Approaches in accordance with various embodi-
ments can obtain and analyze health-related information for
a user wearing, or otherwise utilizing, a device such as a
wearable tracking device. A tracking device in some
embodiments can include one or more sensors for tracking
of an activity performed by a user of a wearable device.
Some example wearable devices may be referred to as
wearable activity trackers or wearable activity tracking
devices. Various algorithms or techniques for tracking
activities have been developed, and these algorithms may be
specialized based on the type of activity performed by the
user. For example, the user may wear the wearable device all
day, and for each activity performed by the user throughout
the day and night, a specialized algorithm may generate and
present relevant activity metrics to the user. For example, the
wearable device may collect sensor data from one or more
sensors provided on the wearable device while the user is
sleeping, and generate and present information such as a
sleep score indicative of how well the user is sleeping each
night.

[0024] FIG. 1A is a block diagram illustrating an example
wearable device in accordance with aspects of this disclo-
sure. The wearable device 100 may include a processor 120
(which may be a set of processors), a memory 130, a
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wireless transceiver 140, and one or more sensor(s) 160. The
wearable device 100 may also optionally include a user
interface 110 and one or more environmental sensor(s) 150.
The wireless transceiver 140 may be configured to wire-
lessly communicate with a client device 170 and/or server
175, for example, either directly or when in range of a
wireless access point (not illustrated) (e.g., via a personal
area network (PAN) such as Bluetooth pairing, via a wireless
local area network (WL AN), via wide area network (WAN),
etc.). Each of the memory 130, the wireless transceiver 140,
the one or more sensor(s) 160, the user interface 110, and/or
the one or more environmental sensor(s) 150 may be in
electrical communication with the processor 120. The client
device 170 may be a smartphone, a tablet, or another mobile
device executing software (e.g., a mobile application) con-
figured to perform one or more techniques described herein.
The server 175 may be implemented using one or more
computing devices executing software configured to per-
form one or more techniques described herein. The tech-
niques described herein may be performed by the wearable
device 100, the client device 170, and the server 175 in a
distributed manner. The wearable device 100 (also referred
to herein as wearable activity tracker) may be any of a
smartwatch, a watch, a wrist-wearable fitness-, health-, or
activity-monitoring device, and the like, although the con-
cepts described herein may be implemented on any type of
portable or wearable devices including one or more sensors.

[0025] The memory 130 may store instructions for causing
the processor 120 to perform certain actions. In some
embodiments, the sensors 160 may include one or more of
biometric sensors, optical sensors (e.g., a photoplethysmo-
graphic (PPG) sensor), motion sensors or inertial sensors
(e.g., accelerometer, gyroscope, digital compass, etc.), baro-
metric sensors (e.g., altimeter, eic.), geolocation sensors
(e.g., GPS receiver), and/or other sensor(s). Further infor-
mation regarding such sensors are described in more detail
below (e.g., in connection with FIG. 1B).

[0026] The wearable device 100 may collect one or more
types of physiological and/or environmental data from the
one or more sensor(s) 160, the one or more environmental
sensor(s) 150, and/or external devices and communicate or
relay such information to other devices (e.g., the client
device 170 and/or the server 175), thus permitting the
collected data to be viewed, for example, using a web
browser or network-based application, such as for an indi-
vidual account or shared account, or shared via social media
where permitted or approved by the user. As used herein, the
term “collect,” in addition to having its ordinary meaning,
may be used interchangeably with “determine,” “extract,”
“calculate,” “generate”, etc. to refer to the steps performed
to arrive at the desired data (e.g., breathing disturbance
metrics). For example, while being worn by the user, the
wearable device 100 may perform biometric monitoring via
calculating and storing the user’s step count using the one or
more sensor(s) 160. The wearable device 100 may transmit
data representative of the user’s step count to an account on
a web service (e.g., fitbit.com), computer, mobile phone,
and/or health station where the data may be stored, pro-
cessed, and/or visualized by the user. The wearable device
100 may measure or calculate other physiological metric(s)
in addition to, or in place of, the user’s step count. Such
physiological metric(s) may include, but are not limited to:
energy expenditure, e.g., calorie burn; floors climbed and/or
descended; heart rate; heartbeat waveform; heart rate vari-
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ability; heart rate recovery; respiration, oxygen saturation
(SpO,), blood volume, blood glucose, skin moisture and
skin pigmentation level, location and/or heading (e.g., via a
GPS, global navigation satellite system (GLONASS), or a
similar system); elevation; ambulatory speed and/or distance
traveled; blood pressure; blood glucose; skin conduction;
skin and/or body temperature; muscle state measured via
electromyography; brain activity as measured by electroen-
cephalography; weight; body fat; caloric intake; nutritional
intake from food; medication intake; sleep periods (e.g.,
clock time, sleep phases, sleep quality and/or duration); pH
levels; hydration levels; respiration rate; and/or other physi-
ological metrics.

[0027] The wearable device 100 may also measure or
calculate metrics related to the environment around the user
(e.g., with the one or more environmental sensor(s) 150),
such as, for example, barometric pressure, weather condi-
tions (e.g., temperature, humidity, pollen count, air quality,
rain/snow conditions, wind speed), light exposure (e.g.,
ambient light, ultra-violet (UV) light exposure, time and/or
duration spent in darkness), noise exposure, radiation expo-
sure, and/or magnetic field. Furthermore, the wearable
device 100 (and/or the client device 170 and/or the server
175) may collect data from the sensor(s) 160 and/or the
environmental sensor(s) 150, and may calculate metrics
derived from such data. For example, the wearable device
100 (and/or the client device 170 and/or the server 175) may
calculate the user’s stress or relaxation levels based on a
combination of heart rate variability, skin conduction, noise
pollution, and/or sleep quality. In another example, the
wearable device 100 (and/or the client device 170 and/or the
server 175) may determine the efficacy of a medical inter-
vention, for example, medication, based on a combination of
data relating to medication intake, sleep, and/or activity. In
yet another example, the wearable device 100 (and/or the
client device 170 and/or the server 22) may determine the
efficacy of an allergy medication based on a combination of
data relating to pollen levels, medication intake, sleep and/or
activity. These examples are provided for illustration only
and are not intended to be limiting or exhaustive.

[0028] FIG. 1B is a block diagram illustrating a number of
example sensors that may be included in the wearable device
100 in accordance with aspects of this disclosure. For
example, in the embodiment of FIG. 1B, the wearable device
100 includes an accelerometer 161 (e.g., a multi-axis accel-
erometer), a gyroscope 162, a magnetometer 163, an altim-
eter 164, a GPS receiver 165, a green PPG sensor 166, ared
PPG sensor 167, an infrared (IR) PPG sensor 168, and one
or more other sensors 167 (including but not limited to, e.g.,
a temperature sensor, an ambient light sensor, a galvanic
skin response (GSR) sensor, a capacitive sensor, a humidity
sensor, a sound sensor, a force sensor, a multi-axis acceler-
ometer, a gravity sensor, a piezoelectric film sensor, a
rotation vector sensor, etc.), all of which may be in com-
munication with the processor 120. Each of the sensors
illustrated in FIG. 1B may be in electrical communication
with the processor 120. The processor 120 may use input
received from any combination of the sensors in detecting
the start of an exercise and/or in tracking the metrics for the
exercise. One or more of the sensors described herein may
not be within the wearable device 100. For example, these
sensors may be placed on the chest of the user, the mattress
or bedside table of the user, while the wearable device 100
is worn by the user.
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[0029] Although the example of FIG. 1B illustrates sen-
sors 161-169, in other embodiments the wearable device 100
may include a fewer number of sensors and/or any other
subsets and combinations of the sensors (e.g., only the
accelerometer 161, a combination of the accelerometer 161,
red PPG sensor 167, and IR PPG 168, a combination of the
accelerometer 161 and the green PPG sensor 166, etc.). The
wearable device 100 may also include one or more addi-
tional sensors not illustrated in FI1G. 1B.

[0030] Additionally, in some implementations the GPS
receiver 165 may be located in the client device 170 rather
than the wearable device 100. In these implementations, the
processor 120 may wirelessly communicate with the client
device 170 to control and/or receive geolocation data from
the GPS receiver 165 and/or other geolocation sensor(s).

[0031] In related aspects, the processor 120 and other
component(s) of the wearable device 100 (e.g., shown in
FIGS. 1A and 1B) may be implemented using any of a
variety of suitable circuitry, such as one or more micropro-
cessors, application specific integrated circuits (ASICs),
field programmable gate arrays (FPGAs), discrete logic,
software, hardware, firmware or any combinations thereof.
When the techniques are implemented partially in software,
a device may store instructions for the software in a suitable,
non-transitory computer-readable medium and execute the
instructions in hardware using one or more processors o
perform the techniques of this disclosure. In further related
aspects, the processor 120 and other component(s) of the
wearable device 100 may be implemented as a System-on-
Chip (SoC) that may include one or more central processing
unit (CPU) cores that use one or more reduced instruction set
computing (RISC) instruction sets, a GPS receiver 165, a
wireless wide area network (WWAN) radio circuit, a WLAN
radio circuit, and/or other software and hardware to support
the wearable device 100.

[0032] FIG. 1C is an example block diagram of a system
used for determining heart rate in accordance with aspects of
this disclosure. As shown in FIG. 1C, the wearable device
100 may include a system 190 of circuit components for
determining the heart rate of the user based on an optical
PPG signal (e.g., received from the green PPG sensor 166 of
FIG. 1B) and a motion signal or signature (e.g., received
from the accelerometer 161 of FIG. 1B). As used herein, a
motion signature may refer to any biometric signature or
signal that may be received from and/or based on output data
from one or more of sensors, such as, for example, inertial
sensor(s) (e.g., accelerometer(s) and gyroscope(s)), baro-
metric sensors(s) (e.g., altimeter(s)), which may be indica-
tive of the activity and/or physiological state of a user of the
wearable device 100. The system 190 may be implemented
by hardware components and/or in software executed by the
processor 120. The system 190 may include first and second
spectra estimators 191 and 192, a multi-spectra tracker 193,
an activity identifier or discriminator 194, and a track
selector 195. Each of the first and second spectra estimators
191 and 192 may include a Fast Fourier Transform (FFT)
block and a peak extraction block. In the example of FIG.
1C, the activity identifier 194 may use the peaks extracted
from the motion signature to determine the activity that the
user is performing (e.g., sedentary, walking, running, sleep-
ing, lying down, sitting, biking, typing, elliptical, weight
training, swimming, etc.). This determination of the current
activity of the user may be used by the multi-spectra tracker
193 and the track selector 195 in extracting the heart rate
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from the optical PPG signal. Thus, the motion signature in
FIG. 1C may be used by the system 190 to determine the
current activity of the user. In other embodiments, the
processor 120 may use a similar technique to the activity
identifier 194 in determining the type of an exercise, as
discussed in greater detail below.

[0033] The blocks illustrated in FIG. 1C are merely
examples of components and/or processing modules that
may be performed to supplement a PPG signal with a motion
signature to determine heart rate. However, in other imple-
mentations, the system 190 may include other blocks or may
include input from other biometric sensors of the wearable
device 100.

[0034] Under certain operating conditions, the heart rate
of the user may be measured by counting the number of
signal peaks within a time window or by utilizing the
fundamental frequency or second harmonic of the signal
(e.g., via an FFT). In other cases, such as heart rate data
acquired while the user is in motion, FFTs may be performed
on the signal and spectral peaks extracted, which may then
be subsequently processed by a multiple-target tracker
which starts, continues, merges, and/or deletes tracks of the
spectra.

[0035] In some embodiments, a similar set of operations
may be performed on the motion signature and the output
may be used to perform activity discrimination which may
be used to assist the multi-spectra tracker 193. For instance,
it may be determined that the user was stationary and has
begun to move. This information may be used by the
multi-spectra tracker 193 to bias the track continuation
toward increasing frequencies. Similarly, the activity iden-
tifier 194 may determine that the user has stopped running
or is running slower and this information may be used to
preferentially bias the track continuation toward decreasing
frequencies.

[0036] Tracking may be performed by the multi-spectra
tracker 193 with single-scan or multi-scan, multiple-target
tracker topologies such as joint probabilistic data association
trackers, multiple-hypothesis tracking, nearest neighbor, etc.
Estimation and prediction in the tracker may be done
through Kalman filters, spline regression, particle filters,
interacting multiple model filters, etc.

[0037] The track selector 195 may use the output tracks
from the multiple-spectra tracker 193 and estimate the user’s
heart rate based on the output tracks. The track selector 195
may estimate a probability for each of the tracks that the
corresponding track is representative of the user’s heart rate.
The estimate may be taken as the track having the maximum
probability of being representative of the user’s heart rate, a
sum of the tracks respectively weighted by their probabili-
ties of being representative of the user’s the heart rate, etc.
The activity identifier 194 may determine a current activity
being performed by the user which may be used by the track
selector 195 in estimating the user’s heart rate. For instance,
when the user is sleeping, sitting, lying down, or sedentary,
the user’s estimated heart rate may be skewed toward heart
rates in the 40-80 bpm range. When the user is running,
jogging, or doing other vigorous exercise, the user’s esti-
mated heart rate may be skewed toward elevated heart rates
in the 90-180 bpm range. The activity identifier 194 may
determine the user’s current activity (e.g., a current exercise)
based at least in part on the speed of the user. The user’s
estimated heart rate may be shifted toward (or wholly
obtained by) the fundamental frequency of the selected
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output track when the user is not moving. The output track
that corresponds to the user’s heart rate may be selected by
the track selector 195 based on criteria that are indicative of
changes in activity. For instance, when the user begins to
walk from being stationary, the track selector 195 may select
the output track that illustrates a shift toward higher fre-
quency based on output received from the activity discrimi-
nator 194.

[0038] Although some embodiments of the present disclo-
sure are described with respect to heart rate, the techniques
described herein may be extended to other metrics. For
example, sensor data generated by the one or more sensors
described herein may be used to determine respiration, Sp0,,
blood volume, blood glucose, skin moisture, and skin pig-
mentation level and, for example, utilize such metrics for
activity detection/identification.

[0039] The motion sensor(s) of the wearable device 100
(e.g., a multi-axis accelerometer 161, a gyroscope 162, or
another motion sensor) may generate motion data samples
that represent motion for a plurality of time intervals (e.g,,
the motion sensor is inside the wearable device 100 and the
motion data represent motion of the wearable device 100).
The motion sensor may generate a number of motion data
samples during a time interval. The number of samples
generated in a time interval may depend on the sampling rate
of the motion sensor and the length of time of the interval.
In the case that the motion sensor is an accelerometer, the
motion data samples may characterize a measurement of
acceleration along an axis of movement. In some cases, a
motion data sample may be a data value that consumes a
given amount of storage (e.g., 64-bits, 32-bits, 16-bits, and
so on). The amount of storage consumed by a sample may
depend on the implementation of the motion sensor used in
the embodiment and the communication interface used to
transfer the samples from the motion sensor to memory
accessible by the microprocessor of the wearable device.
[0040] The wearable device 100 may comprise one or
more optical or electro-optical sensors, such as, for example,
one or more PPG sensors. The PPG sensor(s) of the wearable
device 100 (e.g., green PPG sensor 166, red PPG sensor 167,
IR PPG sensor 168, etc.) may generate PPG data usable to
calculate heart rate, heart rate variability, respiration rate,
and/or oxygen saturation, among other things. PPG data can
use used to calculate a user’s heart rate by measuring the
time between peaks or by calculating a dominant frequency
in the optical signal. For most users, heart rate drops soon
after onset of sleep and continues dropping over the course
of sleep until early in the morning. Heart rate rises when the
users wake up or during short disturbances during sleep.
Measuring heart rate allows the system to better identify
periods of sleep. Further, heart rate is a good indicator to
separate periods of sleep from periods of lying still, which
could confuse a motion sensor like an accelerometer. Some
users do not see this characteristic drop in heart rate with
sleep. Such users can be identified after they wear the
wearable electronic device for a few days and a different
algorithm can be used on such users.

[0041] The difference of a user’s heart rate from his/her
average resting heart rate can be used as a personalized
measure of how low his/her heart rate has dropped. The PPG
data can also be used to calculate the respiration rate of the
user. Respiration rate often shows distinct changes with
sleep and can be used as a feature to identify periods of
sleep. Respiration can be calculated using a number of
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techniques: (i) measuring variabilities in the inter-peak
intervals between heart beats, (i) measuring slow variabili-
ties (0.1-0.5 Hz) in the baseline of the PPG signal, and/or
(iil) measuring slow periodic signals (0.1-0.5 Hz) in the
acceleration signal.

[0042] In one embodiment, data representing the heart
rate, heart rate variability, respiration rate, and/or oxygen
saturation of the user of the wearable device 100 are
calculated, and the resulting data is an additional input for
classifying the temporal periods or generating the breathing
disturbance score, according to embodiments of the present
disclosure.

[0043] In various embodiments, the PPG sensors
described herein may include one or more electronic semi-
conductor light sources, such as LEDs, or other light sources
that produce light using any of filaments, phosphors, or laser.
In some implementations, each light source of the wearable
device 100 emits light having the same center wavelength or
within the same wavelength range. In other cases, at least
one light source may emit light having a center wavelength
that is different from another light source. The center wave-
lengths of the light emitted by the one or more light sources
may be in the range of 495 nm to 570 nm. For example, a
particular green light source may emit light with a center
wavelength of 525 nm (or approximately 525 nm). In other
embodiments, one or more light sources may emit red light
(e.g., 660 nm or approximately 660 nm center wavelength),
and one or more light sources may emit IR light (e.g., 940
nm or approximately 940 nm center wavelength). In some
embodiments, independent control of all light sources is
provided. In other embodiments, several light sources are
controlled together as a gang or bank.

[0044] The PPG sensors described herein may include one
or more light detectors adapted to detect wavelengths of
light emitted from light sources, including those reflected or
passed through elements that may impact the wavelengths or
other aspects of the light. One or more PPG sensors
described herein may include a single light source and a
single light detector. Alternatively, other PPG sensors
described herein may include multiple light sources and/or
multiple light detectors. A light detector, in an embodiment,
may comprise one or more detectors for detecting each
different wavelength of light that is used by the light sources.
For example, a first detector may be configured to detect
light with a wavelength of 660 nm (or approximately 660
nm), a second detector may be configured to detect light
with a wavelength of 940 nm (or approximately 940 nm),
and a third detector may be configured to detect light with
a wavelength of 525 nm (or approximately 525 nm).
Examples include photodiodes fabricated from semiconduc-
tor materials and having optical filters that admit only light
of a particular wavelength or range of wavelengths. The
light detectors may comprise any of a photodiode, pho-
totransistor, charge-coupled device (CCD), thermopile
detector, or complementary metal-oxide-semiconductor
(CMOS) sensor. One or more of the light detectors may
comprise a bandpass filter circuit.

[0045] Breathing and/or sleep disturbances may be preva-
lent in the general population. For example, sleep apnea may
affect 3-7% of adults. Despite its prevalence, up to 80% of
moderate and severe cases may be undiagnosed. Undiag-
nosed, sleep apnea is a risk factor in a variety of other
conditions including coronary artery disease and type II
diabetes. Diagnosing sleep apnea requires the equipment of

Sep. 19,2019

a sleep laboratory, which can be expensive, time-consuming
and disturb natural sleep due to numerous body-mounted
sensors, which are part of the testing. Further, the severity of
apnea can vary night to night and a full characterization of
sleep apnea severity may require multi-night observations,
which are unsuitable for sleep laboratories. A continuous,
comfortable sleep monitoring system would allow the gen-
eral population to screen for the risk of sleep apnea in their
own homes without disturbing natural sleep. Such a system
would also allow users to track the severity of apnea over
time and determine which, if any, lifestyle choices contrib-
ute to breathing disturbances during sleep, e.g., obesity.

[0046] The disruption of normal breathing during sleep (or
when the user is awake) can be detected in multiple ways
using a variety of combinations of sensors. In some embodi-
ments, sleep apnea or other sleep/breathing conditions can
be detected based on the presence of any combination of the
following indicators: (i) reduction in blood oxygenation
using pulse oximetry (e.g., as part of a PPG system utilizing
PPG data); (ii) disruption of normal audible breathing pat-
terns as measured by an audio sensor; (iii) change in
respiration rate as measured using the PPG system; (iv)
change in respiration using a strain gauge (e.g., worn around
the chest); (v) change in respiration using an accelerometer
(that measures the periodic accelerations of respiration); (vi)
change in respiration using a video camera that directly or
indirectly observes respiration; and/or (vii) change in respi-
ration using a CO, sensor that detects changes in expelled
carbon dioxide.

[0047] A combination of non-invasive sensors coupled
with machine learning algorithms can provide diagnostically
relevant information. A device will be worn on a wrist
wearable, which can sense blood flow using multiple optical
wavelengths (red, infrared, and green) as well as accelera-
tion due to motion. The green optical sensor enables moni-
toring of heart rate variability, and several measures of heart
rate variability have been linked to the presence of breathing
disturbances. The red and infrared optical sensors provide
information about the level of blood oxygenation, which
may decrease during apneas or hypopneas. A different
package of sensors on the bed to sense position, movement,
or respiratory effort may also be used in conjunction with the
wrist wearable system. An overview of this system is
illustrated by system 200 of FIG. 2.

[0048] In some embodiments, all of the sensors used for
detecting breathing disturbances of a user are located on a
wrist-worn device. For example, each sensor may be con-
figured to generate sensor data from or near the wrist of the
user. In one embodiment, the red PPG sensor 167 and the IR
PPG sensor 168 are not located on the fingertip of the user.
In another embodiment, the red PPG sensor 167 and the IR
PPG sensor 168 are located on the fingertip of the user. In
some embodiments, the sensor data generated by one or
more of the sensors of the wearable device 100 is not
sufficient to calculate the Sp0, (e.g., to a medically accept-
able degree of accuracy) due to the location from which the
sensor data is gathered (e.g., the wrist of the user). In other
embodiments, the sensor data generated by one or more of
the sensors of the wearable device 100 (e.g., accelerometer
161) is sufficient to calculate the Sp0,. (e.g., to a medically
acceptable degree of accuracy). The motion sensor of the
wearable device 100 is configured to generate motion data
from a location proximate to the location (e.g., adjacent,
within the same housing, from the same side of the wrist,
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etc.) from which the PPG data is gathered (e.g., by one or
more of the PPG sensors 166-168).

[0049] In one example, a mattress or bed sensor is sitting
on top of the user’s mattress. In another example, the
mattress or bed sensor is inside the user’s mattress. In yet
another example, the mattress or bed sensor is underneath
the user’s mattress. In some cases, the detection of breathing
disturbances is performed without sensor data from a mat-
tress or bed sensor. In some cases, none of the wearable
device 100, client device 170, and the server 175 is in
communication with a mattress or bed sensor. Although a
mattress or bed sensor is used as an example, any direct
respiration sensor could be used instead or in addition (e.g.,
a chest strap inductance plethysmograph or an oronasal
cannula). Additionally or alternatively, such a sensor may
also generate heart rate and/or heart beat-to-beat interval,
and the respiration data, heart rate data, and/or heart beat-
to-beat interval data may be used in the classification of a
given temporal window and/or generation of a breathing
disturbance score.

[0050] In some embodiments, sensor data (e.g., acceler-
ometer data, PPG data, etc.) or other physiological metrics
generated during an active period during which the motion
data (e.g., accelerometer data) indicates that the user is
active is used for detecting breathing disturbances of the
user during an inactive period during which the motion data
indicates that the user is inactive (or in a sleep state). For
example, if the motion data of a user generated during the
user’s active period indicates that the user is physically
active (e.g., exercises frequently, has a high step count, etc.),
the baseline heart rate or other threshold that may cause a
temporal window to be classified as breathing disturbed may
be increased (or decreased). Alternatively, if the motion data
of a user generated during the user’s active period indicates
that the user is not physically active (e.g., does not exercise
frequently, has a low step count, etc.), the baseline heart rate
or other threshold that may cause a temporal window to be
classified as breathing disturbed may be decreased (or
increased).

[0051] In some embodiments, the classification of the
temporal window and/or the detection of the user’s sleep
state is based on the wrist orientation data and/or the wrist
movement data generated by the motion sensor of the
wearable device 100 (e.g., accelerometer 161). For example,
if the wrist orientation data indicates that the user’s wrist is
oriented in a way that is inconsistent with sleep during a
specific period, then the user may be determined not to be in
a sleep state during the specific period. In another example,
if the wrist movement data indicates that the user is moving
around, the baseline heart rate or other threshold that may
cause a temporal window to be classified as breathing
disturbed may be increased.

[0052] In some embodiments, the PPG data generated by
one or more of the PPG sensors of the wearable device 100
is filtered such that any PPG data during a specific period in
which motion data (e.g., accelerometer data) indicates a high
level of user movement is removed (or not considered for
detecting breathing disturbances of the user). In some
embodiments, only the PPG data generated during a period
having motion data below a threshold is kept and utilized for
detection of breathing disturbances of the user.

[0053] Data from these different sensor streams are
extracted using novel feature extraction algorithms. Features
related to heart rate variability (e.g., calculated based on the
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sensor data from the green PPG sensor 166), Sp0, or an
indicator thereof (e.g., calculated based on the sensor data
from the red PPG sensor 167 and the IR PPG sensor 168),
movement (e.g., accelerometer data), and/or respiration
(e.g., sensor data from the mattress or bed sensor) are
extracted each minute and processed by a classification
algorithm to determine if the minute is breathing disturbed
or normal. Sensor data from the mattress or bed sensor
and/or the accelerometer can be used to determine the onset
and end of sleep. A high-level overview of the signal
processing chain is illustrated by system 300 of FIG. 3.

[0054] Features extracted from the sensor data may com-
prise various indicators used for classifying each temporal
window as either breathing disturbed or normal. In some
embodiments, these features may be extracted from each
overlapping window of time, where each overlapping win-
dow of time includes a number of samples (e.g., sensor
readings). In some embodiments, the extracted features
include one or more of the mean of the samples, the standard
deviation of the samples, the energy of the samples, the
maximum of the samples, the minimum of the samples, the
difference between the maximum and the minimum, the root
mean square of the samples, the count of oscillations of the
samples, the AC signal (e.g., high-frequency component) of
the samples, the DC (e.g., low-frequency component) signal
of the samples, etc. In one embodiment, the extracted
features are combined using a linear weighting function to
form a discriminant value. For example, if the features for a
temporal window are labeled as x1, x2, x3, etc., then the
weighted sum is calculated as wilx1+w2x2+w3x3+ . . . =d,
where d is called the discriminant value. This value is
compared to a threshold which separates “breathing dis-
turbed” epochs (or temporal windows) from “non-breathing-
disturbed” epochs (or temporal windows). The threshold is
determined using a set of training data where these labels
have been previously calculated by a human expert, or other
means.

[0055] In some embodiments, a set of data is collected
from a sleep lab where a sleep expert has labeled the data,
and the system creates, based on the collected set of data, a
dictionary of what the extracted features look like in the
normal case (e.g., during a non-breathing-disturbed tempo-
ral window) and the breathing disturbed case (e.g., during a
breathing-disturbed temporal window). The system com-
pares the features extracted from a given set of sensor data
to the dictionary, and determines whether the extracted
features are more similar to those corresponding to the
normal case or those corresponding to the breathing dis-
turbed case.

[0056] The extracted features may be further processed
and compared against a set of threshold values for deter-
mining whether a given temporal window is breathing
disturbed or not. For example, the DC signal of the sensor
data from the red PPG sensor 167 divided by the DC signal
of the sensor data from the IR PPG sensor 168 may be
graphed, and any temporal window having a relatively static
value (e.g., between specific low and high threshold values)
for a threshold amount of time may be classified as breathing
disturbed. In some embodiments, the system may split the
signal generated by each of the red and IR sensors into a
motion-sensitive component and a motion-insensitive com-
ponent, and use only the motion-insensitive component (and
not the motion-sensitive component) in classifying the tem-
poral window as breathing disturbed or not. In some
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embodiments, the system may split the signal generated by
each of the red and IR sensors into an arterial (or blood)
oxygenation component and a tissue (or other) oxygenation
component, and use only the tissue oxygenation component
(and not the arterial oxygenation component) in classifying
the temporal window as breathing disturbed or not. In some
embodiments, the system classifies the temporal window as
breathing disturbed based on detecting a pattern of low
respiration (below a threshold level of respiration over a
threshold amount of time). In some embodiments, the sys-
tem classifies the temporal window as breathing disturbed
based on detecting a spike in respiration (e.g., indicative of
a big gasp).

[0057] Other data collected from the motion sensors, PPG
sensors, and other sensors may include: (i) measures of user
movement; (ii) data for calculating heart rate, heart rate
variability, and respiration; and (iii) time-domain or fre-
quency-domain measure of heart rate variability. The raw
heart rate data can be used to define a number of higher-level
features. For example: (i) rolling median or average heart
rate on various timescales (e.g., over the last minute, last 5
minutes, etc.); (ii) rolling quantile of the heart rate distribu-
tion as measured on various timescales; and (iii) whether
heart rate exceeded/went-below some threshold over the
course of some interval.

[0058] Additionally, statistical features may be derived
using time derivative of heart rate. For example: (i) rolling
maximum change in heart rate over various timescales; and
(ii) rolling median, average, or some other quartile of the
distribution of heart rate derivative over various timescales.
Similar statistical features can be derived using heart rate
variability or respiration. For example: (i) number of times
HRYV or respiration events exceeded some threshold over
various timescales; and (ii) rolling median, average, or some
other quartile of the distribution of HRV or respiration over
various timescales. Heart rate, the derivative of heart rate,
heart rate variability, and respiration may be normalized or
standardized appropriately on a per-user basis account for
natural variation across users. For example, a user’s resting
heart rate may be subtracted from his or her instantaneous
heart rate. Demographic information may also be used to
renormalize features to account for variation according to
demographics.

[0059] These statistical features may be used to train a
classifier to classify temporal windows as either breathing
disturbed or normal. In one embodiment, the system uses a
random forest classifier. Other classification methods
include neural networks, hidden-Markov models, support
vector machines, k-mean clustering, and decision trees.

[0060] Insome embodiments, the machine-learning-based
classifier system may flexibly use or not use particular
sensor inputs as they are available, without changing the
underlying model. Thus, the same system could be used with
a combination of wrist-worn sensors and external sensors,
Just with the wrist-worn sensors, just with one or more PPG
sensors and a motion sensor, or just with one or more PPG
sensors. In some embodiments, the system uses all of the
sensor data available. For example, if four sensors are
generating (or generated) sensor data, sensor data from all
four sensors are used to classify the temporal window as
breathing disturbed or not. In another example, if three of the
four sensors are generating (or generated) sensor data and
one of the four sensors is not generating (or did not generate)
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sensor data, the sensor data from the three sensors are used
to classify the temporal window as breathing disturbed or
not.

[0061] Insome embodiments, the system uses sensor data
from at least one PPG sensor in classifying the temporal
window as breathing disturbed or not. In some embodi-
ments, the system does not use the sensor data generated by
the green PPG sensor and instead calculates HRV from the
sensor data generated by the red PPG sensor, and uses the
calculated HRV to classify the temporal window as breath-
ing disturbed or not. In some embodiments, the system uses
the sensor data generated by the PPG sensor and not the
sensor data generated by the red PPG sensor, the IR PPG
sensor, or the accelerometer. In some cases, the system uses
sensor data generated by a GSR sensor to classify the
temporal window as breathing disturbed or not and/or to
generate a breathing disturbance score.

[0062] Insomeembodiments, upon determining that a first
condition is satisfied, the system uses sensor data from a first
combination of sensors, and upon determining that the first
condition is not satisfied, the system uses sensor data from
a second combination of sensors different from the first
combination of sensors. For example, in some cases, if the
wearable device determines that the optical signal quality is
poor from the red and infrared PPG sensors, the wearable
device does not extract features from the red and infrared
PPG data and extracts features (e.g., heart rate information
or other indicators) only from the green sensor data. Alter-
natively or additionally, the wearable device may turn off the
red and infrared PPG sensors upon determining that the
optical signal quality is poor from the red and infrared PPG
sensors (e.g., to conserve power and/or computing
resources). Although the red and infrared PPG sensors are
used as examples, the techniques described herein can be
extended to any of the sensors or any combination thereof
[0063] In some embodiments, upon determining that a
second condition is satisfied, the system uses a first classi-
fication rule for classifying the temporal window as breath-
ing disturbed or not, and upon determining that the second
condition is not satisfied, the system uses a second classi-
fication rule different from the first classification rule for
classifying the temporal window as breathing disturbed or
not. In some cases, the wearable device may activate or
deactivate one or more sensors based on the sensor data. For
example, upon determining that the accelerometer data
indicates that the user has been moving around for the past
minute (or 5, 15, or 30 minutes, for example), the wearable
device may turn off one or more sensors that are used for
generating sleep metrics (e.g., including breathing distur-
bance scores/metrics). In some cases, upon determining that
the accelerometer data indicates that the user has been
moving around for the past minute (or 5, 15, or 30 minutes,
for example), the wearable device deactivates one or more
red PPG sensors and one or more infrared PPG sensors. The
wearable device may activate one or more deactivated
sensors based on a determination that the user may be
sleeping (e.g., based on a determination that the accelerom-
eter data indicates that the user has not been moving around
for the past minute (or 5, 15, or 30 minutes, for example).
[0064] Although one minute is used herein as an example
temporal window for which this classification can occur,
other temporal windows having a different duration may be
used (e.g., 30 second temporal windows, 5-minute temporal
windows, etc.). In one embodiment, each temporal window
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has a fixed duration. In another embodiment, the duration of
the temporal window is adjusted over time based on the
user’s sleeping or breathing patterns. For example, if the
system (e.g., any combination of the wearable device 100,
the client device 170, and the server 175) determines that the
user’s breathing disturbances frequently extend across mul-
tiple temporal windows, the duration of the temporal win-
dows may be increased.

[0065] In some embodiments, the system may automati-
cally detect blocks of time during which the user of the
wearable device 100 is (or was) asleep. Here, automatic
detection may refer to a detection that occurs without an
explicit instruction from the user, such as traversing on-
screen menus or otherwise inputting periods of time where
the user is sleeping. It is to be appreciated that the term
“automatic” does not preclude a case where the user may
enable such a feature or act in a way that does not represent
an explicit instruction of the timing when the user transitions
between different sleep states. Such an embodiment that
detects blocks of time in which the user is (or was) asleep
may obtain a set of features for one or more periods of time
from motion data and/or PPG data obtained from a set of one
or more motion sensors or data derived therefrom. The
system may then classify the one or more periods of time as
one of a plurality of statuses of the user based on the set of
features determined for the one or more periods of time. The
statuses may be indicative of relative degree of movement of
the user. In some cases, the statuses may be enumerated state
values, such as active or inactive, where each state represent
a different degree of movement or likelihood that the user is
in a sleep state. In some embodiments, only the motion data
is used to detect the period during which the user is (or was)
asleep. In other embodiments, sensor data from a combina-
tion of the motion sensor and one or more PPG sensors is
used to detect the period during which the user is (or was)
asleep.

[0066] The minute-by-minute performance of the classi-
fier can be characterized by a receiver operating character-
istic (ROC) curve. An example ROC curve 400 is shown in
FIG. 4. The epoch (or temporal window) classifier outputs a
probability of the minute being breathing disturbed. To make
a decision about the minute, the system may apply a
threshold such that if the output probability is above the
threshold, the system declares the minute to be breathing
disturbed, and otherwise, the system declares the minute to
be normal (or not breathing disturbed). The value of this
threshold is selected to tradeoff between false positives and
missed detections. For instance, a low threshold would have
few missed detections but may have many false positives.
The determination of the probability of the temporal window
being sleep disturbed may be based on demographic data.
For example, the indicators and/or features described herein
may be weighted differently based on the demographic data
associated with the user. The demographic data may include
one or more of the user’s body mass index (BMI), age, neck
circumference, weight, height, gender, and the like. In some
cases, the probability may be increased or decreased based
on the demographic data associated with the user (e.g., based
on whether the user belongs to a specific category of users
more (or less) likely to experience breathing disturbances).
For example, if the user is 65 years old (or greater), has a
BMI of 35 (or greater), and has a neck circumference of 18
inches (or greater), the probability of a given temporal
window being sleep disturbed may be increased (e.g., by
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adding an offset or multiplying by an offset). Alternatively or
additionally, the threshold for determining whether a given
temporal window is sleep disturbed or not may be increased
or decreased based on the demographic data associated with
the user (e.g., based on whether the user belongs to a specific
category of users more (or less) likely to experience breath-
ing disturbances). In some embodiments, the specific user
categories are generated and/or updated based on the demo-
graphics data and the classifications/breathing scores gath-
ered across a plurality of users.

[0067] The ROC curve of FIG. 4 captures this tradeoff by
plotting the true positive rate (sensitivity) against the false
positive rate (specificity) over a range of thresholds. The
example of FIG. 4 illustrates the performance of a classifi-
cation method based on PPG and accelerometer features
over 8500 minutes of sleep across several people. In some
implementations, since most subjects will not have breath-
ing disturbances during sleep, the system selects or uses a
threshold value corresponding to an operating point close to
the vertical axis. This would in effect sacrifice sensitivity
(true positives) for specificity. In some cases, the system
adjusts the threshold value based on sensor data or other
metrics generated over time and/or based on user input or
feedback. In some cases, the threshold value is determined
such that the false positive rate is fixed or is below a
threshold level. In some cases, the threshold value is main-
tained and updated by a cloud service (e.g., server 175) and
is downloaded (periodically or when the value is updated)
by the client device 170 and/or the wearable device 100 from
the cloud service.

[0068] In some embodiments, the sensor data from differ-
ent sensors are weighted differently. For example, each
sensor may be assigned a fixed weight indicative of how
much the sensor is to contribute to the classification of the
temporal windows as breathing disturbed or not. In another
example, the weights assigned to the sensors are adjusted
based on the sensor data (e.g., the sensor data from the red
PPG sensor and the IR PPG sensor may be weighted more
heavily based on the sensor data from the green PPG sensor
remaining constant or not changing more than a threshold
amount for a threshold period of time).

[0069] The labels for each temporal window (e.g., breath-
ing disturbed or normal) are fed to a second classification
algorithm to determine the severity of breathing disturbance
for a given sleep period (e.g., the entire night). This second
classification stage may combine information from the
user’s demographics (gender, weight, height, age) and the
observed night of sleep in its entirety to assign a breathing
disturbance score (e.g., severity of breathing disturbance)
for the user’s night of sleep. The system may determine the
percentage of temporal windows that are classified as
breathing disturbed and select a score based on the percent-
age. In some embodiments, the system generates a compos-
ite score for multiple nights, weeks, months, and/or years.
For example, the threshold number of nights needed before
the system generates the composite score may differ based
on the signal quality of the one or more sensors. For
example, if the signal quality of one or more sensors has
been poor for the nights, the system generates the composite
score after collecting more than 4 nights’ worth of sensor
data, classifications, and/or breathing disturbance scores. On
the other hand, if the signal quality of one or more sensors
has been good, the system generates the composite score



US 2019/0282159 Al

after collecting more than 2 nights” worth of sensor data,
classifications, and/or breathing disturbance scores.

[0070] In one example, the breathing disturbance score is
one of normal (e.g., below 5%), mild (e.g., 5-10%), mod-
erate (e.g., 10-20%), or severe (e.g., 20% or above). In
another example, breathing disturbance score is one of
normal (e.g., below 5%) or not normal (e.g., 5% or above).
Such information in some embodiments may also be used to
provide a sleep fitness score, where higher breathing distur-
bance scores can correlate with lower sleep fitness scores,
along with data such as motion data determined using an
accelerometer and the like. For example, a night with a
normal breathing disturbance score and a within a normal
range of motion for a user might receive a “normal” sleep
fitness score, while a night with a not normal breathing
disturbance score or higher than normal amount of motion
might receive a “not normal” sleep fitness score, using
combinations of factors discussed herein as would be appar-
ent to one or ordinary skill in the art in light of the teachings
and suggestions contained herein. Further, although example
percentage ranges are used in various examples, the per-
centage ranges may be set to other values and may be
adjusted based on other historical data and/or physiological
metrics of the user and/or other users. In some embodiments,
the system generates the breathing disturbance score only if
the sleep period exceeds a threshold amount of time (e.g., 2,
3, 4 hours). In some cases, the threshold amount of time may
be adjusted based on the signal quality of the one or more
sensors. For example, if the signal quality of one or more
sensors is poor, the system generates the breathing distur-
bance score only if the sleep period exceeds four hours, and
if the signal quality of one or more sensors is good, the
system generates the breathing disturbance score as long as
the sleep period exceeds two hours. Alternatively, the system
generates the breathing disturbance score regardless of how
long the sleep period is. In some embodiments, the deter-
mination of the breathing disturbance score may be based on
demographic data. For example, the percentage of the tem-
poral windows classified as breathing disturbed may be
increased or decreased based on the demographic data
associated with the user (e.g., based on whether the user
belongs to a specific category of users more (or less) likely
to experience breathing disturbances). The demographic
data may include one or more of the user’s body mass index
(BMI), age, neck circumference, weight, height, gender, and
the like. For example, if the user is 65 years old (or greater),
has a BMI of 35 (or greater), and has a neck circumference
of 18 inches (or greater), the percentage of the temporal
windows classified as breathing disturbed may be increased
(e.g., by adding an offset or multiplying by an offset). The
specific user categories can be generated and/or updated
based on the demographics data and the classifications/
breathing scores gathered across a plurality of users. For
example, if the system determines that a fewer number of
users between age 65 and age 67 are experiencing breathing
disturbances, the example above may be updated so that
users of age 68 and older having a BMI of 35 or greater, and
having a neck circumference of 18 inches or greater would
have their breathing disturbance score adjusted upward (or
have their probabilities of individual temporal windows
being sleep disturbed adjusted upward).

[0071] In some embodiments, the system outputs one or
more additional breathing disturbance metrics. For example,
the system may output one or more of the percentage of
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temporal windows classified as being breathing disturbed,
the number of breathing disturbances per hour (or per night),
the apnea-hypopnea index (AHI), and a sleep apnea severity
score (e.g., normal for AHI below 5, mild for AHI of 5 or
greater and below 15, moderate for AHI of 15 or greater and
below 30, and severe for AHI of 30 or above). The system
may also output a graph illustrating the trend in the breathing
disturbance scores or metrics of the user over time (e.g.,
daily, weekly, monthly, and/or yearly). In some embodi-
ments, the system may output a recommendation that the
user schedule a visit to a doctor.

[0072] In some implementations, upon determining that
the breathing disturbance score or metric is not normal (e.g,,
above a threshold percentage of temporal windows classified
as breathing disturbed or above a threshold number of apnea
events per hour), the system outputs a question along with
a selectable option to gather additional information from the
user. For example, the client device 170 may display the
question “Are you drowsy all the time?” with a user inter-
face element for indicating “yes” or “no.” Upon detecting
user selection of a predetermined option (e.g., “yes”), the
system outputs a recommendation for a sleep laboratory or
a doctor for further examination. The system may select the
sleep laboratory or doctor from a list of sleep laboratories
and/or doctors registered (e.g., as part of a revenue share
program with the company implementing the system) and
also in the user’s geographical area. In some cases, upon
determining that the breathing disturbance score or metric is
not normal (e.g., above a threshold percentage of temporal
windows classified as breathing disturbed or above a thresh-
old number of apnea events per hour), the system outputs the
breathing disturbance score or metric for presentation to the
user along with an advertisement for a sleep laboratory,
doctor, or medical device company (e.g., a continuous
positive airway pressure (CPAP) machine manufactured by
a medical device company).

[0073] In some embodiments, the breathing disturbance
scores generated for a given user are stored in cloud storage
and accessible to the user so that the user can monitor the
degree to which the user is experiencing breathing distur-
bances over time and see how the user compares to other
users of similar demographics (e.g., age, gender, height,
weight, activity level, etc.). Both the user’s own breathing
disturbance scores and the benchmarking data generated
based on other users’ breathing disturbance scores will
enable the user to work to decrease the severity of breathing
disturbances though practices including CPAP therapy,
weight loss, and/or changing sleeping orientation.

[0074] In some embodiments, upon determining that the
user’s breathing disturbance score for a given night is one of
mild, moderate, or severe, the system accesses the past
scores stored in the cloud or on the user’s mobile device and
determines whether the user’s breathing disturbance score
for the given night is unusual. For example, if the user’s
never had a score other than “normal” for the past 3 years,
the system may ignore the score of “severe” generated for
last mght (e.g., once, twice, or for a threshold number of
times) and output a score of “normal.” Alternatively, in such
a case, the system may adjust the score down to “mild” or
“moderate.”

[0075] In some embodiments, the breathing disturbance
score or other breathing or sleep-related score, is presented
in a graphical user interface (GUI) that also includes the
benchmarking data generated based on other users’ breath-
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ing disturbance scores. In some embodiments, the breathing
disturbance score is presented in a GUI that also includes the
user’s weight, the user’s activity level during the daytime,
and/or the user’s sleeping orientation. In some embodi-
ments, the breathing disturbance score is presented in a GUI
that also includes the history of the user’s breathing distur-
bance scores/metrics. In some of such embodiments, the
history spans at least 30 days. In some cases, the history
spans at least 365 days.

[0076] In some embodiments, the wearable device 100
includes a pressure sensor configured to sense relative
motion of the wearable device with respect to the user’s
skin. For example, the pressure sensor generates sensor data
indicative of how much force is exerted on the wearable
device 100 in a direction perpendicular to the user’s skin
(e.g., force pushing the wearable device 100 into the user’s
wrist) and/or in a direction parallel to the user’s skin (e.g.,
force pushing the wearable device 100 up and down the
user’s wrist and/or along the circumference of the user’s
wrist).

[0077] In some embodiments, upon determining that a
temporal window that would otherwise be classified as
breathing disturbed includes pressure sensor data indicating
that the force exerted in a direction perpendicular to the
user’s skin is greater than a threshold level, the system
classifies the temporal window as normal (or not breathing
disturbed). In some embodiments, upon determining that a
temporal window that would otherwise be classified as
breathing disturbed includes pressure sensor data indicating
that the force exerted in a direction parallel to the axis of the
user’s forearm is greater than a threshold level, the system
classifies the temporal window as normal (or not breathing
disturbed). In some embodiments, upon determining that a
temporal window that would otherwise be classified as
breathing disturbed includes pressure sensor data indicating
that the force exerted in a direction parallel to the tangential
direction of the user’s wrist is greater than a threshold level,
the system classifies the temporal window as normal (or not
breathing disturbed).

[0078] In some embodiments, upon determining that the
pressure sensor data generated during a given time period
indicates that the force exerted in a direction perpendicular
to the user’s skin is greater than a threshold level, the system
ignores other sensor data (e.g., PPG sensor data and/or
motion sensor data) generated during the given time period
in classifying the temporal windows as breathing disturbed
or not. In some embodiments, upon determining that the
pressure sensor data generated during a given time period
indicates that the force exerted in a direction parallel to the
axis of the user’s forearm is greater than a threshold level,
the system ignores other sensor data (e.g., PPG sensor data
and/or motion sensor data) generated during the given time
period in classifying the temporal windows as breathing
disturbed or not. In some embodiments, upon determining
that the pressure sensor data generated during a given time
period indicates that the force exerted in a direction parallel
to the tangential direction of the user’s wrist is greater than
a threshold level, the system ignores other sensor data (e.g.,
PPG sensor data and/or motion sensor data) generated
during the given time period in classifying the temporal
windows as breathing disturbed or not.

[0079] In one embodiment, the wearable device performs
all the processing and sends the result (e.g., classifications
and breathing disturbance score) to the mobile device or the
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centralized server. In another embodiment, the wearable
device determines the classifications but the mobile device
or server determines the breathing disturbance score. In yet
another embodiment, a portion of the processing is pet-
formed on the wearable device, and the remaining portion of
the processing can be performed on the mobile device or
server. In yet another embodiment, the sensor data is sent to
the mobile device or server without any processing. In some
of such embodiments, the sensor data is processed by the
mobile device or server to determine the classifications and
the breathing disturbance score.

[0080] In some embodiments, the detection of breathing
disturbances occurs on a mobile device (e.g., the client
device 170) that can communicate with the wearable device.
For example, the sensor data collected by the wearable
device may be sent (with or without additional processing by
the wearable device) to such a mobile device of the user, and
the mobile device can analyze the sensor data to classify the
individual temporal windows and generate a breathing dis-
turbance score. The mobile device may wirelessly transmit
the classifications and/or the breathing disturbance scores or
metrics to a cloud service (e.g., the server 175) for storage.

[0081] Advantageously, detection of breathing distur-
bances on such a mobile device can provide the power
savings for the wearable device (e.g., since detection is not
performed by the wearable device), without requiring the
infrastructure of a centralized database.

[0082] In some embodiments, the detection of breathing
disturbances occurs on a centralized server (e.g., the server
175) that can communicate with the wearable device and/or
the mobile device associated with the user. For example, the
sensor data collected by the wearable device may be sent
(with or without additional processing by the wearable
device) to such a server (either directly or via the mobile
device), and the server can analyze the sensor data to
classify the individual temporal windows and generate a
breathing disturbance score. The centralized server may
wireless transmit the classifications and the breathing dis-
turbance scores or metrics to the mobile device and/or the
wearable device for storage and presentation to the user.

[0083] Advantageously, detection of breathing distur-
bances on such a centralized server can provide the power
savings for the wearable device (e.g., since detection is not
performed by the wearable device) and more robust detec-
tion since more data and processing power may be available
on the server compared to the client device 170.

[0084] FIG. 5 is a flowchart illustrating an example
method for monitoring breathing disturbances of a user in
accordance with aspects of this disclosure. The method 500
may be performed by the wearable device 100, the client
device 170, and/or the server 175, either alone or in a
distributed manner. The method 500 illustrates an example
algorithm that may be programmed, using any suitable
programming environment or language, to create machine
code capable of execution by a CPU or microcontroller of
the wearable device 100, the client device 170, and/or the
server 175. Various embodiments may be coded using
assembly, C, OBJECTIVE-C, C++, JAVA, or other human-
readable languages and then compiled, assembled, or oth-
erwise transformed into machine code that can be loaded
into read-only memory (ROM), erasable programmable
read-only memory (EPROM), or other recordable memory
of the wearable device 100, the client device 170, and/or the
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server 175 that is coupled to the CPU or microcontroller and
then then executed by the CPU or microcontroller.

[0085] At block 505, the system receives sensor data
generated by one or more sensors of the wearable device 100
worn by the user, wherein the sensor data is generated during
a first period (e.g., a sleep period during which the user is or
was sleeping). The sensor data may include sensor data
generated by any combination of the sensors described
herein (or other data generated based on such sensor data).
For example, the sensor data may include green PPG data
generated by the green PPG sensor 166, red PPG data
generated by the red PPG sensor 167, IR PPG data generated
by the IR PPG sensor 168, and/or motion data generated by
the accelerometer 161 (or other motion sensor described
herein). As described herein, the sensor data may be gener-
ated by one or more sensors provided on the wearable device
100 and/or one or more additional sensors external to the
wearable device 100.

[0086] At block 510, the system, for each respective
temporal window of a plurality of temporal windows within
the first period, classifies the respective temporal window as
one of (i) breathing disturbed or (ii) not breathing disturbed,
based on the sensor data generated during the respective
temporal window. For example, the temporal windows may
each be 1-minute long, and the system, for each respective
minute of a plurality of minutes within the sleep period, may
analyze the sensor data generated by each of the sensors
(e.g., one or more motion and PPG sensors) during that
minute and determine whether the user is likely to have been
experiencing breathing disturbances during that minute. In
another example, the temporal window is one of 30 seconds,
2 minutes, or 5 minutes. The system may classify a given
minute based on whether one or more of the received sensor
streams (e.g., each sensor stream generated by one of the
sensors provided on the wearable activity tracker) include a
feature indicative of the user having a breathing disturbance.
For example, upon determining that the green PPG sensor
data generated by a green PPG sensor of the wearable
activity tracker includes a first period of slow oscillations
followed a second period of rapid oscillations during a given
minute, the system may classify the given minute as breath-
ing disturbed. The system may determine the likelihood that
the user is (or was) having a breathing disturbance during the
given minute based on the similarity between the features
extracted from the sensor streams and one or more prede-
termined features indicative of user having a breathing
disturbance, and classify the given minute as breathing
disturbed if the likelihood exceeds a threshold (e.g., 30%,
50%, 75%, etc. as illustrated by the ROC curve of FIG. 4).
If multiple sensor streams during the given minute include
features similar to the one or more predetermined features
indicative of user having a breathing disturbance, the like-
lihood of the user having a breathing disturbance during the
given minute may be higher. In some embodiments, prior to
classifying the temporal windows, the system may first
determine a specific period during which the user is (or was)
asleep, and classify each temporal window within the spe-
cific period, where the specific period is a subset of the first
period for which the sensor data was received at block 505.
In other embodiments, the system classifies each temporal
window within the first period without determining whether
the user is (or was) asleep during any portion of the first
period. In some implementations, the system may utilize
information gathered outside the first period (or the specific
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period during which the user is determined to have been
asleep). For example, the determination of whether a tem-
poral window is breathing disturbed or not may be based on
the user’s age, gender, height, weight, activity level, and/or
other factors. In another example, the system determines a
baseline heart rate (or other physiological metric such as
Sp02, heart rate variability, respiration rate, etc.) associated
with the user based on the user’s heart rate measured
throughout the day (e.g., outside the period during which the
user is determined to have been asleep) or the user’s heart
rate over a number of days, weeks, months, or years, and
uses the baseline heart rate (or other physiological metrics)
to determine whether a given temporal window should be
classified as breathing disturbed or not. For example, a spike
in heart rate of 105 may be indicative of a breathing
disturbance for a user whose baseline heartrate is 50, but
may not be indicative of a breathing disturbance for another
user whose baseline heartrate is 100.

[0087] At block 515, the system determines a breathing
disturbance score based on the classification of the plurality
of temporal windows. For example, the system determines
the percentage of temporal windows that were classified as
breathing disturbed and generates the breathing disturbance
score based on the percentage. For example, the system may
select the score from a set of available scores each associated
with a percentage range (e.g., “normal” associated with a
percentage range of 0-5, “mild” associated with a percentage
range of 5-10, “moderate” associated with a percentage
range of 10-20, and “severe” associated with a percentage
range of 20+). In some embodiments, the system may
determine the breathing disturbance score based on the
classification and the information gathered outside the first
period (or the specific period during which the user is
determined to have been asleep). For example, the determi-
nation of the user’s breathing disturbance score may be
based on the user’s age, gender, height, weight, activity
level, and/or other factors.

[0088] At block 520, the system outputs the breathing
disturbance score for presentation to the user. For example,
the client device 170 may display the breathing disturbance
score on the display screen of the client device 170 along
with a benchmark breathing disturbance score generated
based on other users similar to the user. Such a benchmark
breathing disturbance score may be downloaded from the
server 175. Additionally or alternatively, the client device
170 may receive a plurality of past breathing disturbance
scores associated with the user from the cloud service
storing such past breathing disturbance scores, and display
a history of breathing disturbance scores on the display
screen of the client device 170 based on the plurality of past
breathing disturbance scores received from the cloud ser-
vice. For example, the history may include a graph illus-
trating a trend in the breathing disturbance scores of the user.
In some cases, additionally or alternatively, the system may
transmit the breathing disturbance score to another device
for display on said another device.

[0089] In the method 500, one or more of the blocks
shown in FIG. 5 may be removed (e.g., not performed)
and/or the order in which the method is performed may be
switched. For example, in some embodiments, one or more
of blocks 505, 510, 515 and 520 may be omitted. In some
embodiments, additional blocks may be added to the method
500. The method 500 may be performed by the wearable
device 100, the client device 170, and/or the server 175,
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either alone or in a distributed manner. For example, blocks
505 and 510 may be performed by the client device 170 and
blocks 515 and 520 may be performed by the server 175.
Alternatively, all of blocks 505-520 may be performed by
the server 175 such that the server 175 receives the sensor
data from the wearable device 100 or the client device 170
at block 505 and outputs the breathing disturbance score to
the wearable device 100 or the client device 170 at block
520. The embodiments of the present disclosure are not
limited to or by the example shown in FIG. 5, and other
variations may be implemented without departing from the
spirit of this disclosure.

[0090] FIG. 6 is a flowchart illustrating an example
method for monitoring breathing disturbances of a user in
accordance with aspects of this disclosure. The method 600
may be performed by the wearable device 100, the client
device 170, and/or the server 175, either alone or in a
distributed manner. The method 600 illustrates an example
algorithm that may be programmed, using any suitable
programming environment or language, to create machine
code capable of execution by a CPU or microcontroller of
the wearable device 100, the client device 170, and/or the
server 175. Various embodiments may be coded using
assembly, C, OBJECTIVE-C, C++, JAVA, or other human-
readable languages and then compiled, assembled, or oth-
erwise transformed into machine code that can be loaded
into read-only memory (ROM), erasable programmable
read-only memory (EPROM), or other recordable memory
of the wearable device 100, the client device 170, and/or the
server 175 that is coupled to the CPU or microcontroller and
then then executed by the CPU or microcontroller. For
convenience, method 600 is described below as being per-
formed by a server.

[0091] At block 605, the server receives first PPG data
generated by at least one green PPG sensor, second PPG data
generated by at least one red PPG sensor, third PPG data
generated by at least one infrared PPG sensor, and acceler-
ometer data generated by at least one accelerometer.
Although accelerometer data is used in the example of FIG.
6, sensor data generated by one or more other motion
sensors described herein may be used additionally or alter-
natively. In some embodiments, the server receives the data
from the wearable device.

[0092] Alternatively, a mobile device receives the data
from the wearable device (e.g., via Bluetooth or other
wireless technologies), and the mobile device wirelessly
transmits the data to the server. Each of the at least one green
PPG sensor, the at least one red PPG sensor, the at least one
infrared PPG sensor, and the at least one accelerometer may
be provided on a single wearable activity tracker configured
to be worn on a wrist of a user. In some embodiments, the
PPG data and/or the accelerometer data may be raw data
generated by the respective sensors. In other embodiments,
the PPG data and/or the accelerometer data may be pro-
cessed data generated by the wearable activity tracker based
on such raw data. For example, the processed data may
include a set of features extracted from one or more of the
first, second, and third PPG data and accelerometer data
(e.g., 17 features extracted from each minute’s worth of
sensor data). The set of features may be generated for
individual temporal windows (e.g., for every minute of the
sensor data, for every 5 minutes of the sensor data, etc.). In
some embodiments, the sensors are provided on the wear-
able activity tracker such that each of the sensors are located
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on the same side of the user’s wrist when the wearable
activity tracker is worn on the user’s wrist. In some embodi-
ments, at least one sensor is not located on the same side of
the user’s wrist as the remaining sensors. In some cases, one
or more sensors external to the wearable activity tracker are
in communication with the mobile device and/or the server
and wirelessly transmit additional sensor data to the mobile
device and/or the server. For example, the mobile device
may communicate with a bed sensor to collect ballistocar-
diogram data indicative of the ballistic forces on the heart.
In some cases, respiration data may be generated based on
one or more of the first PPG data, the second PPG data, the
third PPG data, the accelerometer data, and/or the ballisto-
cardiogram data.

[0093] At block 610, the server identifies, based on the
accelerometer data (or a portion or subset of the set of
features extracted from the accelerometer data), a sleep
period during which the user of the wearable activity tracker
was asleep. In some embodiments, the server identifies the
sleep period by determining which portion of the acceler-
ometer data indicates movement of the user that is consistent
with the user sleeping. For example, the server may identify
the sleep period by determining which portion of the accel-
erometer data (or one or more features associated with
which timestamp or temporal window) is indicative of
movement that is less than a threshold level, and determin-
ing the time period during which such portion of the
accelerometer data was generated as the sleep period. In
some cases, the server identifies the sleep period based on a
determination that the portion of the accelerometer data that
corresponds to the sleep period does not indicate a threshold
level of movement for at least a threshold amount of time.
Even when the user wearing the wearable activity tracker is
sleeping, the wearable activity tracker may experience some
movement and the accelerometer data may reflect such
movement. In some embodiments, such movement while the
user is sleeping is ignored by the server, and the period
during which such movement occurs is not excluded from
the sleep period.

[0094] At block 615, the server classifies each minute of
a plurality of minutes within the sleep period as one of (i) a
normal minute, or (ii) a breathing disturbed minute. The
server may classify the individual minutes based on (i) the
portion of the green PPG data generated during the sleep
period, (ii) the portion of the red PPG data generated during
the sleep period, (iii) the portion of the infrared PPG data
generated during the sleep period, and any combination
thereof (or a subset of the set of features extracted from the
green PPG data, the red PPG data, and/or the infrared PPG
data, for example, 5 features extracted from the green PPG
data generated during the given minute, and 8 features
extracted from the combination of the red PPG data and the
infrared PPG data generated during the given minute). The
server may classify the individual minutes further based on
additional data corresponding to a time period outside the
sleep period. For example, the determination of whether a
minute is breathing disturbed or not may be based on the
user’s age, gender, height, weight, activity level, and/or
other factors. In another example, the server determines a
baseline heart rate (or other physiological metric such as
Sp0,, heart rate variability, respiration rate, etc.) associated
with the user based on the user’s heart rate measured
throughout the day (e.g., outside the period during which the
user is determined to have been asleep) or the user’s heart
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rate over a number of days, weeks, months, or years, and
uses the baseline heart rate (or other physiological metrics)
to determine whether a given minute should be classified as
breathing disturbed or not. For example, a spike in heart rate
of 105 may be indicative of a breathing disturbance for a
user whose baseline heartrate is 50, but may not be indica-
tive of a breathing disturbance for another user whose
baseline heartrate is 100. In some embodiments, the server
generates respiration data based on one or more of the first
PPG data, the second PPG data, the third PPG data, the
accelerometer data, and/or the ballistocardiogram data, and
classifies the individual minutes based on the respiration
data. For example, the server may classify a given minute as
breathing disturbed based on a determination that a portion
of the respiration data corresponding to the given minute
includes a pattern of low values followed by a spike in value
In some embodiments, the server classifies the individual
minutes within a period during which the sensor data
indicates movement less than a threshold level and does not
classify the individual minutes within another petiod during
which the sensor data indicates movement greater than the
threshold level. In some embodiments, the server classifies
a given minute based on a determination that the given
minute is associated movement less than a threshold level.
For example, the server may first determine that the given
minute is associated movement less than a threshold level
prior to classifying the given minute.

[0095] At block 620, the server generates a breathing
disturbance score for the sleep period based on the classi-
fication of the individual minutes. For example, the server
determines the percentage of minutes that were classified as
breathing disturbed and generates the breathing disturbance
score based on the percentage. For example, the server may
select the score from a set of available scores each associated
with a percentage range (e.g., “normal” associated with a
percentage range of 0-5, “mild” associated with a percentage
range of 5-10, “moderate” associated with a percentage
range of 10-20, and “severe” associated with a percentage
range of 20+). In some embodiments, the server may deter-
mine the breathing disturbance score based on the classifi-
cation and the information gathered outside the sleep period
(or the specific period during which the user is determined
to have been asleep). For example, the determination of the
user’s breathing disturbance score may be based on the
user’s age, gender, height, weight, activity level, and/or
other factors. The server may update the benchmark breath-
ing disturbance score corresponding to the user’s age, gen-
der, height, weight, activity level, and/or other categories,
based on the breathing disturbance score of the user. The
server may maintain past breathing disturbance scores for a
plurality of users each associated with respective wearable
activity trackers.

[0096] At block 625, the server causes the breathing
disturbance score to be rendered on a display screen of the
mobile device. For example, the server may wirelessly
transmit the breathing disturbance score to the mobile
device, and the mobile device may display the breathing
disturbance score along with a benchmark breathing distur-
bance score corresponding to the user’s age, gender, height,
weight, activity level, and/or other categories. Such a bench-
mark breathing disturbance score may be downloaded from
the server or another service. For example, the mobile
device may request from the server a benchmark breathing
disturbance score associated with a user category to which
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the user belongs (e.g., any combination of user attributes
such as “30-39 years old, male, 6'0"-6'3", 175-185 1bs™), and
the server may wirelessly transmit the benchmark breathing
disturbance score associated with the user category. In some
embodiments, how the individual minutes are classified
(e.g., as breathing disturbed or normal) is displayed in a user
display. In one example, such user interface does not include
any classifications of individual minutes outside the sleep
period. In another example, such user interface may include
classifications of individual minutes outside the sleep
period.

[0097] In the method 600, one or more of the blocks
shown in FIG. 6 may be removed (e.g., not performed)
and/or the order in which the method is performed may be
switched. For example, in some embodiments, one or more
of blocks 605, 610, 615, 620, and 625 may be omitted. In
some embodiments, additional blocks may be added to the
method 600. The method 600 may be performed by the
wearable device 100, the client device 170, and/or the server
175, either alone or in a distributed manner. As one example,
blocks 605 and 610 may be performed by the wearable
device 100 or the client device 170, blocks 615 and 620 may
be performed by the server 175, and block 625 may be
performed by the client device 170. For example, by per-
forming at least some of the processing on the wearable
device 100, the amount of data that needs to be wirelessly
transmitted from the wearable device 100 to the client
device 170 and/or the server 175 can be reduced, thereby
reducing the bandwidth requirements and/or reducing the
latency associated with data transfer/sync. Alternatively, all
of blocks 605-625 may be performed by the wearable device
100 alone, the client device 170 alone, or the server 175
alone. For example, by performing at least some of the
processing on the server 175, the amount of processing that
needs to be performed by the client device 170 can be
reduced, thereby reducing power consumption and/or com-
puting resource consumption on the client device 170. In
some embodiments, no calculation for classifying the tem-
poral windows and/or generating the breathing disturbance
score is performed by the client device 170. In other
embodiments, at least some of the calculation for classifying
the temporal windows and/or generating the breathing dis-
turbance score is performed by the client device 170. The
embodiments of the present disclosure are not limited to or
by the example shown in FIG. 6, and other variations may
be implemented without departing from the spirit of this
disclosure.

[0098] FIG. 7 is a flowchart illustrating an example
method for generating a sleep fitness score for a user in
accordance with aspects of this disclosure. The method 700
may be performed by the wearable device 100, the client
device 170, and/or the server 175, among other such devices,
alone or in a distributed manner. At block 702, user state data
is received from a tracker device, although as mentioned in
some embodiments the data can be received from one or
more sensors, or other such sources, to a sub-system on the
tracker device. In this example the user state data includes
PPG data, heart rate data, and motion rate data, although
various other types of data may be received as well, as may
include blood pressure data, eye movement data, audio data,
ballistocardiogram data, body temperature data, and brain
activity data, among other such options. As mentioned, this
data can be obtained using appropriate sensors or mecha-
nisms on, or in communication with, the tracker in at least
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some embodiments. Any appropriate information regarding
the health, fitness, or state of the user may be obtained within
the scope of the various embodiments.

[0099] Once obtained, at block 704 the process determines
at least one period of sleep of the user. This can be
determined as discussed elsewhere herein, as may use
motion data in combination with any other relevant user
state data. The motion data can be obtained from an accel-
erometer or other motion sensor on the device, or from a
camera or image sensor, among other such options. Also as
mentioned, this can include determining multiple windows
or periods of sleep over a night or specified time period in
some embodiments. For at least one period of sleep, at block
706 the user state data is analyzed to generate sleep fitness
data. As discussed elsewhere herein, this can involve using
any of the user state data to generate data useful for
determining sleep fitness, as may involve determining a
breathing disturbance score using the PPG data, a restless-
ness score using the motion data, a pulse regularity score
using the heart rate information, etc. Any data useful in
determining a sleep state or fitness of the user may be
calculated as discussed and suggested herein, and as would
be apparent to one of ordinary skill in the art in light of the
present disclosure. At block 708 at least some of the gen-
erated or calculated sleep fitness data can be compared
against historical sleep fitness data. As mentioned, this can
be used to determine whether any of the values deviate from
those typically determined for a user, as different users will
have different amounts of motion or state variation during
normal sleep patterns for those users. At block 710 a sleep
fitness score can be generated for that user for the respective
time period. As mentioned, this can be based upon any or all
of the sleep fitness data, as well as any variance from the
historical values. For example, all normal values being
determined that correspond to historical averages for a given
user, within an allowable variance range or threshold, might
result in a normal fitness score being calculated for a user.
This might result in a score of “normal,” 100% for fit, etc.
In some embodiments a weighted function of sleep fitness
data can be used to generate a sleep fitness score, such as
from 0 to 100, which can be presented to a user, with a
separate indication of whether this score is normal for that
user. If the score is outside a normal range, the score and
indication may be accompanied by additional information,
such as may relate to the types of data that resulted in the
atypical score. The weightings of the various parameters of
the function can be determined experimentally or through
use of a trained machine learning algorithm, among other
such options. In some embodiments the sleep fitness score
may be a simple score of “fit” or “unfit,” among other such
options, where any individual user state data outside the
normal range may result in an unfit score. In various
embodiments a sleep fitness score may be related to a single
sleep fitness data point, such as may relate to a breathing
disturbance score or a restlessness score determined based
on at least detected motion, while in various embodiments
combinations of the factors discussed and suggested herein
are utilized to provide a more accurate and useful determi-
nation. Once generated, at block 712 the process can provide
at least the sleep fitness score for presentation, and may also
provide other relevant information as discussed and sug-
gested herein.

[0100] Traditional sleep analysis devices (those used by
sleep labs or sensor systems such as ARESTM Home Sleep
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Test), while more accurate, are only used by individuals who
already know or suspect they have sleep disorders. One
advantage of using sensors on a wearable activity tracker is
that sleep quality can be monitored for any individual for
months and years without disrupting his or her natural sleep
routine. A combination of wrist-worn sensors coupled with
machine learning algorithms can provide information rel-
evant to sleep quality. Data from these different sensor
streams are extracted using novel feature extraction algo-
rithms.

[0101] Sleep apnea diagnosis typically requires the equip-
ment and personnel of a sleep lab. A sleep technician
monitors the subject while they sleep and records data from
an array of sensors, such as, for example, brain activity
electroencephalogram (EEG) measurements, Sp0, via PPG
measurements, airflow via nasal tube and pressure trans-
ducer measurements, and/or electrical monitoring of heart-
beats (ECG). In some implementations, a finger Sp0, sensor
coupled with an accelerometer and respiration derived from
a bed sensor can be used to monitor breathing disturbances
of a user. In other implementations, a wearable platform that
records Sp0, and heart rate through a forehead reflectance
pulse oximeter and respiratory effort though a nasal pressure
sensor may be used. These implementations may be expen-
sive due to the equipment required, the operation of which
may not easily be available to the layperson. Further, these
implementations may require manual scoring of the data in
order to come up with a medical diagnosis. Hence, a mass
screening system implemented using an everyday wearable
activity tracker would enable people to determine whether
they should seek further medical care with minimal cost
compared to a sleep lab and without disrupting their natural
sleep routine.

[0102] In some embodiments, the wearable device 100 is
designed to be worn every day and is configured to provide,
in addition to sleep metrics, other metrics or notifications
(e.g., smartphone notifications, step count, jogging statistics,
etc.). In such cases, the wearable device 100 is therefore
much more likely to be acquired by users who do not suspect
they have sleep apnea or other sleep/breathing conditions,
and provides valuable diagnostic information to the large
number of users who do not yet know they have sleep apnea
or other sleep/breathing conditions.

[0103] Information and signals disclosed herein may be
represented using any of a variety of different technologies
and techniques. For example, data, instructions, commands,
information, signals, bits, symbols, and chips that may be
referenced throughout the above description may be repre-
sented by voltages, currents, electromagnetic waves, mag-
netic fields or particles, optical fields or particles, or any
combination thereof

[0104] The various illustrative logical blocks, and algo-
rithm steps described in connection with the embodiments
disclosed herein may be implemented as electronic hard-
ware, computer software, or combinations of both. To
clearly illustrate this interchangeability of hardware and
software, various illustrative components, blocks, and steps
have been described above generally in terms of their
functionality. Whether such functionality is implemented as
hardware or software depends upon the particular applica-
tion and design constraints imposed on the overall system.
Skilled artisans may implement the described functionality
in varying ways for each particular application, but such
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implementation decisions should not be interpreted as caus-
ing a departure from the scope of the present disclosure.

[0105] The techniques described herein may be imple-
mented in hardware, software, firmware, or any combination
thereof. Such techniques may be implemented in any of a
variety of devices, such as, for example, wearable devices,
wireless communication device handsets, or integrated cir-
cuit devices for wearable devices, wireless communication
device handsets, and other devices. Any features described
as devices or components may be implemented together in
an integrated logic device or separately as discrete but
interoperable logic devices. If implemented in software, the
techniques may be realized at least in part by a computer-
readable data storage medium comprising program code
including instructions that, when executed, performs one or
more of the methods described above. The computer-read-
able data storage medium may form part of a computer
program product, which may include packaging materials.
The computer-readable medium may comprise memory or
data storage media, such as random access memory (RAM)
such as synchronous dynamic random access memory
(SDRAM), read-only memory, non-volatile random access
memory (NVRAM), electrically erasable programmable
read-only memory (EEPROM), flash memory, magnetic or
optical data storage media, and the like. The techniques
additionally, or alternatively, may be realized at least in part
by a computer-readable communication medium that carries
or communicates program code in the form of instructions or
data structures and that can be accessed, read, and/or
executed by a computer, such as propagated signals or
waves.

[0106] According to some embodiments, the techniques
described herein are implemented by one or more special-
purpose computing devices. The special-purpose computing
devices may be hard-wired to perform the techniques, or
may include digital electronic devices such as one or more
application-specific integrated circuits (ASICs) or field pro-
grammable gate arrays (FPGAs) that are persistently pro-
grammed to perform the techniques, or may include one or
more general purpose hardware processors programmed to
perform the techniques pursuant to program instructions in
firmware, memory, other storage, or a combination. Such
special-purpose computing devices may also combine cus-
tom hard-wired logic, ASICs, or FPGAs with custom pro-
gramming to accomplish the techniques. The special-pur-
pose computing devices may be desktop computer systems,
portable computer systems, handheld devices, networking
devices, wearable devices, or any other device that incor-
porates hard-wired and/or program logic to implement the
techniques.

[0107] Processor(s) in communication with (e.g., operat-
ing in collaboration with) the computer-readable medium
(e.g., memory or other data storage device) may execute
instructions of the program code, and may include one or
more processors, such as one or more digital signal proces-
sors (DSPs), general purpose microprocessors, ASICs,
FPGAs, or other equivalent integrated or discrete logic
circuitry. Such a processor may be configured to perform
any of the techniques described in this disclosure. A general
purpose processor may be a microprocessor; but in the
alternative, the processor may be any conventional proces-
sor, controller, microcontroller, or state machine. A proces-
sor may also be implemented as a combination of computing
devices, for example, a combination of a DSP and a micro-
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processor, a plurality of microprocessors, one or more
microprocessors in conjunction with a DSP core, or any
other such configuration. Accordingly, the term “processor,”
as used herein may refer to any of the foregoing structure,
any combination of the foregoing structure, or any other
structure or apparatus suitable for implementation of the
techniques described herein. Also, the techniques could be
fully implemented in one or more circuits or logic elements.
[0108] The techniques of this disclosure may be imple-
mented in a wide variety of devices or apparatuses, includ-
ing a wearable device, a wireless handset, an integrated
circuit (IC) or a set of ICs (e.g., a chip set). Various
components, or units are described in this disclosure to
emphasize functional aspects of devices configured to per-
form the disclosed techniques, but do not necessarily require
realization by different hardware units. Rather, as described
above, various units may be combined in a hardware unit or
provided by a collection of inter-operative hardware units,
including one or more processors as described above, in
conjunction with suitable software and/or firmware.
[0109] Although the foregoing has been described in con-
nection with various different embodiments, features, or
elements from one embodiment may be combined with other
embodiments without departing from the teachings of this
disclosure. However, the combinations of features between
the respective embodiments are not necessarily limited
thereto.
What is claimed is:
1. A computer-implemented method, comprising:
receiving photoplethysmographic (PPG) data for a user
wearing a wearable device, the PPG data captured
using one or more PPG sensors of the wearable device;
analyzing, for a sleep period of the user, the PPG data to
determine a breathing disturbance score for the sleep
period, the sleep period determined in part using
motion data captured by a motion sensor of the wear-
able computing device;
calculating a sleep fitness score for the user over the sleep
period, the sleep fitness score calculated based at least
in part upon the breathing disturbance score and the
motion data; and
providing for display at least one of the sleep fitness score
or the breathing disturbance score.
2. The computer-implemented method of claim 1, further
comprising:
calculating the sleep fitness score based at least in part
upon (1) a difference between the breathing disturbance
score and a historical baseline breathing disturbance
score for the user and (2) an amount of motion deter-
mined for the sleep period using the motion data
captured by the motion sensor.
3. The computer-implemented method of claim 2, further
comprising:
receiving respiration rate data for the user over the sleep
period, the respiration rate data captured using a bed
sensor; and
calculating the sleep fitness score further based upon the
respiration rate data for the user.
4. The computer-implemented method of claim 1, further
comprising:
updating a baseline breathing score for the user using the
breathing disturbance score for portions of the sleep
period; and
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providing the updated baseline breathing score for dis-

play.

5. The computer-implemented method of claim 1,
wherein the PPG data includes data captured using a green
PPG sensor, a red PPG sensor, and an infrared PPG sensor
on the wearable device.

6. The computer-implemented of claim 1, further com-
prising:

determining a percentage of temporal windows, out of a

plurality of temporal windows for the sleep period,
classified as representing disturbed breathing for the
user; and

generating the breathing disturbance score based at least

in part on the percentage.

7. The computer-implemented of claim 6, further com-
prising:

receiving additional sensor data generated by at least one

additional sensor of the wearable device, the additional
sensor data generated during a second period outside
the sleep period;
determining a baseline physiological metric associated
with the user based on the additional sensor data; and

classifying respective temporal windows based at least in
part upon the baseline physiological metric associated
with the user.

8. A computer-implemented method, comprising:

receiving breathing pattern data and motion data for a

user, the breathing pattern data and motion data cap-
tured using one or more sensors of a device proximate
the user,

determining, using the motion data, a sleep period for the

user;

analyzing the breathing pattern data, captured during the

sleep period, to determine a sleep fitness score for the
user; and

providing, for presentation, the sleep fitness score for the

user.

9. The computer-implemented method of claim 8, further
comprising:

determining the sleep period in part by determining at

least a threshold period of time wherein an amount of
motion represented by the motion data is less than a
determined motion threshold.

10. The computer-implemented method of claim 8, fur-
ther comprising:

calculating a breathing disturbance score using the breath-

ing pattern data, the breathing pattern data including
PPG data captured using a set of PPG sensors of the
device.

11. The computer-implemented method of claim 10, fur-
ther comprising:

calculating the sleep fitness score based further upon the

breathing disturbance score and the motion data.

12. The computer-implemented method of claim 10, fur-
ther comprising:

calculating the sleep fitness score further based upon

respiration rate data captured for the user over the sleep
period.
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13. The computer-implemented method of claim 10,
wherein the device proximate the user is a wearable tracker
worn on a wrist of the user.

14. A system, comprising:

at least one processor; and

non-transitory computer-readable memory including

instructions that, when executed by the at least one

processor, cause the system to:

receive breathing pattern data and motion data for a
user, the breathing pattern data and motion data
captured using one or more sensors of a device
proximate the user;

determine, using the motion data, a sleep period for the
user;

analyze the breathing pattern data, captured during the
sleep period, to determine a sleep fitness score for the
user; and

provide, for presentation, the sleep fitness score for the
user.

15. The system of claim 14, wherein the instructions when
executed further cause the system to:

determine the sleep period in part by determining at least

a threshold period of time wherein an amount of motion
represented by the motion data is less than a determined
motion threshold.

16. The system of claim 14, wherein the instructions when
executed further cause the system to:

calculate a breathing disturbance score using the breath-

ing pattern data, the breathing pattern data including
PPG data captured using a set of PPG sensors of the
device.

17. The system of claim 16, wherein the instructions when
executed further cause the system to:

calculate the sleep fitness score based further upon the

breathing disturbance score and the motion data.

18. The system of claim 16, wherein the instructions when
executed further cause the system to:

calculate the sleep fitness score further based upon res-

piration rate data captured for the user over the sleep
period.

19. The system of claim 14, wherein the device proximate
the user is a wearable tracker worn on a wrist of the user.

20. The system of claim 14, wherein the instructions when
executed further cause the system to:

extract a low-frequency component of first sensor data,

generated by a red PPG sensor, and a low-frequency
component of second sensor data, generated by an
infrared PPG sensor;

determine processed sensor data based on dividing the

low-frequency component of the first sensor data by the
low-frequency component of the second sensor data;
and

classifying at least one of a plurality of temporal windows

for the sleep period using the processed sensor data.
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