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TECHNIQUES FOR JOINTLY CALIBRATING
LOAD AND AEROBIC CAPACITY

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims priority to and the benefit
of U.S. Provisional Patent Application No. 62/311,479, filed
on Mar. 22, 2016, the disclosure of which is incorporated
herein by reference in its entirety.

FIELD OF THE INVENTION

[0002] The present disclosure relates generally to improv-
ing metabolic equivalent (MET) prediction and tracking
and, more particularly, to techniques for jointly calibrating
load and VO,max.

BACKGROUND

[0003] An individual’s health or fitness can be assessed
from the perspective of energy expenditure over time. Two
techniques for estimating energy expenditure, or calorie
burn, are described in the art. The first is based on measuring
the physiologic and metabolic responses to exercise, while
the second is based on measuring the physical work the body
performs moving a defined load, or resistance, through
space.

[0004] Physiological estimates of energy expenditure are
most commonly based on heart rate. During moderate to
vigorous exercise, heart rate is correlated with energy expen-
diture. At a macroscopic level, an individual’s heart rate
indicates how quickly the individual’s body is delivering
oxygen to vital organs and tissues, which consume the
oxygen through oxidative cellular metabolism. The heart
pumps blood through the lungs, where red blood cells absorb
oxygen from the lungs. This oxygen-rich blood returns to the
heart, from which it is pumped through blood vessels that
distribute the blood throughout the body to its organs and
tissues. Tissues absorb oxygen carried by the blood and use
the oxygen in chemical reactions of oxidative metabolism,
also known as aerobic metabolism, to provide energy for
biological functions.

[0005] The rate at which an individual body consumes
oxygen at a given point in time is referred to as the
volumetric flow of oxygen into the tissues of the body, also
known as “oxygen exchange rate,” “oxygen uptake rate,” or
simply VO, (e.g., liters of oxygen per minute). Controlling
for differences in body size, VO, is often reported for a given
individual in terms of oxygen volume at standard tempera-
ture and pressure per unit of time per unit of body mass (e.g.,
ml/kg/min).

[0006] Specifically, VO, measures the overall rate at
which the body is engaged in oxidative metabolism. VO,
during various physical activities—and, consequently,
energy expenditure during those physical activities—varies
from individual to individual. In a laboratory setting, it may
be possible to use indirect calorimetry (e.g., with a face
mask that measures the rate of oxygen consumption and rate
of carbon dioxide production), to measure an individual’s
aerobic capacity, also known as maximum VO,, or simply
“VO,max.” VO, max is the highest rate of oxygen exchange
that an individual can sustain.

[0007] In addition to VO,max, several other parameters
are used to estimate an individual’s energy expenditure at a
given heart rate. Maximum heart rate (HR ) and resting
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heart rate (RHR) are two such examples. An individual’s
heart rate generally will not exceed a maximum value, and,
during exercise, the individual will reach this heart rate at
their maximum energy output. Similarly, the resting heart
rate is the value obtained when the user is completely at rest,
and corresponds to an energy expenditure equal to that
needed to sustain only basic physiological processes. Heart
rates between RHR and HR, . are achieved at energy
expenditures between these two extremes.

[0008] Most forms of aerobic exercise involved the repeti-
tive application of muscular forces against a combination of
intrinsic or extrinsic resistance forces (collectively, the
load). For example, running involves repetitive gait cycles in
which physical work is performed to accelerate the legs/
arms around their respective joints (intrinsic load) while also
propelling the body’s center of mass against the resistive
forces of air drag and gravity (extrinsic load). An alternative
method of measuring energy expenditure therefore involves
measuring the rate at which physical work is performed
against a known or implied load.

[0009] Since the two general methods of energy expendi-
ture should be equal over sufficiently long time scales,
combinations of the two methods can be used to calibrate an
unknown parameter. For example, during outdoor running
where work rate can be accurately measured and internal
resistive forces assumed constant, heart rate measurements
can be used to calibrate a user’s unknown VQO,max. Con-
versely, for user’s with a known VO,max exercising against
a variable resistance, work rate measurements may be used
to infer the unknown load.

[0010] A problem with existing methods 1s that load and
VO,max are never perfectly known; therefore, existing
calibration methods introduce bias by ignoring the effect of
uncertainty in the value of one assumed parameter on the
estimation of the other parameter. In addition, the require-
ment that either load or VO,max be known in advance limits
the application of these calibration methods to specific users
and specific exercise scenarios.

SUMMARY

[0011] The present disclosure relates to methods and sys-
tems for jointly calibrating both a load of exercise and a
user’s VO,max, applicable to a broad range of exercising
scenarios.

[0012] In some embodiments, a method for jointly cali-
brating both a load of exercise and a user’s aerobic capacity
can comprise determining a prior probability distribution of
the load of exercise and a prior probability distribution of the
user’s aerobic capacity by a processor circuit of a device.
The processor circuit may compute a joint prior probability
of the load of exercise and the user’s aerobic capacity based
on the prior probability distribution of the load of exercise
and the prior probability distribution of the user’s aerobic
capacity.

[0013] In some embodiments, the method can comprise
measuring a time-stamped work rate by one or more motion
sensors of the device. The method may comprise measuring
a time stamped heart rate by one or more heart rate sensors
of the device. The processor circuit may compute a joint
likelihood of the load of exercise and the user’s aerobic
capacity based on the measured time-stamped work rate and
the measured time-stamped heart rate.

[0014] In some embodiments, the processor circuit may
combine the joint prior probability and the joint likelihood
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to produce a joint posterior probability. The processor circuit
may determine a relationship relating the load of exercise
and the user’s aerobic capacity based on the joint posterior
probability.

[0015] In some embodiments, the method may comprise
determining an exercise type by the processor circuit. The
processor circuit can use the exercise type to determine the
prior probability distribution of the load of exercise. The
processor circuit can represent the prior probability distri-
bution of the load of exercise by a distribution with a
normalized variance and a mean based off the exercise type.
[0016] In some embodiments, the method may comprise
determining user biometrics by the processor circuit. The
processor circuit can use the user biometrics to determine
the prior probability distribution of the user’s aerobic capac-
ity. The processor circuit may represent the prior probability
distribution of the user’s aerobic capacity by a distribution
with a normalized variance and a mean based off the user
biometrics.

[0017] In some embodiments, the method may comprise
determining a likelihood of an observation associated with
the load of exercise and a likelihood of an observation
associated with the user’s aerobic capacity by the processor
circuit. The processor circuit may compute the joint likeli-
hood for the load of exercise and the user’s aerobic capacity
based on the likelihood of the observation associated with
the load of exercise and the likelihood of the observation
associated with the user’s aerobic capacity. The processor
circuit may determine the likelihood of the observation
associated with the load of exercise by calculating a mean
and a variance based on the time-stamped work rate.
[0018] In some embodiments, a system for jointly cali-
brating both a load of exercise and a user’s aerobic capacity
may comprise one or more motion sensors configured to
execute instructions causing the one or more motion sensors
to measure parameters used to generate a time-stamped
work rate and one or more heart rate sensors configured to
execute instructions causing the one or more heart rate
sensors to measure a time-stamped heart rate. The system
may comprise a processor circuit coupled to the one or more
motion sensors and the one or more heart rate sensors and
configured to execute instructions causing the processor
circuit to determine a prior probability distribution of the
load of exercise, determine a prior probability distribution of
the user’s aerobic capacity, and compute a joint prior prob-
ability of the load of exercise and the user’s aerobic capacity
based on the prior probability distribution of the load of
exercise and the prior probability distribution of the user’s
aerobic capacity. The instructions may further cause the
processor circuit to compute a joint likelihood of the load of
exercise and the user’s aerobic capacity based on the mea-
sured time-stamped work rate and the measured time-
stamped heart rate, and combine the joint prior probability
and the joint likelihood to produce a joint posterior prob-
ability. The instructions may further cause the processor
circuit to determine a relationship relating the load of
exercise and the user’s aerobic capacity based on the joint
posterior probability. The relationship may be linear in some
embodiments, including some examples discussed herein. In
other embodiments, the relationship may be a direct rela-
tionship that is not necessarily linear.

[0019] In some embodiments, a mobile device for jointly
calibrating both a load of exercise and a user’s aerobic
capacity may comprise one or more motion sensors config-
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ured to execute instructions causing the one or more motion
sensors to measure a time-stamped work rate and one or
more heart rate sensors configured to execute instructions
causing the one or more heart rate sensors to measure a
time-stamped heart rate. The mobile device may comprise a
processor circuit coupled to the one or more motion sensors
and the one or more heart rate sensors and configured to
execute instructions causing the processor circuit to deter-
mine a prior probability distribution of the load of exercise,
determine a prior probability distribution of the user’s
aerobic capacity, and compute a joint prior probability of the
load of exercise and the uset’s aerobic capacity based on the
prior probability distribution of the load of exercise and the
prior probability distribution of the user’s aerobic capacity.
The instructions may further cause the processor circuit to
compute a joint likelihood of the load of exercise and the
user’s aerobic capacity based on the measured time-stamped
work rate and the measured time-stamped heart rate, and
combine the joint prior probability and the joint likelihood
to produce a joint posterior probability. The instructions may
further cause the processor circuit to determine a relation-
ship relating the load of exercise and the user’s aerobic
capacity based on the joint posterior probability.

[0020] Other features and advantages will become appar-
ent from the following detailed description and drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0021] In order to facilitate a fuller understanding of the
present disclosure, reference is now made to the accompa-
nying drawings, in which like elements are referenced with
like numerals. These drawings should not be construed as
limiting the present disclosure, but are intended to be
illustrative only.

[0022] FIG. 1 shows a fitness tracking device in accor-
dance with an embodiment of the present disclosure.
[0023] FIG. 2 depicts a block diagram of a fitness tracking
device in accordance with an embodiment of the present
disclosure.

[0024] FIG. 3 shows a companion device in accordance
with an embodiment of the present disclosure.

[0025] FIG. 4 shows a calorimetry method in accordance
with an embodiment of the present disclosure.

[0026] FIG. 5 depicts a calibration method for determining
a value for the HR, _ parameter in accordance with an
embodiment of the present disclosure.

[0027] FIG. 6 shows a calibration method for determining
a value for the RHR parameter in accordance with an
embodiment of the present disclosure.

[0028] FIG. 7 shows a calibration method for collecting
heart rate measurements in accordance with an embodiment
of the present disclosure.

[0029] FIG. 8 is a flowchart showing estimation of METS
using heart rate based calorimetry, according to some
embodiments of the present disclosure.

[0030] FIG. 9 is a flowchart showing estimation of METS
using work rate based calorimetry, according to some
embodiments of the present disclosure.

[0031] FIG. 10 is a flowchart showing a joint estimation of
load and VO,max, according to some embodiments of the
present disclosure.

[0032] FIG. 11Ais a graph of prior over VO,max, accord-
ing to some embodiments of the present disclosure.

[0033] FIG. 11B is a graph of prior over of load, according
to some embodiments of the present disclosure.
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[0034] FIG. 11C is a graph of a joint prior, according to
some embodiments of the present disclosure.

[0035] FIG. 11D is a graph of posterior over VO,max,
according to some embodiments of the present disclosure.
[0036] FIG. 11E is a graph of posterior over of load,
according to some embodiments of the present disclosure.
[0037] FIG. 11F is a graph of joint posterior, according to
some embodiments of the present disclosure.

DETAILED DESCRIPTION

[0038] There is growing interest to assess and monitor
one’s health or fitness and physical activity. The present
disclosure describes a fitness tracking device that may be
configured to provide an accurate, individualized quantifi-
cation of load and VO, max over time and across a variety
of activities. The device may implement sophisticated calo-
rimetry techniques based on empirical models and sophis-
ticated algorithms that may use motion data, heart rate data,
or a weighted combination of both motion data and heart rate
data.

[0039] Fitness Tracking Devices

[0040] FIG. 1 shows an example of a fitness tracking
device 100 in accordance with an embodiment of the present
disclosure. In some embodiments, the fitness tracking device
100 may be a wearable device, such as a watch configured
to be worn around an individual’s wrist. As described in
more detail below, the fitness tracking device 100 may be
calibrated according to physical attributes of the individual
and physical activity by the individual user who is wearing
the fitness tracking device 100, including, for example, heart
rate statistics, steps counts, or frequency of exercise.
[0041] FIG. 2 depicts a block diagram of example com-
ponents that may be found within the fitness tracking device
100 in accordance with an embodiment of the present
disclosure. These components may include a heart rate
sensing module 210, a motion sensing module 220, a display
module 230, and an interface module 240.

[0042] The heart rate sensing module 210 may include or
may be in communication with a photoplethysmogram
“PPG” sensor. The fitness tracking device 100 can measure
an individual’s current heart rate from the PPG. The heart
rate sensor may also be configured to determine a confidence
level indicating a relative likelihood of an accuracy of a
given heart rate measurement. In other embodiments, a
traditional heart rate monitor may be used and may com-
municate with the fitness tracking device 100 through a near
field communication method (e.g., Bluetooth). In some
embodiments, the heart rate sensor can include or be opet-
ably connected to a timing device, such that the measured
heart rate values are time-stamped.

[0043] The fitness tracking device 100 may include an
LED and a photodiode or the equivalent to obtain a PPG.
The fitness tracking device 100 may subsequently determine
the user’s current heart rate based on the PPG data.

[0044] To conserve battery power on the fitness tracking
device 100, the LED may be a relatively low-power LED,
such as a green LED. In some embodiments, to further
conserve power on the fitness tracking device 100, the
fitness tracking device 100 may be configured to check heart
rate at periodic intervals (e.g., once per minute, or once per
three minutes). The period for checking heart rate may
change dynamically. For example, if the fitness tracking
device 100 automatically detects or receives input from the
user that the user is engaged in a certain level, intensity, or
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type of physical activity (e.g., “in session”), the fitness
tracking device may check heart rate more frequently (e.g.,
once per five seconds, once per minute, etc.). The fitness
tracking device 100 may use, for example, machine learning
techniques, battery power monitoring, or physical activity
monitoring to balance the frequency of heart rate samples
for accurate calorimetry with power optimization.

[0045] In addition to the heart rate sensing module 210,
the fitness tracking device 100 may also include the motion
sensing module 220. The motion sensing module 220 may
include one or more motion sensors, such as an accelerom-
eter or a gyroscope. In some embodiments, the accelerom-
eter may be a three-axis, microelectromechanical system
(MEMS) accelerometer, and the gyroscope may be a three-
axis MEMS gyroscope. A microprocessor (not shown) or
motion coprocessor (not shown) of the fitness tracking
device 100 may receive motion information from the motion
sensors of the motion sensing module 220 to track accel-
eration, rotation, position, or orientation information of the
fitness tracking device 100 in six degrees of freedom
through three-dimensional space.

[0046] In some embodiments, the motion sensing module
220 may include other types of sensors in addition to
accelerometers and gyroscopes. For example, the motion
sensing module 220 may include an altimeter or barometer,
or other types of location sensors, such as a GPS sensor.
[0047] In some embodiments, the fitness tracking device
100 may take advantage of the knowledge that the heart rate
sensing module 210 and the motion sensing module 220 are
approximately co-located in space and time to combine data
from each module 210 and 220 to improve the accuracy of
its calorimetry functionality. Depending on the current activ-
ity and a determination of a confidence of current heart rate
and motion data, the fitness tracking device 100 may also
rely on one, or a combination, of a heart rate or a motion-
derived work rate to estimate energy expenditure more
accurately.

[0048] The fitness tracking device 100 may also include a
display module 230. Display module 230 may be a screen,
such as a crystalline (e.g., sapphire) or glass touchscreen,
configured to provide output to the user as well as receive
input form the user via touch. For example, display 230 may
be configured to display a current heart rate or a daily
average energy expenditure. Display module 230 may
receive input from the user to select, for example, which
information should be displayed, or whether the user is
beginning a physical activity (e.g., starting a session) or
ending a physical activity (e.g., ending a session), such as a
running session or a cycling session. In some embodiments,
the fitness tracking device 100 may present output to the user
in other ways, such as by producing sound with a speaker
(not shown), and the fitness tracking device 100 may receive
input from the user in other ways, such as by receiving voice
commands via a microphone (not shown).

[0049] In some embodiments, the fitness tracking device
100 may communicate with external devices via interface
module 240, including a configuration to present output to a
user or receive input from a user. Interface module 240 may
be a wireless interface. The wireless interface may be a
standard Bluetooth (IEEE 802.15) interface, such as Blu-
etooth v4.0, also known as “Bluetooth low energy.” In other
embodiments, the interface may operate according to a
cellphone network protocol such as LTE or a Wi-Fi (IEEE
802.11) protocol. In other embodiments, interface module
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240 may include wired interfaces, such as a headphone jack
or bus connector (e.g., Lightning, Thunderbolt, USB, etc.).
[0050] The fitness tracking device 100 may be configured
to communicate with a companion device 300 (FIG. 3), such
as a smartphone, as described in more detail herein. In some
embodiments, the fitness tracking device 100 may be con-
figured to communicate with other external devices, such as
a notebook or desktop computer, tablet, headphones, Blu-
etooth headset, etc.

[0051] The modules described above are examples, and
embodiments of the fitness tracking device 100 may include
other modules not shown. For example, the fitness tracking
device 100 may include one or more microprocessors (not
shown) for processing heart rate data, motion data, other
information in the fitness tracking device 100, or executing
instructions for firmware or apps stored in a non-transitory
processor-readable medium such as a memory module (not
shown). Additionally, some embodiments of the fitness
tracking device 100 may include a rechargeable battery (e.g.,
a lithium-ion battery), a microphone or a microphone array,
one or more cameras, one or more speakers, a watchband, a
crystalline (e.g., sapphire) or glass-covered scratch-resistant
display, water-resistant casing or coating, etc.

[0052] FIG. 3 shows an example of a companion device
300 in accordance with an embodiment of the present
disclosure. The fitness tracking device 100 may be config-
ured to communicate with the companion device 300 via a
wired or wireless communication channel (e.g., Bluetooth,
Wi-Fi, etc.). In some embodiments, the companion device
300 may be a smartphone, tablet, or similar portable com-
puting device. The companion device 300 may be carried by
the user, stored in the user’s pocket, strapped to the user’s
arm with an armband or similar device, placed on a table, or
otherwise positioned within communicable range of the
fitness tracking device 100.

[0053] The companion device 300 may include a variety
of sensors, such as location and motion sensors (not shown).
When the companion device 300 may be optionally avail-
able for communication with the fitness tracking device 100,
the fitness tracking device 100 may receive additional data
from the companion device 300 to improve or supplement
its calibration or calorimetry processes. For example, in
some embodiments, the fitness tracking device 100 may not
include a GPS sensor as opposed to an alternative embodi-
ment in which the fitness tracking device 100 may include
a GPS sensor. In the case where the fitness tracking device
100 may not include a GPS sensor, a GPS sensor of the
companion device 300 may collect GPS location informa-
tion, and the fitness tracking device 100 may receive the
GPS location information via interface module 240 (FIG. 2)
from the companion device 300.

[0054] In another example, the fitness tracking device 100
may not include an altimeter, as opposed to an alternative
embodiment in which the fitness tracking device 100 may
include an altimeter. In the case where the fitness tracking
device 100 may not include an altimeter or barometer, an
altimeter or barometer of the companion device 300 may
collect altitude or relative altitude information, and the
fitness tracking device 100 may receive the altitude or
relative altitude information via interface module 240 (FIG.
2) from the companion device 300.

[0055] In some embodiments, exercise type and user bio-
metrics can be received by either the fitness tracking device
100 or the companion device 300. Exercise type can refer to
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any form of aerobic activity, including but not limited to
running, walking, biking, swimming, dancing, etc. User
biometrics can include a user’s age, gender, height, and
weight. In some embodiments, the fitness tracking device
100 may determine the user’s age based on the user’s
birthday or birth year in comparison to a current date or year.
As time passes and the user ages, the fitness tracking device
100 may automatically increase the age value at input and
may automatically estimate a new HR ___ for the user.
Gender, height, and weight may be inputted manually by the
user or obtained from external sensors or databases, such as
a wireless-enabled scale or an electronic health record. The
fitness tracking device 100 and the companion device 300
can receive the exercise type and user biometrics by at least
one of user input through interface module 240, or from a
database attached locally or through a communications
channel. Biometrics can also be added from the companion
device.

[0056] Heart Rate-Based Determination of Energy Expen-
diture
[0057] As explained in more detail below with respect to

FIGS. 4-7, measured hean rate, as well as user biometrics,
can be used to determine VO,max, and subsequently energy
expenditure (also referred to herein as METs).

[0058] Forexample, and as explained above, an individual
exhibits a correlation between heart rate (varying between
the individual’s resting heart rate RHR and maximum heart
rate HR,,,.) and VQ, (up to the individual’s aerobic capac-
ity, or VO,max). Thus, there is also a correlation between
heart rate and energy expenditure. Additionally, VO, is
linked to a user’s aerobic power output based on the user’s
metabolic rate, which may also vary from one individual to
the next. Metabolic rate may be expressed in Metabolic
Equivalents of Task, or METs. METs indicates how many
calories a “typical” individual burns per unit of body mass
per unit of time. An individval’s RHR is also referred to
herein as a minimum heart rate HR,, .. Resting heart rate is
the heart rate obtained in a specific resting protocol, while
the minimum heart rate is the minimum heart rate observed.
Except for disease states (such as abnormal heart rhythms),
these can safely assumed to be equal.

[0059] If the user’s weight is known, and the user under-
goes testing to measure the user’s maximum heart rate and
VO, max, a device may be able to construct an individual-
ized model of energy expenditure for a given heart rate.

[0060] In situations such as laboratory testing, it may be
possible to test and measure a user’s VO, max and maximum
heart rate (“HR,,,,”). With these predetermined values, a
device may be able to estimate energy expenditure more
accurately based on a user’s current heart rate during mod-
erate to high-intensity physical activity or exercise. Without
laboratory testing (e.g., testing based on indirect calorim-
etry), VO,max and HR___ may be estimated with other
methods, such as submaximal exercise testing or non-exer-
cise testing. For example, HR,,,,, may be estimated based on
the user’s age. In some embodiments, if a heart rate greater
than the age-predicted HR , _ 1is observed, then the device
may update the estimate of HR,,,. to use the higher,
observed heart rate. In some embodiments, the device may
determine whether to use an age-based estimate or a higher
observed heart rate based on a confidence level for the heart
rate measurement or whether the higher observed heart rate
was sustained for a threshold period of time.
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[0061] An individual’s current heart rate (HR) as it com-
pares to the range of an individual’s heart rate from resting
heart rate RHR (e.g., HR,,,,, or HR_,..,) and maximum heart
rate HR,, . may be expressed as a value called “Fraction of
Heart Rate Reserve” (FHR):

FHR=(HR,,, ~HR)/(HR,,..~RHR) (Eq. 1)

[0062] FHR may range from O to 1 for any individual.
When an individual’s FHR is close to 0, it indicates that the
user’s heart rate HR is close to the individual’s maximum
heart rate. Similarly, when an individual’s FHR is close to 1,
it indicates that the individual’s heart rate is close to the
individual’s resting heart rate (e.g., HR ,,, or HR ,...). Thus,
for example, if the individual’s FHR is less than 0.5, the
user’s heart rate is closer to maximum heart rate than to
resting heart rate.

[0063] One method of determining energy expenditure
(FE) may be determined using a calorimetry model with a
parameterized function of FHR:

EE=VO,max-f(FHR) (Eq. 2)

[0064] The function f(FHR) may be an approximately
sigmoidal nonlinearity. When FHR=0, f(0) may equal 1.
F(1) may equal 0, or a fractional margin above 0 (e.g.,
approximately 0.1, 0.2, or 0.3). The slope of the function
f(FHR) may be approximately 1 (i.e., the “unity” slope) for
a range of FHR, such as when FHR=[0, 0.5], or FHR=[0,
0.6]. In other embodiments, other definitions for f(FHR)
may be used, including other minimum and maximum
values, or other slopes, including other regions or ranges of
FHR for which the function’s slope equals 1 or approxi-
mately 1.

[0065] Theuser’s resting heart rate (RHR), which, in some
embodiments, may be represented as the user’s minimum
heart rate (HR,,;, or HR;) may be observed by the device as
well or adjusted if even lower measurements are observed.
In some embodiments, RHR may be represented by the
user’s heart rate at the onset of an exercise session (HR ,,..,),
which may be higher than the user’s HR,,;,, under certain
circumstances, such as when the user has recently finished
a prior exercise session. In some instances, as described in
greater detail below, the calorimetry model may be more
accurate when HR_,, , is used as the value of the RHR
parameter instead of HR ;.

[0066] FIG. 4 shows a calorimetry method 400 using
VO2max and heart rate, in accordance with an embodiment
of the present disclosure. Fitness tracking device 100, com-
panion device 300, or a combination thereof may perform
calorimetry method 400. In the following example, fitness
tracking device 100 performs the method. calorimetry
method 400 may begin at block 410.

[0067] At block 410, fitness tracking device 100 may
sense the user’s current heart rate (HR). In some embodi-
ments, the user’s heart rate may be sensed using the heart
rate sensing module 210 of the fitness tracking device 100.
The user’s heart rate may be provided as input to block 420.
[0068] At block 420, fitness tracking device 100 may
determine the user’s current Fraction of Heart Rate Reserve
(FHR). In some embodiments, the user’s current FHR may
be determined according to Eq. 1, which is a function of
heart rate (HR), parameterized by HR ,__and RHR. In some
embodiments, the value of the HR,,, parameter may be
provided by HR,, . input 430, and the value of the RHR
parameter may be provided by RHR input 440. Inputs 430
and 440 may be retrieved from a memory of the fitness
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tracking device 100. Inputs 430 and 440 may be represented
by default values or values that were previously calibrated
for the user using various techniques described herein. In
some embodiments, one or more of inputs 430 and 440 may
be measured, calibrated, or otherwise determined during the
execution of calorimetry method 400. The user’s FHR may
be provided as input to block 450.

[0069] At block 450, fitness tracking device 100 may
determine the user’s current rate of energy expenditure. In
some embodiments, the user’s current rate of energy expen-
diture may be determined by a calorimetry model according
to Eq. 2, which is a function of FHR, parameterized by
VO,max. In some embodiments, the value of the VO, max
parameter may be provided by VO,max input 460. Input 460
may be represented by a default value or a value that was
previously calibrated for the user. The determined rate of
energy expenditure may be stored in a memory of the fitness
tracking device 100, output to another process, or otherwise
aggregated within calorimetry method 400.

[0070] In some embodiments, calorimetry method 400
may return to block 410, repeating the determination of
energy expenditure for the user’s current heart rate at
subsequent points in time until the user or another process of
the fitness tracking device 100 halts or pauses calorimetry
method 400.

[0071] FIGS. 5 and 6 depict methods for determining
values for HR . and HR,,;, that can be used in methods
depicted in FIG. 4, FIG. 6, and FIG. 7. Fitness tracking
device 100, companion device 300, or a combination thereof
may perform methods depicted in FIG. 4, FIG. 6, and FIG.
7. In the following examples, fitness tracking device 100
performs the methods.

[0072] FIG. 5 depicts a calibration method 500 for deter-
mining a value for the HR, ,parameter in accordance with
an embodiment of the present disclosure. The calibration
method 500 may begin at block 510.

[0073] At block 510, fitness tracking device 100 may
determine a value for the user’s HR,, ... In some embodi-
ments, the user’s HR, may be determined according to the
following equation (Eq. 3):

HR,,,,=A4-B(age) (Eq. 3)

[0074] Eq. 3 describes the inverse relationship between a
user’s maximum heart rate HR . and the user’s age—as the
user gets older, the user’s maximum heart rate decreases.
Fitness tracking device 100 may select values for constants
A and B in Eq. 3 to estimate the user’s HR .. For example,
A may equal 200, or 205, or 210, etc., and B may equal 0.9,
0.8, 0.7, efc.

[0075] Fitness tracking device 100 may receive biometric
data about the user at input 520. In some embodiments,
biometric data may include the user’s age. In some embodi-
ments, the fitness tracking device 100 may determine the
user’s age based on the user’s birthday or birth year in
comparison to a current date or year. As time passes and the
user ages, the fitness tracking device 100 may automatically
increase the age value at input 520 and may automatically
determine a new HR . for the user.

[0076] In some embodiments, fitness tracking device 100
may determine the user’s HR . using previously measured
heart rate measurements 540. The previously measured heart
rate measurements may have been previously sensed at 530
using the heart rate sensing module 210 of the fitness

tracking device 100.
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[0077] The heart rate measurements 540 may be used in a
variety of techniques to predict or help predict the user’s
HR,,,.. For example, in some embodiments, the fitness
tracking device 100 may compile a list of heart rate mea-
surements 540 and apply a statistical function (or “statistical
estimator”) to select, compute, or otherwise determine a
value to use as HR,, ... For example, block 510 (or another
process of the fitness tracking device 100) may select the
maximum value from the heart rate measurements to use as
HR,, .

[0078] Another example of a statistical estimator for
HR,,,. may be to determine a percentile (e.g., the 95th
percentile, or the 98th percentile), of all of the heart rate
measurements.

[0079] Yet another statistical estimator for HR ,,  may be
to determine a percentile (e.g., the 95th percentile, or the
98th percentile), of all of the heart rate measurements that
were above a cutoff value (e.g., 100 beats per minute, or 150
beats per minute, etc.), if any.

[0080] Yet another statistical estimator for HR . may be
to determine a percentile (e.g., the 95th percentile, or the
98th percentile), of all of the heart rate measurements that
were above a threshold fraction of the user’s HR _ as
determined based on the user’s age (e.g., measurements
above 85% of the age-based HR,, ., or above 90% of the
age-based HR _, etc.), if any. In some embodiments, this
statistical estimator may establish a lower bound on
observed HR  _using the age-based HR .
[0081] Yet another statistical estimator for HR - may be
to determine a percentile (e.g., the 95th percentile, or the
98th percentile), of all of the heart rate measurements that
were below a threshold fraction of the user’s HR,, . as
determined based on the user’s age (e.g., measurements
below 110% of the age-based HR,, ., or below 115% of the
age-based HR ,_, etc.), if any. In some embodiments, this
statistical estimator may establish an upper bound on
observed HR , .. using the age-based HR .
[0082] Yet another statistical estimator for HR, , may
take into account both a lower bound and an upper bound on
observed HR,, . using the age-based HR,, ., such as using
the lower-bound and upper-bound techniques described
above.

[0083] In some embodiments, fitness tracking device 100
may determine HR . using either the user’s biometric data
at input 520 or the user’s heart rate measurements at input
540, or a combination of both inputs 520 and 540. The value
of HR,,,,. determined at block 510 may be stored, transmit-
ted, or otherwise used as the HR, _ parameter 430 in
calorimetry method 400.

[0084] FIG. 6 shows a calibration method 600 for deter-
mining a value for the RHR parameter in accordance with an
embodiment of the present disclosure. The calibration
method 600 may begin at block 610.

[0085] At block 610, fitness tracking device 100 may
determine a value for the user’'s RHR. In some embodi-
ments, RHR may be set to a default value (e.g., 70 beats per
minute, 72 beats per minute, 75 beats per minute, etc.)
[0086] In some embodiments, the user’s RHR may be
determined according to the following equation (Eq. 4):

RHR=A'HR,,, /VO,max (Eq. 4

[0087] Eq. 4 describes the relationship between a user’s
resting heart rate (RHR) and some of the user’s other
biometrics, i.e., the user’s maximum heart rate (HR ) and
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the user’s maximum rate of oxygen exchange (VO,max).
Eq. 4 predicts that a user with a relatively low ratio of HR
to VO,max may have a relatively lower RHR as well. Eq. 4
includes a scaling parameter (A) to convert the ratio of
HR,,,. to VO,max into an estimate of RHR in beats per
minute. The scaling parameter in Eq. 4 (A) may be fixed or
otherwise determined. In some embodiments, the scaling
parameter (A) may equal, for example, approximately 10,
15, 20, etc.

[0088] In some embodiments, fitness tracking device 100
may receive HR, ,parameter 430 and VO,max parameter
460 as inputs at block 610 so that RHR may be determined
based on these values using, for example, the technique
based on Eq. 4.

[0089] In some embodiments, fitness tracking device 100
may determine the user’s RHR using heart rate measure-
ments 630. Fitness tracking device 100 may have previously
sensed the heart rate measurements at 620 using the heart
rate sensing module 210 of fitness tracking device 100. In
some embodiments, the heart rate measurements 630 used to
determine RHR may include the heart rate measurements
540 used to determine HR .. In other embodiments, some
or all of the heart rate measurements 630 for RHR may have
been collected separately from the heart rate measurements
540 for HR,, ..

[0090] In some embodiments, fitness tracking device 100
may determine RHR to be the lowest value determined by
any of the previously described methods such as the default
value (e.g., 70 beats per minute), the value based on the
user’s biometrics, or one or more of the values determined
using heart rate measurements. The value of RHR deter-
mined at block 610 may be stored, transmitted, or otherwise
used as the RHR parameter 440 in calorimetry method 400.
[0091] The heart rate measurements 630 may be used in a
variety of techniques to predict or help predict the user’s
RHR. For example, in some embodiments, the fitness track-
ing device 100 may compile a list of heart rate measure-
ments 630 and apply a statistical estimator to select, com-
pute, or otherwise determine a value to use as RHR. For
example, block 610 (or another process of the fitness track-
ing device 100) may select the minimum value from the
heart rate measurements to use as RHR. This minimum
value may also be referred to as the user’s minimum heart
rate, HR ;.

[0092] Another example of a statistical estimator for RHR
may be to determine a percentile (e.g., the 95th percentile,
or the 98th percentile), of all of the heart rate measurements.
[0093] Yet another statistical estimator for RHR may be to
determine a percentile (e.g., the 95th percentile, or the 98th
percentile), of all of the heart rate measurements that were
above a cutoff value (e.g., 60 beats per minute, or 70 beats
per minute, etc.), if any.

[0094] Yet another statistical estimator for RHR may be to
determine a percentile (e.g., the 95th percentile, or the 98th
percentile), of all of the heart rate measurements that were
above a cutoff value (e.g., 60 beats per minute, or 70 beats
per minute, etc.), if any.

[0095] Yet another statistical estimator for RHR may be to
determine a percentile (e.g., the 95th percentile, or the 98th
percentile), of all of the heart rate measurements that were
below a cutoff value (e.g., 100 beats per minute, or 90 beats
per minute, etc.), if any.

[0096] Yet another statistical estimator for RHR may take
into account both a lower bound and an upper bound on
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HR,,,..,, such as by using a combination of the lower-bound
and upper-bound techniques described above.

[0097] In some embodiments, the fitness tracking device
100 may enable collection (e.g., sensing) of heart rate
measurements during a first portion of an exercise session.
For example, when a user indicates that the user is starting
an exercise session (e.g., via an interactive application
running on the fitness tracking device 100), or when the
fitness tracking device 100 detects the beginning of an
exercise session (e.g., based on heart rate dynamics or
motion data), the fitness tracking device 100 may record or
otherwise add subsequent heart rate measurements to the
heart rate measurements 630 for a period of time (e.g., for
10 seconds, 20 seconds, 30 seconds, one minute, etc.).
Fitness tracking device 100 may select the minimum value
from—or apply a different statistical estimator to—this set
of heart rate measurements to use at RHR (e.g., at block
610). For these embodiments, the minimum value may also
be referred to the heart rate at the onset of exercise (HR

[0098] In some situations, a user's HR_, ,, measured
around the time of the beginning of an exercise session, may
be higher than the user’s HR , . For example, if the user had
recently exercised earlier in the day, the user’s heart rate may
not have returned to the user’s minimum (resting) heart rate
(during a “cool down” period). Instead, HR ., may account
for a higher heart rate at the beginning of an exercise session.

[0099] In some embodiments, fitness tracking device 100
may compute HR .. during a period of time before the
beginning of an exercise session. For example, the fitness
tracking device 100 may determine that a user is about to
begin an exercise session when the user opens a fitness
tracking application. The fitness tracking device 100 may
sense or otherwise collect heart rate measurements 630 for
a period of time between the user activating the application
and subsequently indicating within the application that the
user is beginning an exercise session. In some embodiments,
some of the heart rate measurements 630 may be collected
prior to beginning an exercise session, and some of the heart
rate measurements 630 may be collected after beginning the
exercise session.

[0100] In some embodiments, fitness tracking device 100
may determine HR ., by, for example, selecting the mini-
mum value, or by computing the second percentile, of heart
rate measurements collected prior to an exercise session
(e.g., 5 minutes, 10 minutes, 15 minutes, 30 minutes, one
hour, etc. prior to beginning an exercise session).

[0101] In some embodiments, fitness tracking device 100
may determine HR ., by, for example, selecting the mini-
mum value, or by computing a percentile, of heart rate
measurements collected for a period of time (e.g., 30 min-
utes, 60 minutes, etc.) ending before the exercise session
begins (e.g., ending 10 minutes, 15 minutes, etc. before the
exercise session begins).

[0102] In some embodiments, fitness tracking device 100
may determine HR,  , using weighted sums of heart rate
measurements from a period of time, such as a period of time
45 minutes or 60 minutes before the exercise session begins.
For example, the weights may be based on the value of the
heart rate measurement relative to a fixed value, or relative
to other heart rate measurements collected during this period
of time. For another example, the weights may be based on
the time each heart measurement is taken relative to the time
that the exercise session begins. For yet another example,
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the weights may be based on a combination of the value of
the heart rate measurement and the time at which the heart
rate measurement was taken.

[0103] Fitness tracking device 100 may output a value for
the RHR parameter 440 (e.g., a default RHR, or a statisti-
cally determined value for HR,,;, or HR,,,,,) at block 510.
In some embodiments, fitness tracking device 100 using the
calorimetry method 400 (FIG. 4) may be able to determine
energy expenditure more accurately if the RHR parameter
440 is the user’s HR ., instead of the user’s HR .. In these
embodiments, fitness tracking device 100 may determine the
user’s onset heart rate (HR,,,,) and output that value as
RHR parameter 440 (e.g., at block 610). IfHR .., cannot be
obtained, or if the obtained HR .., value is determined to be
inaccurate, fitness tracking device 100 may output the user’s
HR,,, value as the RHR parameter 440 instead (e.g., at
block 510).

[0104] FIG. 7 shows a calibration method 700 for collect-
ing heart rate measurements in accordance with an embodi-
ment of the present disclosure. Several techniques for deter-
mining biometric parameters for estimating energy
expenditure (e.g.. HR,,.., RHR, etc.) include collecting
heart rate measurements using a heart rate sensor such as
heart rate sensing module 210 in fitness tracking device 100.
For example, heart rate measurements 540 (FIG. 5) may be
collected to determine HR,, ., and heart rate measurements
630 (FIG. 6) may be collected to determine RHR (e.g,,
HR,,, or HR,,.

[0105] Calibration method 700 generally begins when an
event occurs that requires or otherwise requests heart rate
measurements. Examples of these events are represented as
parts of blocks 710A-710F. Calibration method 700 may
begin at any block 710A-710F depending on which event
may be driving the request for heart rate measurements, and
then proceed to block 720.

[0106] Insome embodiments, fitness tracking device 100,
using calibration method 700, may define events specially or
exclusively for the purpose of calibrating one or more
parameters to use for estimating energy expenditure. In
some embodiments described in detail below, fitness track-
ing device 100, using calibration method 700, may oppor-
tunistically collect heart rate measurements for parameter
calibration following events when the heart rate sensor
needed to be activated for a different process.

[0107] At block 710A, calibration method 700 may begin
with a timer event. For example, as described above in
relation to collecting heart rate measurements for HR . ,, a
timer may be used to determine when the heart rate sensor
should be activated (at block 720).

[0108] In other embodiments, other processes of the fit-
ness tracking device 100 or applications running on the
fitness tracking device 100 may define a timer event (block
710A). For example, the fitness tracking device 100 may
define a timer event that triggers periodically to collect heart
rate measurements at regular intervals throughout the day.
For example, the timer may be defined to have a period of
10 minutes, 30 minutes, 1 hour, etc.

[0109] In some embodiments, this timer may activate a
“low-power” mode of the heart rate sensor (e.g., heart rate
sensing module 210) at block 720. The low-power mode
may use fewer elements (e.g., two LEDs instead of four), or
the low-power mode may use lower-power elements (e.g.,
infrared LEDs instead of colored LEDs). When the heart rate
is sensed at block 730 or when the heart rate measurement
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is collected at output 740, fitness tracking device 100 may
take into account whether the heart rate sensing module is
operating in a low-power mode. For example, heart rate
measurements taken in low-power mode may be less accu-
rate than heart rate measurements taken in a higher-power
mode (or a “normal” mode).

[0110] In some embodiments, calibration method 700 may
begin at block 710B. The fitness tracking device 100 may be
configured with a built-in exercise or fitness application.
When this app is “opened” or otherwise run, launched,
executed, or resumed, the fitness tracking device 100 may
proceed to activate the heart rate sensor at block 720 and
sense the user’s heart rate at block 730. Fitness tracking
device 100 may opportunistically collect these heart rate
measurements to be used for determining parameters used
for estimating energy expenditure.

[0111] Insome embodiments, calibration method 700 may
begin at block 710C. A fitness application (e.g., the built-in
exercise application) may signal that the user indicated the
start or beginning of an exercise session. This signal may
cause the fitness tracking device 100 to proceed to activate
the heart rate sensor at block 720 and sense the user’s heart
rate at block 730. Fitness tracking device 100 may oppor-
tunistically collect these heart rate measurements to be used
for determining parameters used for estimating energy
expenditure.

[0112] Insome embodiments, calibration method 700 may
begin at block 710D. Third-party applications (or “apps™)
may be downloaded, installed, transferred, or otherwise
configured to run on the fitness tracking device. The fitness
tracking device 100 may provide an application program-
ming interface (API) or other hook or process within its
processor, firmware, operating system, or other built-in
software libraries for a third-party application to request
heart rate data or information depending on heart rate data.
For example, a third-party exercise app may include a “start”
function that allows the user to signal the beginning of an
exercise session within the third-party exercise app. This
signal may cause the fitness tracking device 100 to proceed
to activate the heart rate sensor at block 720 and sense the
user’s heart rate at block 730. Fitness tracking device 100
may opportunistically collect these heart rate measurements
to be used for determining parameters used for estimating
energy expenditure.

[0113] In some embodiments, calibration method 700 may
begin at block 710E. The fitness tracking device 100 may
display—or respond to an app’s request to display—heart
rate information, such as the user’s current heart rate. This
signal may cause the fitness tracking device 100 to proceed
to activate the heart rate sensor at block 720 and sense the
user’s heart rate at block 730. Fitness tracking device 100
may opportunistically collect these heart rate measurements
to be used for determining parameters used for estimating
energy expenditure.

[0114] In some embodiments, calibration method 700 may
start at block 710F. The fitness tracking device 10—or an
app running on the device—may analyze motion data from
the motion sensing module 220 (FIG. 2) in the fitness
tracking device 100. The fitness tracking device 100 or the
app may determine that heart rate data may be required or
may be helpful in light of the analyzed motion data. For
example, the fitness tracking device 100 may be able to
determine from analyzing motion data the user has been
sitting down or has otherwise been at rest for a period of time
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(e.g., 30 minutes, 1 hour, 2 hours, etc.). The fitness tracking
device 100 may determine that the uset’s heart rate may be
at or close to the user’s minimum (resting) heart rate (e.g.,
HR,,,). Fitness tracking device 100 may proceed to activate
the heart rate sensor at block 720 and sense the user’s heart
rate at 730 to collect heart rate measurements 740 that may
provide a more accurate value for RHR or HR ..

[0115] For another example, the fitness tracking device
100 may be able to determine from analyzing motion data
that the user’s wrist is relatively still, which may allow the
heart rate sensing module 210 to obtain a more accurate
heart rate measurement. Fitness tracking device 100 may
opportunistically collect these heart rate measurements to be
used for determining parameters used for estimating energy
expenditure.

[0116] Other events not shown in FIG. 7 may trigger the
beginning of calibration method 700 in addition to the
events depicted at blocks 710A-710F. In some embodi-
ments, the fitness tracking device 100 may receive contex-
tual information from other devices indicating that a user is
likely seated or otherwise at rest. For example, the contex-
tual information might indicate that the user has been
watching a long movie on a computer, television, or other
device. Fitness tracking device 100 may proceed to activate
the heart rate sensor at block 720 and sense the uset’s heart
rate at 730 to collect heart rate measurements 740 that may
provide a more accurate value for RHR or HR ..

[0117] In some embodiments, the fitness tracking device
100 may analyze location information to determine that a
user is likely seated or otherwise at rest. For example, the
location information might indicate that the user has been
located at a movie theater. Fitness tracking device 100 may
proceed to activate the heart rate sensor at block 720 and
sense the user’s heart rate at 730 to collect heart rate
measurements 740 that may provide a more accurate value
for RHR or HR,,,,,,.

[0118] In some embodiments, the fitness tracking device
100 may analyze content information to determine whether
a user is likely to have a relatively higher heart rate due to
the content. For example, if the user is watching an action
sequence in an action movie, the user may be physiologi-
cally aroused and have a relatively higher rate than the user’s
normal resting heart rate. Fitness tracking device 100 may
opportunistically collect these heart rate measurements to be
used for determining parameters used for estimating energy
expenditure.

[0119] In some embodiments, the fitness tracking device
100 may analyze historical information (e.g., from the user’s
calendar) to determine that the user is likely to start an
exercise session at a particular time or place. In anticipation
of likely starting an exercise session, fitness tracking device
100 may proceed to activate the heart rate sensor at block
720 and sense the user’s heart rate at 730 to collect heart rate
measurements 740 that may provide a more accurate value
for RHR or HR, .

[0120] The aforementioned techniques for calibrating and
tracking biometric parameters used to estimate energy
expenditure are examples and other embodiments may
include other techniques that may be used instead of or in
addition to the aforementioned techniques. In some embodi-
ments, the fitness tracking device 100 may store historical
estimates of these parameters and interpolate or extrapolate
new estimates based on the historical estimates in conjunc-
tion with heart rate measurements. For example, the fitness
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tracking device 100 may compute a weighted sum of one or
more previous estimates with a value based on more recent
measurements to determine the next estimated parameter
value.

[0121] In some embodiments, parameter values may be
inferred by extrapolating from the trajectory of heart rate
measurements at the beginning of an exercise session (e.g.,
during a “ramp-up” or “onset” period), or by extrapolating
from the trajectory of heart rate measurements after the
exercise session has ended (e.g., during a “cool-down”
period).

[0122] Additionally, as described above, some embodi-
ments may use values for HR,, and VO,max that have
been calibrated or otherwise determined in Eq. 4 to deter-
mine a value for RHR. Analogously, if values for RHR and
HR,, . have been calibrated or otherwise determined, some
embodiments may use them in Eq. 4 to determine a value of
VO,max. And, if values for RHR and VO,max have been
calibrated or otherwise determined, some embodiments may
use them in Eq. 4 to determine a value of HR, ..

[0123] FIG. 8 is a flowchart showing estimation of METS
using heart rate based calorimetry, according to some
embodiments of the present disclosure. FIG. 8 shows time-
stamped HR values 810, HR calorimetry model 820, time-
stamped MET estimates 830, HR,,, ;- 440, HR, ., 450, and
VO,max 460.

[0124] As described above, METs generally refers to how
many calories a “typical” individual burns per unit of body
mass per unit of time. When given serial heart rate mea-
surements (e.g., time stamped HR values 410), estimation of
METS 830 requires a user’s HR,,, - 440, HR, .- 450, and
VO,max 460. These variables can be related by the tech-
niques described above, and in particular to the techniques
relating to determining energy expenditure 450 as described,
for example, in FIG. 4. Because the calorimetry model is
stationary, i.e., it does not change during the activity, each
time-stamped HR value is applied to the model to obtain a
corresponding time-stamped MET value.

[0125] Work Rate Based Determination of Energy Expen-
diture

[0126] In addition to using HR and VO,max to determine
energy expenditure, as described above, energy expenditure
can also be determined using work rate values. As described
in more detail below, time stamped MET estimates can be
determined by relating load, efficiency and measured work
rate values.

[0127] FIG. 9 is a flowchart showing estimation of METS
using work rate based calorimetry, according to some
embodiments of the present disclosure. FIG. 9 shows time-
stamped WR values 910, WR calorimetry model 920, time-
stamped MET estimates 930, load 940, and efficiency 950.
[0128] Time stamped MET estimates 930 can also be
calculated by using time-stamped WR values 910, WR
calorimetry model 920, load 940, and efficiency 950. Time-
stamped WR values refer to serial measurements of speed,
power, or effort exerted as part of an aerobic activity, i.e.,
workrate refers to a measurement of the physical work done
as a result of the exercise. Load 940 refers generally to a
resistance associated with exercise (e.g., incline, gear setting
on bicycle). Efficiency 950 (also referred to herein as load
efficiency) refers to a ratio of work output to work input
during exercise. For example, as a user’s body becomes
more accustomed to a physical activity, the user’s body
becomes more efficient at that exercise and burns less
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calories (with all other variables such as speed and incline
remaining equal). In some embodiments, the WR calorim-
etry model 920 relates WR values 910, load 940, and
efficiency 950 using the following equation

EE=(A+b5*1oad* WR)/(efliciency)

[0129] The choice of which calorimetry model (heart rate
or work rate) to use for a given user and a given time can be
based on multiple factors, including the availability or
quality of the required input sources (e.g. GPS measure-
ments, or HR measurements), the knowledge of the user
(e.g. whether VO2max has been calibrated, or whether RHR
or HR,,, . are known), or the type of aerobic activity (e.g.
whether load may be dynamically adjusted, as with many
indoor exercise machines).

[0130] Joint Calibration of Load and VO,max

[0131] As described above, both load and VO,max can be
used to determine energy expenditure. However, often
times, neither load nor VO,max are precisely known. As
described below with respect to Eqg. 5, in some embodi-
ments, the calories burned as determined from the time-
stamped MET estimates calculated using a WR calorimetry
mode] are equal to the calories burned as determined by
time-stamped MET estimates calculated using a HR calo-
rimetry model, over a sufficient time interval to allow for
physiological dynamics. As both load and VO, max can be
used to determine energy expenditure, load and VO, max can
be related using the following equation,

Load* [, VR ;s = VO3 [ R ers (Eq. 3)

where WRmets refers to work rate METS and HRmets refers
to heart rate METS.

[0132] As described above, one problem in the prior art is
that calibration of load requires a known VO,max, while
calibration of VO2max requires a known load. To solve this
problem, the present disclosure provides systems and meth-
ods of jointly calibrating load and VO,max, as described in
more detail in the figures that follow.

[0133] FIG. 10 is a flowchart showing a joint estimation of
load and VO,max, according to some embodiments of the
present disclosure. FIG. 10 shows exercise type 1010, time-
stamped WR values 910, time-stamped HR values 810, user
biometrics 1020, load 940, VO,max 460, computing joint
likelihood of (load, VO,max) pairs 1030, computing joint
prior of (load, VO,max) pairs 1040, and computing joint
posterior of (load, VO,max) pairs 1050.

[0134] Priors refers to known information, for example,
the system has priors over load (based on the type of
activity—e.g., running, cycling) and VO2max (based on
user biometrics or activity levels) individually. In order to
perform joint calibration, the prior over both values of load
and VO, max should be known simultaneously. The simplest
model assumes independence, e.g., load and VO,max vary
independently of each other, in which case Prior(load,
vo2max )=Prior(load)*Prior(vo2max). However, this may
not be the case in all scenarios (for example, fitter users may
be more likely to use higher loads on an elliptical, or they
may be more likely to have expensive, low-resistance
bicycles for outdoor cycling). Joint-likelihood is a statistical
model that relates the probability of observing certain (WR,
HR) pairs given the (load, VO,max) values. Joint posterior
refers to the residual uncertainty of (load, VO,max) after
observing all the data.

[0135] As described above, exercise type 1010 can refer to
any form of aerobic activity, including but not limited to
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running, walking, biking, swimming, dancing, etc. User
biometrics 1020 can include a user’s age, gender, height, and
weight. Exercise type 1010 can help to inform prior over
load 940. User biometrics 1020 can help to inform prior over
VO, max 460, through use of the Jackson equation (Jackson,
A.S.,Blair, S. N., Mahar, M. T., Wier, L. T., Rossand, R. M.,
& Stuteville, 1. E. (1990), “Prediction of functional aerobic
capacity without exercise testing”, Medicine and Science in
Sports and Exercise, 22(6), 863-870), which measures
VO,max using a regression equation which takes into
account age, gender, BMI, and activity levels, with a fair
amount of residual uncertainty (15-20%).
[0136] Each of load 940 and VO,max 460 may be
expressed as a probability distribution, as explained in more
detail in the description accompanying F1G. 11 below. For
example, the load in running is directly a result of internal
resistive forces to running plus any additional weight the
user may be carrying. The load in outdoor cycling is related
to the rolling resistance, the weight of the bicycle, and the
wind resistance. The load in elliptical workouts is the
unknown machine resistance. The uncertainty/range of load
in each of these activities can be estimated by looking at
large population of user’s exercise data.
[0137] Load 940 and VO,max 460 can also be used to
compute a joint prior of the (load, VO,max) pairs 1040. As
discussed above, a prior can refer to definite or known
information about a variable. Since exercise type 1010 and
user biometrics 1020 are known, received quantities from
the user, each of load 940 and VO,max 460 can be expressed
as a prior and can be represented by a distribution with a
normalized variance and a mean based off the known
exercise type 1010 and user biometrics 1020, respectively, in
some embodiments. In other embodiments, the distributions
may be empirically based and hence not entireley deter-
mined by the mean and variance (e.g., the representations
may further rely on empirical distributions derived from
large bodies of data collected in experimental conditions). In
such cases, the distribution may be non-Gaussian and may
be directly specified as opposed to a parametric distribution.
The distribution data can be combined to form a joint prior,
or joint probability, of the (Ioad, VO,max) 1040. That is, the
joint prior of the (load, VO,max) 1040 computes the joint
probability of load 940 and VO,max 460. In the simplest
case, independence of load and VO,max can be assumed.
However, this may not be true in all cases, in which case
specialized information about how the two variables typi-
cally relate for users performing a given activity type would
need to be combined.
[0138] Further, time-stamped WR values 910 and time-
stamped HR values 810 can be used to compute a joint
likelihood of (load, VO,max) 1030. In some embodiments,
computing a joint likelihood for load 940 and VO, max 460
includes determining the joint likelihood of any two obser-
vations associated with each of load 940 and VO, max 460.
The likelihood of each of load 940 and VO,max 460 can be
determined by calculating a mean p and variance o” for each
of load 940 and VO,max 460 based off the data points
received (e.g., time-stamped WR values 910, time-stamped
HR values 810). In some implementations, the likelihood
may be constructed such that:

Prior(HR-METS, WR-MET|load, VO>max)=1/alpha*

[load*[(WR-MET)-FO ;max*[(HR-METS)]

[0139] Joint likelihood of (load, VO,max) 1030 are com-
bined with joint prior of the (load, VO,max) 1040 to
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produce a joint posterior of (load, VO,max) 1050. In some
embodiments, a posterior probability of an event is a con-
ditional probability that is weighted by observed data. A
posterior probability can be calculated for each of load 940
and VO,max 460. The posterior probabilities of each of load
940 and VO,max 460 can be combined to form a joint
posterior of (load, VO,max) pairs 1050 probability.

[0140] FIG. 11A is a graph of prior over VO,max for a
particular user, according to some embodiments of the
present disclosure. FIG. 11B is a graph of prior over of load,
for a particular user, according to some embodiments of the
present disclosure. FIG. 11C is a graph of joint prior, for a
particular user, according to some embodiments of the
present disclosure. FIG. 11D is a graph of posterior over
VO,max, for a particular user, according to some embodi-
ments of the present disclosure. FIG. 11E is a graph of
posterior over of load, for a particular user, according to
some embodiments of the present disclosure. FIG. 11F is a
graph of joint posterior, for a particular user, according to
some embodiments of the present disclosure.

[0141] FIGS. 11A-11F, taken together, comprise a graphi-
cal example for some of the systems and methods described
herein. FIG. 11A shows a normalized distribution of prior
over VO,max. As described above, based on an user bio-
metrics 1020, a normalized distribution can be created to
express a prior over VO,max 460 for a particular user. In this
example, the mean p is 40 ml/min/kg and the standard
deviation o is 6. FIG. 11B shows a normalized distribution
of prior over load. As described above, based on an exercise
type 1010, a normalized distribution can be created to
express a prior over load 940, for a particular user. In this
example, the mean 1 is 1 and the standard deviation o is
0.20.

[0142] FIG. 11C shows a joint prior probability of load
940 and VO, max 460, assuming independence of load and
VO2max. The joint probability shows a VO,max of about
40 ml/min/kg and a load of about 1.

[0143] FIG. 11D-11F depict a revised measure of VO, max
and load for the same user, using the teaching of the present
disclosure. FIG. 11D shows a distribution of posterior over
VO,max, and FIG. 11E shows a distribution of posterior
over load. As described above, time-stamped WR values 910
and time-stamped HR values 810 are used to compute a joint
likelihood of (load, VO,max) pairs 1030. In some embodi-
ments, computing a joint likelihood includes determining a
mean p and variance o for the difference between predicted
WR-calories and HR-calories over a representative time
scale (30 seconds, in this example). As described and shown
below with respect to FIGS. 11D and 11E, the prior distri-
butions of load 940 and VO,max 460 can be weighted by the
likelihood distributions of each of load 940 and VO,max
460 to form the posterior over load and posterior over
VO,max distributions. In this example, the mean p is 50
ml/min/kg (instead of 40, based only on the priors) and the
standard deviation o is 2.2 in FIG. 11D. With reference to
FIG. 11E, the mean p is 0.5 (instead of 1, based only on the
priors) and the standard deviation o is 0.08. By using the
time stamped HR and WR values, a more accurate value for
load and VO,max can be estimated.

[0144] FIG. 11F shows a joint posterior probability of load
940 and VO,max 460. Using a combination of both the joint
likelihood of (load, VO,max) pairs 1030 and the joint prior
of the (load, VO,max) pairs 1040 produces a more narrow
and linear relationship relating load 940 and VO,max 460.
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With this distribution, each of load and VO,max can be
estimated with greater accuracy by using this linear rela-
tionship.

[0145] The present disclosure is not to be limited in scope
by the specific embodiments described herein. Indeed, other
various embodiments of and modifications to the present
disclosure, in addition to those described herein, will be
apparent to those of ordinary skill in the art from the
foregoing description and accompanying drawings. Thus,
such other embodiments and modifications are intended to
fall within the scope of the present disclosure. Further,
although the present disclosure has been described herein in
the context of at least one particular implementation in at
least one particular environment for at least one particular
purpose, those of ordinary skill in the art will recognize that
its usefulness is not limited thereto and that the present
disclosure may be beneficially implemented in any number
of environments for any number of purposes.

What is claimed is:

1. A method for jointly calibrating both a load of exercise
and a user’s aerobic capacity, the method comprising:

retrieving, by a processor circuit of a device from a

memory of the device, a prior probability distribution
of the load of exercise;

retrieving, by the processor circuit from the memory, a

prior probability distribution of the user’s aerobic
capacity;

determining, by the processor circuit, a joint prior prob-

ability of the load of exercise and the user’s aerobic
capacity based on the prior probability distribution of
the load of exercise and the prior probability distribu-
tion of the user’s aerobic capacity;

measuring, by one or more motion sensors of the device,

data indicative of a time-stamped work rate;
measuring, by one or more heart rate sensors of the
device, a time-stamped heart rate;

determining, by the processor circuit, a joint likelihood of

the load of exercise and the user’s aerobic capacity
based on the measured time-stamped work rate and the
measured time-stamped heart rate;

combining, by the processor circuit, the joint prior prob-

ability and the joint likelihood to produce a joint
posterior probability; and

outputting, by the processor circuit, a calorie calculation

based on the joint posterior probability.

2. The method of claim 1, further comprising:

determining, by the processor circuit, an exercise type;

and

using, by the processor circuit, the exercise type to

determine the prior probability distribution of the load
of exercise.

3. The method of claim 2, where the processor circuit
represents the prior probability distribution of the load of
exercise by a distribution with a normalized variance and a
mean based off the exercise type.

4. The method of claim 1, further comprising:

determining, by the processor circuit, user biometrics; and

using, by the processor circuit, the user biometrics to
determine the prior probability distribution of the user’s
aerobic capacity.

5. The method of claim 4, where the processor circuit
represents the prior probability distribution of the user’s
aerobic capacity by a distribution with a normalized vari-
ance and a mean based off the user biometrics.
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6. The method of claim 1, further comprising:

determining, by the processor circuit, a likelihood of an
observation associated with the load of exercise and a
likelihood of an observation associated with the user’s
aerobic capacity; and

computing, by the processor circuit, the joint likelihood

for the load of exercise and the user’s aerobic capacity
based on the likelihood of the observation associated
with the load of exercise and the likelihood of the
observation associated with the user’s aerobic capacity.

7. The method of claim 6, where the processor circuit
determines the likelihood of the observation associated with
the load of exercise by calculating a mean and a variance
based on the time-stamped work rate.

8. The method of claim 6, where the processor circuit
determines the likelihood of the observation associated with
the user’s aerobic capacity by calculating a mean and a
variance based on the time-stamped heart rate.

9. A system for jointly calibrating both a load of exercise
and a user’s aerobic capacity comprising;

one or more motion sensors configured to execute instruc-

tions causing the one or more motion sensors to mea-
sure data indicative of a time-stamped work rate;

one or more heart rate sensors configured to execute

instructions causing the one or more heart rate sensors
to measure a time-stamped heart rate;

a memory; and

a processor circuit coupled to the one or more motion

sensors, the one or more heart rate sensors, and the
memory, the processor circuit configured to execute
instructions causing the processor circuit to:

retrieve, from the memory, a prior probability distribution

of the load of exercise;

retrieve, from the memory, a prior probability distribution

of the user’s aerobic capacity;

determine a joint prior probability of the load of exercise

and the user’s aerobic capacity based on the prior
probability distribution of the load of exercise and the
prior probability distribution of the user’s aerobic
capacity;

determine a joint likelihood of the load of exercise and the

user’s aerobic capacity based on the measured time-
stamped work rate and the measured time-stamped
heart rate;

combine the joint prior probability and the joint likelihood

to produce a joint posterior probability; and

output a calorie calculation based on the joint posterior

probability.

10. The system of claim 9, wherein the instructions further
cause the processor circuit to:

determine an exercise type; and

use the exercise type to determine the prior probability

distribution of the load of exercise.

11. The system of claim 10, wherein the instructions
further cause the processor circuit to represent the prior
probability distribution of the load of exercise by a distri-
bution with a normalized variance and a mean based off the
exercise type.

12. The system of claim 9, wherein the instructions further
cause the processor circuit to:

determine user biometrics; and

use the user biometrics to determine the prior probability

distribution of the user’s aerobic capacity.
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13. The system of claim 12, wherein the instructions
further cause the processor circuit to represent the prior
probability distribution of the user’s aerobic capacity by a
distribution with a normalized variance and a mean based off
the user biometrics.
14. The system of claim 9, wherein the instructions further
cause the processor circuit to:
determine a likelihood of an observation associated with
the load of exercise and a likelihood of an observation
associated with the user’s aerobic capacity; and

determine the joint likelihood for the load of exercise and
the user’s aerobic capacity based on the likelihood of
the observation associated with the load of exercise and
the likelihood of the observation associated with the
user’s aerobic capacity.

15. The system of claim 14, wherein the instructions
further cause the processor circuit to determine the likeli-
hood of the observation associated with the load of exercise
by calculating a mean and a variance based on the time-
stamped work rate.

16. The system of claim 14, wherein the instructions
further cause the processor circuit to determine the likeli-
hood of the observation associated with the user’s aerobic
capacity by calculating a mean and a variance based on the
time-stamped heart rate.

17. A mobile device comprising:

one or more motion sensors configured to execute instruc-

tions causing the one or more motion sensors to mea-
sure data indicative of a time-stamped work rate;

one or more heart rate sensors configured to execute

instructions causing the one or more heart rate sensors
to measure a time-stamped heart rate;

a memory; and

a processor circuit coupled to the one or more motion

sensors, the one or more heart rate sensors, and the
memory, the processor circuit configured to execute
instructions causing the processor circuit to:

retrieve, from the memory, a prior probability distribution

of the load of exercise;

retrieve, from the memory, a prior probability distribution

of the user’s aerobic capacity;

determine a joint prior probability of the load of exercise

and the user’s aerobic capacity based on the prior
probability distribution of the load of exercise and the
prior probability distribution of the user’s aerobic
capacity;
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determine a joint likelihood of the load of exercise and the
user’s aerobic capacity based on the measured time-
stamped work rate and the measured time-stamped
heart rate;

combine the joint prior probability and the joint likelihood

to produce a joint posterior probability; and

output a calorie calculation based on the joint posterior

probability.

18. The mobile device of claim 17, wherein the instruc-
tions further cause the processor circuit to:

determine an exercise type; and

use the exercise type to determine the prior probability

distribution of the load of exercise.

19. The mobile device of claim 18, wherein the instruc-
tions further cause the processor circuit to represent the prior
probability distribution of the load of exercise by a distri-
bution with a normalized variance and a mean based off the
exercise type.

20. The mobile device of claim 17, wherein the instruc-
tions further cause the processor circuit to:

determine user biometrics; and

use the user biometrics to determine the prior probability

distribution of the user’s aerobic capacity.
21. The mobile device of claim 20, wherein the instruc-
tions further cause the processor circuit to represent the prior
probability distribution of the user’s aerobic capacity by a
distribution with a normalized variance and a mean based off
the user biometrics.
22. The mobile device of claim 17, wherein the instruc-
tions further cause the processor circuit to:
determine a likelihood of an observation associated with
the load of exercise and a likelihood of an observation
associated with the user’s aerobic capacity; and

determine the joint likelihood for the load of exercise and
the user’s aerobic capacity based on the likelihood of
the observation associated with the load of exercise and
the likelihood of the observation associated with the
user’s aerobic capacity.

23, The mobile device of claim 22, wherein the instruc-
tions further cause the processor circuit to determine the
likelihood of the observation associated with the load of
exercise by calculating a mean and a variance based on the
time-stamped work rate.

24. The mobile device of claim 22, wherein the instruc-
tions further cause the processor circuit to determine the
likelihood of the observation associated with the user’s
aerobic capacity by calculating a mean and a variance based
on the time-stamped heart rate.
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