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METHOD AND APPARATUS FOR
GENERATING ASSESSMENTS USING
PHYSICAL ACTIVITY AND BIOMETRIC
PARAMETERS

[0001] This application is a continuation of U.S. applica-
tion Ser. No. 16/221,012, filed 14 Dec. 2018, which is a
continuation of U.S. application Ser. No. 15/690,940, filed
30 Aug. 2017, now U.S. patent Ser. No. 10/206,627, which
is a continuation of U.S. application Ser. No. 15/120,766,
filed 23 Aug. 2016, now U.S. Pat. No. 9,788,794, which is
the U.S. National Stage of International Application No.
PCT/US2015/018049, filed 27 Feb. 2015, which claims
benefit of U.S. Provisional Application No. 61/945,960, filed
28 Feb. 2014, the disclosures of all of which are incorpo-
rated by reference herein in their entirety.

BACKGROUND

[0002] A personal health monitor provides a user with the
ability to monitor his overall health and fitness by enabling
the user to monitor heart rate and/or other biometric infor-
mation during exercise, athletic training, rest, daily life
activities, physical therapy, etc. Such devices are becoming
increasingly popular as they become smaller and more
portable.

[0003] In addition to providing biometric information
such as heart rate and breathing rate, a personal health
monitor may also provide physical activity information, e.g.,
duration, distance, cadence, etc. As with the sensing or
measurement of many parameters, however, the accurate
determination of such information may be compromised by
noise.

[0004] A user’s cadence enables the user to monitor his
current performance relative to his personal goals, and
therefore represents a particularly useful physical activity
parameter. As used herein, a cadence represents the number
of repetitions per minute of some physical activity. For
example, when the user is moving on foot, the cadence
represents the number of foot repetitions or steps per minute.
When the user is moving on wheels, the cadence represents
the number of cycle repetitions (e.g., crank or pedal revo-
lutions) per minute.

[0005] Conventional devices may monitor the cycling
cadence, for example, using a cyclocomputer. A sensor
system mounted to the crank arm and frame of the bicycle
counts the number of pedal rotations per minute to deter-
mine the cycling cadence. While such devices are useful and
reasonably accurate, they are cumbersome and cannot easily
be used with multiple bicycles. Further, such devices cannot
provide an accurate estimate of the number of steps per
minute taken, e.g., by a runner. Further still, such devices
generally do not provide additional performance informa-
tion, e.g., calories burned, at least not with a desired degree
of accuracy.

[0006] In addition, there is an increased desire for every-
day users to have easy access to information regarding their
exercise routine and/or the results of their exercise routine,
regardless of the exercise conditions or circumstances. For
example, the speed of a runner jogging through a neighbor-
hood may easily be determined by using a Global Position-
ing System (GPS). When the user jogs on a treadmill,
however, GPS is useless. In another example, it may be
desired to determine a user’s maximum oxygen consump-
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tion/uptake/aerobic capacity (VO,max) without subjecting
the user to costly and time consuming tests in a laboratory
set up for just such testing.

[0007] Thus, there remains a need for more portable
devices wearable by a user and capable of accurately mea-
suring and/or estimating biometric and/or physical activity
parameters (e.g., heart rate and/or speed), and any associated
physiological assessment parameters (e.g., VO,max), in a
wide variety of scenarios.

SUMMARY

[0008] The solutions presented herein provide methods
and apparatus for the determination and/or improved quality
of one or more physiological assessment parameters based
on biometric signal(s) and/or motion signal(s) respectively
output by one or more biometric and/or motion sensors.
Exemplary biometric parameters include, but are not limited
to, heart rate, breathing rate, breathing volume, blood pres-
sure, pulse pressure, response-recovery interval, and heart
rate variability. Exemplary physiological assessment param-
eters include, but are not limited to, a user cadence and a user
speed.

[0009] One exemplary method determines a physiological
assessment parameter associated with a user using an activ-
ity monitoring device comprising at least one biometric
sensor and at least one motion sensor, where at least the
biometric sensor contacts the user’s skin. The method com-
prises processing a motion signal output by the motion
sensor over a first period of time to determine a physical
activity parameter for the user over the first period of time,
and processing a biometric signal output by the biometric
sensor over the first period of time to determine a biometric
parameter for the user over the first period of time. The
method further comprises determining the physiological
assessment parameter based on the physical activity param-
eter and the biometric parameter.

[0010] One exemplary apparatus comprises an assessment
generation system configured to determine a physiological
assessment parameter associated with a user via at least one
biometric sensor and at least one motion sensor comprised
in an activity monitoring device disposed proximate the user
such that the biometric sensor contacts the user’s skin. The
assessment generation system comprises a motion process-
ing circuit, a biometric processing circuit, and an assessment
processing circuit. The motion processing circuit is config-
ured to process a motion signal output by the motion sensor
over a first period of time to determine a physical activity
parameter for the user over the first period of time. The
biometric processing circuit is configured to process a
biometric signal output by the biometric sensor over the first
period of time to determine a biometric parameter for the
user over the first period of time. The assessment processing
circuit is configured to determine the physiological assess-
ment parameter based on the physical activity parameter and
the biometric parameter.

[0011] Another exemplary method estimates a speed of a
user via a wearable activity monitoring device disposed
proximate the user and comprising a motion sensor. The
method comprises processing a motion signal output by the
motion sensor to determine a type of user motion, and
processing the motion signal based on the determined type
of user motion to determine a physical activity parameter.
The method further comprises estimating a stride length of
the user based on the motion signal and the determined type
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of user motion, and estimating the speed of the user based
on the physical activity parameter and the stride length.
[0012] Another exemplary apparatus comprises an assess-
ment processing circuit for estimating a speed of a user via
an activity monitoring device disposed proximate the user.
The activity monitoring device comprises a motion sensor.
The assessment processing circuit is configured to process a
motion signal output by the motion sensor to determine a
type of user motion, and process the motion signal based on
the determined type of user motion to determine a physical
activity parameter. The assessment processing circuit is
further configured to estimate a stride length of the user by
processing the motion signal based on the determined type
of user motion, and estimate the speed of the user based on
the physical activity parameter and the stride length.
[0013] Another exemplary method improves an accuracy
of at least one of an estimated biometric parameter and an
estimated physiological assessment parameter determined
for a current period of time and associated with a user
wearing an activity monitoring device. The activity moni-
toring device comprises at least one motion sensor. The
method comprises generating a personalized biometric
model for the user based on one or more biometric param-
eters and one or more physical activity parameters deter-
mined for a second period of time previous to the current
period of time, and processing a motion signal output by the
motion sensor to determine a current physical activity
parameter for the user for the current period of time. The
method further comprises processing the current physical
activity parameter based on the personalized biometric
model to improve the accuracy of at least one of the
estimated biometric parameter and the estimated physiologi-
cal assessment parameter determined for the user for the
current period of time.

[0014] Another exemplary apparatus comprises an assess-
ment processing circuit configured for improving an accu-
racy of at least one of an estimated biometric parameter and
an estimated physiological assessment parameter deter-
mined for a current period of time and associated with a user
wearing an activity monitoring device. The activity moni-
toring device comprises at least one motion sensor opera-
tively connected to the assessment processing circuit. The
assessment processing circuit is configured to generate a
personalized biometric model for the user based on a history
of one or more biometric parameters and one or more
physical activity parameters determined for a second period
of time previous to the current period of time, and process
a motion signal output by the motion sensor to determine a
current physical activity parameter for the user for the
current period of time. The assessment processing circuit is
further configured to process the current physical activity
parameter based on the personalized biometric model to
improve the accuracy of at least one of the estimated
biometric parameter and the estimated physiological assess-
ment parameter determined for the user for the current
period of time.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] FIG. 1 shows an exemplary cadence measurement
system disposed in an ear bud.

[0016] FIG. 2 shows a block diagram of an exemplary
measurement system.

[0017] FIG. 3 shows an exemplary process for determin-
ing a parameter from data provided by a motion sensor.
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[0018] FIG. 4 shows a block diagram of an exemplary
parameter circuit.

[0019] FIG. 5 shows a more detailed process for deter-
mining a user cadence from data provided by a motion
sensor according to one exemplary embodiment.

[0020] FIGS. 6A and 6B show simulation results associ-
ated with the disclosed solution.

[0021] FIG. 7 shows a block diagram of an exemplary
assessment system.

[0022] FIG. 8 shows simulation results associated with the
assessment system of FIG. 7.

[0023] FIG. 9 shows simulation results associated with the
assessment system of FIG. 7.

[0024] FIG. 10 shows simulation results associated with
the assessment system of FIG. 7.

[0025] FIG. 11 shows an exemplary process for obtaining
the simulation results of FIG. 10.

[0026] FIGS. 124 and 125 show simulation results asso-
ciated with the assessment system of FIG. 7.

[0027] FIGS. 13a and 135 show exemplary details asso-
ciated with generating a model used by the assessment
system of FIG. 7.

[0028] FIG. 14 shows optimal neural network details for
exemplary single-representation models.

[0029] FIG. 15 show exemplary details associated with
generating a model used by the assessment system of FIG.
7.

[0030] FIG. 16 shows an exemplary process for estimating
a user speed.

[0031] FIG. 17 shows an exemplary process for generating
personalized activity summaries.

[0032] FIG. 18 shows simulation results associated with
the process of FIG. 17.

DETAILED DESCRIPTION

[0033] The measurement techniques and processors dis-
closed herein provide an accurate measurement of one or
more biometric, physical activity, and/or physiological
assessment parameters (e.g., values) based on a signal
provided by a motion sensor disposed proximate a user’s
body. As used herein, the term “processor” broadly refers to
a signal processing circuit or computing system, or process-
ing or computing method, which may be localized or dis-
tributed. For example, a localized signal processing circuit
may comprise one or more signal processing circuits or
processing methods localized to a general location, such as
to an activity monitoring device. Examples of such moni-
toring devices may comprise an earpiece, a headpiece, a
finger clip, a toe clip, a limb band (such as an arm band or
leg band), an ankle band, a wrist band, a nose band, a sensor
patch, or the like. Examples of a distributed processing
circuit comprise “the cloud,” the internet, a remote database,
a remote processor computer, a plurality of remote process-
ing circuits or computers in communication with each other,
etc., or processing methods distributed amongst one or more
of these elements. The key difference between the distrib-
uted and localized processing circuits is that a distributed
processing circuit may include delocalized elements,
whereas a localized processing circuit may work indepen-
dently of a distributed processing system. Microprocessors,
microcontrollers, or digital signal processing circuits repre-
sent a few non-limiting examples of signal processing
circuits that may be found in a localized and/or distributed
system.
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[0034] The term “parameter” as used herein broadly refers
to any set of physical properties, measured value(s), or
processed information whose value(s) collectively relate the
characteristics and/or behavior of something. A “parametet-
ization” refers to the generation of at least one parameter
from a set of data. For example, a biometric parameter, also
referred to herein as a physiological parameter, represents a
physiological function of an organism. Exemplary biometric
parameters include, but are not limited to, a heart rate,
breathing rate, breathing volume, blood pressure, pulse
pressure, R-R interval (time interval between successive “R”
peaks of a cardiac cycle, e.g., as shown in a QRS complex
of an electrocardiogram), heart rate variability, body tem-
perature (e.g., core temperature, gut temperature, electrical
or thermal conductivity in the body or skin of an organism,
tympanic temperature, skin temperature, etc.), brain wave
activity, energy expenditure (e.g., calories burned), ECG
activity, a parameterization of sampled data from the at least
one physiological sensor, or the like.

[0035] A physical activity parameter represents a param-
eter relating to a physical activity of an organism. Exem-
plary physical activity parameters include, but are not lim-
ited to, a motion parameter e.g., a walking cadence, running
cadence, sprinting cadence, cycling cadence, limb cadence,
walking speed, running speed, cycling speed, limb motion
speed, head motion, a parameterization of sampled data
from the at least one motion sensor, or the like. Examples of
a parameterization of digitally sampled data from a motion
sensor (e.g., an accelerometer) include, but are not limited
to, filtering (low-pass, high-pass, bandwidth, notch, etc.) of
each accelerometer axis, processing the sampled data to
generate root-mean-squared (RMS) sampled data (e.g.,
squaring the sampled data from each accelerometer axis,
summing the result, and taking the square root of the sum),
tracking the maximum values of sampled data or processed
sampled data over a period of time and averaging the result,
generating at least one spectral transform of the sampled
data, identifying maximums or minimums in the sampled
data, applying a function to the sampled data (e.g., a
derivative function, integral function, trigonometric func-
tion, etc.).

[0036] As used herein, the “cadence” refers to the number
of repetitions or complete cycles per unit of time, e.g., cycles
per minute. Exemplary cadences include, but are not limited
to, a step rate (e.g., the number of steps or foot repetitions
per minute), a cycle rate (e.g., the number of pedaling cycles
or cycle revolutions per minute), a repetition rate (e.g., with
respect to lifting weights), etc. It will be appreciated that a
step cadence may represent the user’s cadence while walk-
ing, running, doing aerobics, climbing stairs, etc. Further, it
will be appreciated that a cadence may refer to movement by
mobile animals or machinery, e.g., a walking robot. Exem-
plary animals include, but are not limited to, biped animals
(e.g., humans, birds, etc.) and quadruped animals (e.g., dogs,
horses, etc.).

[0037] A physiological assessment parameter represents
an assessment of a biometric/physiological function, e.g.,
the health or fitness level of an organism and/or efficiency of
a machine. Exemplary physiological assessment parameters
include, but are not limited to, an assessment of aerobic
fitness level, VO2max, cardiovascular health, heart rate
recovery time, endurance level, physical strength, exercise
efficiency, running efficiency, biometric identification, a
parameterization of sampled data from at least at least two
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other parameters (biometric parameters and/or physical
activity parameters, for example).

[0038] More broadly, a biometric parameter may include
an acute (instantaneous) measurement of a biometric signal,
such as an acute body temperature measurement, and/or a
processed collection of measurements of a biometric signal,
e.g., measurements of heart rate over time by processing a
PPG waveform over time. A physical activity parameter may
include an acute measurement of a motion signal, e.g., an
acceleration, and/or or a processed collection of measure-
ments of a motion signal, e.g., accelerometer values pro-
cessed from multiple axes over a period of time to identify
the peak acceleration over a period of time. A physiological
assessment parameter may include an acute measurement of
two or more parameters (e.g., biometric parameters and/or
physical activity parameters). For example, a physiological
assessment parameter may include a measurement of a
current user cadence and heart rate, and/or a processed
collection of measurements of parameters over a period of
time, e.g., a ratio of average cadence and average breathing
rate generated over the course of a 30 minute treadmill run.
In some cases, any one or more of these parameters may be
the same as, or substantially the same as, a well-defined,
well-established behavior, measurement, assessment, or
classification. For example, a physiological assessment
parameter that comprises a ratio of the change in heart rate
(AH) and the change in time (At) over the course of 1-minute
of rest following exercise is commonly referred to as
“l-minute heart rate recovery.” In this case, the measured
physiological assessment parameter (the ratio AH/At) is the
same as the established physiological assessment (1-minute
heart rate recovery).

[0039] It will be appreciated that a physiological assess-
ment parameter may be generated by processing physical
activity parameter(s) and/or biometric parameter(s). For
example, an assessment of a person’s overall health may be
determined by processing concurrent cadence (activity
parameter) information and VO2max (physiological assess-
ment parameter) information. More specifically, maintaining
arelatively high (for one’s own demographic) VO2max over
aperiod of time, with respect to one’s average daily cadence,
may be indicative of good overall health. Similarly, a person
may be identified from other persons with the aid of a
sufficiently unique VO2max/cadence pattern observed over
a period of time. The term “biometrics” refers broadly to a
plurality of biometric parameters and/or physiological
assessment parameters.

[0040] As used herein, the terms “inertia” or “inertial”
refer broadly to “motion,” and an inertial sensor refers to a
motion sensor.

[0041] FIG. 1 shows part of an exemplary measurement
system 10, where one or more sensors 14 are disposed in an
ear bud 12, and a parameter circuit 100 is operatively
connected to the sensor(s) 14, e.g., via a wired or wireless
connection. The parameter circuit 100 may be secured to the
user, e.g., via a clip. The ear bud 12 may comprise a wireless
or wired ear bud that communicatively couples to a remote
device (not shown), e.g., a music player, a smart phone, a
personal data assistant, etc. While not required, it will be
appreciated that the parameter circuit 100 may be disposed
in the remote device. While FIG. 1 shows the sensor(s) 14
as being part of an ear bud 12, it will be appreciated that the
sensor(s) 14 may be disposed in any wearable device that
secures to the body of a user, e.g., a device that secures to
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an ear, finger, toe, limb, ankle, wrist, nose, etc. In some
embodiments, the device may comprise a patch, e.g., a
bandage, designed to attach the system 10 to any desired
location on the user’s body. While FIG. 1 shows the param-
eter circuit 100 as being separate from the ear bud 12, it will
be appreciated that part or all of the parameter circuit 100
may be disposed in the ear bud 12

[0042] Measurement system 10 measures one or more
parameters particular to the user wearing the ear bud 12, e.g.,
biometric, physical activity, and/or physiological assessment
parameters. The measurement system 10 outputs the mea-
sured parameter(s) to the user and/or to other processing
functions or elements.

[0043] FIG. 2 shows a block diagram of an exemplary
measurement system 10 according to one exemplary
embodiment. System 10 comprises the parameter circuit 100
coupled to one or more sensors 14 and an input/output
interface 16, where the sensor(s) 14 include at least one
motion sensor 14a, and an optional biometric sensor 145. It
will be appreciated that the motion sensor 14a may incor-
porate biometric sensor or physiological sensor capabilities.
Motion sensor 14a is configured to sense energy, e.g.,
motion, external to the system 10, and to output a motion
signal S,, representative of the sensed energy, e.g., propor-
tional to an acceleration of the user. The motion sensor 14a
may comprise a single axis sensor or a multiple axis sensor.
Exemplary motion sensors 144 include but are not limited to
accelerometers, Micro-Electro-Mechanical System
(MEMS) devices, gyroscopes, optical sensors, an opto-
mechanical sensor, a blocked channel sensor (e.g., as shown
in US2010/0217102), a capacitive sensor, and a piezo sen-
sor. When the motion sensor 14a comprises a multiple axis
sensor, frequency and power information from each axis
may be combined or otherwise evaluated to determine the
desired information, e.g., the peak frequency and the motion
power. For example, the spectral magnitude may be deter-
mined for each axis, where a maximum one of the spectral
magnitudes, a sum of the squares, a maximum of the
squares, a sum of the absolute values, a maximum of the
absolute values, the root-sum-squares, the root-mean-
squares, and/or the decimation of the spectral magnitudes is
ultimately used to determine the motion power and to
identify the peak frequency. Parameter circuit 100 processes
the motion signal S, as disclosed herein to determine
parameter(s) P. Input/output interface 16 provides input
from the user to the parameter circuit 100, and outputs the
determined parameter P. It will be appreciated that input/
output interface 16 may include a display, a keyboard or
other data entry device, and/or a transceiver for transmitting
the cadence to a remote device. Alternatively or additionally,
the input/output interface 16 may provide the cadence to the
display, a database, a processing circuit, and/or a processing
function.

[0044] FIG. 3 shows an exemplary method 200 that may
be implemented by the measurement system 10 to determine
a parameter P. After the parameter circuit 100 receives the
motion signal S, from the motion sensor 14a (block 210),
the parameter circuit 100 determines a peak frequency f,
based on S, (block 220). The peak frequency f, represents
the frequency component of the motion signal S, having the
largest amplitude. The parameter circuit 100 subsequently
applies the peak frequency f, to one or more frequency
threshold comparisons (block 230). Based on the frequency
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threshold comparisons, the parameter circuit 100 determines
the parameter(s) P, e.g., a user cadence C (block 240).
[0045] FIG. 4 shows a block diagram of an exemplary
parameter circuit 100 configured to determine a user
cadence C from the motion signal output by the motion
sensor 14a. Parameter circuit 100 comprises a peak fre-
quency circuit 110, a frequency comparison circuit 120, and
a cadence processor circuit 130. Peak frequency circuit 110
determines the peak frequency of the input motion signal.
The frequency comparison circuit 120 applies the peak
frequency to one or more frequency threshold comparisons.
The cadence processor circuit 130 determines the user
cadence based on the peak frequency and the one or more
frequency threshold comparisons.

[0046] The peak frequency circuit 110 identifies the fre-
quency component of the motion signal having the largest
signal amplitude. In one exemplary embodiment, peak fre-
quency circuit 110 may achieve this goal by performing a
frequency transform of the motion signal to determine a
spectral signal. The peak frequency circuit 110 then identi-
fies the frequency component of the spectral signal having
the largest amplitude as the peak frequency. It will be
appreciated that other means, e.g., phase-locked loop, pulse
picking, or time-domain implementations, may be used to
determine the peak frequency.

[0047] The frequency comparison circuit 120 applies the
peak frequency to one or more frequency threshold com-
parisons. The frequency peak often corresponds directly to
the user cadence. However, in some instances, the user
cadence is some harmonic factor of the peak frequency.
Empirical research shows the peak frequency is often twice,
half, or thee-halves the user cadence. As shown in FIG. 5,
when sprinting is possible the typical walking harmonics are
21, %1, or ¥ f, and the typical running harmonics are %
f,. For example, harmonics at 2 I, and %2 T, often occur when
the user walks, but not when the user runs. Thus, the cadence
may actually be Y2 £, or % f, respectively. When the user
runs, harmonics at ¥4 f;j often occur. Thus, the cadence in this
scenario may actually be 2 £, % {,, or Y2 f,. Thus, the
cadence circuit 100 must determine which harmonic factor,
if any. is applicable to determining the current user cadence.
[0048] The frequency threshold comparisons applied by
the frequency comparison circuit 120 as disclosed herein
solve this problem using one or more threshold compari-
sons, where the thresholds are determined based on a
previous user cadence, a power of the motion signal, user
activity parameters, user information, and/or empirical val-
ues. It will be appreciated that different harmonic factors
and/or thresholds may apply depending on whether the user
is sprinting, walking, running, ramping up from a low
frequency value, cycling, etc. For example, harmonic factors
due to arm swing, head bobbing, etc., impact the user
cadence differently depending on how the user is moving,
e.g., whether the user is running or walking. Thus, the
cadence circuit 100 may optionally comprise a power circuit
140, a power comparison circuit 150, a user input circuit
160, a memory 170, and/or a threshold processor circuit 180
that determine and/or provide the various harmonic factors
and thresholds necessary to determine the user cadence.
[0049] The power circuit 140 is configured to determine
the motion power (e.g., the inertial power) p,,, of the motion
signal. To that end, the power circuit 140 may compute p,,
in the time domain, e.g., using the root mean square, or in
the frequency domain, e.g., using the amplitude of a spectral
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peak. The power comparison circuit compares p,, to a power
threshold T,, to facilitate the determination of whether the
user is running or walking. User input circuit 160 receives
input from the user. The user input may be used to determine
one or more user activity parameters, e.g., whether the user
is on foot or on wheels, whether sprinting is possible, etc.
Threshold processor circuit 180 is configured to determine
one or more of the thresholds used by the frequency com-
parison circuit 120, including any frequency thresholds used
to determine a running cadence, a walking cadence, a
cycling cadence, etc., and the power threshold used by the
power comparison circuit 150. Memory 170 stores any
predetermined thresholds, one or more previously deter-
mined cadences C,, the various harmonic factors used by the
cadence processor circuit 130, and any other information or
software necessary for successful operation of the parameter
circuit 100.

[0050] FIG. 5 shows an exemplary detailed process 300
executed by the parameter circuit 100 to determine the user
cadence C. As shown by FIG. 5, parameter circuit 100
determines the user cadence based on the peak frequency
and one or more frequency threshold comparisons. In exem-
plary embodiments, the parameter circuit 100 determines a
user activity parameter, and determines the user cadence
based on the frequency threshold comparison(s) and the user
activity parameter. For example, the physical activity param-
eter may identify whether the user is on foot or on wheels
(block 302). When on wheels, the frequency comparison
circuit 120 compares the peak frequency f, to a cycling
threshold T_, which may be fixed or variable based on a
power of the motion signal (block 310). When £ <T , the
cadence processor circuit 130 sets the cadence equal to the
peak frequency (block 312). Otherwise, the cadence proces-
sor circuit 130 generates two or more test cadences, and sets
the user cadence equal to the test cadence closest to a
previous user cadence (blocks 314-322). For example, the
cadence processor circuit 130 may generate three test
cadences: C,='% fp, C,=% fp, and C3:fp (block 314), and
compare the three test cadences to a previous user cadence
C,, (block 316). If C, is closer to C,, than C, or C; are, the
cadence processor circuit 130 sets the user cadence equal to
C, (block 318). If C, is closer to C, than C, or C, are, the
cadence processor circuit 130 sets the user cadence equal to
C, (block 320). If C; is closer to C, than C, or C, are, the
cadence processor circuit 130 sets the user cadence equal to
C; (block 322). While the example of FIG. 5 shows deter-
mining and using three specific test cadences, it will be
appreciated that any two or more test cadences may be used.

[0051] When the user is on foot (block 302), the cadence
processor circuit 130 sets the user cadence equal to the peak
frequency divided by a harmonic factor, e.g., Y5, 1, 35, 2, etc.
More particularly, the cadence processor circuit 130 deter-
mines the user cadence based on frequency and power
comparisons respectively performed by the frequency com-
parison circuit 120 and the power comparison circuit 150
(block 330). For example, when p,, is less than T,, and
£,2Tg,,, cadence processor circuit 130 generates two or
more test cadences based on f, and two or more of the
harmonic factors, and determines the user cadence based on
the test cadences and a previous user cadence (blocks
360-368). For example, the cadence processor circuit 130
may generate three test cadences: C,=% f,, C,=% I, and
C;=f, (block 360), and compare the three test cadences 10 a
previous user cadence C, (block 362). If C, is closer to C,
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than C, or C; are, the cadence processor circuit 130 sets the
user cadence equal to C, (block 364). If C, is closer to C,
than C, or C, are, the cadence processor circuit 130 sets the
user cadence equal to C, (block 366). If C, is closer to C,
than C, or C, are, the cadence processor circuit 130 sets the
user cadence equal to C; (block 368). While the example of
FIG. 5 shows determining and using three specific test
cadences, it will be appreciated that any two or more test
cadences may be used.

[0052] However, when p,,2T,, and/or f, <T,, the cadence
processor circuit 130 determines the user cadence based on
frequency threshold comparison(s) and a sprinting user
activity parameter, which indicates whether sprinting con-
ditions are possible (blocks 332-356). More particularly,
when p,=T, andfor {,<T,,,, the cadence processor circuit
130 determines whether sprinting conditions are possible
based on user input (block 332). For example, the user may
select an activity mode, e.g., walking, slow or low impact
aerobics, high impact aerobics, running, etc. from a menu of
options. Based on the selected activity mode, the cadence
processor circuit 130 determines whether sprinting condi-
tions are possible. For example, when the user selects slow
aerobics, the cadence processor circuit 130 determines that
sprinting is not possible. Alternatively, when the user selects
running, the cadence processor circuit 130 determines that
sprinting is possible. If sprinting conditions are possible, the
cadence processor circuit 130 determines the user cadence
based on a comparison between f, and a low frequency
threshold T,,,, under sprinting conditions (blocks 334-338).
When {,<T;,,, the cadence processor circuit 130 sets the
user cadence equal to the peak frequency divided by the %
harmonic factor, e.g., equal to twice the peak frequency
(block 336). Otherwise, the cadence processor circuit 130
sets the user cadence equal to the peak frequency (block
338).

[0053] Ifsprinting conditions are not possible, the cadence
processor circuit 130 determines the user cadence based on
multiple frequency threshold comparisons under non-sprint-
ing conditions (blocks 340-356). More particularly, the
cadence processor circuit applies the peak frequency to
multiple thresholds based on whether the peak frequency is
ramping up from a low frequency value (block 340), and
determines the user cadence based on that ramping infor-
mation and the frequency threshold conditions (blocks 342-
356). While not required, in some exemplary embodiments,
the low frequency value is zero. During non-sprinting con-
ditions when the peak frequency is ramping up from a low
frequency value, the cadence processor circuit 130 sets the
user cadence equal to the peak frequency (block 342).
[0054] However, during non-sprinting conditions when
the peak frequency is not ramping up from a low frequency
value, the cadence processor circuit 130 determines the user
cadence based on multiple peak frequency threshold com-
parisons determined by the frequency comparison circuit
120 under non-sprinting conditions relative to a low fre-
quency threshold T,,,,, an intermediate frequency threshold
Tpesr and a high frequency threshold T,,,, where
T10<T 10d<T, 0, (blocks 344-356). More particularly, under
these conditions when f,<T,,,, (block 344), the cadence
processor circuit 130 sets the user cadence equal to the peak
frequency divided by the % harmonic factor, e.g., equal to
twice the peak frequency (block 346). When f2T,,, and
£,>T s, (blocks 344 and 348), the cadence processor circuit
130 sets the user cadence equal to the peak frequency
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divided by the 2 harmonic factor, e.g., equal to half the peak
frequency (block 350). When f=T,,, and f<T,, and
£,>T,,. (blocks 344, 348, and 352), the cadence processor
circuit 130 sets the user cadence equal to the peak frequency
divided by the %> harmonic factor, e.g., equal to two-thirds
the peak frequency (block 354). Otherwise, the cadence
processor circuit 130 sets the user cadence equal to the peak
frequency (block 356).

[0055] As discussed herein, parameter circuit 100 deter-
mines the user cadence based on one or more frequency
threshold comparisons. Each frequency threshold, as well as
the power threshold, may be determined empirically or
based on one or more parameters, e.g.. a previous user
cadence, a power of a motion signal, user information,
and/or a physical activity parameter. For example, the
cycling threshold T, and/or the foot threshold T,,, may be
determined empirically based on observation, and/or based
on user input information, user activity parameter, and/or
D, In one exemplary embodiment, for example, the foot
threshold may be determined according to:

Tpor = 120+ 4022, )

m

[0056] An exemplary cycling threshold T, is 100 revolu-
tions per minute, while an exemplary foot threshold Ty, is
145 steps per minute. The power threshold T, and/or the low
threshold may be determined empirically and/or based on
user information, e.g., the user’s weight, shoe sole compli-
ance information, etc., p,,, a previous user cadence, and/or
user activity parameters. In one exemplary embodiment,
T,,,,=00 (a constant). It has been shown, for example, that
the low frequency threshold is more accurate when deter-
mined as a function of p,,. For example, when p,,<T,,, the
low threshold may be determined based on p,, according to:

Tiy = 60 +20;—’". @

m

[0057] When p,>T,, alternatively, T, may be set equal
to 80. In another exemplary embodiment, the low threshold
may be determined based on the previous user cadence
according to:

T,,,~0.6C,, ©)

[0058] It will be appreciated that different values for T,,,,
may be used for different scenarios. Thus, a combination of
the above-disclosed options may be selectively used depend-
ing on the different scenarios, e.g., whether p,>T,,. Simi-
larly, the intermediate and high thresholds may be deter-
mined based on a previous user cadence and/or p,. For
example, the intermediate and high thresholds may be
determined as a function of the previous user cadence and a
sprint factor. The sprint factor for the intermediate threshold
may be determined empirically, e.g., based on 1.75 or 1.4
times the previous user cadence. It will be appreciated that
each threshold may be fixed or variable. It will also be
appreciated that the frequency thresholds (e.g., T, Tg,,
Tiows Tomear Tnign) and the power threshold (T,,) discussed
herein are exemplary and non-limiting; other thresholds may
be used depending on the system configuration, the infor-
mation available to the parameter circuit 100, etc.
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[0059] The user cadence method and apparatus disclosed
herein accurately determines a user cadence for a wide range
of circumstances and environments. Further, because the
user may wear the hardware necessary to implement this
solution, the solution disclosed herein is applicable for any
user activity, including cycling, walking, running, athletic
training, sports, aerobics, weight lifting or any other repeti-
tive exercises, jumping, etc.

[0060] FIGS. 6A and 6B show simulated results for one
exemplary implementation of the measurement 10 system
disclosed herein. The plots shown in FIGS. 6A and 6B are
generated from the same data set produced by an individual
running and walking on a treadmill. FIG. 6A shows the user
cadence with respect to time as computed according to FIG.
5 using the spectral peak frequency provided by the motion
sensor 14a. FIG. 6B shows the power output by the motion
sensor 14a with respect to time. FIG. 6B also shows an
exemplary power threshold T,, of 2000, which is used to
determine whether the user is running or walking/resting.
The units for the y-axis circuits FIG. 6B are “g’s” scaled by
a systematic multiplier, where 1 g is the force of gravity on
Earth at sea level. As shown by FIGS. 6A and 6B, the user
is running from 125-215, seconds and from 300-375 sec-
onds. Thus, in these regions, user cadence method and
apparatus disclosed herein avoids mistaking the peak fre-
quencies above 145 steps per minute as 2x or ¥2x harmonics.
The 40-70 seconds region shows ¥2x and Y2x harmonics, the
80-120 seconds region shows 2x and Y2x harmonics, and the
125-215 seconds region shows Yax harmonics. All of these
harmonics, when divided by the corresponding harmonic
factor as disclosed herein, produce the correct user cadence.

[0061] In some embodiments, measurement system 10
may also comprise additional sensors. For example, the
measurement system 10 may include additional biometric
sensors 145, e.g., blood flow (photoplethysmography
(PPG)), body temperature, and/or heart rate sensors, that
contact at least some of the user’s skin.

[0062] Insome embodiments, the measurement system 10
may be part of an assessment generation system 700, e.g., as
shown in FIG. 7 for the purpose of generating physiological
assessments of a user. The assessment generation system
700 may comprise the sensors 14 and input/output 16 of
FIG. 2, as well as a signal extraction processing circuit 710.
The key purpose of the signal extraction processing circuit
is to attenuate and/or remove unwanted noise from at least
one of the sensors 14 and, optionally, to generate at least one
accurate physical activity (motion) parameter and/or bio-
metric parameter. The noise attenuation and/or removal
process may be passive or active, using passive and/or active
filtering. In one embodiment, the signal extraction process-
ing circuit 710 may comprise a motion processing circuit
712, a biometric processing circuit 714, and a noise pro-
cessing circuit 716, e.g., as disclosed in FIG. 2 of WO
2013/109390 and FIG. 1 of WO 2013/019494, both of which
are incorporated herein by reference, and show additional
details regarding signal extraction processing circuit 710. In
the illustrated embodiment, a motion processing circuit 712
may be configured to process a motion signal output by the
motion sensor(s) 14a and/or a biometric signal output by the
biometric sensor(s) 14b. When configured to measure user
cadence, the motion processing circuit 712 may comprise
the parameter circuit 100. The noise processing circuit 716
may be configured to remove or otherwise attenuate
cadence-related motion artifact noise from a biometric sig-
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nal output by a biometric sensor 145 and/or a biometric
parameter output by the biometric processing circuit 714,
based, e.g., on the user cadence output by the parameter
circuit 100 (e.g., motion processing circuit 712). Stated more
broadly, the noise processing circuit 716 may be configured
to remove or otherwise attenuate motion information from a
biometric signal output by the biometric sensor 145 and/or
from a biometric parameter output by the biometric process-
ing circuit 714. For example, a determined cadence fre-
quency may be selectively (actively) removed from the
frequency spectrum of the output signals of one or more of
the sensors 14 so that higher-quality output signals (“cleaner
outputs”) are achieved with substantially attenuated motion
artifacts. As a specific example, the biometric sensor 145
that outputs the biometric signal may comprise a photopl-
ethysmography (PPG) sensor, where the output biometric
signal includes biometric information, e.g., heart rate and
respiration rate information, as well as unwanted cadence-
related information. The noise processing circuit 716 may
process, attenuate, or otherwise remove the unwanted
cadence information from the signals output by at least one
biometric sensor 145, generating a cleaner biometric signal.
Alternatively or additionally, the noise processing circuit
716 may facilitate selecting the proper value of a biometric
parameter that has been estimated by the biometric process-
ing circuit 716. In one example, the noise processing circuit
716 may comprise a signal processing circuit and/or pro-
cessing method for generating a cleaner biometric signal
and/or biometric parameter by attenuating, removing, and/or
redacting frequencies associated with a user cadence (such
as determined by the motion processing circuit 712). The
noise processing circuit 716 may alternatively or addition-
ally incorporate passive filtering, e.g., analog or digital
filters that are high-pass, low-pass, notch, bandpass, etc. It
will be appreciated that noise processing circuit 716 may
also process the motion signal and/or physical activity
parameters to generate a cleaner motion signal and/or
cleaner physical activity parameters.

[0063] Once a cleaner biometric signal and/or cleaner
biometric parameter is generated, the cleaner biometric
parameter(s) and determined physical activity parameter(s)
can be further processed to determine a physiological assess-
ment parameter of the user via an assessment processing
circuit (APC) 720. In general, APC 720 determines physi-
ological assessment parameter(s) for a user wearing an
activity monitoring device, e.g., ear bud 12, wristband,
armband, etc., by processing motion signal(s) to determine
a physiological assessment parameter. In one embodiment,
APC 720 may process at least one activity parameter and at
least one biometric parameter, each determined by the signal
extraction processing circuit 710, to determine at least one
physiological assessment parameter.

[0064] The general principle supporting the physiological
assessment methodology implemented by APC 720 is that
biometric signals may change in predictable manner due to
a change in a user’s activity level, and this causal relation-
ship may reflect a personalized biometric model. The APC
720 may be part of the assessment generation system 700
and may employ a personalized biometric model to generate
at least one physiological assessment parameter. In a specific
embodiment, the APC 720 generates at least one physiologi-
cal assessment parameter based on a determined user
cadence and/or other physical activity parameters, and bio-
metric parameters and/or cleaner biometric parameter(s),
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and optionally, based on the power p,, of the motion signal.
To store measured data and information about the model
employed by the APC 720, APC 720 may also have access
to memory 170.

[0065] As anexample of an embodiment of the assessment
generation system 700 and associated assessment generation
method, the cleaner biometric parameter may comprise
multiple biometric parameters, e.g., heart rate (HR), breath-
ing rate (BR), R-R interval, blood oxygen information, etc.,
such as provided by a PPG or pulse oximetry sensor when
used as the biometric sensor 145. The APC 720 may then
generate the physiological assessment parameter(s) by com-
bining the cleaner biometric parameters with the physical
activity parameters, e.g., a cleaner cadence.

[0066] As a specific example, the assessment processing
circuit 720 may determine a start time and a stop time of a
significant change in a physical and/or biometric parameter,
or the assessment processing circuit 720 may generally
identify a significant change in the signals(s) output by the
motion sensor 14a and/or the biometric sensor 14b. A ratio
may be generated between the biometric parameter and the
associated physical activity parameter. The ratio may be an
acute, instantaneous ratio, e.g., heart rate divided by
cadence, or an average ratio, e.g., average respiration rate
divided by average cadence. For example, an average ratio
may be generated by averaging multiple biometric param-
eters over a selected period of time, averaging multiple
physical activity parameters, e.g., cadence, over that same
period of time, and dividing these average parameters to
generate an average ratio. Alternatively, the change in a
biometric sensor parameter over a period of time, e.g.,
caused by a change in the physical activity parameter(s),
may be calculated relative to the change in the physical
activity parameter(s) over the same period of time to gen-
erate a differential ratio, e.g., (HRstop-HRstart)/(Cstop-
Cstart)=AHR/AC. In either case, the ratios may then be
compared with a personalized model to generate a physi-
ological assessment, e.g., of aerobic capacity, e.g., VO2max,
VO2, energy expenditure, recovery time, cardiovascular or
cardiopulmonary functioning, etc.

[0067] For example, two or more users may be compared
for physical fitness by comparing their respective AHR/AC
ratios. The user having a greater reduction in heart rate with
a given reduction in cadence over a fixed period in time may
have a greater heart rate recovery rate than a user having a
lower reduction in heart rate with the same reduction in
cadence over the same time period. Similarly, a ratio for
average heart rate HRavg (or other biometric parameter)
divided by average cadence Cavg can be mapped for a given
user over a period of weeks. As the ratio decreases over the
course of physical fitness training, the decreasing ratio may
be indicative of improving physical fitness. The origin
behind this improved cardiovascular (aerobic) fitness level
with a decreased average ratio of (HRavg)/(Cavg) is that the
decreased ratio indicates that less heart beats are required for
the same motion of the user, which may be indicative of a
more physically fit cardiovascular system.

[0068] However, in some cases, a plurality of users may be
moving at the same average cadence but one or more users
may be generating less physical power due to a lower strike
force during walking, running, cycling, etc. For this reason,
a given ratio may be further normalized by the power p,, (or
average power p,, ,...) of the motion signal generated by the
motion sensor 14a. For example, for a given user, the
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average biometric parameter BSavg, measured over a period
of time, divided by the average cadence Cavg, measured
over the same period of time, may be further normalized by
the average power p,, ,,, over the same period of time to
generate a more accurate average ratio that is more closely
related to the user’s overall fitness level. In this case, the
fitness of a user may be inversely proportional to BSavg/
(Cavg™p,,.avg)> Where p,, .. refers to an average motion
power of the user over a given time period. It should be
noted that this inverse relationship may hold true for many
biometric parameters, including but not limited to, HR, BR,
blood pressure, 1/R-R, and any other biometric parameters
that increase with increasing exercise intensity. This rela-
tionship is not likely to hold true for biometric parameters
that do not necessarily increase with exercise intensity, and
in some cases may actually decrease with exercise intensity,
e.g., blood oxygen level. Stated another way, because HR,
BR, blood pressure, and 1/R-R generally increase with
increasing exercise intensity, while their average values
during exercise generally decrease with increased physical
fitness, the overall fitness of a user may be inversely
proportional to BSavg/(Cavg®p,, ,...). In some cases, the
ratio itself may not need to be expressly calculated. For
example, by detecting a change in cadence over a period of
time via one more elements of system 700, the assessment
processing circuit 720 may calculate the recovery rate of a
biometric parameter over that period of time, and this
recovery rate value may be directly related to a user’s overall
fitness level. Moreover, the described ratio is not the only
mathematical representation that may be used to relate
overall fitness with one or more concurrent biometric param-
eters or physical activity parameters. More generally, the
overall fitness with increase with decreasing BSavg, and
with increasing Cavg and p,,, .

[0069] FIG. 8 shows an example of AHR/AC produced by
the assessment generation system 700 to determine the
fitness level of a user. In this example, the user wore a
biometric headset according to the embodiments presented
herein, wherein the biometric sensor 145 comprised a PPG
sensor in the right earbud of the biometric headset and the
motion sensor 14a comprised a MEMS 3-axis accelerometer
(also in the right earbud). Examples of such a headset may
be found in U.S. Patent Publications 2008/0146890, 2010/
0217098, 2010/0217099, 2010/0217102, 2012/0197093,
2013/0131519, and 2014/0012105, all of which are incor-
porated by reference herein. The processed (cleaner) heart
rate measurement vs. time is shown as BPM (beats per
minute) and the cadence measurement vs. time is shown as
SPM (steps per minute). The assessment processing circuit
720 determines the start and stop times (and thus the period
of time) of the analysis by detecting a substantial increase in
cadence, e.g., an increase of more than 20 SPM, and by
detecting a substantial decrease in cadence, e.g, a decrease
of more than 20 SPM. Because the start and stop times can
also be determined, various physiological assessment
parameters can be determined, e.g., recovery rate. For
example, the APC 720 calculates the 1-minute heart rate
recovery by recording the measured heart rate at the stop-
ping point, recording the measured heart rate at 1-minute
past the stopping point, and subtracting the latter from the
former. In this example, the user had a 29 beat decrease over
1 minute, and thus had a HRrec=30 BPM. The assessment
processing circuit 720 also calculates the average HR
(HRavg) and average cadence (Cavg) over the period of
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time to calculate Havg/Cavg, which in this example was
1.02. Higher recovery rates and/or lower ratios are generally
associated with better health/fitness.

[0070] In another example, assessment processing circuit
720 generates a physical assessment parameter for a user
based on data from multiple exercise sessions, as shown in
FIG. 9. Data from multiple exercise sessions (e.g., runs)
enables the assessment processing circuit 720 to make
determinations about some parameters, e.g., metabolic rate,
without specifically measuring such parameters. In this
example, the user wore a biometric earbud, e.g., such as
previously described in reference to FIG. 8, where the user
ran without a cooling fan during Run 1 and with a cooling
fan during Run 2. A cooling fan is often used in treadmill
runs to cool-down the skin and help evaporate sweat from
the body. In FIG. 9, the measured heart rate vs. time is
presented for the two exercise sessions where the user was
running at the same speed (6 mph) for the same duration of
time (30 minutes). For the sake of simplicity, the cadence vs.
time for each run is not shown. The assessment processing
circuit 720 identified the stopping point of the two runs by
the dramatic drop in cadence of more than 20 SPM (signified
by the dotted line). The assessment processing circuit 720
also measured the HR recovery rates and the average ratios
(HRavg/Cavg) for each run, as shown in FIG. 9. Because the
user’s HR recovery rate did not significantly change from
run to run, while the user’s average ratio did change sig-
nificantly, the assessment processing circuit 720 determined
that the user was exercising at a higher body temperature
during Run 1 than during Run 2. The theory supporting this
determination is that HR recovery is more related to cardiac
output, where the higher the heart rate recovery, the higher
the cardiac output, and the greater the overall physical
fitness (cardiovascular fitness). However, the average ratio
(HRavg/Cavg) is more closely related to overall acute (or
current) stress on the heart muscle, which increases with
body temperature. The average ratio HRavg/Cavg may also
be related to the overall physical fitness of the user, but
because the APC 720 is able to calculate essentially the same
HR recovery rate for Run 1 and Run 2, the assessment
processor is able to determine that the origin of the higher
average ratio for Run 1 was due to a higher user running
temperature.

[0071] The personalized model used by the assessment
processing circuit 720 may comprise an a priori model of a
known relationship, a calibrated model, or a model gener-
ated over time based on a previously unknown relationship
using a history of the collected data. For example, the
physiological assessment parameters determined based on
the Run 1 and Run 2 data shown in FIG. 9 were determined
using an a priori model. In contrast, a calibrated model may
compare one or more of the aforementioned ratios (the
estimated value) to the results of a standard (“benchmark™)
fitness test (the actual value), e.g., a heart rate recovery test,
VO2max test, submax test (such as a Rockport Test), or the
like. A calibration factor, relating the estimated versus actual
value of the physiological assessment may then be generated
for future use in predicting the physiological assessment
using the calibration factor multiplied by the ratio. For
example, the physiological assessment parameters shown in
FIG. 9 can be tested against a benchmark test of
VO2maxactual, and the resulting relationships between the
HRavg/Cavg and VO2maxactual and/or HR Recovery and
VO2maxactual can be stored in memory 170 for future
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estimations of VO2maxestimated. As a specific example of
a calibrated model, consider FIG. 10, which plots the
Measured VO2max (measured via gas-exchange analysis) of
three users vs. a measured relationship, e.g., a slope of
HRrecovery vs. HRresponse. Namely, the HR and C of each
user was measured with a PPG-based biometric armband
sensor having the same biometric- and activity-monitoring
functionality as the biometric earbud shown in FIG. 8. In this
testing, however, data was collected for each user during
everyday living conditions (free living), as opposed to a
treadmill run, and periods of physical activity were defined
as a user having an elevated cadence, e.g., a cadence higher
than 100 steps/min, for a certain period of time. For each of
the users, the APC 720 was configured to identify targeted
time periods, defined by an active time period having at least
10 seconds of physical activity followed by a rest period
having at least 20 seconds of rest. For each targeted time
period, the APC 720 generates a linear relationship between
the drop in heart rate over the rest period (HRrecovery) vs.
the rise in heart rate over the active period (HRresponse),
and generates a characteristic slope for this relationship. In
one embodiment, this characteristic slope is generated by
plotting, for each targeted time period, all measured HRre-
covery values vs. all measured HRresponse values and
generating an average slope for this relationship, such that
this average slope is the characteristic slope. Because the
measured VO2max of each user was measured in advance
and stored in memory 170, the characteristic slope may be
calibrated against the measured VO2max with the linear
relationship shown in FIG. 10. This yielded a calibrated
estimate of VO2max based on the slope relating HRrecovery
to HRrise.

[0072] FIG. 11 outlines a general method 400 for produc-
ing the results of FIG. 10. Measured physiological assess-
ment parameters are stored in memory 170 (block 410). APC
720 identifies targeted time periods based on the user
cadence (block 420), e.g., by identifying active and rest
periods as indicated above. Subsequently, the APC 720
determines the relationship(s) between the recovery and
response biometric parameters, e.g., HRrecovery and
HRrise (block 430). The APC 720 may additionally map the
relationship(s) with the stored physiological assessment
parameter such that the relationship(s) may then be used at
any later times to estimate future physiological assessment
parameters without actually having to measure such physi-
ological assessment parameters (block 440).

[0073] An example of a third type of model, e.g., the
model generated over time based on a learned relationship,
is a model relating diet to overall physical fitness. For
example, a user recording their diet over several weeks and
exercising with system 700 will generate numerous datasets
that may be used by the APC 720 to generate physiological
assessment parameters. If the user keeps track of their food
intake with a digital food diary that is accessible to the APC
720, the APC 720 may also correlate food intake over time
with the aforementioned fitness assessments (e.g., HR
recovery, average ratio, VO2max, etc.) to generate a corre-
lation between at least one food constituent and one of the
fitness assessments. In this manner, an individual can gen-
erate a personalized map of foods associated with higher or
lower fitness for that individual. The greater the granularity
of ingredients recorded by the food diary, the more specific
the correlation may be between fitness level and diet.
Examples of potential food constituents include, but are not
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limited to: calories, carbohydrates, fats, proteins, vitamins,
minerals, sugars, and electrolyte (sodium, potassium, etc.)
levels. Furthermore, further granularity may be provided by
the types of these different constituents, such as the type of
protein, vitamin, or salt, for example. Moreover, by com-
bining the user’s food diary information with biometric
sensor readings from mastication or swallowing (as
described below), the APC 720 may generate a confidence
indicator for the user’s manual input into the food diary.
Using this technique, it may be more challenging for the user
to “fool” the APC 720 as it calculates the correlation
between diet and fitness.

[0074] In one embodiment, one or more elements of the
system 10 may also identify the context of the user’s
activity, e.g., a lower activity state, by e.g., identifying a time
period of substantially lower cadence and/or substantially
lower power p,,. The time period associated with the context
determination may be the same as, different from, or overlap
any other assessment time periods. This identification may
in turn change the contextual framework used by the APC
720. The APC 720 may then process the cleaner biometric
parameter(s) differently than during a time period, e.g., a
targeted time period, where cadence and/or power is deter-
mined to be substantially higher, e.g., when there is a higher
activity state, such as a higher average cadence and/or
motion power. For example, a change in the biometric
parameter over a given time, in the context of a lower
activity state, may be indicative of a classifiable biometric
event. For example, a change in heart rate of 1-15 BPM over
15-40 seconds may be associated with a swallowing event.
In such case, the APC 720 may classify and count the
number of swallowing events over a period of time and
generate an estimate for the duration of mastication. In
contrast, if system 10 identifies a higher activity state, the
APC 720 may be redirected away from classifying and
counting swallowing events and towards identifying a physi-
cal fitness level, e.g., using the aforementioned method. In
this manner, the determination of a user’s activity level can
be used to change the context of the processing executed by
APC 720, and thus change the methodology executed by the
APC 720.

[0075] In some cases, the determined contextual frame-
work can be used by the APC 720 to change the “polling”
(the electrical biasing and/or sampling) of the sensor(s) 14a
and/or 14b. For example, the determined cadence or motion
power may be processed to change one or more sensor
operating parameters, e.g., the voltage, current, duty cycle,
bias frequency or phase, bias waveform, biasing period,
sampling time, sampling integration period, sampling rou-
tine, etc., of an optical emitter and/or detector in a PPG
sensor embedded in a wearable device (such as the earbud
of FIG. 1). Such processing may be beneficial for saving
battery power in the wearable device, as it may not be
advantageous to continually bias a sensor when no useful
biometric information is anticipated. As a specific example,
consider the heart rate vs. time plots of FIG. 8 and FIG. 9.
The average heart rate can be effectively estimated during
most of the run using just a few heart rate data points.
However, many more data points are required to accurately
trace the rise time and fall time of the heart rate during the
beginning and end of the run. In this example, APC 720 can
be configured to detect a rapid change in cadence and then
initiate a control signal to the sensor to increase the polling
(such as an increased bias frequency or period) to collect



US 2019/0336080 A1

higher-acuity data during the period of time where the heart
rate is most likely to substantially change. The sampling rate
may also increase. Alternatively, the sensor polling may
normally be set to a high polling, and when APC 720 detects
a steady cadence and/or steady heart rate, the APC 720 may
then send a signal to lower the sensor polling. The time
period for changing the sensor operating parameter(s) may
be arbitrarily set in advance, based on an a priori model, e.g.,
by setting the period from 10 seconds to 10 minutes, or may
be determined uniquely for the user over a period of time.
After the time period for changing the sensor operating
parameter(s), the sensor operating parameter(s) may then
return to the previous level (or some predefined default
level). Though a specific example has been given for a PPG
sensor, this variation also applies more broadly to any sensor
in a wearable device, e.g., an electrically biased sensor.

[0076] Another example of using a contextual framework
for a physiological assessment is shown in FIG. 12, which
presents the average breathing rate (BRavg) for a group of
nine female users under two different contextual frame-
works, where different diamonds in FIG. 12 indicate differ-
ent users. Each user had previously been evaluated via
gas-exchange analysis to generate an objective (benchmark)
measurement of their VO2max (measured VO2max). These
users were each monitored throughout a variable treadmill
run via a biometric headset (e.g., as described earlier), with
average speeds ranging from 2.46 mph to 4.4. mph. Each
biometric headset was measuring heart rate, breathing rate,
cadence, and other parameters in real time for each user as
each user was running. Using the methodology described
herein, each user’s speed was calculated in real time by a
processor, e.g., the signal extraction processor 710 and/or
APC 720, factoring user cadence, stride length, and other
parameters. During this time, the APC 720, for each headset,
calculated the average breathing rate for the user and the
estimated VO2max of each user via a formula directly
relating 1/BRavg to measured VO2max. The formulas are
shown in FIGS. 12q and 12b. FIG. 125 shows the relation-
ship between each of the nine users when the breathing rate
was averaged over each speed, with a contextual framework
that does not discriminate between speeds. Note there is a
not a significant relationship (R2=0.186) between 1/BRavg
and measured VO2max when the contextual framework
does not discriminate for a particular range of speeds. In
contrast, FIG. 12a shows the relationship between each of
the nine users when the breathing rate was averaged only
over a period of time where the average user speed was ~2.3
mph. For this contextual framework, there is a strong
relationship (R2=0.876) between 1/BRavg and measured
VO2max. Thus, the APC 720 can be used to identify the
user’s speed (via user cadence and other parameters) and
selectively average the breathing rate only for a time period
where an average speed of 2.3 mph or less is identified. The
end result is an accurate estimate of the user’s VO2max
factoring solely 1/BRavg. Note that the user’s weight,
height, and other parameters are not factored into this model
of estimated 1/BRavg vs. estimated VO2max, which exem-
plifies the robustness and utility of this model.

[0077] FIG. 13 shows another example of a model gen-
erated over time based on a learned relationship via data
pre-processing (data parameterization) and machine learn-
ing. The “learned model” in this case is a learned relation-
ship between measured blood pressure (as measured via a
blood pressure cuff) and the PPG signal (as output from a
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biometric earbud, e.g., shown in FIG. 8). In this particular
study, the PPG sensor 145 was configured to detect blood
flow changes from the ear region, between the anti-tragus
and concha of the ear, e.g., as described in U.S. Pat. Nos.
8,647,270 and 8,700,111. For this model, several users were
studied wearing a biometric sensor while also wearing a
blood pressure cuff to measure blood pressure. In this study,
however, the APC 720 was configured to execute the fol-
lowing:

[0078] 1) Determine whether the user cadence was below
a threshold (~100 steps/minute) in order to assure data
integrity of the PPG signal.

[0079] 2) If so, high-pass filter the PPG signal to remove
(or attenuate) DC and low-frequency components.

[0080] 3) Buffer numerous pulses of data (e.g., at least ten
complete signals) and identify the beginning and end points
of each signal in the time domain.

[0081] 4) Create a spline for each signal across a finer
mesh of constant size—in this case 500 samples—so that the
signals are effectively normalized in time to eliminate pulse
rate dependence.

[0082] 5) Average the splines to produce a single “average
spline” signal representing the average pulse shape.

[0083] 6) Normalize the amplitude of the average spline
signal—normalized between 0 and 1—across a time axis of
500 points for one wave period (e.g., normalizing and
discretizing over 500 points). While this particular study
used 500 points, later studies have shown that a 4x deci-
mation of data points did not degrade blood pressure model
accuracy. This suggests that 125 points, and perhaps even
fewer points, may be sufficient to maintain model accuracy.
[0084] 7) Differentiate and integrate the average spline
signal to provide multiple representations of the data to the
machine learning tool.

[0085] The data resulting from this processing as executed
by the APC 720 was then analyzed outside of the APC 720
using a machine learning tool. The resulting model was later
added to the APC 720 “tool box™ to enable the generation of
a blood pressure assessment. To summarize the machine
learning methodology, seventy-two datasets were available
for the machine learning tool, with data comprising both raw
PPG data from the biometric sensor and measured blood
pressure data from a standard blood pressure cuff. The mean
values for systolic BP, diastolic BP, and pulse pressure were
129.0+9.3, 83.6+8.0, and 45.5+£9.0 mmHg, respectively with
a mean heart rate of 73.829.4 BPM. These datasets were
divided into 48 sets for model development and 24 sets for
model validation. The neural network consisted of a set of
inputs (the input layer), a set of outputs (the output layer),
and a set of hidden layers. Three networks were built, each
with multiple input nodes (FIG. 14) and a single node output
layer: systolic pressure, diastolic pressure, or pulse pressure.
The input layer consisted of a set from the available wave-
form representations shown in FIG. 13. The representations
(each normalized and discretized as described earlier) were
called (i) “wave” for the normalized PPG signal, (i1) “first
derivative”, (iii) “second derivative”, and (iv) integral. Each
representation was used individually, as well as in combi-
nation with other representations. The data was explored by
running many trials with various combinations of the avail-
able input datasets paired with a given output layer. Experi-
ments examined different hidden layer topologies and learn-
ing strategies. Once an optimized model was developed for
the training dataset by the machine learning tool, the model
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was applied to the validation dataset, and a summary of the
results of the model is presented in FIG. 15. In FIG. 15, the
closer a particular value is to “1,” the better that waveform
is at predicting the corresponding parameter. The optimized
model itself is embodied by a myriad of coeflicients that
relate inputs to outputs; the number of coefficients in the
resulting model was 7800 for systolic pressure, 15,700 for
diastolic pressure, and 23,000 for pulse pressure (FIG. 14).
Of interesting note, the best representation (defined by the
best correlation coeflicient for the model against the vali-
dation data) for each output layer type was different. To
predict systolic blood pressure, e.g., the wave (e.g., the pulse
wave, also known as the PPG waveform) provided a better
correlation than any other individual representation. How-
ever, the “wave” was the poorest predictor of diastolic blood
pressure, the integral representation provided the best cor-
relation for predicting diastolic blood pressure, and the first
derivative provided the best predictor for pulse pressure. In
principle, the models of FIG. 14 are “single representation”
models, as they employ coeflicients relating to a single
transform only (e.g., integrals only, pulse waves only, first
derivatives only, etc.). However, additional models were
explored, factoring the “best of two” transforms. The last
column of FIG. 15 shows the results. In the case of systolic
and diastolic pressure, e.g., slightly better correlational
coeflicients were observed by factoring the best two trans-
forms. For example, input nodes comprising both the second
derivative and integral of the PPG waveform resulted in a
better correlation for the diastolic pressure than did the
integral alone. The resulting optimized model was then
incorporated into the APC 720. It should be noted that an
assessment of user cadence was critical for autonomous
operation of this blood pressure (BP) assessment method, as
the method is sensitive to the shape of the PPG signal. It
should further be noted that other parameterizations of the
PPG signal may be used with this solution, e.g., higher-order
derivatives (3rd, 4th, etc.), higher-order time-integrals, spec-
tral representations of the signal(s), spectral representations
of the derivatives or integrals of the signal(s), and the like.
It should also be noted that although the experiment behind
FIGS. 13 and 15 was based on PPG measurements from the
ear, the embodiments disclosed herein are not limited to this
region of the body and, rather, translates to any region of the
body where sufficient blood flow modulations can be mea-
sured, e.g., the wrist, arm, leg, digits (e.g., fingers and/or
toes), nose, head (e.g., forchead, face, temple, ear region,
etc.), neck, torso, and other regions of the body. However,
the choice of location of the PPG sensor 145 may change the
shape of the collected PPG waveform, and thus, the coef-
ficients relating the biometric parameters (e.g., the “pulse
wave” shape, “first derivative,” “second derivative,” and
integral of the normalized PPG signal) to blood pressure
may be different. For this reason, it is generally recom-
mended that the circuit, e.g., the APC 720, be retrained each
time the PPG sensor 144 is place on a different body part or
each time the PPG optomechanics are changed. Lastly, while
the experiment behind FIGS. 13 and 15 resulted in math-
ematical relationships applying broadly to multiple indi-
viduals, the same solution may be applied towards a single
individual, with “training” datasets feeding into the machine
learning tool that are associated with one person only (and
not a group of persons). In such cases, the accuracy of the
resulting blood pressure model may be higher for a single
individual. However, the resulting “individual” algorithm
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may not be scalable to a broad population of subjects, and
the APC 720 may need to be recalibrated (against a known
blood pressure benchmark, e.g., as provided by a conven-
tional blood pressure cuff) for each user wearing the device.
[0086] The previous discussions focused on determining
various physiological assessment parameters based on bio-
metric and motion signals. In another embodiment, the
speed of a user may be estimated based on the motion signal
output by a motion sensor disposed proximate the user. In
this embodiment, the estimated speed is determined using an
estimated stride length (as opposed to an actual measure-
ment of the stride length) of the user. FIG. 15 shows one
exemplary process 500 implemented by the APC 720 to
estimate the user’s speed. The APC 720 processes a motion
signal output by the motion sensor to determine a type of
motion (block 510). Exemplary types of motion include but
are not limited to, resting, walking, running, and sprinting.
APC 720 then processes the motion signal based on the
determined type of user motion to determine one or more
physical activity parameters and to estimate a stride length
of the user (block 520). Subsequently, the APC 720 esti-
mates the speed of the user based on the determined physical
activity parameter and stride length (block 530).

[0087] In one exemplary embodiment, the physical activ-
ity parameter(s) include the user cadence when the type of
motion is walking or running. For example, the APC 720
estimates the speed based on a user cadence and the esti-
mated stride length when the user is walking or running. In
another embodiment, APC 720 determines the stride length
(used to estimate the speed) based on a user cadence and at
least one non-cadence activity parameter when the type of
motion comprises a running motion. When the type of
motion comprises a walking motion, the APC 720 deter-
mines the stride length based on the user cadence and at least
two non-cadence activity parameters. For exaniple, if the
identified type of motion is running or walking, APC 720
determines they user speed (e.g., in meters/minute) accord-
ing to:

CL*SL*C, @

[0088] where C represents the running or walking
cadence, SL represents the estimated stride length, and C1=1
when the speed is given in meters/minute. For this example,
a running stride length SL, may be calculated according to:

SLp=C2+C3*Cr*4P1, )

[0089] when the identified type of motion is a running
motion, where C, represents the running cadence, C2 and
C3 represent experimentally derived constants, and API
represents a physical activity parameter or parameterization.
Alternatively, a walking stride length SL ;, may be calculated
according to:

SLyy=CA+C5*AP1+C6* AP2+CT*Cp AP +
C8*Cy,# P2, (6)

[0090] when the identified type of motion is a walking
motion, where Cy, represents the walking cadence, C4
through C8 represent experimentally derived constants, AP1
represents a physical activity parameter or parameterization,
and AP2 represents an additional physical activity parameter
or parameterization. The values of the experimentally
derived constants will depend strongly on the type of motion
sensor used to generate the cadence. For example, when the
motion sensor is an accelerometer, the constants may depend
on the type of accelerometer used. These constants can be
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generated by measuring the actual stride length of the user
or group of users with a ruler, collecting the accelerometer
outputs, and solving for the aforementioned equations
empirically for a known cadence, predetermined AP1, and
predetermined AP2. The physiological reasoning behind a
more complicated formula (requiring multiple physical
activity parameters or parameterizations) for stride length
during walking (versus running) may be explained by the
fact that running comprises a more uniform acceleration
pattern for a broad user group when compared with walking,
which is characterized by more individual variation.
Namely, the accelerometer outputs for running are more
similar for a mass population than the accelerometer outputs
for walking in a mass population. Stated another way, there
are more ways to successfully walk than there are to
successfully run, and the accelerometer outputs for walking
contain motion information due to a variety of body motions
(not necessarily associated with cadence) that are not typi-
cally seen during running. Additional improvements in the
stride length estimation may be generated by adding addi-
tional parameterizations of the activity (such as additional
parameterizations of an accelerometer output signal), e.g.,
adding AP3, AP4, AP5, etc.

[0091] For the case of measuring user speed during
cycling, stride length may not be relevant. And the circum-
ference of the bicycle tires may also not be very useful
without context of the gear setting. Thus, to measure speed
during cycling, the APC 720 may first determine that the
user 1s cycling (using methods described earlier). Then the
APC 720 may define the measured cadence as a cycling
cadence. The acceleration may also be measured by an
accelerometer 144, which may also be providing the motion
signal for processing the cadence. With the cycling cadence
and acceleration known, the APC 720 may then estimate the
speed of the user during cycling. This estimation may
comprise a look-up table for mapping cadence and/or accel-
eration values with user speed. APC 720 may also estimate
user speed by estimating the gear setting required for a given
cadence and acceleration value. Other estimation methods
may be employed for speed as a function of user cadence
and/or acceleration. Alternatively, the APC 720 may not
estimate speed but may rather generate a dimensionless
value that is a function of user cadence and acceleration and
then send this dimensionless value to a remote device (e.g.,
a smartphone, sport computer, cycling computer, smart-
watch, etc.) for estimating speed via algorithms (e.g., cali-
bration algorithms) on the remote device.

[0092] The assessment generation system 700 of FIG. 7
may also be used to generate personalized activity summa-
ries based on user biometric data and user cadence. FIG. 17
shows an exemplary method 600 for generating such per-
sonalized activity summaries. After sensing data from at
least one biometric sensor 145 and at least one motion sensor
14a and processing the sensed data to generate at least one
activity parameter and at least one biometric parameter
(block 610), the system 700 assesses the activity to identify
and/or quantify the activity (block 620). The system 700
then determines the cadence of the identified activity (block
630). In one exemplary embodiment, the APC 720 may
process the physical activity parameter of the peak motion
frequency and determine the cadence of the activity based
on some multiple of the peak frequency that correlates best
with the identified activity. The system may then process
biometric data (e.g., one or more biometric parameters) and
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cadence data over a period of time to estimate the intensity
of the activity, (block 640), and store and/or communicate a
summary of the activity (block 650). FIG. 18 shows data
from a real-life example of this system 700 in action. In
particular, FIG. 18 shows a graph of actions/minute (e.g., a
heart rate beats per minute and a cadence) vs. time (in
minutes) for a user wearing a PPG-based heart rate monitor
at the ear. In the example of FIG. 18, the user was perform-
ing “dips” (a triceps exercise). By processing sensor read-
ings from the sensors 14a, 14b, the system 700 was able to
generate time-dependent heart rate and activity information.
In this particular example, the APC 720 identified that the
activity was not jogging or cycling, e.g., by using threshold
comparisons (as described earlier), and so the APC 720
interpreted the time-dependent accelerometer signals as a
cadence of exercise repetitions, e.g. “dip” repetitions, and
not footsteps. This distinction is important, as the peak
frequency of the motion signal associated with a repetition
exercise may be a multiple of the actual cadence, depending
on how the motion signal is processed, and in some cases the
cadence may be a multiple of the peak frequency of the
motion signal. For example, if the compression and relax-
ation cycles generate similar motion signals, then the peak
frequency of the motion signal may be twice that of the
actual exercise cadence. In this case, the system 700 divides
the peak frequency by two to determine the true cadence.
After identifying the true cadence of the activity, the data
may be stored and/or presented to the user, e.g., via a visual
display (as shown in FIG. 18). Further, by counting the
number of peaks in the heart rate signal, the APC 720 is able
to determine the number of sets (the number of times the
user began a period of repetitions). In the example of FIG.
18, there are three peaks in the heart rate signal, and thus the
user did three sets. Also, the APC 720 may determine the
number of repetitions by, e.g., integrating the time-depen-
dent cadence reading over time. It should also be noted that
the intensity of each set (in terms of user energy expenditure
per set) may be approximated by factoring the heart rate,
cadence, and/or a function of the heart rate and cadence for
each set. One exemplary method determines the intensity of
each set by integrating the heart rate and the step rate over
time, and multiplying the products of these two integrals for
each set. Another exemplary method combines these two
integrals into a regression equation, where each integral is
multiplied by a coeflicient and the products are summed
together and correlated with an intensity benchmark sensor
(e.g., gas-exchange analysis used in an indirect calorimeter).

[0093] A few important points should be mentioned about
the method 600 of FIG. 17. First, the method may optionally
employ user input regarding the physical activity performed.
The system 700 may use this user input to directly determine
the activity being performed by the user, or to facilitate the
determination of the activity being performed (block 620).
As noted herein, the user input is not required, but it may
improve the accuracy of the activity interpretation, and thus
may improve the accuracy of the cadence determination
since the appropriate motion frequency-to-cadence multi-
plier (e.g., YaxlIx, ¥2x, 2x, etc.) may be determined, as
previously described. For example, there may be a user
interface (audible, touch-based, visual, etc.) for the user to
communicate the type of activity being performed. In a
specific example, the user may vocalize the activity being
performed via a smart device, e.g., an audio headset (as in
the particular example of FIG. 18, where the audio headset
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and sensor(s) 14 are integrated together) or a mobile or fixed
remote device (e.g., a wearable computer, digital music
player, mobile phone, router, cloud server, camera, etc.), that
is in wired or wireless communication with the wearable
sensor(s) 14. The smart device may comprise voice recog-
nition algorithms for processing vocal information and inter-
preting that the user is beginning to perform an exercise.
Similarly, the user may input the activity information into a
mobile device via a touchscreen or the like.

[0094] Second, although the described method 600 was
exemplified with an earbud used as the sensor housing
form-factor, the described embodiments broadly apply to
any wearable form-factor (e.g., wristbands, armbands, leg
bands, rings, jewelry, clothing, headbands, patches, smart
tattoos, etc.) that comprise a biometric sensor 146 and a
motion sensor 14a (though the embodiments described
herein are especially suited for any sensor employing both
PPG and accelerometry). The key difference with different
form-factors is that the peak motion frequency-to-cadence
conversion ratio may be different depending on the location
on the body where the user is wearing the device, as different
harmonics may be introduced into the motion signal depend-
ing on the location of the motion sensor 14a on the body.

[0095] Third, the processing steps may be performed by
the processing circuit 710, the APC 720, or a combination of
both (e.g., via distributed processing). In the particular
example of FIG. 18, the system 700 was set in a “running”
mode,” such that the peak frequency was originally assumed
to be a running cadence. The processing circuit 710 on the
PPG earbud generated the heart rate and “running cadence”
information, but the APC 720 determined the physical
activity type (e.g.. dips) via processing the signal output by
the motion sensor 14a, and then applied the appropriate
multiplier to the “running cadence” frequency (e.g., the peak
motion frequency) in order to determine the correct exercise
cadence, e.g., the dips cadence. However, in some embodi-
ments, the processing step for determining a cadence value
may follow the processing step for determining the activity
type. Also, in some embodiments, either the processing
circuit 710 or the APC 720 may execute the entire method
600 alone, without distributing the processing steps.

[0096] Various elements disclosed herein are described as
some kind of circuit, e.g., a parameter circuit, peak fre-
quency circuit, frequency comparison circuit, cadence pro-
cessor circuit, power circuit, power comparison circuit, user
input circuit, threshold processor circuit, motion processing
circuit, biometric processing circuit, noise processing cit-
cuit, assessment processing circuit, etc. Each of these cir-
cuits may be embodied in hardware and/or in software
(including firmware, resident software, microcode, etc.)
executed on a controller or processor, including an applica-
tion specific integrated circuit (ASIC). Further, while the
figures show these circuits as being separate circuits opet-
ating in communication with each other, one or more of the
circuits, e.g., the motion processing circuit, biometric pro-
cessing, circuit, and noise processing circuit, may be imple-
mented on a single circuit, e.g., a single microprocessor
circuit.

[0097] The present invention may, of course, be carried
out in other ways than those specifically set forth herein
without departing from essential characteristics of the inven-
tion. The present embodiments are to be considered in all
respects as illustrative and not restrictive, and all changes
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coming within the meaning and equivalency range of the
appended claims are intended to be embraced therein.

What is claimed is:

1. An assessment generation system configured to deter-
mine a blood pressure of a user using a photoplethysmog-
raphy (PPG) sensor and a motion sensor comprised in a
device disposed proximate at least some skin of the user
such that at least the PPG sensor contacts a user’s skin, the
assessment generation system comprising a processing cir-
cuit configured to:

screen motion data from the motion sensor to determine
an integrity of PPG data from the PPG sensor;

buffer the PPG data from the PPG sensor, wherein at least
some of the buffered PPG data has integrity as deter-
mined responsive to the motion data;

generate a PPG waveform from the buffered PPG data;
and

process the PPG waveform using a machine learning
model to generate the blood pressure of the user.

2. The assessment generation system of claim 1 wherein
the device comprises an ear-worn device, and wherein the
PPG sensor comprised in the ear-worn device contacts a
user’s ear skin.

3. The assessment generation system of claim 1 wherein
the processing circuit screens the data from the motion
sensor by determining whether a user cadence is below a
threshold to determine the integrity of the data from the PPG
Sensor.

4. The assessment generation system of claim 1 wherein
the processing circuit is configured to generate the PPG
waveform from an average pulse shape generated using the
buffered PPG data.

5. The assessment generation system of claim 4 wherein
the processing circuit is configured to generate the average
pulse shape by averaging a spline representation of each of
the buffered PPG data to generate an average spline repre-
sentation.

6. The assessment generation system of claim 4 wherein
the processing circuit is further configured to generate the
PPG waveform by computing at least one of an integral of
the average pulse shape and a derivative of the average pulse
shape.

7. An ear-worn device configured to determine a blood
pressure of a user, the ear-worn device comprising:

a motion sensor;

a photoplethysmography (PPG) sensor disposed proxi-
mate at least some skin of the user such that at least the
PPG sensor contacts a user’s skin; and

a processing circuit configured to:
screen motion data from the motion sensor to determine

an integrity of PPG data from the PPG sensor;
process the PPG data from the PPG sensor, wherein at
least some of the processed PPG data has integrity as
determined responsive to the motion data, to gener-
ate a PPG waveform from the PPG data; and
process the PPG waveform using a machine learning
model to generate the blood pressure of the user.

8. The ear-worn device of claim 7 wherein the processing
circuit screens the data from the motion sensor by deter-
mining whether a user cadence is below a threshold to
determine the integrity of the data from the PPG sensor.

9. The ear-worn device of claim 7 wherein the processing
circuit is configured to generate the PPG waveform from an
average pulse shape generated from the processed PPG data.
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10. The ear-worn device of claim 9 wherein the process-
ing circuit is configured to generate the average pulse shape
by averaging a spline representation of each of the processed
PPG data to generate an average spline representation.

11. The ear-worn device of claim 9 wherein the processing
circuit is further configured to generate the PPG waveform
by computing at least one of an integral of the average pulse
shape and a derivative of the average pulse shape.

12. An assessment generation system for a wearable
device, the assessment generation system comprising:

a motion sensor configured to generate a motion signal

output;

a biometric sensor configured to generate a biometric
signal output;

a signal extraction processing circuit configured to pro-
cess information from the motion signal output and
information from the biometric signal output to attenu-
ate motion information from the biometric signal out-
put to generate a cleaner biometric signal output with
reduced noise; and

an assessment processing circuit, comprising a neural
network, configured to determine a blood pressure
characteristic for the user from the cleaner biometric
signal.
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