wo 2015/184030 A1 | ]IV 000000 T O

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2015/184030 A1

3 December 2015 (03.12.2015) WIPO I PCT

(51) International Patent Classification: (81) Designated States (unless otherwise indicated, for every
A61B 5/024 (2006.01) A61B 5/11 (2006.01) kind of national protection available): AE, AG, AL, AM,
A61B 5/00 (2006.01) AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
. e . BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
(21) International Application Number: DO, DZ. EC, EE, EG, ES, FIL, GB, GD, GE, GH, GM, GT.
PCT/US2015/032774 HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
(22) International Filing Date: KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME, MG,
28 May 2015 (28.05.2015) MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,
(25) Filing Language: English SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,

(26) Publication Language: English TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
(30) Priority Data: (84) Designated States (unless otherwise indicated, for every
14/292.,570 30 May 2014 (30.05.2014) Us kind Of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
(71) Applicant: MICROSOFT TECHNOLOGY LICENS- TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
ING, LLC [US/US]; One Microsoft Way, Redmond, TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
Washington 98052-6399 (US). DK, EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
(72) Imventors: LIU, Zongyi; c/o Microsoft Technology Li- LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,

censing, LLC, LCA - International Patents (8/1172), One
Microsoft Way, Redmond, Washington 98052-6399 (US).
ALBADAWI, Haithem; c/o Microsoft Technology Li-
censing, LLC, LCA - International Patents (8/1172), One
Microsoft Way, Redmond, Washington 98052-6399 (US).

SM, TR), OAPI (BF, BJ, CF, CG, CL, CM, GA, GN, GQ,
GW, KM, ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:

as to applicant’s entitlement to apply for and be granted a
patent (Rule 4.17(ii))

[Continued on next page]

(54) Title: MOTION COMPENSATION FOR OPTICAL HEART RATE SENSORS

(57) Abstract: A method for an optical heart rate
sensor comprises recognizing a minimum amount of
motion of the optical heart rate sensor during a testing
duration and recognizing an average amount of motion
of the optical heart rate sensor during the testing dura-
tion. The motion of the optical heart rate sensor is
compensated for if the minimum amount of motion
during the testing duration exceeds a first threshold,
even if the average amount of motion during the test-
ing duration is less than a second threshold, greater
than the first threshold. The motion of the optical heart
rate sensor is not compensated for if the minimum
amount of motion during the testing duration is below
the first threshold, even if the average amount of mo-
tion during the testing duration is greater than the
second threshold.



WO 2015/184030 A1 | H 000 Y0 0 X AR

— as to the applicant’s entitlement to claim the priority of Published:
the earlier application (Rule 4.17(iii)) —  with international search report (Art. 21(3))




10

15

20

25

30

WO 2015/184030 PCT/US2015/032774

MOTION COMPENSATION FOR OPTICAL HEART RATE SENSORS

BRIEF DESCRIPTION OF THE DRAWINGS

[0001] FIGs. 1A and 1B show a wearable electronic device.

[0002] FIG. 2 schematically shows an example optical heart rate sensor that may
be included in the wearable electronic device of FIGs 1A-1B.

[0003] FIGs. 3A-3C show depictions of a user wearing a sensory-and-logic system
and example data traces output by the sensory-and-logic system.

[0004] FIG. 4 shows an example method for determining whether to apply motion

compensation to an optical signal.

[0005] FIG. 5 shows an example data trace output by a motion sensor before and
after processing.
[0006] FIG. 6 schematically shows a sensory-and-logic system usable to apply

motion compensation to an optical signal during predetermined conditions.

DETAILED DESCRIPTION

[0007] The present disclosure is directed to motion compensation for an optical
heart rate sensor. For example, motion compensation may be applied to an optical signal
when the minimum amount of motion of the optical heart rate sensor exceeds a threshold
over a testing duration. While described below in the context of a wearable computing
device, it is to be understood that applying motion compensation to an optical signal for an
optical heart rate sensor, as described herein, may be used in numerous different
applications, and with various different types of sensory-and-logic systems.

[0008] Incorporating an optical heart rate sensor into a wearable computing device
allows a user to monitor health factors, such as heart rate, calories burned, response to
exertion exercises, heart rate variability, etc. However, the signal from the optical sensor
may degrade in quality with increased motion, as user motion may change the optical
properties of the skin, tissues, and blood vessels beneath the optical sensor. As such,
motion compensation may be applied to an optical signal prior to discerning a heart rate
from the optical signal. However, motion compensation must be applied selectively. If
applied too conservatively, the motion frequencies in the optical signal may be mistaken
for heart beats. If applied to aggressively, the heart rate frequencies in the optical signal
may be filtered out, leaving only random noise.

[0009] The application of motion compensation is particularly challenging during

so-called “hand-hold exercises”, such as when a user is riding a stationary bicycle. If the
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wearable computing device is a wrist-worn form factor, the computing device may realize
relatively low amounts of movement while the user’s hand is anchored to a handle bar of
the stationary bicycle. However, the continuous movement of the user’s lower body, in
particular the user’s footfalls, affect the signal output by the optical sensor, independent of
the magnitude of motion indicated by a motion sensor coupled to the wearable computing
device. Methods which determine whether to apply motion compensation based on a
magnitude of movement may fail to apply motion compensation during hand-hold
workouts, and thus indicate inaccurate heart rates. If the movement threshold is set
relatively low, sporadic movement while the user is at rest may trigger motion
compensation when not warranted.

[0010] According to this disclosure, a minimum amount of motion over a testing
duration may be used to determine whether to apply motion canceling. Thus, in the case
of a hand-hold exercise, the constant, low intensity movement of the user’s hand will be
enough to trigger motion compensation. However, while at rest, sporadic movements will
not affect the minimum amount of motion of the user, and thus motion compensation will
not be applied.

[0011] FIGs. 1A and 1B show aspects of an example sensory-and-logic system in
the form of a wearable electronic device 10. The illustrated device is band-shaped and may
be worn around a wrist. Device 10 includes at least four flexion regions 12 linking less
flexible regions 14. The flexion regions of device 10 may be eclastomeric in some
examples. Fastening componentry 16A and 16B is arranged at both ends of the device.
The flexion regions and fastening componentry enable the device to be closed into a loop
and to be worn on a user's wrist. In other implementations, wearable electronic devices of
a more eclongate band shape may be worn around the user's bicep, waist, chest, ankle, leg,
head, or other body part. The device, for example, may take the form of eye glasses, a
head band, an arm-band, an ankle band, a chest strap, or an implantable device to be
implanted in tissue.

[0012] Wearable electronic device 10 includes various functional components
integrated into regions 14. In particular, the electronic device includes a compute system
18, display 20, loudspeaker 22, communication suite 24, and various sensors. These
components draw power from one or more energy-storage cells 26. A battery--e.g., a
lithium ion battery--is one type of energy-storage cell suitable for this purpose. Examples

of alternative energy-storage cells include super- and ultra-capacitors. In devices worn on
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the user's wrist, the energy-storage cells may be curved to fit the wrist, as shown in the
drawings.

[0013] In general, energy-storage cells 26 may be replaceable and/or rechargeable.
In some examples, recharge power may be provided through a universal serial bus (USB)
port 30, which includes a magnetic latch to releasably secure a complementary USB
connector. In other examples, the energy storage cells may be recharged by wireless
inductive or ambient-light charging. In still other examples, the wearable electronic device
may include electro-mechanical componentry to recharge the energy storage cells from the
user's adventitious or purposeful body motion. For example, batteries or capacitors may be
charged via an electromechanical generator integrated into device 10. The generator may
be turned by a mechanical armature that turns while the user is moving and wearing device
10.

[0014] In wearable electronic device 10, compute system 18 is situated below
display 20 and operatively coupled to the display, along with loudspeaker 22,
communication suite 24, and the various sensors. The compute system includes a data-
storage machine 27 to hold data and instructions, and a logic machine 28 to execute the
instructions. Aspects of the compute system are described in further detail with reference
to FIG. 6.

[0015] Display 20 may be any suitable type of display. In some configurations, a
thin, low-power light emitting diode (LED) array or a liquid-crystal display (LCD) array
may be used. An LCD array may be backlit in some implementations. In other
implementations, a reflective LCD array (e.g., a liquid crystal on silicon, LCOS array)
may be frontlit via ambient light. A curved display may also be used. Further, AMOLED
displays or quantum dot displays may be used.

[0016] Communication suite 24 may include any appropriate wired or wireless
communications componentry. In FIGS. 1A and 1B, the communications suite includes
USB port 30, which may be used for exchanging data between wearable electronic device
10 and other computer systems, as well as providing recharge power. The communication
suite may further include two-way Bluetooth, Wi-Fi, cellular, near-field communication
and/or other radios. In some implementations, the communication suite may include an
additional transceiver for optical, line-of-sight (e.g., infrared) communication.

[0017] In wearable electronic device 10, touch-screen sensor 32 is coupled to
display 20 and configured to receive touch input from the user. The touch sensor may be

resistive, capacitive, or optically based. Pushbutton sensors may be used to detect the state
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of push buttons 34, which may include rockers. Input from the pushbutton sensors may be
used to enact a home-key or on-off feature, control audio volume, turn the microphone on
or off, etc.

[0018] FIGs. 1A and 1B show various other sensors of wearable electronic device
10. Such sensors include microphone 36, visible-light sensor 38, ultraviolet sensor 40, and
ambient temperature sensor 42. The microphone provides input to compute system 1§ that
may be used to measure the ambient sound level or receive voice commands from the
wearer. Input from the visible-light sensor, ultraviolet sensor, and ambient temperature
sensor may be used to assess aspects of the wearer’s environment--i.c., the temperature,
overall lighting level, and whether the wearer is indoors or outdoors.

[0019] FIGs. 1A and 1B show a pair of contact sensor modules 44A and 44B,
which contact the wearer's skin when wearable electronic device 10 is worn. The contact
sensor modules may include independent or cooperating sensor elements, to provide a
plurality of sensory functions. For example, the contact sensor modules may provide an
electrical resistance and/or capacitance sensory function, which measures the electrical
resistance and/or capacitance of the wearer's skin. Compute system 18 may use such input
to assess whether or not the device is being worn, for instance. In some implementations,
the sensory function may be used to determine how tightly the wearable electronic device
is being worn. In the illustrated configuration, the separation between the two contact-
sensor modules provides a relatively long electrical path length, for more accurate
measurement of skin resistance. In some examples, a contact sensor module may also
provide measurement of the wearer's skin temperature. Arranged inside contact sensor
module 44B in the illustrated configuration is the optical heart rate sensor 46. The optical
heart rate sensor may include an optical source and matched optical sensor to detect blood
flow through the capillaries in the skin and thereby provide a measurement of the wearer's
heart rate, blood oxygen level, blood glucose level, or other biomarkers with optical
properties. Further details regarding the optical heart rate sensor, optical source, and
optical sensor are provided with reference to FIG. 2.

[0020] Wearable clectronic device 10 may also include motion sensing
componentry, such as an accelerometer 48, gyroscope 50, and magnetometer 51. The
accelerometer and gyroscope may furnish inertial and/or rotation rate data along three
orthogonal axes as well as rotational data about the three axes, for a combined six degrees
of freedom. This sensory data can be used to provide a pedometer / calorie-counting

function, for example. Data from the accelerometer and gyroscope may be combined with
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geomagnetic data from the magnetometer to further define the inertial and rotational data
in terms of geographic orientation. The wearable electronic device may also include a
global positioning system (GPS) receiver 52 for determining the wearer's geographic
location and/or velocity. In some configurations, the antenna of the GPS receiver may be
relatively flexible and extend into flexion regions 12.

[0021] Compute system 18, via the sensory functions described herein, is
configured to acquire various forms of information about the wearer of wearable
electronic device 10. Such information must be acquired and used with utmost respect for
the wearer's privacy. Accordingly, the sensory functions may be enacted subject to opt-in
participation of the wearer. In implementations where personal data is collected on the
device and transmitted to a remote system for processing, that data may be anonymized. In
other examples, personal data may be confined to the wearable electronic device, and only
non-personal, summary data transmitted to the remote system.

[0022] FIG. 2 shows a schematic depiction of a sensory-and-logic system 100
coupled to the wrist of a user 101 so that an optical heart rate sensor 102 is adjacent to the
skin 103 of user 101. Optical heart rate sensor 102 comprises an optical source 104
configured to illuminate one or more blood vessels through the skin of the user, and an
optical sensor 105, configured to measure reflected illumination from the blood vessels.
Optical source 104 may comprise one or more LED emitters, for example, while optical
sensor 105 may comprise one or more photodiodes matched to detect light at frequencies
that are based on the frequencies of light output by the optical source. Optical heart rate
sensor 102 may be coupled within a housing 107 configured to promote contact between
sensor 102 and skin 103, and further configured to block, filter, or otherwise limit ambient
light from reaching the optical sensor. In this way, the majority of light reaching optical
sensor 105 may be light originating from optical source 104 that has reflected off of blood
vessels 109 beneath skin 103. As an example, FIG. 1A shows a wearable electronic
device 10 that is configured to position optical heart rate sensor 46 such that its optical
source may illuminate capillaries located beneath the skin of the user’s forearm while the
wearable electronic device is worn by the user. In other configurations, an optical heart
rate sensor may be positioned within a wearable electronic device such that an optical
source illuminates a radial artery through the skin of the user while the wearable electronic
device is worn by the user. Alternatively, an optical heart rate sensor and its associated
compute system may be housed separately and configured to communicate via a

communication suite. For example, an optical heart rate sensor may be included in a head
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set and configured to illuminate capillaries located in the user’s ear lobe while the head set
is worn by the user, while the compute system resides within a wrist-worn computing
device configured to communicate with the head set, via wireless communication, for
example. An optical sensor may be configured to sense light reflected off of blood vessels
located beneath the skin of the user (e.g., wrist worn), or the optical sensor may be
configured to sense light transmitted through blood vessels located beneath the skin of the
user (e.g., ear worn).

[0023] Compute system 110 may comprise optical heart rate sensor control
subsystem 111. Optical heart rate sensor control subsystem 111 may provide control
signals to optical source 104 and optical sensor 105. Optical heart rate sensor control
subsystem 111 may receive raw signals from optical sensor 105, and may further process
the raw signals to determine heart rate, caloric expenditures, etc. Processed signals may
be stored and output via compute system 110. Control signals sent to optical source 104
and optical sensor 105 may be based on signals received from optical sensor 105, one or
more motion sensors, ambient light sensors, information stored in compute system 110,
input signals, etc.

[0024] The signal from the optical sensor may degrade in quality with increased
motion, as user motion may change the optical properties of the skin, tissues, and blood
vessels beneath the optical sensor. Further, user motion may impact the movement of
blood and other fluids through the user’s tissue. As such, the signal output by the optical
sensor may need to be filtered or otherwise adjusted based on user movement prior to
determining a heart rate of the user. Sensory-and-logic system 100 may include a motion
sensor suite 120 communicatively coupled to compute system 108. Signals from motion
sensor suite 120 may be provided to optical heart rate control subsystem 111. Motion
sensor suite 120 may include gyroscope 125 and accelerometer 130. Gyroscope 125 and
accelerometer 130 may be three-axis motion sensors. Accordingly, gyroscope 125 and
accelerometer 130 may record and transmit signal channels for each axis.

[0025] FIGs. 3A-3C show depictions of a user 301 wearing a sensory-and-logic
system 302. Sensory-and-logic system 302 is shown in the form of a wearable computing
device coupled to the wrist of user 301. Sensory-and-logic system 302 includes a compute
system, one or more motion sensors, and an optical heart rate monitor, the optical heart
rate monitor comprising an optical source and an optical sensor. FIG. 3A shows user 301
engaged in a state of relatively high movement intensity (e.g., jogging). FIG. 3B shows

user 301 engaged in a state of relatively moderate movement intensity (e.g., riding a
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stationary bicycle), albeit a state where sensory-and-logic system 302 is moving at a
relatively low intensity. FIG. 3C shows user 301 engaged in a state of relatively low
movement intensity (e.g., sitting).

[0026] FIG. 3A shows an example chart 310 for relative movement as seen by a
motion sensor coupled within sensory-and-logic device 302. Chart 310 includes plot 312,
indicating the magnitude of a signal output by the motion sensor to a compute system over
time. Plot 312 may represent the motion from one or more sensors (e.g., X-axis
accelerometer, y-axis accelerometer, and z-axis accelerometer). While user 301 is jogging,
the user’s wrist is in a state of consistent, relatively high movement intensity. Line 315
represents an average magnitude of movement for plot 312 between time to and time t1.
[0027] As described with regards to FIG. 2, the quality of a signal output by the
optical sensor may degrade with increased motion. FIG. 3A shows an example chart 320
for an optical signal generated by an optical sensor coupled within sensory-and-logic
device 302. Chart 320 includes plot 321, indicating the amplitude of a signal output by the
optical sensor to the compute system over time. Each heart beat yields an amplitude peak,
such as amplitude peaks 322 and 323. The length of time between consecutive peaks may
be used to determine a heart rate of the user. As the amplitude of the peaks may change
from heartbeat to heartbeat, heart rate may be calculated by other methods, alternatively or
in addition to peak detection. For example, a zero-axis 324 may be determined and
applied to the data. Each heart beat thus comprises two zero-crossing events, a negative-
to-positive zero-crossing event, such as zero-crossing events 325 and 327, and a positive-
to-negative zero-crossing event, such as zero-crossing events 326 and 328. As such, the
length of time between alternating zero-crossing events, such as zero-crossing events 325
and 327 or 326 and 328, may be used to determine a heart rate.

[0028] However, plot 321 has a relatively low signal-to-noise ratio, due to the
movement of user 301. Numerous peaks and zero-crossing events shown in plot 321 do
not result from the pulse of user 301, and may not be representative of a heartbeat. For
example, the high frequency peaks indicated at 329 may result from leaked light or other
adverse conditions. Prior to determining a heart rate, the raw optical signal may first be
processed and smoothed, in order to compensate for the detected motion. The raw optical
signal may be filtered based on the signal received from the motion sensor in order to
remove the motion component from the optical signal, thus improving the accuracy of

subsequently derived heart rates.



10

15

20

25

30

WO 2015/184030 PCT/US2015/032774

[0029] FIG. 3B shows an example chart 330 for relative movement as seen by a
motion sensor coupled within sensory-and-logic device 302. Chart 330 includes plot 332,
indicating the magnitude of a signal output by the motion sensor to a compute system over
time. While user 301 is riding an exercise bicycle, the user’s wrist, and thus sensory-and-
logic device 302 is in a state of constant, relatively low movement intensity. Line 335
represents an average magnitude of movement for plot 332 between time to and time t1.
[0030] Although the wrist of user 301 has relatively low movement intensity in
this example, the continuous motion of the user’s lower body, including footfalls, affect
the signal output by the optical sensor, independent of the magnitude of motion indicated
by the motion sensor. This movement profile may be derived during ‘“hand-hold
workouts”, such as stationary bicycling, stair stepping, or other physical activities where
the user’s lower body is engaged in continuous, high intensity motion while the user’s
hands are braced against a stationary surface.

[0031] FIG. 3B shows an example chart 340 for an optical signal generated by an
optical sensor coupled within sensory-and-logic device 302. Chart 340 includes plot 342,
indicating the amplitude of a signal output by the optical sensor to the compute system
over time. The motion of user 301 may be sufficient to create harmonic frequencies or
doublets that may decrease the signal-to-noise ratio of the optical signal. For example,
peaks 343 and 344 may comprise a single heartbeat. Similarly, zero-axis 345 may be
crossed repeatedly during a single heartbeat, such as for zero-crossing events 346, 347,
and 348. Accordingly, motion compensation may be applied to plot 342 prior to heart rate
determination. The amount of motion compensation needed to smooth plot 342 may be
less than the amount of motion compensation needed to smooth plot 321, or other optical
signals associated with a relatively high amount of detected motion.

[0032] FIG. 3C shows an example chart 350 for relative movement as seen by a
motion sensor coupled within sensory-and-logic device 302. Chart 350 includes plot 352,
indicating the magnitude of a signal output by the motion sensor to a compute system over
time. While user 301 is at rest, the user’s wrist is in a state of very low movement
intensity, though sporadic movements may occur, such as the movements shown at 353
and 354. Line 335 represents an average magnitude of movement for plot 332 between
time to and time ti.

[0033] As the wrist of user 301 is predominantly engaged in a state of very low
movement intensity in this example, it may not be advantageous to apply motion

compensation to the optical signal prior to determining the user’s heart rate. FIG. 3C
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shows an example chart 360 for an optical signal generated by an optical sensor coupled
within sensory-and-logic device 302. Chart 360 includes plot 362, indicating the
amplitude of a signal output by the optical sensor to the compute system over time, with a
zero-axis indicated at 365. The sporadic motion shown at 353 and 354 in plot 352 may
give rise to minor peaks and zero-crossing events as shown at 366 and 367. Rather than
applying motion compensation to the entire optical signal, the peaks and/or zero-crossing
events generated during the sporadic movements may simply be discarded when
determining the user’s heart rate.

[0034] A decision to apply or not apply motion cancellation can be made prior to
heart rate determination. According to simplistic strategies, a magnitude of a signal from
the motion sensor is compared to a threshold. The magnitude may be based on the
maximum magnitude of the motion signal over a period of time, or may be based on a
mean magnitude of the motion signal over a period of time. However, it is difficult to set
the threshold for these approaches in a fashion which results in motion compensation
being applied (or not applied) properly. In FIGs. 3B and 3C, the mean magnitudes of the
respective motion signal are similar. Further, the maximum magnitude of plot 352 is
greater than the maximum magnitude of plot 332. Using thresholding based on the
maximum amplitude or mean amplitude of the motion signal may result in motion
compensation applied in FIG. 3C, and not applied in FIG. 3B, where the opposite
application may be preferable. Not applying motion compensation when needed may
result in the heart rate being derived predominantly based on the motion rate. Applying
motion compensation when not needed may result in the heartbeat derived portions of the
optical signal being filtered out of the signal. Subsequently, the heart rate may be derived
predominantly from random noise. Further, an amount of motion compensation may be a
function of the amount of movement. Applying aggressive motion compensation when
not needed may also filter out data relevant to heart rate derivation. A sensory-and-logic
device may be operable in various modes, such as a workout mode and an everyday mode.
However, as shown in FIGS. 3A and 3B, a user may engage in physical activities or
exercises featuring various degrees of motion intensity. As such, one type of motion
cancellation may not be applicable to all activities a user may engage in during a specific
operational mode.

[0035] Distinguishing a motion signal representative of a user at rest as opposed to
a motion signal representative of a user performing a hand-hold workout may be

accomplished by determining a minimum amount of movement over a period of time. For
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example, the minimum magnitude of plot 332 is greater than the minimum magnitude of
plot 352, as the user in FIG. 3B is constantly moving, even if the sensory-and-logic device
1S moving at a relatively low intensity at the user’s wrist. In contrast, the user in FIG. 3C is
predominantly at rest (e.g., zero or minimal movement) while making some sporadic
movements.

[0036] FIG. 4 shows an example method for an optical heart rate sensor in
determining whether to apply motion compensation to an optical signal. At 405, method
400 includes receiving a signal from one or more motion sensors. The one or more motion
sensors may comprise a gyroscope and/or an accelerometer. The gyroscope and/or
accelerometer may be three-axis motion sensors. In those examples, the motion signal
may comprise a signal channel for each axis. Continuing at 410, method 400 includes
receiving a signal from an optical sensor. The optical signal may indicate reflected
illumination from one or more blood vessels illuminated by an optical source through a
user’s skin.

[0037] Continuing at 415, method 400 includes recognizing a minimum amount of
motion of the optical heart rate sensor during a testing duration. This may include
recognizing a minimum value of the received motion signal during the testing duration.
For a motion sensor with multiple signal channels, this may include recognizing minimum
values for each signal channel, and then selecting an overall motion minimum out of the
minimum values for each signal channel. The testing duration may be a suitable testing
duration that comprises two or more heartbeats, for example, eight seconds. The testing
duration may be a rolling or moving window, for example, comprising the most recent
eight seconds. The testing duration may comprise a plurality of time periods of equal
length. For example, an eight second testing duration may comprise eight one-second
time periods.

[0038] Continuing at 420, method 400 may include recognizing an average amount
of motion of the optical heart rate sensor during the testing duration. At 425, method 400
may include recognizing a maximum magnitude of motion of the optical heart rate sensor
during the testing duration. The average amount and maximum magnitude of motion may
be derived from the received motion signal.

[0039] At 430, method 400 includes determining whether the minimum amount of
motion during the testing duration, as recognized at 415, is greater than a first
predetermined threshold. If the minimum amount of motion is not greater than the

predetermined threshold, method 400 may proceed to 435. At 435, method 400 includes
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not compensating for motion of the optical heart rate sensor. This may include not
compensating for motion of the optical heart rate sensor even if the average amount of
motion during the testing duration is greater than a second threshold, greater than the first
threshold. This may further include not compensating for motion of the optical heart rate
sensor even if the maximum magnitude of the motion signal during the testing duration is
greater than a third threshold, greater than the first threshold. Continuing at 440, method
400 includes indicating a heart rate of the user based on the uncompensated optical signal.
[0040] Returning to 430, if the minimum amount of motion during the testing
duration is greater than the first predetermined threshold, method 400 may proceed to 445.
At 445, method 400 includes compensating for the motion of the optical heart rate sensor.
This may include compensating for motion of the optical heart rate sensor even if the
average amount of motion during the testing duration is less than the second threshold, and
may further include compensating for the motion of the optical heart rate sensor even if
the maximum magnitude of the motion signal during the testing duration is less than the
third threshold.

[0041] Continuing at 450, method 400 includes determining whether the maximum
magnitude of the motion signal during the testing duration is greater than the third
threshold. If the maximum magnitude of the motion signal is not greater than the third
threshold, method 400 may proceed to 455. At 455, method 400 includes applying a first
motion filter to the optical signal based on the motion signal. Continuing at 460, method
400 includes indicating a heart rate of the user based on the filtered optical signal.

[0042] Returning to 450, if the maximum magnitude of the motion signal is not
greater than the third threshold, method 400 may proceed to 465. At 465, method 400
includes applying a second motion filter to the optical signal based on the motion signal,
the second motion filter altering the optical signal more than the first motion filter.
Continuing at 460, method 400 includes indicating a heart rate of the user based on the
filtered optical signal.

[0043] Additionally or alternatively, if the minimum amount of motion during the
testing duration exceeds the first predetermined threshold, the second motion filter may be
applied to the optical signal if the average amount of motion during the testing duration
exceeds the second threshold, while the first motion filter may be applied to the optical

signal if the average amount of motion during the testing duration is less than the second
threshold.
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[0044] FIG. 5 shows example data traces output by a motion sensor before and
after signal processing. FIG. 5 shows chart 500, indicating a magnitude of motion over
time. Chart 500 includes plot 505, indicating a raw signal output by a motion sensor over
time. Chart 500 indicates a testing duration comprising a plurality of time periods of equal
length. In this example, the testing duration runs from time to to time ts, and comprises
eight time periods of equal length. To determine the minimum amount of motion over the
testing duration, a difference of the motion signal may be determined for each time period.
The difference may be based on the minimum value for the motion signal for that time
period and the maximum value of the motion signal for that time period. For example,
between time to and time t1, the maximum value for the motion signal is indicated at 510,
and the minimum value for the motion signal is indicated at 515. The difference for this
time period may be determined by subtracting the minimum value from the maximum
value. A difference may be determined for each time period in this way. The minimum
amount of motion may be determined as a difference of the motion signal as opposed to an
absolute minimum, as the absolute minimum may not necessarily be equal to zero. For
example, even when stationary, an accelerometer may have a non-zero value on at least
one axis due to gravity. By determining the difference of the motion signal, background
acceleration can be removed from the signal.

[0045] FIG. 5 also shows chart 550, indicating the magnitude of the difference for
cach time period over the testing duration. Chart 550 includes plot 555, indicating a
determined difference for each corresponding time period from chart 500. For example,
the determined difference for the time period between time to and time t1 is shown at 560.
Determining a minimum value of the motion signal over the testing duration may
comprise determining a minimum difference for the motion signal for each of the plurality
of time periods. In this example, the minimum difference is indicated at 565, between
time ts and time ts. This difference represents the minimum amount of motion over the
testing duration and may be compared to a predetermined threshold to determine whether
motion compensation should be applied to an optical signal during the testing duration.
[0046] As described with regard to FIG. 4, the motion sensor may be a three-axis
motion sensor, such as an accelerometer. In such examples, plot 505 may represent one
signal channel. Minimum differences may be determined for each signal channel based on
the differences of each signal channel for each of the time periods. An overall motion
minimum may then be determined based on the determined minimum difference for each

signal channel. The overall motion minimum may then be compared to a threshold.
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[0047] For a testing duration (T) comprising a plurality of time periods (t), the
difference for each signal channel may be determined for each time period based on the
following equations:
X_diff (t) = Max(X(t)) — Min(X(t))
Y _diff (t) = Max(Y(t)) — Min(Y(t))
Z_diff (t) = Max(Z(t)) — Min(Z(t))
The minimum difference for each signal channel during the testing duration may then be
determined based on the following equations:
X M(T,t) =Min(X_diff(t), X diff(t-1),...X diff(t-T+1))
Y M(T,t) =Min(Y_diff(t), Y_diff(t-1),...Y_diff(t-T+1))
Z M(T,t) =Min(Z_diff(t), Z_diff(t-1),...Z_diff(t-T+1))
A minimum motion value may then be determined based on the minimum differences for
cach signal channel.
V() =Min(X M(T,t), Y M(T,t), Z M(T.,t))
[0048] V(t) may then be compared to a threshold to determine whether or not to
apply motion cancellation to the signal prior to determining a heart rate.
[0049] As evident from the foregoing description, the methods and processes
described herein may be tied to a sensory-and-logic system of one or more machines. Such
methods and processes may be implemented as a computer-application program or
service, an application-programming interface (API), a library, firmware, and/or other
computer-program product. FIGS. 1A and 1B show one, non-limiting example of a
sensory-and-logic system to enact the methods and processes described herein. However,
these methods and process may also be enacted on sensory-and-logic systems of other
configurations and form factors, as shown schematically in FIG. 6.
[0050] FIG. 6 schematically shows a form-agnostic sensory-and-logic system 610
that includes a sensor suite 612 operatively coupled to a compute system 614. The
compute system includes a logic machine 616 and a data-storage machine 618. The
compute system is operatively coupled to a display subsystem 620, a communication
subsystem 622, an input subsystem 624, and/or other components not shown in FIG. 6.
[0051] Logic machine 616 includes one or more physical devices configured to
execute instructions. The logic machine may be configured to execute instructions that are
part of one or more applications, services, programs, routines, libraries, objects,

components, data structures, or other logical constructs. Such instructions may be
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implemented to perform a task, implement a data type, transform the state of one or more
components, achieve a technical effect, or otherwise arrive at a desired result.

[0052] Logic machine 616 may include one or more processors configured to
execute software instructions. Additionally or alternatively, the logic machine may include
one or more hardware or firmware logic machines configured to execute hardware or
firmware instructions. Processors of the logic machine may be single-core or multi-core,
and the instructions executed thereon may be configured for sequential, parallel, and/or
distributed processing. Individual components of a logic machine optionally may be
distributed among two or more separate devices, which may be remotely located and/or
configured for coordinated processing. Aspects of a logic machine may be virtualized and
executed by remotely accessible, networked computing devices in a cloud-computing
configuration.

[0053] Data-storage machine 618 includes one or more physical devices
configured to hold instructions executable by logic machine 616 to implement the methods
and processes described herein. When such methods and processes are implemented, the
state of the data-storage machine may be transformed—e.g., to hold different data. The
data-storage machine may include removable and/or built-in devices; it may include
optical memory (e.g., CD, DVD, HD-DVD, Blu-Ray Disc, etc.), ssmiconductor memory
(e.g., RAM, EPROM, EEPROM, etc.), and/or magnetic memory (ec.g., hard-disk drive,
floppy-disk drive, tape drive, MRAM, etc.), among others. The data-storage machine may
include volatile, nonvolatile, dynamic, static, read/write, read-only, random-access,
sequential-access, location-addressable, file-addressable, and/or content-addressable
devices.

[0054] Data-storage machine 618 includes one or more physical devices. However,
aspects of the instructions described herein alternatively may be propagated by a
communication medium (e.g., an electromagnetic signal, an optical signal, etc.) that is not
held by a physical device for a finite duration.

[0055] Aspects of logic machine 616 and data-storage machine 618 may be
integrated together into one or more hardware-logic components. Such hardware-logic
components may include field-programmable gate arrays (FPGAs), program- and
application-specific integrated circuits (PASIC / ASICs), program- and application-
specific standard products (PSSP / ASSPs), system-on-a-chip (SOC), and complex

programmable logic devices (CPLDs), for example.
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[0056] Display subsystem 620 may be used to present a visual representation of
data held by data-storage machine 618. This visual representation may take the form of a
graphical user interface (GUI). As the herein described methods and processes change the
data held by the storage machine, and thus transform the state of the storage machine, the
state of display subsystem 620 may likewise be transformed to visually represent changes
in the underlying data. Display subsystem 620 may include one or more display subsystem
devices utilizing virtually any type of technology. Such display subsystem devices may be
combined with logic machine 616 and/or data-storage machine 618 in a shared enclosure,
or such display subsystem devices may be peripheral display subsystem devices. Display
20 of FIGs. 1A and IB is an example of display subsystem 620.

[0057] Communication subsystem 622 may be configured to communicatively
couple compute system 614 to one or more other computing devices. The communication
subsystem may include wired and/or wireless communication devices compatible with one
or more different communication protocols. As non-limiting examples, the communication
subsystem may be configured for communication via a wireless telephone network, a
local- or wide-area network, and/or the Internet. Communication suite 24 of FIGs. 1A and
1B is an example of communication subsystem 622.

[0058] Input subsystem 624 may comprise or interface with one or more user-input
devices such as a keyboard, mouse, touch screen, or game controller. In some
embodiments, the input subsystem may comprise or interface with selected natural user
input (NUI) componentry. Such componentry may be integrated or peripheral, and the
transduction and/or processing of input actions may be handled on- or off-board. Example
NUI componentry may include a microphone for speech and/or voice recognition; an
infrared, color, stercoscopic, and/or depth camera for machine vision and/or gesture
recognition; a head tracker, eye tracker, accelerometer, and/or gyroscope for motion
detection and/or intent recognition; as well as electric-field sensing componentry for
assessing brain activity. Touch-screen sensor 32 and push buttons 34 of FIGs. 1A and 1B
are examples of input subsystem 624.

[0059] Sensor suite 612 may include one or more different sensors—e.g., a touch-
screen sensor, push-button sensor, microphone, visible-light sensor, ultraviolet sensor,
ambient-temperature sensor, contact sensors, and/or GPS receiver—as described above
with reference to FIGs. 1A and 1B. Sensor suite 612 may include motion sensor suite 626.
Motion sensor suite 626 may include one or more of an accelerometer, gyroscope,

magnetometer, or other suitable motion detectors. Sensor suite 612 may further include
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optical heart rate sensor 628. As described herein, optical heart rate sensor 628 may
include optical source 630 and optical sensor 632. Compute system 614 may include
optical heart rate control subsystem 634, which may be communicatively coupled to logic
machine 616 and data-storage machine 618. Optical source 630 may comprise one or
more LED emitters, for example, while optical sensor 632 may comprise one or more
photodiodes matched to detect light at frequencies that are based on the frequencies of
light output by the optical source. Optical source 630 may be configured to illuminate one
or more blood vessels 650 through the skin 652 of the user, and optical sensor 632 may be
configured to measure illumination reflected from or transmitted through blood vessels
650.

[0060] Optical heart rate control subsystem 634 may receive raw signals from
optical sensor 632, and may further process the raw signals to determine heart rate, caloric
expenditures, etc. Processed signals may be stored and output via compute system 614.
Control signals sent to optical source 630 and optical sensor 632 may be based on signals
received from optical sensor 632, signals derived from sensor suite 612, information
stored in data-storage machine 618, input received from communication subsystem 622,
input received from input subsystem 624, etc.

[0061] The configurations and approaches described herein are exemplary in
nature, and that these specific implementations or examples are not to be taken in a
limiting sense, because numerous variations are feasible. The specific routines or methods
described herein may represent one or more processing strategies. As such, various acts
shown or described may be performed in the sequence shown or described, in other
sequences, in parallel, or omitted.

[0062] The subject matter of this disclosure includes all novel and non-obvious
combinations and sub-combinations of the various processes, systems and configurations,
and other features, functions, acts, and/or properties disclosed herein, as well as any and

all equivalents thereof.
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CLAIMS:

l. A method of optical heart rate sensing, comprising;:

receiving a motion signal from one or more motion sensors;

recognizing from the motion signal a minimum amount of motion of an optical heart rate
sensor during a testing duration;

recognizing from the motion signal an average amount of motion of the optical heart rate
sensor during the testing duration;

applying compensation for motion of the optical heart rate sensor if the minimum amount
of motion during the testing duration exceeds a first threshold, even if the average
amount of motion during the testing duration is less than a second threshold,
greater than the first threshold; and

omitting compensation for motion of the optical heart rate sensor if the minimum amount
of motion during the testing duration is below the first threshold, even if the
average amount of motion during the testing duration is greater than the second
threshold.

2. The method of claim |, where recognizing the minimum amount of motion of the

optical heart rate sensor during the testing duration further comprises:

recognizing a minimum value of the motion signal during the testing duration.

3. The method of claim 2, where the testing duration comprises a plurality of time

periods of equal length, and where recognizing a minimum value of the motion signal

during the testing duration further comprises:

for each of the plurality of time periods, determining a difference of the motion signal
based on a minimum value of the motion signal for that time period and a
maximum value of the motion signal for that time period.

4. The method of claim 3, where recognizing a minimum value of the motion signal

during the testing duration further comprises:

determining a minimum difference for the testing duration based on the determined
differences for the motion signal for each of the plurality of time periods.

5. The method of claim 4, where the one or more motion sensors comprise a three-

axis accelerometer, and where the motion signal comprises a signal channel for each axis.

6. The method of claim 5, where determining the minimum difference for the testing

duration based on the determined differences for each of the plurality of time periods

further comprises:
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for ecach time period, determining a difference for each signal channel based on a
minimum value of the signal channel for that time period and a maximum value of
the signal channel for that time period; and

determining minimum differences for each signal channel over the testing duration based
on the determined differences for each signal channel for each of the plurality of
time periods.

7. The method of claim 6, where determining the minimum difference for the testing

duration based on the determined differences for each of the plurality of time periods

further comprises:
determining an overall motion minimum based on the determined minimum differences
for each signal channel; and
comparing the overall motion minimum to the first threshold.
8. An optical heart rate sensor, comprising:
an optical source configured to illuminate one or more blood vessels
through a user’s skin,

an optical sensor configured to measure illumination from the one or more
blood vessels;

a three-axis accelerometer; and
a storage machine holding instructions executable by a logic machine to:
receive an optical signal from the optical sensor;
receive a motion signal from the three-axis accelerometer, the motion signal
comprising three signal channels;

determine a minimum difference for the motion signal during a testing duration;

determine a maximum magnitude for the motion signal during the testing duration;

apply a first motion filter to the optical signal during conditions where the
minimum difference for the motion signal over the testing duration is
greater than a first threshold and the maximum magnitude for the motion
signal over the testing duration is less than a second threshold, the second
threshold greater than the first threshold;

not apply a motion filter to the optical signal during conditions where the minimum
difference for the motion signal over the testing duration is less than the
first threshold even if the maximum magnitude for the motion signal over

the testing duration is greater than the second threshold;
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indicate a heart rate of a user based on the filtered optical signal during conditions
where the minimum difference for the motion signal over the testing
duration is greater than the first threshold and the maximum magnitude for
the motion signal over the testing duration is less than the second threshold;
and
indicate a heart rate of the user based on the unfiltered optical signal during
conditions where the minimum difference for the motion signal over the
testing duration is less than the first threshold even if the maximum
magnitude for the motion signal over the testing duration is greater than the
second threshold.
9. The optical heart rate sensor of claim 8§, where the instructions to determine the
minimum difference for the motion signal over the testing duration, comprise instructions
executable to:
for each of the plurality of time periods, determine a difference for each signal
channel based on a minimum value of the signal channel for that time
period and a maximum value of the signal channel for that time period; and
determine minimum differences for each signal channel over the testing duration
based on the determined differences for each signal channel for each of the
plurality of time periods.
10.  The optical heart rate sensor of claim 9, where the instructions to determine the
minimum difference for the motion signal over the testing duration, comprise instructions
executable to:
determine an overall motion minimum based on the determined minimum difference for
cach signal channel; and

compare the overall motion minimum to the first threshold.
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